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Abstract t 

Thee Thrombomodulin (TM)-Protein C (PC)-Protein S (PS) pathway exerts anti-
coagulantt and anti-inflammatory effects. We investigated the role of TM in the 
pulmonaryy immune response in vivo by the use of mice with a mutation in the TM 
genee (TMpro/pro) that was earlier found to result in a minimal capacity for activated PC 
(APC)) generation in the circulation. We here demonstrate that TMpro/pro mice also 
displayy a strongly reduced capacity to produce APC in the alveolar compartment upon 
intrapulmonaryy delivery of PC and thrombin. We monitored procoagulant and 
inflammatoryy changes in the lung during Gram-positive {Streptococcus pneumoniae), 
andd Gram-negative {Klebsiella pneumoniae) pneumonia, and after local 
administrationn of lipopolysaccharide (LPS). Bacterial pneumonia was associated with 
fibrin(ogen)) depositions in the lung that colocalized with inflammatory infiltrates. 
LPSS also induced a rise in thrombin-antithrombin complexes in bronchoalveolar 
lavagee fluid. These pulmonary procoagulant responses were unaltered in TMpro/pro 

mice,, except for enhanced fibrin(ogen) deposition during pneumococcal pneumonia. 
Inn addition, TMpro/pro mice displayed unchanged antibacterial defense, neutrophil 
recruitmentt and cytokine/chemokine levels. These data suggest that the capacity of 
TMM to generate APC does not play a role of importance in the pulmonary response to 
respiratoryy pathogens or LPS. 

Introduction n 

Thrombomodulinn (TM) is a membrane glycoprotein that forms a high affinity 
complexx with thrombin. The thrombin-TM complex plays a central role in the 
regulationn of coagulation by converting protein C (PC) to its activated form (APC), a 
processs that is facilitated by the endothelial protein C receptor (EPCR) 1. APC has 
antithromboticc properties, together with its co-factor protein S (PS), by inactivating 
factorr Va and Villa , and profibrinolytic properties by forming complexes with 
plasminogenn activator inhibitor type I (PAI-1), the main inhibitor of plasminogen 
activationn 1»2. In addition to these anti-coagulant properties, APC also attenuates 
severall  inflammatory responses. The anti-inflammatory activities of APC are mainly 
duee to inhibition of leukocyte activation, tumor necrosis factor (TNF) production, and 
E-selectinn mediated cell adhesion to endothelial cells 3-7. Evidence indicates that the 
expressionn and function of TM and EPCR are diminished in sepsis in humans; this 
togetherr with decreased PC levels may cause reduced generation of APC 8.9. Such a 
reductionn in endogenous APC activity had dramatic consequences in experimental 
sepsiss in baboons. Indeed, either infusion of anti-APC or anti-EPCR antibody, and the 
administrationn of C4b binding protein, reducing the bioavailability of PS, exacerbated 
thee response to an intravenous Escherichia coli challenge, converting a sublethal 
modell  into a severe shock response associated with lethality 10-12 j ^ accordance, 
administrationn of exogenous APC prevented tissue injury and death induced by 
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infusionn of a lethal dose of E. coli 10. Moreover, recently it has been reported that 
treatmentt with APC reduced mortality in patients with severe sepsis 13. 
Alsoo in the pulmonary compartment, APC exerts strong anti-inflammatory effects. 
Intravenouss infusion of APC protected endotoxemic rats against lung injury by 
inhibitionn of leukocyte activation 14 ^ d intratracheal administration of APC 
attenuatedd bleomycin-induced lung inflammation in mice 1*. Interestingly, TM 
expressionn varies in different organs. In lungs TM mRNA and TM antigen are both 
expressedd at high levels in comparison with other organs 16-21 Together these 
findingss led us to postulate a possible relationship between TM and pulmonary 
inflammationn in vivo. In the present study, we sought to examine this relationship by 
makingg use of mice with a mutation in the TM gene that results in a minimal capacity 
forr APC generation 22 We compared procoagulant and inflammatory responses in 
thee lungs of these mice with responses of wild type (Wt) mice after pulmonary 
instillationn of Streptococcus pneumoniae, the predominant cause of Gram-positive 
pneumonia,, Klebsiella pneumoniae, a frequently encountered Gram-negative 
respiratoryy pathogen, or lipopolysaccharide (LPS) to induce a sterile inflammation. 

Materiall  and methods 

Animals Animals 
Micee with a single amino acid substitution (Glu 404 -> Pro) in the gene for TM, 
kindlyy provided by Dr. R.D. Rosenberg (Massachusetts Institute of Technology, 
Cambridge,, Massachusetts) were generated on a C57BL/6 (and B6D2F1) background, 
ass previously described 22, Homozygous mutant TMpro/pro mice exhibit a decrease of 
approximatelyy 1000-fold with respect to PC activation and approximately 100-fold 
withh respect to binding of thrombin at physiologival levels of the enzyme 22# Yet in 
contrastt to TM gene deficient mice, which die in the embryonic stage 231 xMpn>pf0 

micee develop to term, and possess normal reproductive performance. All mice were 
onn a C57BL/6 background. The wild types of the TMpro/pto mice were derived from 
originall  littermates. All experiments were approved by the Committee on Use and 
Caree of Animals of the Academic Medical Center, Amsterdam, the Netherlands. 

APCAPC measurement in the alveolar compartment 
Micee were anesthetized by inhalation of isoflurane (Upjohn, Ede, the Netherlands). 
Thee trachea was exposed through a midline incision. A total of 16 wild type and 16 
-ĵ pro/proo ^ ^ r e c ej v e (i  o ne 0f  t ne following treatments (dissolved in 50 ul of sterile 
normall  saline) via direct intratracheal injection (4 mice per strain for each treatment): 
(1)) saline only (control), (2) thrombin (1 ug), (3) human protein C (50 ug), or (4) 
thrombinn and human protein C. Directly thereafter the wound was sutured. After 30 
minutes,, mice were anesthesized again, using an intraperitoneal injection with 
Hypnorm®® (Janssen Pharmaceutica, Beerse, Belgium) and midazolam (Roche, 
Mijdrecht,, the Netherlands). The trachea was exposed and cannulated with a sterile 
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22-gaugee Abbocath-T catheter (Abbott, Sligo, Ireland). A bronchoalveolar lavage 
(BAL)) was performed by instilling two aliquots of 0.5 ml sterile saline containing 10 
mMM citrate and 20 mM benzamidine (pH 7.4) to reversibly inhibit APC. Thrombin, 
proteinn C and activated protein C (APC) were generous gifts of Dr. W. Kisiel 
(Universityy of New Mexico, Albuquerque, NM, USA). APC levels were determined 
inn BAL fluid (BALF) as described by Liaw et al. 24. After recalcification of the BAL 
samples,, APC was captured by a specific calcium-dependent monoclonal antibody 
(HAPC1555),, generously provided by Dr. C.T. Esmon (Oklahoma Medical Research 
Foundation,, Oklahoma City, OK). The activity of the bound APC could be 
determinedd towards the chromogenic substrate S2366 (Chromogenix, Mölndal, 
Sweden)) after removal of benzamidine by a washing step. A dilution curve of APC in 
BALFF was taken as a standard. 

InductionInduction of lung inflammation 

Pneumococcall  pneumonia was induced as described previously 25,26 £ pneumoniae 
(ATCCC 6303; Rockville, MD) were suspended in sterile isotonic saline at 
approximatelyy 0.5 - 1 x 107 colony forming units (CFU)/ml, as determined by plating 
seriall  10-fold dilutions on sheep-blood agar plates. For induction of Gram-negative 
pneumonia,, K. pneumoniae serotype 2 (ATCC 43816) was used. Bacteria were 
dilutedd in sterile isotonic saline at approximately 3xl04 CFU/ml. LPS (10 ug ; from E. 
colicoli 0111:B4) was obtained from Sigma (St. Louis, MO) and dissolved in 50 ul sterile 
saline.. Mice were lightly anesthesized by inhalation of isoflurane (Abort, 
Queensborough,, Kent, UK), and 50 jul of bacterial suspension or LPS was inoculated 
intranasally.. Control mice were instilled intranasally with 50 ul sterile saline. The 
timee points at which mice were sacrificed, were chosen because they were found to be 
representativee for a particular model (i.e. S. pneumoniae pneumonia 48h, K. 
pneumoniaepneumoniae pneumonia 24h, LPS inflammation 6h) 25,26 ancj fefa no^ shown. 

PreparationPreparation of lung homogenates 
Att 6, 24 or 48h after inoculation mice were anesthetized by intraperitoneal injection 
withh Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and midazolam (Roche, 
Mijdrecht,, the Netherlands), and blood was collected from the inferior caval vene. 
Wholee lungs were harvested and homogenized at 4°C in 5 volumes of sterile isotonic 
salinee with a tissue homogenizer (Biospect Products, Bartlesville, OK) which was 
carefullyy cleaned and desinfected with 70% ethanol after each homogenization. Serial 
10-foldd dilutions in sterile saline were made from these homogenates (and blood), and 
500 ul volumes were plated onto sheep-blood agar plates and incubated at 37°C and 
5%% C02. CFU were counted after 16 hours. For cytokine measurements lung 
homogenatess were lysed in lysisbuffer (300mM NaCl, 15mM Tris, 2mM MgCl, 2mM 
Triton(X-lOO),, Pepstatin A, Leupeptin, Aprotinine (20ng/ml), pH 7.4) and spinned at 
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15000 x g at 4°C for 15 minutes; the supernatant was frozen at -20°C for cytokine 
measurement. . 

CellCell counts in BALF 

BALL was performed as described above. 0.9-1 ml of lavage fluid was retrieved per 
mouse,, and total cell numbers were counted from each sample in a hemacytometer. 
BALFF and eosin. All slides were coded and scored by a differential cell counts were 
determinedd on cytospin preparations stained with modified Giemsa stain (Diff-Quick; 
Baxter,, McGraw Park, 111). 

HistologicHistologic examination 

Afterr 24h fixation of lungs in 10% formaline and embedding in paraffin, 4 um thick 
sectionss were stained with haematoxylin pathologist without knowledge of the 
genotypee of mice and treatment. For fibrin(ogen) staining, slides were deparafFinized 
andd endogenous peroxidase activity was quenched with a solution of methanol/0.03% 
H2O22 (Merck, Darmstadt, Germany). After digestion with a solution of pepsine 0.25% 
(Sigma,, St Louis, MO, USA) in 0.01M HC1, the sections were incubated in 10% 
normall  goat serum (Dako, Glostrup, Denmark) and then exposed to biotin-labelled 
goatt anti-mouse fibrin(ogen) antibody (Ixell, Accurate Chemical & Scientific Corp., 
Westbury,, NY). After washes, slides were incubated in a streptavidin-ABC solution 
(Dako)) and developed using 1% H2O2 and 3.3'-diarnmobenzidin-tetra-hydrochloride 
(Sigma)) in Tris-HCl. The sections were mounted in glycerin gelatin without counter 
stainingg and analyzed. 
Forr TM staining, endogenous peroxydase activity was quenched by a solution of 1.5% 
H2022 (Merck) in PBS and non-specific binding blocked by incubation with Teng-T, 
pHH 8.0. Slides were then incubated with a rat anti-mouse TM mAb (kindly provided 
byy Dr. SJ. Kennel, Oak Ridge National Laboratory, Oak Ridge). Slides were then 
exposedd to a biotinylated rabbit anti-rat polyclonal Ab (Dako), further incubated in a 
streptavidin-ABCC solution (Dako) and developed using 1% H202 and 3.3'-
diaminobenzidin-tetra-hydrochloridee (Sigma) in Tris-HCl. The sections were mounted 
inn glycerin gelatin after a slight methyl green counterstaining and analyzed. 

Assays Assays 

Cytokinee and chemokine levels were measured by using commercially available 
ELISAs,, in accordance with the manufacturers recommendations: TNF, Interleukin 6 
(IL-6)) (Pharmingen, San Diego, CA), Interleukin 1(3 (IL-1J3), Macrophage 
inflammatoryy protein 2 (MIP-2) and KC (R&D systems, Abingdon, United 
Kingdom).. Detection limits were 150pg/ml (TNF and IL-1), 75pg/ml (IL-6), 47pg/ml 
(MIP-2),, 12pg/ml (KC). Myeloperoxidase (MPO) activity was measured as described 
previouslyy 27 Briefly, lungs were homogenized in 10% (wt/vol) homogenization 
bufferr (50mmol/L phosphate buffer (pH 6.0) containing 0.5% 
hexadecyltrimethylammoniumm bromide). After centrifugation (4500gfor 20 minutes at 
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4°C),, 0.1 mL of supernatant was added to 0.55 mL of 0.1 mol/L phosphate buffer (pH 
6.0)) containing 1.25mg/mL o-dianisidine and 0.05% hydrogen peroxide. After 
55 minutes, the change in absorbance at 460nm was measured with a 
spectrophotometer.. Purified MPO was used as a standard. Results were expressed as 
unitss of MPO activity per gram of tissue. Thrombin-antithrombin complexes (TATc) 
weree measured in heparin-anticoagulated plasma and in bronchoalveolar lavage fluid 
withh an ELISA-based method. Briefly, rabbits were immunized with mouse thrombin 
orr rat antithrombin. Antithrombin antibodies were used as capture antibody, 
digoxigenin-conjugatedd anti-antithrombin antibodies were used as detection 
antibodies,, horseradish peroxidase labeled sheep anti-DIG F(ab)-fragments 
(Boehringerr Mannheim GmbH, Germany) were used as staining enzyme, and o-
phenylene-diaminee dihydrochloride (OPD, Sigma) was used as substrate. Dilutions of 
mousee serum (Sigma) were used for the standard curve, yielding a lower detection 

limi tt of 0.3 ng/mL28. 

StatisticalStatistical analysis 
Dataa are expressed as means  SEM, unless indicated otherwise. Comparisons 
betweenn groups were conducted using the Mann Whitney U test. Survival curves were 
comparedd by log-rank test. P < 0.05 was considered to represent a statistically 
significantt difference. 

Results s 

ProteinProtein C activation in the alveolar space 
Too evaluate whether PC activation takes place in the alveolar space and whether TM 
regulatess this activation, we administered thrombin, protein C or both intratracheally 
inn Wt and TMpro/pro mice and measured APC in BALF 30 minutes later (Table I). 
Administrationn of saline or thrombin alone did not result in APC generation in Wt or 
TMpro/proo m i c e Administration of PC only resulted in minimal APC generation in Wt 
mice,, suggesting that the normal alveolar space contains littl e thrombin. Indeed, the 
combinedd administration of PC and thrombin induced profound generation of APC in 
Wtt mice, whereas TMpro/pro mice produced less than 4 percent of the APC that was 
generatedd in Wt mice. These data indicate that PC activation occurs in the alveolar 
spacee and at least in part is regulated by TM. 
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Reducedd Protein C activation in BALF of HVf nVpr o mice 

Administration n 
Saline e 
Thrombin n 
ProteinC(PQ Q 
Thrombinn and 
PC C 

Wtt mice (ngfail) 
0,33 1 
0,88 4 
4,77 6 
838,55 9 

TM^^miceCng/ml) ) 
0,33 3 
0* * 
1,55 4 
32,99 * 

Tablee 1. Thrombin and/or protein C (PC) were administered intratracheally in Wt and TM^^mice. A 
BALL was performed after 30 minutes and human APC (ng/ml) was measured herein. Data are means
SEE of 4 mice per group for each treatment. * P< 0.05 vs Wt mice. 

Gram-positivee pneumonia 

Wee used S. pneumoniae as a Gram-positive respiratory pathogen. This bacterium is 
thee most frequently encountered pathogen in community-acquired pneumonia 29 and 
iss able to induce a procoagulant state on endothelial cells in vitro 30,31 y0 determine 
whetherr pneumococcal pneumonia activates coagulation in the systemic compartment, 
TATcc were measured in plasma. Plasma concentrations of TATc did not differ from 
uninfectedd control mice at 48h after administration of S. pneumoniae (data not 
shown).. Furthermore, no difference was found between Wt and TMpra/pra mice after 
inductionn of pneumonia. We next determined whether coagulation was activated at a 
locall  level in the alveolar compartment. However, neither group had detectable levels 
off  TATc in BALF 48h after induction of pneumococcal pneumonia. Besides TATc 
measurementss to evaluate coagulation activation, we also examined lung tissue 
depositionn of fibrin(ogen). Anti-fibrin(ogen) immunostaining showed fibrin(ogen) 
depositionn that colocalized with the inflammatory infiltrates. No fibrin clots were seen 
inn pulmonary vessels. TMpro/pm mice showed more extensive fibrin(ogen) deposition 
comparedd to Wt mice and a strong staining of the pleura (figure 1C and D). 
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Figuree 1. Enhanced fibrin(ogen) deposition in lungs of TM pro/pr o mice durin g pneumococcal 
pneumonia.. Histologic sections of lungs of Wt (A) and TMpro/pro (B) mice 48h after inoculation with 5. 
pneumoniaepneumoniae (HE staining). Fibrin(ogen) immunostaining of lung 48h after inoculation with S. 
pneumoniaepneumoniae in Wt (C) and TMpro/pro (D) mice. Original magnification x50. Representative slides are 
shownn from a total of five mice per group. 

Havingg established that TM is important for the inhibition of coagulation at tissue 
levell  during pneumococcal pneumonia, we next determined the role of APC 
generationn in host defense 48h after inoculation. The numbers of CFU's recovered 
fromm the lungs (figure 2) and blood (data not shown) were similar in TMpro pro and Wt 
mice.. Because APC has been shown to influence pulmonary cell recruitment after 

intravenouslyy administered LPS " , we assessed neutrophil influx into the alveolar 
compartment.. No difference was seen in the number of neutrophils in BALF between 
thee two groups at 48h after inoculation with S. pneumoniae (figure 3). In addition, 
MPOO was measured in lung homogenates, as a neutrophil marker enzyme, and found 
too be similar in Wt en TMpro/pro mice (figure 3). Histologically, the inflammation was 
comparablee in both groups although more perivascular edema was present in TMpro pro 

micee (figure 1A and B). 
S.. pneumoniae K. pneumoniae 

W tt  T M P'o/pr o  m T M " " " 

Figuree 2. TM does not influence bacterial outgrowth during pneumococcal or  Klebsiella 
pneumoniaa (A) S. pneumoniae CFU in lungs of Wt (open bar) and TMpro/pro (closed bar) mice 48h after 
i.n.. inoculation. (B) K. pneumoniae CFU in lungs of Wt and TMpro/pro mice 24 h after i.n. inoculation. 
Dataa are mean + SEM. N=8 per group per time point. 
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Figuree 3. TM does not influence neutrophil recruitment to the lungs during pneumonia or  LPS-
inducedd inflammation Neutrophil influx in BALF 48h, 24h and 6h resp. after intranasal inoculation 
withh S. pneumoniae (A), K. pneumoniae (B) and LPS (C) in Wt (open bar) and TMpr0/pro (closed bar) 
mice;; mean  SEM. N=6 per group. Myeloperoxidase content in lung homogenates of Wt (open bar) 
andd TMpro pro (closed bar) mice 48h, 24h and 6h resp. after intranasal inoculation with S. pneumoniae 
(D),, K. pneumoniae (E) and LPS (F). Mean  SEM. N=8 per group. 

Duringg infection local cytokine responses are necessary to mount an adequate 
inflammatoryy reaction 32 We measured TNF, IL-lp , IL-6, KC and MIP-2 in lung 
homogenatess and found no difference between Wt en TMpro/pro mice (data not shown). 
Finally,, mortality did not differ between Wt en TMpro/pro mice during a 10-day follow 
upp (11/11 versus 9/11 mice respectively, nonsignificant). 

Figuree 4. Similar  pathological 
findingsfindings in lungs of Wt and 
TMpro/Proo m i c e d u r i n g Klebsiella 
pneumonia.. Histologic sections of 
lungss of Wt (A) and TMpro/pro(B) 
micee 24h after inoculation with K. 
pneumoniaepneumoniae (HE staining). 
Fibrin(ogen)Fibrin(ogen) immunostaining of 
lungg 24h after inoculation with K. 
pneumoniaepneumoniae in Wt (C) and TMpro/pro 

(D)) mice. Original magnification 
x50.. Representative slides are 
shownn from a total of five mice per 
group. . 
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Figuree 5. TM deficiency does not influence 
generationn of TATc in the alveolar 
compartmentt  after  local LPS administration. 
TATcc in BALF 6h after intranasal administration 
off  lOfxg LPS in Wt, TMpro/pro and control mice 
(inoculatedd with sterile saline). * indicates P < 
0.05,, vs.control. 

Gram-negativeGram-negative pneumonia 
Nextt we evaluated whether TM is involved in the pulmonary response to Klebsiella 
pneumoniae,pneumoniae, a common pathogen in Gram-negative bacterial pneumonia. First we 
examinedd whether this Gram-negative bacterium was able to induce coagulation 
eitherr systemically or locally. TATc in plasma or BALF did not differ in infected Wt 
andd TMpro/pro mice, compared to uninfected control mice (data not shown). At tissue 
levell  activation of coagulation could be detected in mice with Gram-negative 
pneumonia.. Fibrin(ogen) was mainly observed in the pulmonary interstitium and 
aroundd vessels, in both mouse strains to the same extent (figure 4C and D). With 
respectt to host defense, no difference in the number of CFU were found in lungs and 
bloodd of TMpro/pro and Wt mice 24 h after inoculation (figure 2). To determine 
whetherr the inflammatory response to K. pneumoniae was influenced by TM, we 
assessedd the number of neutrophils recruited to the alveoli. No difference in 
neutrophill  counts was found in BALF of Wt and TMpro/pro mice 24h after inoculation 
(figuree 3). Also, lung MPO activity did not differ between the two groups (figure 3). 
Histopathologyy showed no difference in composition and distribution of the 
inflammatoryy infiltrates (Figure 4A and B). Cytokine and chemokine levels in lung 
homogenatess were similar in both groups (data not shown). 

LPS-inducedLPS-induced lung inflammation 
LPSS is a major pathogenetic factor in Gram-negative sepsis. Systemic LPS 
administrationn caused hemodynamic and inflammatory changes, but also lung 
damage.. Recombinant soluble TM and APC were able to prevent these effects 14,33-
35.. To investigate whether TM has a similar role after local exposure to LPS in vivo, 
wee inoculated Wt en TMpro/pro mice intranasally with LPS. No significant increase in 
plasmaa TATc was seen in Wt mice and TMpro/pro mice compared to control mice (data 
nott shown). 

15-, , 

tt X 
mm 1 
CD D 
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Wtt  TM p r o / p r o Contro l 
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Howeverr at the local level, there was a brisk increase of TATc in BALF of Wt and 
TMpro/proo mice compared to control mice (Figure 5). No difference in BALF TATc 
levelss was found between TMpro/pro and Wt mice. Fibrin(ogen) deposition was mainly 
seenn around large vessels and was slightly more pronounced in TMpro/pro mice. 
Thrombii  were not observed (figure 6C and D). We evaluated the inflammatory 
responsee in the lung by determining the influx of neutrophils. No difference could be 
foundd in the recruitment of neutrophils into the BALF of Wt and TMpro/pro mice 
(figuree 3). MPO content in lung homogenates did not significantly differ between the 
twoo groups (figure 3). On histopathological examination the lungs showed 
endothelialitis,, perivascular inflammation and interstitial inflammation to the same 
extentt in Wt and TMpro pro mice (figure 6A and B). Cytokine and chemokine levels in 
lungg homogenates were similar in both groups (data not shown). 

TM-expression TM-expression 
Inn patients with severe sepsis, TM expression is downregulated in the dermal 
microvasulaturee 8. To evaluate the possibility that this also occurs in the lung during 
pulmonaryy infection and inflammation, we compared the expression of TM in normal 
andd inflamed lungs using anti-TM immunostaining in Wt and TMpro pro mice (shown 
inn figure 7). Normal lungs showed a delicate network of TM expression along the 
inter-alveolarr capillaries (figure 7A and B). Decreased TM staining was observed 
afterr LPS administration (figure 7C and D). After K. pneumoniae and S. pneumoniae 
infection,, TM staining was strongly diminished in the inflamed areas (figures &E-H) 
Thee pattern of immunoreactivity for TM was similar in TMpro/pro mice (B,D,F,H). 

Figuree 6. Similar  pathological findings in LPS induced lung inflammation in lungs of Wt and 
TMpro/Proo m i c e< H i s t o i o g i c sections of lungs of Wt (A) and TMpr0/pro mice (B) 6h after inoculation with 
LPSS (HE staining). Fibrin(ogen) immunostaining of lung 6h after inoculation with LPS in Wt (C) and 
TMpro/proo (D) mice. Representative slides are shown from a total of five mice per group. Original 
magnificationn 50x. 
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. . 

H H . . 

Figuree 7. Reduced TM expression in areas of lung inflammation in Wt and TM pro/pr o mice 
Immunostainingg for TM in lung of Wt (A) and TMpro/pro mice (B), in lungs 6 h after LPS administration 
Wtt (C) and TMpro/pro mice (D), 24 h after K. pneumoniae in Wt (E) and TMpro/pro mice (F), and 48 h 
afterr S. pneumoniae in Wt (G) and TMpro/pro mice (H). Pictures are representative for n=5 for each 
group,, magnificationx20. 
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Discussion n 

APC,, both endogenously produced and exogenousiy administered, plays an important 
rolee in the regulation of coagulation and inflammation. The production of endogenous 
APCC requires an interaction between thrombin and TM. The function of TM in 
diseasee cannot be studied using TM gene deficient mice, since these die in the 
embryonicc stage 23. Therefore, in the present study we made use of mice with a point 
mutationn in the TM gene resulting in viable mice with a severely reduced capacity to 
generatee APC 22. We were interested in TM function during lung inflammation, since 
TMM is preferentially expressed in the pulmonary compartment 16-21 ^ j J^Q has 

beenn reported to exert potent anti-inflammatory effects in lungs 14,15 Moreover, the 
beneficiall  effect of recombinant human APC in a recent clinical sepsis trial was 
obtainedd in a study population that predominantly consisted of patients with 
pneumoniaa 13. We here report that experimental Gram-positive (S. pneumoniae) and 
Gram-negativee (K. pneumoniae) pneumonia is associated with fibrin(ogen) 
depositionss in lung tissue, which were modestly enhanced in TMpro/pro mice in 
pneumococcall  pneumonia only. Local LPS administration resulted in generation of 
TATcc in the alveolar compartment, which was not altered by functional TM 
deficiency.. Furthermore, we showed that TM is neither important for antibacterial 
defensee in the lung, nor for lung inflammation in response to bacteria or LPS. 
Previouss studies have established that TMpro/pro mice exhibit a 100-fold reduction with 
respectt to binding of thrombin and a 1000-fold reduction with respect to PC activation 
inn the circulation when compared with Wt mice; the incapacity of TMpro/pro mice to 
activatee PC was demonstrated using an indirect approach, i.e. mice were 
intravenouslyy injected with human PC, after which human APC levels were 
determinedd using an immuno-capture assay 22. i n the present investigation we wished 
too exclude the possibility that even in Wt mice TM is not expressed to a biologically 
significantt extent in the alveolar space; if this were the case, TM would not be 
expectedd to play a role in the regulation of coagulation in this compartment. We 
thereforee intratracheally administered human PC with or without thrombin, and 
measuredd APC in BALF 30 minutes later. PC alone induced littl e if any APC 
generation,, suggesting that thrombin is not present in the normal alveolar space. 
Administrationn of PC with thrombin, however, resulted in a strong rise in APC levels 
inn BALF of Wt mice. TM1"0^0 mice, however, displayed a strongly reduced capacity 
too generate APC in their alveolar space (a 25-fold reduction when compared to Wt 
mice).. Although these data indicate that indeed APC can be generated in the alveolar 
spacee and that TM plays a major role herein, it should be noted that the extent of 
reductionn in APC generation in TMpro/pro mice is less than that previously reported for 
APCC generation capacity in the circulation 22 it therefore remains to be established 
whetherr other factors can contribute to APC generation in the alveolar compartment. 
Inn all three models studied, TM expression was reduced in areas of lung inflammation 
inn both TM1™^0 and Wt mice. This finding is in line with a recent investigation 
showingg diminished TM expression in the dermal microvasculature of children with 
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severee meningococcemia 8, and raises the possibility that the almost complete 
absencee of functional TM in TMpro/pro mice does not have a major effect on the 
pulmonaryy host response since already in normal Wt mice TM expression and APC 
generationn are reduced to a significant extent. 
Inn Gram-negative sepsis the importance of the coagulation system has been well 
documented.. Treatment with DEGR-FXa (a selective inhibitor of thrombin 
generation)) or heparin prevented the coagulopathy related to sepsis, but did not 
increasee survival 36. in contrast, treatment with rh-TM or APC decreased tissue injury 
ass well as mortality in animal models of disseminated intravascular coagulation (DIC) 
10,37,388 Moreover, recombinant APC significantly reduced mortality in septic 
patients,, which was associated with reduced circulating D-dimer and IL-6 levels 13. 
Interventionss inhibiting the endogenous TM-PC-PS pathway, strongly enhanced 
mortalityy after intravenous infusion of E. coli 10-12. in accordance, TM^ ™ mice 
displayedd a significantly reduced survival compared to Wt mice after intraperitoneal 
administrationn of LPS 3 9. Thus, TM does play a very important role with respect to 
hemostasiss and inflammatory responses during sepsis and endotoxemia, both 
providingg severe systemic challenges. 
Interestingly,, while our studies were in progress Conway et al. reported several anti-
inflammatoryy properties of endogenous TM that were unrelated to its anticoagulant 
propertiess 40. These authors generated transgenic mice that lack the NH2-terminal 
(lectin)(lectin) domain of TM; these TMLeD/LeD mice were shown to have normal TM antigen 
levelss and to retain the capacity to generate APC. TM 1* 0^0 mice were found to have 
aa reduced survival after intraperitoneal injection of LPS together with elevated 
circulatingg cytokine levels. In an experiment that resembled one of the studies 
describedd in the present manuscript, TM 1^0^0 mice were exposed to LPS via a 
nebulizer,, and neutrophil influx in BALF was measured 3 hours later. At this time 
pointt absolute neutrophil counts were twofold higher in jMLeDfLeD mice. In addition, 
TMLeD/LeDD m^CQ n ot c n ane nge (i  w i m LPS were found to have relatively more 
neutrophilss in their lung parenchyma than Wt mice. In a series of in vitro 'experiments, 
thesee authors further showed that the lectin domain of TM interferes with neutrophil 
adhesionn to endothelial cells by intracellular adhesion molecule 1-dependent and -
independentt pathways through the suppression of extracellular signal-regulated kinase 
(ERK)i/22 activation 40 These elegant studies clearly indicate that TM, and in 
particularr its lectin domain, has anti-inflammatory properties that can be dissected 
fromfrom the anticoagulant properties of TM. In this respect it is important to realize that 
thee TMpro/pro mice used here have an intact TM lectin domain. It is therefore possible 
thatt intact TM does play a role in the pulmonary infection and inflammation models 
describedd here. Nonetheless, our studies clearly reveal that the capacity of TM to 
interactt with thrombin to generate APC, i.e. the anticoagulant properties of TM, are 
unlikelyy to be involved in the regulation of lung inflammatory responses. 
Notably,, several studies have revealed that exogenously administered (recombinant 
human)) TM and APC are both able to attenuate lung injury related to DIC by 
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inhibitingg leukocyte activation 14,33-35,41 ^ d that intratracheal administration of 
APCC exerts anti-inflammatory effects in bleomycin-induced lung fibrosis 1$. 
Furthermore,, leukocyte activation was also inhibited by APC after renal and spinal 
cordd injury in rats 42-44 Q^ m e o m er hand, APC did neither influence pulmonary 
leukocytee accumulation in an intestinal ischemia / reperfusion model, nor in the skin 
inn immune complex mediated skin inflammation 45 Thjs demonstrates that the 
effectss of APC on leukocyte activation and recruitment differ between models. 
TMpro/proo mice display a prethrombotic state and an increased susceptibility to 
thrombosiss 22,39 During pneumonia in humans the coagulation system has been 
shownn to become activated in the alveolar space 46-48 j h e results of the present 
studyy suggest that coagulation is activated after exposure of the lung to S. 
pneumoniae,pneumoniae, K. pneumoniae and LPS, as indicated by fibrin(ogen) depositions in the 
parenchymaa of the lung. However, only after LPS instillation there was activation of 
thee coagulation system in the alveolar space as well. Accordingly, ARDS patients 
showedd more profound alterations in the alveolar hemostatic balance than patients 
withh bronchopneumonia 46. in addition, it is possible that in the LPS challenge model 
thee brisk and strong proinflammatory stimulus that remains within the alveolar space 
iss sufficient to cause a significant rise in BALF TATc levels, whereas this is not the 
casee in the lung infection models in which the bacterial load gradually increases 
primarilyy in lung tissue. We found a remarkable variation in fibrin(ogen) deposition in 
lungg tissue in the three different models used. These fibrin(ogen) deposits colocalized 
withh the inflammatory infiltrates. When TMpro/pro mice were exposed to S. 
pneumoniae,pneumoniae, K. pneumoniae and LPS, only during pneumococcal pneumonia, 
enhancedd fibrin deposition was observed in the lung and in the pleura in TM1*0^™ 
micee compared to Wt mice. This suggests that only during pneumococcal pneumonia, 
TMM is necessary for adequate anticoagulant activity. Other natural inhibitory 
pathways,, such as TFPI, antithrombin, NO synthetase, prostacyclin synthetase, may 
counteractt this defect in K. pneumoniae and LPS induced lung injury. 
TMM is a widely expressed receptor that can mediate both anticoagulant and anti-
inflammatoryy effects. Recent evidence indicates that these two properties at least in 
partt can be separated, i.e. the NH2-terminal lectin domain of TM displays several anti-
inflammatoryy properties that are unrelated to the anticoagulant properties of TM 40. 
Usingg TMpro/pro mice, which have a strongly reduced capacity to interact with 
thrombinn and to generate APC in the circulation 22 a^ in the alveolar space (the 
presentt manuscript), we provide evidence that the anticoagulant properties of TM do 
nott importantly contribute to the host pulmonary response to locally administered 
bacteriaa or LPS, at least not in the experimental settings used here. Further 
investigationss are warranted to determine the role of the lectin domain of TM in the 
hostt response to bacterial pneumonia and LPS-induced lung inflammation. 
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