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INTRODUCTION N 

Bacteriall  pneumonia is a serious clinical problem, in both developed and developing 
countries.. Community acquired pneumonia can be caused by a variety of bacterial and viral 
pathogens.. Bacteria are the most common cause and have traditionally been divided into two 
groups:: typical and atypical. Typical include Streptococcus (S.) pneumoniae, Haemophilus 
influenzae,influenzae, Staphylococcus aureus and other Gram-negative and anaerobic bacteria. Atypical 
referss to pneumonia caused by Legionella species, Mycoplasma pneumoniae, and Chlamydia 
pneumoniae.pneumoniae. The mortality rate is still 5% worldwide. While remarkable advances have been 
madee in the treatment of pneumonia by the use of broad-spectrum antibiotic regimens, these 
approachess have also resulted in the emergence of multi-drug resistant bacteria. In 1967 the 
firstfirst penicillin resistant strains of S. pneumoniae were reported.1 Since then resistance has 
expandedd around the world.2'3 It is important to obtain knowledge of the pathogenetic 
processess during pneumonia for the development of alternative treatment modalities. To 
understandd better the role of the host immune response to pulmonary bacterial infections, 
severall  in vivo animal models have been developed using different bacterial pathogens. In this 
thesiss two acute pneumonia models with S. pneumoniae and Klebsiella (K.) pneumoniae are 
used. . 

Respiratoryy pathogens 

S.S. pneumoniae is a Gram-positive diplococcus that exists in encapsulated and unencapsulated 
forms.. Only the encapsulated serotypes can cause disease. The capsule is composed of 
polysaccharidess which are antigenic and there are more than 90 distinct serotypes. The 
virulencee of the capsule is mainly attributable to its antiphagocytic properties. On the 
contrary,, the cell wall is a potent inducer of inflammation. Another potent virulence factor of 
thee pneumococcus is pneumolysin, a toxin which lyses cholesterol containing cell membranes 
andd activates the complement cascade.4 Compromised patients are highly susceptible to 
infectionss with S. pneumoniae. Of the approximately 4 million cases of pneumonia each year 
inn the United States, the pneumococcus is the most common agent leading to hospitalization 
inn all age groups.5"7 In a 20-year US study, the overall lethality in pneumococcal pneumonia 
withh bacteremia was 20%; very old patients (over 80 years) had the highest mortality rate 
(38%).. There has been a resurgence of outbreaks of pneumococcal pneumonia, particularly in 
chronicc care centers and involving antibiotic resistant strains. Pneumococcal pneumonia is the 
paradigmm of classical lobar bacterial pneumonia. The patient becomes suddenly ill with fever, 
chills,, cough and chest pain. There is rapid multiplication and invasion of the bacteria and 
thereforee bacteremia is common. A remarkable feature is the lack of structural pulmonary 
damage. . 

K.K. pneumoniae is a Gram-negative rod and is encapsulated. K. pneumoniae is a rare cause 
off  acute lobar pneumonia and usually affects severely immunocompromised hospitalized 
individuals,, who suffer from underlying diseases such as diabetes or chronic pulmonary 
diseases.9 9 
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CHAPTERR 1 

Defensee against pneumonia 
Thee resolution of pulmonary bacterial infections needs an adequate inflammatory response, 
characterizedd by the infiltration and activation of inflammatory cells, complement activation 
andd coagulation and fibrinolytic system activation in lung tissue. These reactions are mediated 
inn a large part by specific mediators, primarily cytokines and chemokines, that orchestrate a 
well-coordinatedd defense protecting the host against potentially dangerous infections. 
Organismss need to become opsonized by complement products (innate defense) or by specific 
immunoglobulinn binding (specific response). In this thesis we focus on the innate immunity. 
Severall  aspects of the innate immunity will be discussed here. 

Mechanicall  barrier; every day the lung is exposed to more than 10,000 litres of air 
containingg pathogens and also resident flora from the nasopharynx. The first defense 
encounteredd by micro-organisms are the mechanical barriers (i.e. anatomical barriers), which 
limi tt exposure of the lung to pathogenic organisms, whereas the mucociliary movement, 
coughh and sneeze reflexes work to expel microbes that may bypass these initial defenses. 

Figuree 1. S. pneumoniae . 

Innatee immunity; when microorganisms have reached the alveoli, the resident alveolar 
macrophagess (AM) phagocytose the microorganisms before an active infection can be 
established.. Only after the failure of these innate immune defenses to clear the bacterial 
challenge,, an inflammatory response is mounted and pneumonia develops. AM orchestrate 
thiss inflammatory response by the secretion of cytokines, chemokines and bioactive lipids 
(includingg PAF). As a result inflammatory cells (i.e. granulocytes and monocytes) are 
attractedd from the vascular space to the pulmonary interstitium and alveoli. 

Celll  influx; neutrophils are short-lived cells, comprising 40-70% of the total white blood 
celll  count in peripheral blood. They are as actively phagocytic as AM and are heavily armed 
forr killin g ingested organisms by release of reactive oxygen products and proteolytic 
enzymes.. Thus, these cells protect against infections, by moving towards invading bacteria, 
ingestingg and destroying them. Adhesive interactions between neutrophils and endothelial 
cellss are required for successful neutrophil emigration to the inflammatory site (Figure 2). 
First,, they must adhere to vascular endothelial cells (rolling), which is mediated by selectins. 
Thiss is followed by an interaction of p2-integrins (CD1 lb/CD 18) on the neutrophil surface 
withh endothelial ligands, resulting in tight adhesion. Next, neutrophils move between or 
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INTRODUCTION N 

throughh the endothelial cells (diapedesis) and enter the interstitium under the guidance of 

locallyy produced chemotactic stimuli. Finally, neutrophils traver the lung epithelial cells to 

reachh the alveolar space. 

II  E-selectin 
 lCAM-1 

Rollingg ^ C Dl lb/CD 18 
Adhesion n 

Diapedesis s 

TNF-a,, IL-1 Chemoattractantss (e.g.C5a, IL-8) 

Figuree 2. Migration of leukocytes through endothelial cells via the multi-step process of rolling (via 
selectins),, adhesion (via CD1 lb/CD 18-ICAM-1) and diapedesis towards a chemotactic gradient. 

Cytokiness are small proteins of which the production and activity are highly regulated. 

Theyy act by binding to specific receptors on the cell membrane. Several cytokines have highly 

overlappingg activities and moreover, they act in a complex network in which production of 

onee cytokine wil l influence production of others. The role of cytokines in the defense against 

pneumoniaa is discussed in more detail in Chapter 2.1112 

Chemokiness are leukocyte activators consisting of over 30 chemotactic molecules. Most 

cann be classified into two groups CXC and CC chemokines, distinguished by the presence or 

absencee of a single amino acid between the first two of four conserved cysteines. As the first 

CXCC member described, IL-8, most other CXC chemokines activate neutrophils, whereas CC 

chemokiness act toward different leukocyte subsets (monocytes, lymphocytes, eosinphilic and 

basophilicc granulocytes).13"15 The murine equivalents of IL-8 are KC and macrophage 

inflammatoryy protein-2 (MIP-2). 

Complementt cascade; Complement plays an important role in the innate immunity against 

bacteria.. A major function of this system is to cause lysis of bacteria. Another function is 

mediationn of opsonization in which microorganisms are prepared for phagocytosis. 

Furthermore,, complement factors are involved in the regulation of inflammatory and immune 

responses.16"18 8 

Coagulationn system; pneumonia is associated with activation of the coagulation system in 

thee lung, as in bronchoalveolar lavage fluid from pneumonia patients enhanced procoagulant 
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CHAPTERR 1 

activityy and reduced fibrinolytic activity was found.19 The extrinsic tissue factor mediated 

pathwayy is essential for coagulation activation in inflammatory diseases. This pathway starts 

withh binding of tissue factor to factor Vila. This results in thrombin generation and eventually 

fibri nn formation, which both may exert pro-inflammatory functions. In experimental sepsis, 

tissuee factor mediated blockage of coagulation, not only abrogated the coagulant response, but 

alsoo prevented death.20"24 More downstream intervention, by blocking the generation of 

thrombinn with DEGR-factor Xa or heparin, inhibited coagulopathy related to sepsis, but did 

nott protect against death.25 It has therefore been postulated that tissue factor might influence 

thee inflammatory response by a mechanism other than activating blood coagulation. 

Thrombin n 
generation n ̂ > > 

Proteinn C 
activation n > > 

FVaa and FVIIIa 
inactivation n 

Tissuee factor-FVIIa complex 

Prothrombin n 
EPCR R FVaa and 

FVIII a a nn pi/ ^"^L" " 

Proteinn 1 

Figuree 3. Activation of Protein C (APC) after binding of thrombin by thrombomodulin (TM). 

EPCR,, endothelial protein C receptor, F, factor 

Thee coagulation process is modulated by a number of natural occuring inhibitors, which limi t 

thee extent of the reaction.26"28 The thrombin-thrombomodulin complex plays a central role 

hereinn by converting protein C (PC) to its activated form (APC), a process that is facilitated 

byy the endothelial protein C receptor (EPCR; [Figure 3]).29 Together with protein S (PS), 

APCC inactivates Factor Va and Villa . In addition to these anti-coagulant properties, APC also 

attenuatess several inflammatory responses. The anti-inflammatory activities of APC are 

mainlyy due to inhibition of leukocyte activation, tumor necrosis factor-a (TNF) production, 

andd E-selectin mediated cell adhesion. 

Fibrinolyticc system; activation of the fibrinolytic system results in dissolution of fibrin, the 

endproductt of the coagulation cascade. The basic reaction is the conversion of plasminogen 

intoo plasmin by plasminogen activators. Plasmin then is able to degrade fibrin into fibrin 

degradationn products. Like in the coagulation cascade, the fibrinolytic activity is regulated by 

inhibitorss that inhibit both the activation of plasminogen and the proteolytic effects of 
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plasmin.. The main plasminogen activator inhibitor is plasminogen activator inhibitor type I 

(PAI-1).. Apart from the above mentioned intravascular functions of the fibrinolytic system, it 

alsoo serves a role in cellular movement through the extracellular matrix. This is especially 

shownn for urokinase plasminogen activator receptor (uPAR), a glycophosphatidyl-inositol-

linkedd receptor which binds urokinase plasminogen activator (uPA), resulting in the 

generationn of cell surface-associated plasmin activity, which is critical for pericellular 

proteolysiss of extracellular matrix proteins.35"37 uPAR also contributes to cell migration in a 

plasmin-independentt way; by a functional linkage and physical association with integrins. 

Indeed,, uPAR is able to form complexes with the p2-integrin CDllb/CD18, thereby 

modulatingg migration. Furthermore, by binding of uPA to uPAR, uPAR transforms into a cell-

associatedd chemokine, resulting in chemotaxis. uPAR can also bind to vitronectin, an 

extracellularr matrix protein, and interfere with the migration of cells. 

Lungg interstitium 

Positivee chemotaxis 
onn PMN's 

Alveolus s 

Figuree 4. The resident and recruited defenses of the lung against bacteria. Bacteria are opsonized 
byy complement factors, IgG and surfactant and recognized by alveolar macrophages (AM), which 
phagocytosee the bacteria and then either kil l them or amplificate the host defense by secreting several 
mediators,, among which TNF-a, IL-1, IFN-y, PAF. These mediators induce positive chemotaxis on 
polymorphonuclearr cell (PMN) from pulmonary endothelium to the lung interstitium 

Ai mm and outline of the thesis 

Thee overall objective of the research described in this thesis is to obtain more insight into the 

pathogenesiss of pneumococcal pneumonia. The resident and recruited defenses of the lung 

againstt bacteria investigated in the present thesis are depicted in Figure 4. Several host 

defensee mechanisms during bacterial pneumonia were studied, using clinical and experimen-
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tall  methods. 

Thee first part of this thesis focus on the roles of the pro-inflammatory cytokines tumor 

necrosiss factor- a ([TNF], Chapter 3), interleukin-1 (IL-1) (Chapters 3 and 11) and interferon-

yy (Chapter 4) in acute bacterial pneumonia caused by 5". pneumoniae. For this we used a 

pneumoniaa model in a number of genetically modified mice. Chapter 10 evaluates treatment 

off  ceftriaxone in combination with anti-TNF against pneumococcal pneumonia in mice. 

Furthermore,, the role of pneumolysin (a toxin of S. pneumoniae) in the induction of 

pulmonaryy inflammation was determined and the roles of IL-6 and MIP-2 herein were 

evaluatedd (Chapter 5). Chapter 12 describes the role of platelet activating factor (PAF) 

receptorr in pneumococcal pneumonia by the use of PAFR deficient mice. We assessed the 

possiblee attribution of tissue factor-factor Vil a complex in the host defense against 

pneumococcall  pneumonia (Chapter 9) and the role of thrombomodulin (Chapter 8) in the 

responsee to intranasal instillation of S. pneumoniae, K. pneumoniae and lipopolysaccharide 

(LPS).. Chapters 6 and 7 focus on the role of urokinase, uPAR, PAI-1 and plasminogen in cell 

migrationn during pneumococcal pneumonia. 
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CYTOKINESS AND INNATE IMMUNIT Y 

Inn pneumonia the initiation, maintenance and resolution of inflammation is dependent upon 
thee complex network of pro-inflammatory and anti-inflammatory cytokines. Much of our 
knowledgee of the role of cytokines in the pathogenesis of pneumonia is derived from animal 
studiess on experimental pneumonia. In contrast to systemic infection, where excessive 
productionn of pro-inflammatory cytokines is detrimental, causing organ failure and death, 
locall  production of pro-inflammatory cytokines is necessary for host defense against the 
invasivee pathogen. Conversely, the anti-inflammatory cytokine IL-10 impairs host defense in 
locall  infections like pneumonia, while it protects against excessive immune activation, like 
sepsis.. This article summarizes current information on the roles of specific cytokines in host 
defensee against pneumonia, with emphasis on ongoing investigations into the role of innate 
immunityy against different respiratory bacterial pathogens. 

Introductio n n 
Withh an estimated area of 140 m2 and exposure to 7-10 liter of ambient air per minute, the 
lungss are repeatedly exposed to pathogens, either by inhalation or (micro-) aspiration of 
micro-organismss that colonize the oropharynx. From this point of view it is not surprising that 
pneumoniaa is one of the most common infectious diseases. Both the widespread use of 
antibiotics,, that has led to a rise of antibiotic resistance among micro-organisms, and the 
growingg number of immunocompromised patients susceptible to pneumonia, have made the 
treatmentt of pneumonia more difficult. Hence, there is a need for novel therapeutic 
approachess for pneumonia. One such approach is immunotherapy, aimed at modulating the 
immunee responses that may serve as an important adjuvant therapy in the treatment of 
infectiouss diseases. However, knowledge of the immune host defenses needs to increase 
beforee such immunotherapies can become a serious tool in the treatment of severe pneumonia. 

Thee normal host defense of the lung includes both innate and acquired immune responses. 
Innatee defenses consist of structural defenses, antimicrobial molecules generated in airways, 
andd phagocytosis by resident alveolar macrophages and recruited polymorphonuclear 
leukocytes.. Acquired immune defense is antigen-specific, and includes cell-mediated and 
antibody-mediatedd immune responses. While innate immune responses are primarily 
responsiblee for the elimination of bacterial pathogens from the alveolar spaces, specific 
immunee responses are involved in eradication of encapsulated pathogens, and pathogens that 
survivee after phagocytosis. 

Bothh alveolar macrophages and polymorphonuclear cells play a prominent role in innate 
immunity.. Alveolar macrophages are avidly phagocytic and readily kill ingested micro-
organisms.. In addition, they play an important role in orchestrating inflammatory responses. 
Alveolarr macrophages and polymorphonuclear cells need to communicate in mounting an 
effectivee host defense against invading pathogens. After their initiation, innate immune 
responsess need to be localized, reinforced and finally resolved. Cytokines play a critical role 
inn these processes by mediating leukocyte recruitment and by serving as important signals in 

23 3 



CHAPTERR 2 

thee activation of leukocytes. Numerous cytokines have been implicated in pulmonary host 
defensee (e.g. tumor necrosis factor-a (TNF), interleukin-6 (IL), IL-10, interferon-y (IFN) and 
chemokines). . 

Inn this review the role of cytokines in innate immunity is discussed. Furthermore, we focus 
onn how different cytokines are involved in the defense against different respiratory bacterial 
pathogens. . 

Pulmonaryy innate host defense: structural defenses and phagocytosing cells 
Thee mucociliary blanket lining the surface of the airways arrest inhaled particles. Entrapped 
particless are then cleared by the movement of cilia, propelling the mucus up to the oropharynx 
forr swallowing or expectoration. Small particles, like bacteria, bypass this first line of defense 
andd enter the terminal airways. Sterility of the lung is maintained by additional local 
productionn of antimicrobial molecules (e.g., lysozyme, complement, immunoglobulin A, 
lactoferrin,, lipopolysaccharide (LPS-) binding protein and defensins). 

Infectiouss agents that have passed this first line of defense and have entered the terminal 
airwayss are first encountered by the resident macrophages. These cells play a central role in 
pulmonaryy host defense, due to their phagocytic, microbicidal and secretory functions. 
StreptococcusStreptococcus (S.) pneumoniae, Haemophilus (H.) influenzae, and Staphylococcus (S.) aureus 
aree readily ingested and killed by macrophages, while Mycobacterium spp., Nocardia spp., 
andd Legionella (L.) spp. are resistant to the microbicidal activity of these cells. Eradication of 
thesee pathogens requires development of specific immunity. 

Thee recruitment of large numbers of polymorphonuclear cells in the alveolar space from 
thee marginated pool of leukocytes in the pulmonary circulation is initiated when the microbial 
challengee is too large or too virulent to be contained by the alveolar macrophages alone. 
Thesee recruited neutrophils provide auxiliary phagocytic capacities, critical for the effective 
eradicationn of pathogens. 

Cytokiness in pulmonary host defense 
Alveolarr macrophages and recruited neutrophils orchestrate the immune response by initiating 
aa complex network of pro-inflammatory and anti-inflammatory cytokines. Cytokines can be 
consideredd to be involved in the early response after the recognition of a pathogen (e.g. TNF 
andd IL-ip) , to be involved in the recruitment of immune cells to the site of infection 
(chemokines,, such as IL-8 and other members of the CXC family), or to be involved in the 
activationn of alveolar macrophages and recruited cells (e.g. IFN, IL-12, IL-6, IL-10 and 
granulocytee colony stimulating factor [G-CSF]). 

TNF.. The early response cytokine TNF is the most frequently studied cytokine in pulmonary 
hostt defense. Increased expression of TNF has been observed in patients with bacterial 
pneumonia.22 In animal models, TNF is expressed locally during pneumonia with S. 
pneumoniae?'pneumoniae?'44 K. pneumoniae,5 Pseudomonas (P.) aeruginosa, and L. pneumophila. 
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Severall  lines of evidence suggest that TNF is an important component of host defense in 

bacteriall  pneumonia. Specifically, systemic neutralization of TNF attenuated host defense in 

pulmonaryy infection with S. pneumoniae,2',4 K. pneumoniae,5 and L. pneumophila,7 resulting in 

decreasedd survival. Treatment of granulocytopenic mice with low doses of TNF significantly 

diminishedd mortality and enhanced clearance of P. aeruginosa from the pulmonary 

compartmentt during severe pneumonia.8'9 Furthermore, augmented expression of TNF in the 

lungss of mice through gene therapy, resulting in high levels of TNF in the pulmonary 

compartmentt without 'spill-over' systemically, was associated with increased survival, 

improvedd bacterial clearance of pathogens from lungs and decreased dissemination of bacteria 

too the blood, after a challenge with K. pneumoniae.10 

Howw TNF mediates beneficial effects in pulmonary host defense is not well defined. TNF 

activatess both macrophages and neutrophils, leading to augmented phagocytosis, oxidative 

burst,, protein release and bacterial killing.11'12 TNF contributes to the recruitment of 

neutrophilss by stimulating the expression of adhesion molecules,13'14 and inducing the 

productionn of chemokines.1415 Indeed, decreased neutrophil influx into the lungs has been 

observedd in mice challenged with K. pneumoniae,16 and P. aeruginosa,6 after TNF 

neutralization.. Administration of a TNF agonist peptide led to an augmented recruitment of 

neutrophilss in K. pneumoniae pneumonia.17 TNF neutralization had no effect on recruitment 

off  neutrophils to lungs in animals infected with S. pneumoniae.3 

Figuree 1. IL-1 receptor type I (IL-1R"'") deficient 
micee (solid bars) had more S. pneumoniae CFU 
inn lungs compared with wild type mice (open 
bars)) after a challenge with 105 CFU of S. 
pneumoniae.pneumoniae. In contrast, IL-1R"'" mice 
demonstratedd an enhanced clearance of bacteria 
afterr intranasal administration of 10s CFU of P. 
aeruginosa.aeruginosa. Data are means  SEM. *P<0.05 
comparedd with wild type mice. Adapted and 
modifiedd from 18 and 19. 

IL- 11 p. Elevated IL-i p levels have been found in pleural fluids of patients with empyema,18 

andd in bronchoalveolar lavage fluids of patients with pneumonia.2 In addition, in unilateral 

pneumonia,, alveolar macrophages recovered from the infected lung spontaneously released 

moree IL-i p into cell culture supernatants than macrophages evacuated from the noninvolved 

site.22 Animal studies on the role of IL-1 p during bacterial pneumonia are currently performed 

inn our laboratory. Considering that IL-i p is generally believed to play a protective role in 

antimicrobiall  host defense, we expected IL-1 receptor type I (IL-lR_/~) deficient mice to be 

moree susceptible to bacterial pneumonia. Indeed, although mortality was not different 

betweenn IL - lR 'm ic e compared with wild type mice after challenge with S. pneumoniae, IL -

Wtt IL-1R"'" Wt IL-1R-' 

S.S. pneumoniae P. aeruginosa 
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IR"'""  mice had two-fold more S. pneumoniae CFU in lungs compared with wild type mice, and 

IL-1R"'""  mice displayed a reduced capacity to form inflammatory infiltrates at 24h after the 

inductionn of pneumonia.18 By contrast, IL-1R_/" mice demonstrated an enhanced clearance and 

improvedd mortality in a P. aeruginosa pneumonia model (Figure 1). 
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Figuree 2. (A) Clearance of bacteria is enhanced in IFN R deficient (IFNR"'") mice. Mean (  SEM) P. 

aeruginosaaeruginosa CFU in lungs after intranasal inoculation with 105 CFU in wild type mice (open bars) and 

IFNR"'""  mice (cloded bars). *P<0.05 compared with wild type mice.(B) Survival of IFNR"'" (O-O) and 

wildd type mice (•-•) infected with 105 CFU of P. aeruginosa. Differences were not statistically 

significant.. Adapted and modified from 27. 

IF NN and IL-12 . The production of the pro-inflammatory cytokine IFN has been found to be 

enhancedd during murine pneumococcal pneumonia,45,50 K. pneumoniae pneumonia, " and P. 

aeruginosaaeruginosa pneumonia.33 Similarly, the expression of another pro-inflammatory cytokine, IL-

12,, is enhanced in pneumonia caused by S. pneumoniae, K. pneumoniae, and P. 

aeruginosaaeruginosa (unpublished data). 

IFNN is a cytokine mainly produced by antigen activated T and natural killer (NK) cells. 

Thee secretion of IFN is induced by TNF and IL-12. IFN exerts several immune regulatory 

activities,, including activation of phagocytes, stimulation of antigen presentation by 

increasingg the expression of major histocompatibility complex MHC molecules class I and II 

onn antigen presenting cells, orchestration of leukocyte-endothelium interactions and 

stimulationn of the respiratory burst.34'35 Macrophages are stimulated by IFN to secrete TNF 

andd IL-12, setting up a paracrine positive-feedback cycle. 

Neutralizationn of IL-12 led to reduced bacterial clearance and increased mortality of mice 

infectedd with K. pneumoniae, while adenoviral mediated transgenic overexpression of IL-12 

reducedd mortality in K. pneumoniae pneumonia.30 However, IL-12 does not act alone in the 

defensee against invading microorganisms, since passive immunization against TNF or IFN led 

too a failure of IL-12 overexpression to protect mice. 

Thee essential role of endogenous IFN in host defense against infection has in particular 

beenn demonstrated for intracellular growing micro organisms.36"39 In models of acute systemic 

infectionn with extracellular growing bacteria, IFN has been found to play a detrimental role. 
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Indeed,, treatment with anti-IFN antibodies reduced mortality after intravenous or 
intraperitoneall  injection of high doses of E. coli,40M and profoundly reduced mortality in mice 
exposedd to high doses of endotoxin.42'43 In a subacute model of S. aureus sepsis, resulting in 
100%% lethality in normal wild type mice over a 10-day period, IFNR7 mice were relatively 
protectedd against lethality, which was associated with a reduced number of S. aureus CFUs in 
bloodd when compared to wild type mice.44 

Thee role of IFN in the setting of bacterial pneumonia is less clear. IFN knockout mice 
exposedd to S. pneumoniae demonstrated higher mortality compared to wild type mice.45 

Overexpressionn of IFN by adenovirally mediated gene therapy in rats, resulted in increased 
clearancee of P. aeruginosa and K. pneumoniae from the lung.46"48 By contrast, anti-IFN 
treatmentt had no detectable effect on the clearance of P. carinii from lungs.49 Furthermore, 
wee recently demonstrated that IFNR"'" mice were less susceptible to an intranasal challenge 
withh P. aeruginosa compared to wild type mice (Figure 2).33 The detrimental role of IFN in 
thiss model of bacterial pneumonia is in line with our findings that clearance of bacteria was 
attenuatedd in IFNR A mice, as well as IFN knockout mice in case of S. pneumoniae 
pneumonia,, compared to their controls.50 These data indicate that IFN may impair an effective 
pulmonaryy defense in pneumonia. 

IL-18.. IL-18, originally named IFN-inducing factor, is a pro-inflammatory cytokine which 
wass identified in mice during endotoxin shock as a co-stimulatory factor for the production of 
IFN.. IL-18 is mainly produced by activated macrophages. Although IL-18 alone is not a 
potentt stimulator of IFN production, it synergistically enhances IL-12 induced IFN 
production.. IL-18 has many other pro-inflammatory effects on T and NK cells, enhancing 
proliferationn and cytotoxicity, and stimulating the production of TNF, IL-2 and GM-CSF. 

Neutralizationn of IL-18 protects against LPS-induced liver injury. In contrast IL-18 was 
protectivee during infections with Y. enterocolitica,51 and intra-cellular pathogens like L. 
major,major,5252 and S. typhimuriumP 

Duringg S. pneumoniae pneumonia local IL-18 production is enhanced.54 We recently 
demonstratedd that endogenous IL-18 plays a protective role during pneumonia.54 IL-18 
knockoutt mice had significantly more bacteria in their lungs and were more susceptible for 
progressionn to systemic infection after intranasal administration of S. pneumoniae. IL-18 
knockoutt mice had lower IFN concentrations in their lungs than wild type mice. Anti-IL-12 
antibodiess did not influence bacterial clearance in IL-18 knockout mice or wild type mice, 
indicatingg that IL-18 mediated effects during pneumonia are independent of endogenous IL-
12. . 

IL-10.. IL-10 is a cytokine that attenuates the production of TNF, IL-1(3, CXC chemokines, 
IFN,, and IL-12, and has potent inhibitory effects on neutrophils resulting in reduced 
phagocytosiss and bactericidal killing.14'16'55 IL-10 is produced under different conditions of 
immunee activation by different cell types, including T-cells, B-cells and monocytes.56 IL-10 
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productionn is enhanced during sepsis, after LPS administration and in various models of 
infection.. IL-10 plays a protective role in models of overzealous inflammation: IL-10 can 
inhibitt the LPS-stimulated production of pro-inflammatory cytokines in vitro and in vivo. 
Administrationn of IL-10 reduces LPS-induced mortality in animals, and neutralization of IL-
100 results in increased lethality in LPS-challenged mice.56 In contrast, to clear the invading 
pathogenn in case of pulmonary infection, the anti-inflammatory properties may hinder innate 
immunity.. IL-10 is produced in the pulmonary compartment in mice with pneumonia caused 
byy either S. pneumoniae,51 or K. pneumoniae59. Considerable evidence exist that the anti-
inflammatoryy cytokine IL-10 plays a detrimental role in the clearance of bacteria during 
pulmonaryy infections with S. pneumoniae and K. pneumoniae. ' Administration of 
exogenouss IL-10 reduced survival and increased outgrowth of bacteria from lungs of mice 
challengedd with S. pneumoniae51 Conversely, neutralization of IL-10 leads to enhanced 

58 8 

clearancee of bacteria and improved survival in mice with K. pneumoniae pneumonia. 

IL-6 .. IL-6 is both a pro-inflammatory and an anti-inflammatory cytokine. The production of 
IL-66 is under the influence of TNF and IL-lp. IL-6 is produced by many cell types, including 
macrophages,, T and B-cells and parenchymal cells. IL-6 is produced in the lung during 
pneumonia.200 Evidence for the importance of IL-6 in host defense during pneumonia was 
obtainedd from a study on S. pneumoniae pneumonia in IL-6 knockout mice. IL-6 knockout 
micee had more bacteria in their lungs after an intranasal challenge with this pathogen, and 
diedd significantly earlier than normal mice, despite higher levels of TNF, IL-lp , IFN and IL-
100 in lungs. Hence, IL-6 downregulates the activation of the cytokine network within the lung 
duringg pneumonia and contributes to host defense. The mechanism by which IL-6 protects the 
hostt during pneumonia has not been determined yet. 

G-CSF.. G-CSF is a cytokine produced by activated T-cells and macrophages, and stromal 
cells.. G-CSF prolongs neutrophil survival and stimulates neutrophil phagocytosis and 
oxidativee burst. Alveolar macrophages from patients with bacterial pneumonia produce G-
CSFF spontaneously.60 Evidence for a beneficial role of G-CSF in innate immunity against 
respiratoryy pathogens came from studies on S. pneumoniae pneumonia and K. pneumoniae 
pneumoniaa in rats,61"63 and E. coli pneumonia in mice.61 These models demonstrated an 
improvedd survival in G-CSF treated animals. 

Untill  now, recombinant human G-CSF is the only cytokine that has been used for the 
treatmentt of severe pneumonia in a randomized, placebo-controlled trial as an adjunct to 
antimicrobiall  therapy.62 G-CSF reduced the incidence of serious complications, but did not 
influencee mortality or time to resolution of pneumonia. 

Chemokines.. Chemokines, low molecule weight cytokines, are involved in the recruitment of 
immunee cells to the site of infection. CXC chemokines represent a family in which one amino 
acidd separates the first two cysteine residues adjacent to each other (cysteine-X amino acid-
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cysteine,, or CXC). CXC chemokines can be further subdivided into ELR-positive 

chemokines,, which possess a three amino acid motif termed ELR (glutamic acid-leucine-

arginine)) near the N-terminal end, and ELR-negative CXC chemokines. ELR-positive CXC 

chemokiness (e.g., IL-8, epithelial neutrophil activating protein (ENA-) 78 in humans; 

macrophagee inflammatory protein-2 (MIP-2), and KC in mice) exhibit chemotactic and 

activatingg effects on neutrophils. Elevated levels of IL-8 have been found in bronchoalveolar 

lavagee fluid of patients with pneumonia,20'21 and high levels of IL-8 were found in pleural 

empyemaa fluids, compared with other types of effusions22 IL-8 levels correlated with 

neutrophill  counts in, and neutrophil chemotactic activity of pleural fluid.22 Similarly, elevated 

levelss of KC and MIP-2 have been detected in lungs of mice challenged with S. 

pneumonia,pneumonia, ' K. pneumoniae?5'26 and P. aeruginosa?1 
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Figuree 3. (A) Survival rates of mice infected with 5 x 10s CFU P. aeruginosa. ( • - • , no treatment; 
D-D,, IL-10, lh before; O-O, IL-10 8h after; A-A, IL-10 lh before and 8h after inoculation with 
bacteria).. *P<0.05 compared with no treatment. (B) Survival rates of mice infected with 5 x 105 CFU 
P.P. aeruginosa. ( • - • , control Ab; D-D, 0.5 mg anti-IL-10 mAb). *P<0.05 compared with control 
mAb.. Adapted and modified from reference 66. 

ELR-positivee CXC chemokines appear to play an important role in neutrophil-dependent 

hostt defense in bacterial pneumonia. A causal role for these chemokines in the recruitment of 

immunee cells to the site of infection is suggested by experiments in which an anti-IL-8 

antibodyy decreased the neutrophil chemotactic activity of pleural fluid in case of empyema.22 

Administrationn of neutralizing antibodies against MIP-2 resulted in a 60% reduction in 

neutrophill influx, which was associated with an attenuation of bacterial clearance from the 

lung,, and increased incidence of bacteremia in a mouse pneumonia model with K. 

pneumoniae?pneumoniae?55 In transgenic mice in which local KC expression was driven by a Clara cell-

specificc promoter, resulting in expression of KC within the lung, a four-fold increase in 

neutrophill influx was found after intra-tracheal administration of A", pneumoniae compared to 

wildd type mice. This was associated with a striking improvement in survival, increased 

bacteriall clearance from the lungs, and reduced incidence of bacteremia. Further, treatment 

withh a blocking antibody directed against the main receptor for ELR-positive CXC 
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chemokiness in mice (CXCR2) was associated with a reduced influx of neutrophils and an 
enhancedd bacterial outgrowth during experimental pneumonia caused by either N. asteroides 
orr P. aeruginosa?*29 These results point to an important role of ELR-positive CXC 
chemokiness in neutrophil influx and bacterial clearance during pneumonia. 

Differentt  roles for  cytokines in innate host defense against various respiratory bacterial 

pathogens s 
Thee majority of the above mentioned models involved infection with S. pneumoniae, K. 
pneumoniaepneumoniae or P. aeruginosa. Cytokines influence host defense during these respiratory tract 
infections,, although their role may vary depending on the pathogen used (Table 1). Indeed, 
whilee endogenous IL-10 hampered bacterial clearance in mouse models of S. pneumoniae and 
K.K. pneumoniae?1'5*  IL-10 improved host defense in a model of pneumonia caused by P. 
aeruginosaaeruginosa (Figure 3).63 Similarly, while endogenous TNF was important for clearance of S. 
pneumoniaepneumoniae and K. pneumonia3'5 from mouse lungs, TNF impaired host defense mechanisms 
duringg pneumonia with P. aeruginosa (Figure 4)M Finally, mice made deplete for alveolar 
macrophagess and challenged with P. aeruginosa demonstrated a delayed early neutrophil 
recruitment,, but prolonged subsequent inflammatory cell recruitment.27 Alveolar macrophage-
depletedd mice had lesser lung injury in the early phase. However, bacterial clearance was 
delayed,, and mortality was enhanced in these mice. 

Tablee 1. Cytokines influence host defense during respiratory tract infections, although their  role 
mayy vary depending on the pathogen used. 
Cytokines s 
TNF F 
IL-l p p 
CXC-chemokines s 
IL-18 8 
IL-10 0 
IL-6 6 
IL-12 2 
IFN N 
G-CSF F 
+,, indicates a beneficial effect in case of respiratory infection with the specified pathogen; -, indicates 
aa detrimental effect in case of respiratory infection with the specified pathogen; ?, indicates that there 
aree no data on the effect of this cytokine. See text for details. ^ ^ ^ 

Thee protective role of IL-10 in the models with P. aeruginosa parallels findings in sepsis 
models,, where damage to the host results from the overzealous immune activation. ' At 
presentt it is not clear whether the protective role of IL-10 in P. aeruginosa pneumonia 
representss IL-10-mediated protection from systemic endotoxin exposure. Alternatively, these 

S,S, pneumoniae 
+ + 
+ + 
? ? 

+ + 

+ + 
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K.K. pneumoniae 
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? ? 
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dataa suggest that in more gradually developing pneumonia, such as caused by S. pneumoniae 
andd K. pneumoniae, a certain pro-inflammatory cytokine response within the pulmonary 
compartmentt is required to combat the invading microorganism, while in a more acute form 
off  pneumonia, such as caused by P. aeruginosa, an excessive inflammatory response 
contributess to an adverse outcome. 

Thesee results indicate that the overall effect of a specific cytokine in host defense can be 
organism-dependentt (i.e. neutralization of a specific cytokine can be beneficial or detrimental, 
dependingg on the causative pathogen). This may make immunological manipulation of 
cytokinee expression even more difficult in case of polymicrobial pulmonary infections. Future 
studiess are needed to resolve this issue. 
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Figuree 4. (A) Clearance of P. aeruginosa from lungs of TNFR1 deficient mice (•-•) and control mice 
(O-O)) after inoculation with aerosolized bacteria. (B) Clearance of P. aeruginosa from lungs of mice 
deficientt in both type 1 and type 2 TNFR (•-•) and control mice (O-O). Data are means; *P <0.05 
comparedd with control mice. Adapted and modified from 67. 

Differentt  roles for  cytokines in innate host defense in diverse clinical situations 
IL-100 appears to be important in sepsis-induced immunosuppression. Mice with sepsis 
inducedd by cecal ligation and puncture demonstrated to be more susceptible for P. aeruginosa 
afterr intratracheal challenge, with a higher lethality compared to normal mice or mice 
undergoingg sham abdominal surgery.66 The development of pneumonia in animals undergoing 
cecall ligation and puncture was associated with a marked increase of IL-10 expression in 
lungs,, and administration of neutralizing IL-10 antibodies resulted in enhanced bacterial 
clearancee from lungs and reduced mortality. Until now there are no studies on local cytokine 
expressionn in lungs directly after a septic episode, a severe trauma or previous respiratory 
infectionn which may have induced immunosuppression. 

Conclusions s 

Wee have reviewed the literature on the role of cytokines in innate immunity against 
respiratoryy pathogens. Although manipulation of innate immunity through modulation of the 
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cytokinee cascade occurred before, at, or directly after the time of challenge with a respiratory, 

pathogenn in the reviewed animal studies, which is not the clinical setting, this novel approach 

mayy serve as an important adjuvant therapy in the treatment of patients with severe 

pneumonia.. Several limitations exist. Targeting only one cytokine may be just a too simple 

thought,, as the cytokine cascade is complex, and as cytokines have pleotropic effects, this can 

leadd to unexpected effects when used in an intervention in vivo. Furthermore, host responses 

againstt different respiratory pathogens differ quite substantially, which may make it necessary 

too develop different strategies for different pathogens. Additional studies are necessary to 

overcomee these issues. 
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T U M O RR NECROSIS FACTOR-<X 

Too determine the role of interleukin 1 (IL-1) in the host defense against pneumonia, IL-1 
Receptorr type I deficient (IL-1R-/") and wild type (Wt) mice were intranasally inoculated with 
StreptococcusStreptococcus (S.) pneumoniae. Pneumonia resulted in elevated IL-1 a and IL-i p mRNA and 
proteinn levels in the lungs. Survival rates did not differ between IL-1R"'" and Wt mice after 
inoculationn with 5 x 104 or 2 x 105 CFU. At early time points (24 and 48h), IL-1R A mice had 
two-logg more S. pneumoniae CFU in lungs than Wt mice; at 72h, bacterial outgrowth in lungs 
wass similar in both groups. Upon histopathological examination, IL-1R"" mice displayed a 
reducedd capacity to form inflammatory infiltrates at 24h after the induction of pneumonia. IL-
1R"""  mice also had significantly less granulocyte influx in bronchoalveolar lavage fluid at 24h 
afterr inoculation. Since tumor necrosis factor-a (TNF) is known to enhance host defense 
duringg pneumonia, we determined the role of endogenous TNF in the early impairment and 
subsequentt recovery of defense mechanisms in IL-1R"" mice. All IL-1R"" mice treated with 
anti-TNFF rapidly died (0/14 survivors after 4 days), while 10-day survival in IL-1R_/" mice 
(controll  Ab), Wt mice (anti-TNF) and Wt mice (control Ab) was 7/13, 3/14 and 12/13 
respectively.. These data suggest that TNF is more important for host defense against 
pneumococcall  pneumonia than IL-1, and that the impaired early host defense in IL-1R"A mice 
iss compensated for by TNF at a later phase. 

Introductio n n 

Communityy acquired pneumonia caused by S. pneumoniae remains a major cause of 
morbidityy and mortality especially in the elderly.1'2 Emergence and spread of penicillin-
resistantt S. pneumoniae have become a worldwide problem.3"5 Therefore, in order to develop 
novell  therapeutic strategies, it is crucial to study the host response during pneumonia caused 
byy S. pneumoniae. 

Activationn of the cytokine network plays an important role in the early response to severe 
infection.66 In models of systemic infection, TNF is the first cytokine that becomes detectable 
inn the circulation, followed shortly thereafter by IL-1 p.7"9 TNF and IL-l p have highly 
overlappingg biological activities, and synergize in inducing systemic toxicity in animals in 
vivo.. ' Elimination of either TNF or IL-1 activity during severe bacteremia in baboons 
largelyy prevents lethality, suggesting that excessive systemic production of these cytokines is 
off  pivotal importance for the development of organ injury during sepsis syndrome.1213 

However,, evidence indicates that the local production of proinflammatory cytokines is crucial 
forr the clearance of bacterial infections from the lung. Indeed, passive immunization against 
TNFF impairs host defense during pneumococcal, Legionella and Klebsiella pneumonia in 
mice.. " The role of IL-1 during bacterial pneumonia is less well defined. 

IL-11 is a pleiotropic pro-inflammatory cytokine, mainly produced by mononuclear 
phagocytes,, which affects nearly all cell types. The IL-1 family consists of three members, 
namelyy IL-la, IL-l p and IL-1 receptor antagonist (IL-lra).1718 IL-1 can bind to two 
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receptors,, IL-1 receptor (IL-1R) type I and type II. Type I receptors are found on most cell 
types,, whereas expression of type II receptors is limited to blood neutrophils, monocytes, 
bonee marrow progenitor cells and B-lymphocytes. IL-1R type II is not able to transduce a 
signall  and is therefore generally referred to as a decoy receptor. ' The type I IL-1R has 
equall  affinities for IL-1 a, IL-1 (3 and IL-lra. After binding of IL-1 to IL-1 R type I, IL-1 - IL-
1RR type I forms a complex with the IL-1R accessory protein, which results in signal 
transductionn and biological effects, including induction of an acute phase response to sterile 
inflammation,, fever and synthesis of other proinflammatory cytokines and chemokines such 
ass IL-6, TNF and IL-8.17'21 

Too determine the role of IL-1 in the pathogenesis of pneumococcal pneumonia, IL-1R type 
II  gene deficient (IL-1R~~) mice were compared to wild type (Wt) mice after induction of 
pneumoniaa with 5". pneumoniae22 In addition, the possible interaction between endogenous 
IL-11 and TNF during pneumonia was evaluated by treatment of IL-1R"" and Wt mice with a 
neutralizingg anti-TNF antibody. 

Material ss and Methods 
Animals.Animals. All experiments were approved by the Institutional Animal Care and Use Committee 
off  the Academic Medical Center. IL-1R" mice back-crossed 6 times to a C57B1/6 background 
(kindlyy provided by Immunex Corporation, Seattle, WA) and normal C57B1/6 Wt mice 
(Harlann Sprague Dawley Inc., Horst, the Netherlands) were used. Male (10-12 weeks old) 
micee were used in all experiments. IL-1R"A mice are normal in size, weight and fertility, and 
displayy no abnormalities in leukocyte subsets. 

InductionInduction of pneumonia. Pneumonia was induced as described earlier. ' Briefly, S. 
pneumoniaepneumoniae serotype 3 was obtained from American Type Culture Collection (ATCC 6303; 
Rockville,, MD). Pneumococci were grown in Todd-Hewitt broth (Difco, Detroit, MI) for 6 
hourss to midlogarithmic phase at 37°C in 5% C02, harvested by centrifugation at 1500 x g for 
155 minutes, and washed twice in sterile isotonic saline. Bacteria were then resuspended in 
sterilee isotonic saline at different concentrations (2 x 105- 4 x 106 colony forming units 
(CFU)/ml),, as determined by plating serial 10-fold dilutions onto sheep-blood agar plates. 
Micee were lightly anesthesized by inhalation of isoflurane (Abort, Queensborough, Kent, 
UK),, and 50 \x\ of bacterial suspension or an equal volume of sterile isotonic saline as control 
wass inoculated intranasally. 

Antibodies.Antibodies. Rat anti-mouse TNF mAb, was kindly provided by D. Shealy (Centocor, 
Malvern,, PA). Rat IgG2a (clone R7D4) was used as control antibody. Antibodies were given 
intraperitoneallyy in two doses of 0.5 mg, 2h before and 24h after induction of pneumonia. 

ReverseReverse transcriptase-PCR (RT-PCR). Mouse lungs were harvested and snap-frozen in 
liquidd nitrogen 24 and 48h after inoculation with S. pneumoniae, and 48h after saline 
inoculation.. Total RNA was isolated from mouse lungs using Trizol reagens (Gibco BRL, 
Lif ee Technologies, Berlin, Germany). Briefly, cells were lysed in Trizol reagens and the RNA 
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wass isolated following chloroform extraction and isopropanol precipitation. Reverse 
transcriptionn was performed using 2 ug of total cellular RNA and 0.5 jag Oligo (dT) (Gibco 
BRL),, and incubating the solution (12 ul) for 10 minutes at 72 °C, The final 20 ul reaction 
mixturee contained the following components at the final concentrations indicated: lx first 
strand-bufferr (Gibco BRL), 10 mM DTT, 1.25 mM each of dNTPs, and 100 U Superscript 
RNasee H Reverse transcriptase (Gibco BRL). The reaction was incubated for 60 minutes at 
42°CC followed by 72°C for 10 minutes. Finally, 180 ul H20 was added to the reaction mixture 
andd samples were stored at -20 °C. For PCR, cDNA from 3 mice was pooled and 5 ul of RT 
productt was used in a total volume of 25 jxl of a solution containing 0.5 U Ampli7a<y 
polymerasee (Perkin Elmer Corp., Norwalk, CT), 1.25 mM dNTPs, 2.5 ul lOx Pol buffer (0.67 
MM Tris-HCl pH 8.8, 67 mM MgCl2, 0.1 M BME, 67 uM EDTA, 0.166 M (NFL^SC^), 1% 
DMSO,, 0.5 mg/ml BSA and 200 ng of each primer. The following sequence was performed 
onn a thermocycler (Perkin-Elmer Corp.) for each PCR reaction: 94°C for 5 min (1 cycle), 
followedd immediately by 94°C for 1 min, 55°C for 1 min and 72°C for 1 min (with variable 
numberss of cycles) and a final extension phase of 72°C for 10 min. A variable number of 
cycless was used to ensure that amplification occurred in the linear phase and that differences 
betweenn control and experimental conditions were maintained by adopting a limited number 
off  cycles. To insure that differences between samples were not a result of unequal 
concentrationss of cDNA, a PCR using (3-actin as internal standard was performed on each 
sample.. p-Actin was shown to be linear at 27 amplification cycles, IL-l a and IL-1(3 at 30 
amplificationn cycles. The primer sequences are as follows: p-actin (F):5' 
GTCAGAAGGACTCCTATT GTG3'; J3-actin (r); 3'GCTCGTTGCCAATAGTGATG5'; IL-
l aa (F):5'CTCTAGAGCACCATGCTACA GAC3'; IL-l a (r): 3'TGGAATCCAGGGGAAA 
CACTG5';; IL-i p (F): 5'TCATGGGATGATGA TAACCTGCT3'; IL-l p (r): 3'CCCATACT 
TTAGGAAA GACACGGAT5'; The PCR products were separated on a 1.5% agarose gel and 
visualizedd by UV illumination. 

HistologicalHistological examination. After 24 hours fixation of lungs in 4% paraformaldehyde in PBS 
andd embedding in paraffin, 4 urn thick sections were stained with haematoxylin and eosin. All 
slidess were coded and semi-quantitatively scored by a pathologist without knowledge of the 
typee of mice and treatment. 

PreparationPreparation of lung homogenates. Mice were anesthetized with Hypnorm® (Janssen 
Pharmaceutica,, Beerse, Belgium) and midazolam (Roche, Meidrecht, the Netherlands), and 
bloodd was collected from the inferior vena cava. Whole lungs were harvested and 
homogenizedd at 4°C in 5 volumes of sterile isotonic saline with a tissue homogenizer 
(Biospectt Products, Bartlesville, OK) which was carefully cleaned and desinfected with 70% 
alcoholl  after each homogenization. Serial 10-fold dilutions in sterile isotonic saline were 
madee from these homogenates (and blood), and 50 jil volumes were plated onto sheep-blood 
agarr plates and incubated at 37°C and 5% C02. CFU were counted after 16 hours. For 
cytokinee measurements lung homogenates were lysed in lysisbuffer (300 mM NaCl, 15 mM 
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Tris,, 2 mM MgCl, 2 mM Triton(X-lOO), Pepstatin A, Leupeptin, Aprotinine (20 ng/ml), pH 

7.4)) and spun at 1500 x g at 4°C for 15 minutes; the supernatant was frozen at -20°C until 

cytokinee measurement. 

BronchoalveolarBronchoalveolar lavage. The trachea was exposed through a midline incision and 
cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). 
Bronchoalveolarr lavage (BAL) was performed by instilling two 0.5 ml aliquots of sterile 
isotonicc saline. 0.9-1 ml of lavage fluid was retrieved per mouse, and total cell numbers were 
countedd from each sample in a haemocytometer. BAL fluid (BALF) differential cell counts 
weree carried out on cytospin preparations stained with modified Giemsa stain (Diff-Quick; 
Baxter,, McGraw Park, 111). 

PulmonaryPulmonary cell influx. Single cell suspensions were obtained by crushing lungs through a 
40-umm cell strainer (Becton Dickinson). Erythrocytes were lysed with ice-cold isotonic NH4CI 
solutionn (155 mM NH4CI, 10 mM KHCO3, 100 mM EDTA, pH 7.4), and the remaining cells 
weree washed. Total leukocyte count was determined using a hemacytometer. The number of 
polymorphonuclearr cells (PMNs) was calculated from these totals, using cytospin 
preparationss stained with modified Giemsa stain (Diff-Quick) 

CytokineCytokine and chemokine determination. Cytokine and chemokine levels were measured by 
usingg commercially available ELISA's, in accordance with the manufacturers 
recommendations:: IL-la, IL-lp , IL-lra, TNF, Interferon gamma (IFN-y), macrophage 
inflammatoryy protein (MIP-2), and KC (all R&D systems, Minniapolis, MN). 

StatisticalStatistical analysis. Data were analysed using the SPSS statistical package. Data are 
expressedd as means  SEM, unless indicated otherwise. Comparisons between groups were 
conductedd using the Mann Whitney U test. For survival studies the logrank test was used. P-
valuee <0.05 was considered to represent a statistically significant difference. 

Results s 
Inductionn of IL-la , IL-i p and TNF in lungs (Figure 1). Administration of S. pneumoniae 

inducedd an increased production of IL-l a and IL-1 p in lungs at both mRNA and protein level. 

Controll  mice inoculated with saline showed only vague IL-l a and IL-l p mRNA bands, 

whereass pneumonia was associated with clear bands at both 24 and 48h postinoculation. High 

IL-l aa and IL-1 (3 protein levels were detected in lung homogenates of mice with pneumonia at 

thesee same time points (peak levels: IL-l a 4.1  0.3 and IL-i p 5.0  0.3 ng/g lung at 48h; 

bothh P<0.05 vs. control). IL-lr a did not increase in lungs of mice with pneumonia (data not 
. 1 6 6 

shown).. In line with previous findings in this model of pneumococcal pneumonia, induction 

off  pneumonia in Wt mice resulted in a sustained increase in TNF concentrations in lung 

homogenatess reaching a plateau between 12 and 72h (233  27 ng/g at 72h, PO.05 vs. 

control). . 
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3033 bp 

(A)) IL-l a Controll  24h 48h h 

5022 bp 

(B)IL-i p p Controll  24h 48h h 

Controll  24h 48h h Controll  24h 48h 

Figuree 1. IL-l a and IL-i p mRNA en protein expression in lungs. A, B: IL-l a (A) and IL-i p (B) 
mRNAA expression in lung homogenates of Wt mice 24h and 48h after intranasal inoculation with S. 

pneumoniae.pneumoniae. Control mice were inoculated with sterile saline and sacrificed after 48h. Bands represent 
PCRR products raised from pooled lungs of three mice. P-actin mRNA expression was similar in all 
sampless (data not shown) C, D: IL-l a (C) and IL-i p (D) protein concentrations in lung homogenates 
measuredd by ELISA. Data are mean  SEM; N=8 for each time point. *P<0.05, vs. control 

Survivall  does not differ  between IL-1R"' "  and Wt mice (Figure 2). Once we had established 

thatt IL- l a and IL-i p are produced in lungs during pneumococcal pneumonia, we wanted to 

evaluatee the contribution of these cytokines to survival after inoculation with S. pneumoniae. 

Survivall  did not significantly differ between IL-1R'" and Wt mice up to 10 days 
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Figuree 2. Survival study. Survival after intranasal inoculation with 5 x 104 (A) and 2 x 105 (B) CFU 
S.S. pneumoniae in Wt (closed circles) and IL-1R"'" mice (open squares). Mortality was assessed twice 
dailyy for 10 days. N = 12 (A) and 15 (B) per group for each bacterial dose. 
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afterr inoculation with 5 x 104 CFU (7-day survival 64% and 73% resp.) or 2 x 105 CFU (0% 
andd 15% respectively). Mice surviving for 10 days postinoculation appeared to be permanent 
survivors.. Further experiments were performed with 105 CFU S. pneumoniae. 

IL- 11 is important for  the early host defense. To determine the role of IL-1 in the early host 
defensee against pneumonia, we assessed the outgrowth of pneumococci in the lungs of IL-1 R" 
'""  and Wt mice 24, 48 and 72 hours after intranasal inoculation with 105 CFU S. pneumoniae. 
Att early time points (24 and 48h), IL-1R"" mice had more S. pneumoniae CFU in lungs than 
Wtt mice (P<0.05); but at 72h, the number of CFU recovered from lungs was similar in both 
groups.. S. pneumoniae could not be cultured from the blood of any of the Wt mice (Figure 3). 
Onn the other hand, 25% and 50% of the blood cultures obtained from the IL-1R'" mice at 24 
andd 48h respectively were positive for S. pneumoniae. These results are in accordance with 
thee survival study which did not show a difference in the eventual survival and thus suggest 
thatt while endogenous IL-1 activity is important for the early antibacterial host defense, a 
defectt in IL-1 signalling does not influence the survival in this model. 

Wtt U R + Wt IL-1R-'- Wt IL-1R-'-

Figuree 3. Bacterial outgrowth in lungs. CFU S. pneumoniae in lungs of Wt and II- 1R"~ mice 24 (A), 
488 (B) and 72 (C) hours after inoculation with 105 CFU S. pneumoniae. Horizontal lines represent the 
medianss within the group. N = 8 per group per time point. 

Histopathology.. Twenty-four hours after inoculation with S. pneumoniae, Wt mice displayed 
moree inflammatory infiltrates than iL-lR_/~ mice. Wt mice suffered from a bronchopneumonia 
involvingg 5-20% of the lung parenchyma. As illustrated in Figure 4a, the inflammation was 
characterizedd by extensive vasculitis and diapedesis of inflammatory cells through small and 
mediumm sized vessels. At this stage, neutrophils were dominant and filled bronchi, 
bronchioless and adjacent alveolar spaces. Necrosis was locally present, leading to the 
formationn of small abscesses. On the other hand, IL-1R"'" mice displayed slight inflammatory 
infiltratess at 24h post-inoculation, predominantly composed of lymphocytes concentrated 
aroundd bronchioles and small vessels but without signs of bronchopneumonia (Figure 4b). 
Afterr 48h, all Wt mice presented interstitial inflammatory infiltrates composed of 
lymphocytes,, monocytes and a few granulocytes, compatible with clearance of the 
inflammationn (Figure 4c). At this time point, 80% of IL-1R"'" mice showed accumulation of 
foamyy cells in alveolar spaces (alveolar macrophages) together with interstitial inflammatory 
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infiltratess as depicted in Figure 4d. 

Figuree 4. Histopathologic of lungs. Histological sections of lungs of Wt (A + C) and IL-1R"'" (B + 
D)) 24h (A + B) and 48h (C + D) respectively after inoculation with 105 CFU S. pneumoniae. 
Haematoxylinn and eosin staining, original magnification x 50. Representative slides are shown. 

Granulocytee recruitment (Figure 5). Granulocytes play an essential role in antibacterial host 

defensee during pneumonia. In a first attempt to obtain insight into the mechanism by which 

IL-11 exerts a protective effect in the early phase of pneumococcal pneumonia, we compared 

celll  influx in BALF in IL-1R"'" and Wt mice. Wt mice had fewer granulocytes in their BALF 

att 24h (P<0.05) when compared to IL-1R"'" mice. On the other hand, at 48h post-inoculation, 

IL-1R"7""  mice demonstrated a 3.5-fold higher influx of granulocytes in BALF than Wt mice 

(P<0.05).. Hence, these data suggest that the recruitment of granulocytes to the inflammatory 

sitee is delayed in IL-1R"" mice. 

Cytokin ee and chemokine concentrations. Local production of specific cytokines and 

chemokiness plays an important role in the pathogenesis of pneumonia. Mediators that have 

beenn found to improve host defense include the cytokines TNF and IFN-y and the chemokines 

KCC and MIP-2.1516,24"26 To determine whether alterations in the local expression of these 

mediatorss could contribute to the relatively impaired antibacterial defense in IL-1R" mice, we 
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measuredd their concentrations in lung homogenates of IL-1R"'" and Wt mice. We found that 

thee lung concentrations of all these "protective" cytokines and chemokines were similar or 

higherr in IL-1R" mice than in Wt mice (data not shown). Thus, these data suggest that IL-1 

doess not enhance host defense by inducing protective cytokines or chemokines during 

pneumococcall  pneumonia. 

Ü.Ü. 15000 

pa a 
•gg 10000 

3 3 
Q. . 5000 0 

BALF24h h 
d,, 15000! 

m m 
11 10000-

5000H H 

BALFF 48h 

IL-1R"'" " Wtt ILIR"'- W t 

Figuree 5. Granulocytic influx in BALF . Mean  SEM granulocyte influx in BALF 24h (A) and 48h 

(B)) after intranasal inoculation of 105 CFU S. pneumoniae in Wt (open bars) and IL-1R"'" mice (closed 

bars).. N = 8 per group 

Tablee 1. Effect of anti-TNF on bacterial outgrowth and immune 
IL-1R-'--

CFUU (Log 10 /ml lung) 7.6  0.3 
PMNN influx (x 106 / ml lung) 15.0  3.1 
Cyto-/Chemokiness (ng/ ml lung homogenate) 
IL-66 6.8  2.3 
KCC 7.9 5 
MIP-22 12.9 2 

responses s inn IL-1R"'" mice. 
IL-1R'"" +anti-TNF 

8.77 * 

23.44 6 

3.11 3 
5.11 * 

60.77 * 

Dataa are mean  SEM of 5 mice per group, 48h after inoculation with S. pneumoniae CFU. *P<0.05 

vs.. IL-1 R~~ mice. 

Bothh IL- 1 and TNF are necessary for  effective host defense durin g pneumococcal 
15,16 6 pneumonia.. Since TNF is known to enhance host defense during pneumonia, ' and IL-1 

andd TNF can exert synergistic proinflammatory effects in vivo,1011 we next determined the 

rolee of endogenous TNF in the early impairment and subsequent recovery of host defense in 

IL-1R""" mice. All IL-1R"'" mice treated with anti-TNF rapidly died after inoculation with 105 

CFUU S. pneumoniae (0% survivors after 4 days), while 10-day survival in IL-1R_/" mice 

(controll Ab), Wt mice (anti-TNF) and Wt mice (control Ab) were 62%, 29% and 92% 

survivorss respectively (Figure 6). Mice surviving for 10 days appeared to be permanent 

survivors.. To obtain further insight in the concerted action of IL-1 and TNF in the protective 

immunee response to pneumococcal pneumonia, we compared bacterial outgrowth in IL-1R 

micee treated with anti-TNF or control Ab at 48h post-infection. Treatment with anti-TNF was 

associatedd with more S. pneumoniae CFUs in lung homogenates (P<0.05 vs. control Ab; 
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Figuree 6. Role of IL-1 and TNF in 
lethalityy induced by pneumo
coccall pneumonia. (Upper panel) 
10-dayy survival after intranasal 
inoculationn with 105 CFU S. 
pneumoniaepneumoniae in mice pre-treated 
withh a neutralizing anti-mouse TNF 
mAbb (open circles Wt and open 
squaress IL-1R"'" mice) or an 
equivalentt amount of an isotype-
matchedd control mAb (closed 
circless Wt, closed squares IL-1R"'" 
mice).. N=12-15 per group. *P 
<0.055 vs. Wt, fP<0.05 vs. IL-1R-'-, 
#P<0.055 vs. Wt + anti-TNF. (Lower 
panel)) Representative haematoxylin 
andd eosin staining of the lung of an 
anti-TNFF treated IL-1R"'" mouse 
48hh after inoculation showing a 
severee pneumonia with destruction 
off the lung parenchyma and edema 
(magnificationn x 50). 

Tablee 1), and an enhanced dissemination of the infection as reflected by the fact that all anti-

TNFF treated IL-1R"'" mice had positive blood cultures vs. 40% of IL-1R"'" mice treated with 

controll Ab. Anti-TNF tended to increase the influx of neutrophils into lungs (Table 1), 

whereass IL-6 and KC concentrations were lower and MIP-2 concentrations were higher in 

anti-TNFF treated IL-1R_/" mice (P<0.05 vs. IL-1R_/" mice with control Ab for KC and MIP-2). 

Thee histopathology showed that all IL-1R " mice treated with anti-TNF suffered from a severe 

pneumoniaa 48h after inoculation. The lungs showed a dense and diffuse infiltration of 

granulocytes,, destruction of lung parenchyma and a pronounced edema around the vessels 

(Figuree 6). 

Discussion n 

TNFF and IL-1 are proinflammatory cytokines which function proximally in the cytokine 

cascadee after the initiation of an inflammatory response, and their combined action results in 

additivee or even synergistic biological effects.10"13 In an earlier study it was found that TNF is 

producedd in the lung during pneumococcal pneumonia, where it plays a major role in 

antibacteriall host defense.16 In the present study, using the same model, we show that IL-1 a 

andd IL-lp are both produced in the lung and that deficiency of the functional receptor for 
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thesee cytokines impairs the early pulmonary defense. Pre-treatment of IL-1R"" mice with a 
neutralizingg anti-TNF antibody resulted in a strongly diminished survival, suggesting that the 
combinedd action of endogenous IL-1 and TNF is required for an effective pulmonary defense 
againstt S. pneumoniae. 

IL-11 (3 has been shown to be locally produced during pneumonia in humans. In patients 
withh unilateral community acquired pneumonia, the inflammatory reaction within the lung 
wass limited to the site of infection, as reflected by higher IL-1 (3 concentrations in BALF from 
thee involved lung than is BALF from the noninvolved lung or in serum.27 Furthermore, 
alveolarr macrophages recovered from the involved lung spontaneously released more IL-i p 
thann alveolar macrophages from the noninvolved lung.27 Patients with pleural empyema 
showedd a significant elevation of IL-1 [3 in the pleural fluid when compared to patients with 
pleurall  fluid due to other etiologies.28 Children with a bacterial pulmonary infection had 
significantlyy higher levels of IL-1 (3 and IL-1 activity in BALF than children without such an 
infection.299 However, knowledge of the role of IL-1 in host defense against pneumonia is 
limited.. An earlier study suggested a protective role for IL-1 during P. carinii pneumonia. 
Reconstitutionn of SCID mice with immunocompetent spleen cells resulted in clearance of the 
naturallyy acquired pulmonary infection with P. carinii?0 Treatment of these mice with anti-
IL-1RR type I antibodies at 2 days post-reconstitution, inhibited this clearance. In addition, 
IL-11 (3 deficient mice were more sensitive to pneumonia caused by influenza virus. Together 
withh our present results, these data suggest that locally produced IL-1 contributes to defense 
mechanismss during bacterial, protozoal and viral lung infections. 

Thee results of the present study suggest that endogenous IL-1 is mainly required in the 
earlyy stage of the inflammatory response. At early time points (24h and 48h) IL-1R"" mice 
showedd enhanced bacterial outgrowth in the lungs, while at 72h post-inoculation the number 
off  pneumococci in the lungs was similar in both groups. This is in accordance with the fact 
thatt survival curves during 10 days post-inoculation did not reveal marked differences 
betweenn IL-1R"~ and Wt mice. It should be noted that the number of S. pneumoniae CFUs 
measuredd at 72 h was considerably lower than the number of CFUs found at 48h. The 24 and 
48hh data were obtained in one experiment using the same inoculum. The 72h data were 
generatedd in a subsequent experiment, in which in retrospect the bacterial inoculum was 
slightlyy lower (i.e. 8 x 104 CFU vs. 1 x 105 CFU in the earlier experiment). This, together with 
thee fact that some biological variation between mouse experiments separated in time exists, 
mayy have caused the difference between the 48 and 72h time point. The impaired antibacterial 
defensee in IL-1R"A mice can at least in part be explained by their apparently reduced capacity 
too mount an inflammatory response in the pulmonary compartment, as reflected by 
histopathologyy and an attenuated recruitment of granulocytes, shortly after infection. The 
locall  production of protective cytokines was not reduced in IL-1R"" mice. The finding that the 
influxx of granulocytes in BALF was delayed in IL-1R"'" mice, is in keeping with previous 
observationss that IL-1 a and IL-1 (3 can induce granulocyte recruitment to lungs after 
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intratracheall  administration to rodents, " and that inhibition of IL-1 activity reduces 
endotoxin-inducedd neutrophil influx in BALF.34 

Itt should be noted that in the final survival studies (Figure 6), IL-1R"" mice had a slightly 
reducedd survival when compared to normal Wt mice, while in the first two survival 
experimentss IL-1R";" mice only tended to have an increased mortality (Figure 2). These 
findingss suggest that the absence of an intact IL-1 signal results in a diminished early 
antibacteriall  defense that at most influences survival in a modest way. Nonetheless, it is clear 
thatt anti-TNF has a more profound detrimental effect in this model (this study and reference 
16),, indicating that endogenous TNF is more important for host defense against 
pneumococcall  pneumonia than IL-1. Moreover, our data show that TNF and IL-1 act 
synergisticallyy to combat pneumococci in the lung. Indeed, neutralization of endogenous TNF 
renderedd IL-1R"" mice highly susceptible to pneumococcal pneumonia. In this respect the 
acutelyy fatal outcome of IL-lR" /_ mice treated with anti-TNF relative to Wt mice treated with 
anti-TNFF was striking, suggesting that during the early phase of murine pneumococcal 
pneumoniaa endogenous IL-1 can compensate in part for the absence of TNF. Considering the 
differentt survival curves of IL-1R"" mice treated with either anti-TNF or control Ab, at later 
stagess of the infection endogenous TNF can compensate for the absence of an intact IL-1 
signal. . 

IL-11 and TNF are potent proinflammatory cytokines that play a pivotal role in the 
occurrencee of organ failure and death in animal models of severe sepsis induced by 
intravenouss administration of high doses of bacteria.1 '] However, the clinical relevance of 
suchh models is doubtful in light of the acute and fulminant course, and the lack of a local 
infectiouss source. In addition, clinical trials in patients with sepsis failed to show any 
beneficiall  effect of IL-1 or TNF neutralizing strategies.35 Evidence is accumulating that the 
locall  activity of proinflammatory cytokines is required for an adequate antibacterial response 
att the site of an infection.6'23,25 Our present data suggest that TNF is more important for the 
protectivee host immune response during pneumococcal pneumonia than IL-1, and that these 
twoo proinflammatory cytokines contribute to the local defense against pneumococci in the 
lungg by a concerted action. These findings may not only add to our understanding of the role 
off  IL-1 and TNF in pneumococcal pneumonia, but also warrant caution for combined anti-IL-
11 and anti-TNF treatments for inflammatory conditions like rheumatoid arthritis. 
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Thee role of interferon-y in murine pneumococcal pneumonia 





iNTERFERON-y y 

Too establish the role of interferon-y (IFN) in pneumonia, IFN-y Receptor deficient (IFN-y R"") 
andd 129/Sv (Wt) mice were intranasally inoculated with Streptococcus (S.). pneumoniae. 

Whereass mortality did not differ between groups, 48h after inoculation, IFN-y R"' mice had 
significantlyy less pneumococci in their lungs compared to Wt mice. Similarly, IFN-y"" mice 
hadd less CFU in lungs than Wt mice. The relatively increased resistance of IFN-y R_/" mice 
wass not related to favourable effects on defense mechanisms known to contribute to 
antibacteriall  immunity, i.e. the neutrophilic influx was reduced, and the cytokine and nitric-
oxidee levels were similar or lower in IFN-y R"A mice. In contrast, mice treated with anti-IFN-y 
didd not demonstrate a consistently altered bacterial outgrowth when compared with mice 
treatedd with a control antibody. These data suggest that endogenous IFN-y, unlike its 
protectivee role in defense against intracellular pathogens does not serve a protective role 
duringg pneumococcal pneumonia. 

Introductio n n 
S.S. pneumoniae is a gram-positive bacterium responsible for more than 50% of the cases of 
communityy acquired pneumonia. Pneumococcal pneumonia is the fifth leading cause of death 
worldwidee and among patients with community acquired pneumonia who require 
hospitalizationn the mortality rate is as high as 25%.l'2 Against this background and because of 
thee growing resistance of the pneumococcus to antimicrobial therapy, it is important to gain 
insightt in the pathogenesis of pneumococcal pneumonia.3 Innate defense mechanisms play an 
importantt role in the elimination of bacteria from the alveolus. Phagocytic cells, as well as 
residentiall  natural killer (NK) cells and T-cells, participate in this response via the elaboration 
off  chemotactic and regulatory cytokines.4 Interferon-y (IFN-y) is a potent pro-inflammatory 
cytokine,, mainly produced by antigen activated T and NK cells. IFN-y exerts several immune 
regulatoryy activities, including activation of phagocytes, stimulation of antigen presentation 
byy increasing the expression of major histocompatibility complex (MHC) molecules class I 
andd II on antigen presenting cells (APCs), orchestration of leukocyte-endothelium interactions 
andd stimulation of the respiratory burst.5'6 

IFN-yy is considered to play a pivotal role in host defense against several infectious diseases. 
Peritoneall  and alveolar macrophages can be activated by IFN-y in vitro to express enhanced 
antimicrobiall  activity.7"10 Mice deficient for IFN-y (IFN-y') or the receptor (IFN-y R"/_) 
demonstratedd impaired pulmonary clearance of T. gondii, L. monocytogenes, M. tuberculosis 

andd L. pneumophilia.uls Furthermore, treatment with IFN-y improved the outcome in these 
models.16"19 9 

Thee role of IFN-y in the pathogenesis of bacterial pneumonia is not well defined. In a rat 

modell  of chronic P. aeruginosa pneumonia intraperitoneal administration of IFN-y resulted in 

improvedd clearance of bacteria from the lung.20 In addition, in one study IFN-y"A mice showed 

increasedd mortality during bacteremic pneumococcal pneumonia.21 In the latter investigation, 

59 9 



CHAPTERR 4 

however,, neither bacterial outgrowth in lungs, nor associated pulmonary inflammatory 

responsess were reported. Therefore, in the present study we sought to determine the role of 

IFN-yy in host defense mechanisms during pneumococcal pneumonia using IFN-y R"" and IFN-

y"""  mice. 

Material ss and Methods 
Animals.Animals. Ten to twelve week old male IFN-y R"" and wild type (Wt) mice, both on the 
129/Sv/Evv genetic background, were kindly donated by Dr. M. Kopf (Basel Institute for 
Immunology,, Basel, Switzerland).22 IFN-y"7" BALB/c mice were purchased from The Jackson 
Laboratoriess (Bar Arbor, ME); Wt BALB/c mice were from Harland Sprague Dawley Inc., 
Horst,, the Netherlands. In all experiments sex and age matched mice were used. 

Reagents.Reagents. The R46A2 rat anti-mouse IFN-y Igd mAb and LO-DNP-2, a control rat Igd 
mAb233 were produced in ascites and kindly provided by Dr. M. Goldman (Université Libre de 
Bruxelles,, Brussels, Belgium). The endotoxin levels were <15 pg/ml as determined by a 
LimulusLimulus Amoebocyte Lysate essay (LAL-QCL-1000, Whittaker M.A., Bioproducts, 
Walkersville,, MD). 1 mg of anti-IFN-y mAb or the same amount of control mAb was given to 
BALB/cc mice i.p. 2h before inoculation with S. pneumoniae. Anti-IFN-y mAb R46A2 given 
att a dose of 0.5 mg has previously been demonstrated to reduce mortality in mice after 
administrationn of Staphylococcal Enterotoxin B24 or endotoxin. 

InductionInduction of pneumonia. Pneumonia was induced as described previously. " Briefly, S. 
pneumoniaepneumoniae serotype 3 was obtained from American Type Culture Collection (ATCC 6303; 
Rockville,, MD). Pneumococci were grown for 6 hours to midlogarithmic phase at 37°C in 5% 
C022 using Todd-Hewitt broth (Difco, Detroit, MI), harvested by centrifugation at 1500 x g for 
155 minutes, and washed twice in sterile isotonic saline. Bacteria were then resuspended in 
sterilee isotonic saline at different concentrations (2 x 105- 4 x 106 colony forming units 
(CFU)/ml),, as determined by plating serial 10-fold dilutions onto sheep-blood agar plates. 
Micee were lightly anesthesized by inhalation of isofiurane (Abort, Queensborough, Kent, 
UK),, and 50 ul was inoculated intranasally. Some mice were inoculated intranasally with 50 
JLLII  of sterile isotonic saline only (control mice). 

PreparationPreparation of lung homogenates. At 24 and 48 hours after inoculation mice were 
anesthetizedd by intraperitoneal injection of Hypnorm® (Janssen Pharmaceutica, Beerse, 
Belgium)) and midazolam® (Roche, Meidrecht, the Netherlands), and blood was collected 
fromm the vena cava inferior. Whole lungs were harvested and homogenized at 4°C in 5 
volumess of sterile isotonic saline with a tissue homogenizer (Biospect Products, Bartlesville, 
OK)) that was carefully cleaned and desinfected with 70% alcohol after each homogenization. 
Seriall  10-fold dilutions in sterile isotonic saline were made of these homogenates (and blood), 
andd 50 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 homogenates were 
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lysedd in lysis buffer (300 mM NaCl, 15 mM Tris, 2 mM MgCl, 2 mM Triton(X-lOO), 
Pepstatinn A, Leupeptin, Aprotine (20 ng/ml), pH 7.4) and spinned at 1500 x g at 4°C for 15 
minutes.. The supernatant was frozen at -20°C until cytokine measurement. 

BronchoalveolarBronchoalveolar lavage. The trachea was exposed through a midline incision and 
cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). 
Bronchoalveolarr lavage (BAL) was performed by instilling two 0.5 ml aliquots of sterile 
isotonicc saline. 0.9 - 1 ml of lavage fluid was retrieved per mouse, and total cell numbers were 
countedd from each sample in a hemocytometer. BAL fluid (BALF) differential cell counts 
weree done on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, 
McGraww Park, 111.) BALF was then spun at 750 x g for 5 minutes at 4°C and supernatants 
weree frozen at -20°C until measurements were performed. 

HistologicalHistological examination. For histopathological examination only lungs were used. After 
244 hours fixation of lungs in 4% paraformaldehyde in PBS and embedding in paraffin, 4 urn 
thickk sections were stained with hematoxylin and eosin. All slides were coded and semi-
quantitativelyy scored by a pathologist without knowledge of the type of mice and treatment. 

CellCell preparation and FACScan analysis. Flow cytometric analysis was performed on cells 
inn BALF and cells isolated from lungs using a FACScan flow cytometer in conjunction with 
FACSscann software (Becton Dickinson, Mountain View, San Jose, CA). Lung cells were 
isolatedd from freshly derived specimens using an automated desintegration device 
(Medimachinee System, Dako, Glostrup, Danmark) and resuspended in RPMI (Biowhittaker-
Boehringer,, Verviers, Belgium) with 1% BSA (Sigma Chemical Co., St. Louis, MO, USA). 
Thee cell suspension was crushed through a 35 um filter (cell strainer 35 um, Becton 
&Dickinsonn labware, New Jersey). Cells were centrifuged at 600 x g for 5 minutes at 4°C, and 
washedd with cold F ACS buffer (phosphate buffered saline (PBS) supplemented with 0.01% 
NaN3,, 0.5% BSA, and 0.3 mM EDTA) and resuspended in FACS buffer. BALF and lung cells 
fromfrom three mice were pooled. For staining, 1 x 106 cells/ well (96 well microplate, Greiner 
B.V.. Labor Techniek, Alphen aan de Rijn, the Netherlands) were incubated for 30 minutes at 
4°CC with rat anti-mouse unconjugated CDllb (clone Ml/70).29 The hybridoma producing 
anti-mousee CDllb was kindly provided by R. Mebius, Free University, Amsterdam, the 
Netherlands.. After washing in FACS buffer, R-phycoerythrin (RPE)-conjugated F(ab)2 
fragmentsfragments of goat-anti-rat immunoglobulins (Zymed Inc., Camarillo, CA) were added as a 
secondaryy antibody followed by FITC-labeled rat anti-mouse Gr-1 mAb (clone RB6-8C5; 
PharMingen),, which was used for staining of granulocytes. The appropriate isotype controls 
weree included in all experiments. All FACS reagents were used in concentrations 
recommendedd by manufacturers. 5,000 Gr-1 positive cells were counted. Results are 
expressedd as the mean cell fluorescence intensity (MFI) after subtraction of control IgG 
fluorescence. . 

DeterminationDetermination of cytokines, chemokines and nitric oxide concentrations. Cytokines and 
chemokiness were measured by commercially available ELISAs according to the 
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manufacturers'' recommendations: tumor necrosis factor-oc (TNF) ELISA was obtained from 

Genzymee (Cambridge, MA) , interleukin-6 (IL-6), IL-10, IL-12p40 and IL-12p70 ELISA's 

weree from Pharmingen, and IFN-y, macrophage inflammatory protein (MIP-2) and KC 

ELISA'ss were from R&D Systems (Minneapolis, MN). Nitric oxide (NO) production was 

assessedd by measurement of nitrite and nitrate by a colorimetric assay according to the 

instructionss of the manufacturer (Cayman Chemical Company, Ann Arbor, MI) . Total NO 

productionn was expressed as the sum of both nitrite and nitrate production. 

StatisticalStatistical analysis. Data are expressed as mean  SEM, unless indicated otherwise. 

Comparisonss between groups were conducted using the Mann Whitney U test. Survival 

curvess were compared by log-rank test. P-value<0.05 was considered to represent a statistical 

significantt difference. 

Results s 

Inductio nn of IFN-y. Wt mice did not have detectable levels of IFN-y in their lung 

homogenatess at baseline or after intranasal inoculation with isotonic saline. Induction of 

pneumoniaa was associated with enhanced production of IFN-y within the pulmonary 

compartment,, as reflected by elevated IFN-y concentrations in lung homogenates (24h: 13.1

1.00 ng/g; 48h: 16.8  1.9 ng/g; PO.05 vs. control). IFN-y R/_ mice had higher lung IFN-y 

levelss than Wt mice, although the differences were not statistically significant (Figure 1). 

Figuree 1. IFN-y protein expression in lungs. 

500 » * cnwt IFN-y protein concentrations in lung 

IFN-yy R"'" homogenates in Wt mice and IFN-y R"" 24 and 
48hh after intranasal inoculation with 5 x 105 

CFUU S. pneumoniae. Data are mean  SEM; N 
== 8 for each time point. IFN-y was 
undetectablee in mice inoculated with sterile 
salinee (controls; data not shown). *P<0.05 vs. 
control l 

Survival .. Considering that IFN-y is generally believed to play an important role in 

antimicrobiall  host defense,l3,22'30'31 we expected IFN-y R_/" mice to be more susceptible to 

pneumococcall  pneumonia. However, using three different bacterial inocula (10 , 2 x 10 , 5 x 

1055 CFU), to induce pneumonia of increasing severity, no differences in mortality between 

IFN-yR_/""  and Wt mice were observed until ten days after inoculation (Figure 2). Mice that 

survivedd for ten days appeared permanent survivors. 

Bacteriall  outgrowth. To obtain further insight in the role of IFN-y in host defense against 

pneumococcall  pneumonia, we evaluated the outgrowth of pneumococci in the lungs of IFN-y 
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Figuree 2. Survival studies. Survival after intranasal inoculation with 104(A), 2 x 105 (B) and 5 x 105 

(C)) CFU S. pneumoniae in Wt (open circles) and IFN-y R"'" mice (closed circles). Mortality was 
assessedd twice daily for 10 days. N = 15 per group 

R"'""  and Wt mice. At 24h after intranasal inoculation of 5 x 105 CFU S. pneumoniae, bacterial 

countss in the lungs were similar in IFN-y R"'" and Wt mice (data not shown). At 48h, lungs of 

IFN-yy R"'" mice contained 1.5 log less S. pneumoniae CFU than wild type mice (P=0.001), 

suggestingg that endogenous IFN-y activity hampers antibacterial host defense (Figure 3). To 

confirmm this finding and to demonstrate that it is not unique for the 129 Sv/Ev background, we 

repeatedd this experiment in IFN-y"'" BALB/c and Wt mice. IFN-y"'" mice had 1.4 log less CFU 

S.S. pneumoniae in their lungs than Wt mice 48h after inoculation with 5 x 105 CFU bacteria 

(P=0.01)) (Figure 3). 
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Figuree 3. Bacterial outgrowth in lungs. (A) CFU S. pneumoniae in lungs of Wt mice and IFN-y R"'" 
micee 48h after inoculation with 5 x 105 CFU S. pneumoniae. (B) CFU in lungs of Wt mice and IFN-y"'" 
48hh after inoculation of 5 x 105 CFU S. pneumoniae. Horizontal lines represent the medians within the 
groups s 

Histologicall  changes. At 24h after inoculation IFN-y R"'" mice showed more pronounced 

inflammatoryy infiltrates in the lung when compared to Wt mice without differences in the 

compositionn of the inflammation. At 48 hours after inoculation with S. pneumoniae lungs of 

IFN-yy R"" mice showed clearly more apoptotic bodies and macrophages corresponding to the 

clearancee phase (Figure 4). At this time point Wt mice still displayed a pronounced and more 

activee inflammation in the lungs. 

63 3 



CHAPTERR 4 

Figuree 4. Histopathology of the lungs. Histological sections of lungs of Wt mice (A + C) and IFN-y 
R"'""  mice (B + D) 24h (A + B) and 48h (C + D) respectively, after inoculation with 5 x 105 CFU S. 

pneumoniae.pneumoniae. Haematoxylin and eosin staining, original magnification x 50. Sections are representative 
forr the groups at each time point. N = 5 per group 

Neutrophili cc cell influ x and activation markers. In a first attempt to determine the 

mechanismm by which endogenous IFN-y could facilitate the outgrowth of bacteria during 

pneumococcall  pneumonia, we determined the influx of neutrophils and the activation state of 

thee granulocytes in BAL F at 48h after intranasal inoculation with S. pneumoniae. Neutrophil 

countss in BALF of IFN-y R_/~ mice were lower than in BALF of Wt mice (P<0.05; Figure 5). 

Figuree 5. Granulocytic influx in BALF . Mean 
 SEM of granulocytic influx in BALF obtained 

fromm Wt mice and IFN-y R"/_ mice at 48h after 
intranasall  inoculation of 5 x 105 CFU S. 

pneumoniae.pneumoniae. N = 6 per group 

Neutrophilss isolated from lung tissue and BAL F displayed signs of activation, as reflected by 

enhancedd expression of CD l i b , when compared to neutrophils obtained from control mice. 

However,, this neutrophil activation marker did not differ between IFN-y R"" and Wt mice 

i.3 3 
aa .9 

488 h 

IFN-yy R*'" 
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(Figuree 6). 

2000 0 

1000 0 

•• Wt Figuree 6. CDll b expression on granulocytes. 
CDllbb expression on Gr-1 positive cells in lung and 
BALFF cells from Wt and IFN-y R"~ mice and controls 
att 48h after inoculation of 5 x 105 CFU S. pneumoniae 

orr of saline (control mice) or. Data are mean + SEM 
off 6 mice per group. *P <0.05 vs. controls 

BALF F 

Lun gg concentrations of cytokines, chemokines and NO (Table 1). A second mechanism by 

whichh IFN-y could facilitate the outgrowth of bacteria during pneumococcal pneumonia is by 

modulationn of chemokine or cytokine production. In particular, the cytokines TNF, IL-6 and 

IL-12,, and the chemokines KC and MIP-2 have been found to contribute to the host defense 

inn murine models of pneumonia.2 
Off these mediators, lung concentrations of TNF and 

MIP-22 were similar in IFN-y R_/" and Wt mice. By contrast, IL-6, IL-12(p70) and KC levels 

weree lower in IFN-y R"" mice. Hence, alterations in local production of "protective" cytokines 

andd chemokines can not explain the relatively decreased susceptibility of IFN-y R_/" mice 

duringg pneumonia. IFN-y is able to enhance NO production.5'36'37 To assess whether this 

mechanismm was affected in the IFN-y R_/" mice we measured nitrate levels in BALF of both 

groupss at 48h after induction of pneumonia. IFN-y R-/- mice had lower nitrate levels when 

comparedd to Wt mice (9.5  1.1 uM and 13.6  1.6 uM, respectively), although this 

differencee was not significant. 

Tablee 1. Cytokine and chemokine levels in lung homogenates 

ng/gg lung 
24hh after inoculation 

Wildd type IFN-y R' 
48hh after inoculation 

Wildd type IFN-y R ' 
TNFa a 
IL-6 6 

IL-12p40 0 
IL-12p70 0 
KC C 
MIP-2 2 

12155 7 

3422 3 
300 5 
99 4 

6566 1 
2233 4 

12388 6 

2022 1 
588 9 
100 6 

622  12 * 
4588 0 

16233 0 

2544  62 

2033  29 
111 6 

6977 1 
4655  267 

0 0 

688  20* 
1366 8 
88 * 

255 * 
2111  5.9 

Dataa are mean  SEM of 8 mice per group per timepoint. Mice were inoculated intranasally with 105 

CFUU S. pneumoniae at t = 0. *P<0.05 vs. Wt 

Anti-IFN- yy treatment durin g pneumococcal pneumonia in Wt mice. To exclude the 

possibilityy that the decreased susceptibility in these gene deficient mice were due to 

compensatoryy changes, we performed additional experiments, in which we pretreated normal 
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BALB/cc mice intraperitoneally with anti-mouse IFN-y mAb or control mAb 2h before 
inoculationn with 1 or 5 x 105 CFU S. pneumoniae, pneumoniae, and determined bacterial outgrowth 48h 
postinfection.. These studies yielded inconsistent results, i.e. in the first experiment anti-IFN-y 
treatedd mice tended to have an enhanced outgrowth (19.3 + 4.2 x 10 vs. 6.5  4.5 x 109/ml 
lungg homogenate in anti-IFN-y and control mice respectively), whereas in the second 
experimentt bacterial outgrowth was indistinguishable in both groups (2.5  1.1 x 108 vs. 2.4
2.22 x 10 CFU / ml lung homogenate in control mice). 

Discussion n 
IFN-yy is a pro-inflammatory cytokine that has protective effects in a variety of infectious 
diseases.. The essential role of endogenous IFN-y in host defense against infection has in 
particularr been demonstrated for intracellularly growing micro-organisms.11"14 The role of 
IFN-yy in bacterial pneumonia is not well defined. Recently, Rubins and Pomeroy reported that 
IFN-y"""  mice demonstrated an increased mortality when compared to Wt mice in a model of 
severee pneumococcal pneumonia associated with bacteremia. In that study, however, no data 
weree presented on bacterial outgrowth or induction of innate host defense mechanisms. We 
heree report that IFN-y R"" mice do not have an increased mortality after induction of 
pneumococcall  pneumonia induced by three different doses of bacteria. After the first 48h of 
thee disease, both IFN-y R"~ and IFN-y"" mice had a reduced outgrowth of pneumococci in 
lungss when compared to their respective Wt strains, whereas studies with a neutralizing anti-
IFN-yy mAb in Wt mice yielded inconsistent results. Our results suggest that endogenous IFN-
yy does not improve antibacterial defense in the lung compartment. 

Accordingly,, in a subacute model of S. aureus sepsis, resulting in a 100% lethality in 
normall  Wt mice over a 10-day period, IFN-y R" mice were relatively protected against 
lethality,, which was associated with a reduced number of S. aureus CFU's in blood when 
comparedd to Wt mice.38 This study taken together with our results in knockout mice, suggest 
thatt IFN-y may facilitate bacterial outgrowth in conditions in which the experimental animal 
iss not overwhelmed by a high dosis of bacteria. On the opposite in models of acute systemic 
infectionn with extracellular bacteria, IFN-y has been found to play a detrimental role. Indeed, 
treatmentt with anti-IFN-y antibodies reduced mortality after intravenous or intraperitoneal 
injectionn of high doses of Escherichia coli.i9'40 The detrimental role of IFN-y in these acute 
infectionn models is in line with findings that treatment with anti-IFN-y antibodies profoundly 
reducedd mortality in mice exposed to high doses of endotoxin. ' 

Ourr study does not provide a clear explanation for the reduced outgrowth of pneumococci 
inn lungs of mice lacking functional IFN-y. A protective mechanism could neither be 
demonstratedd for the diminished outgrowth of staphylococci during subacute 5". aureus 

sepsis.388 We evaluated several innate responses known to contribute to antibacterial defense in 
thee lung compartment. None of these responses was altered in IFN-y R"" mice in a way that 
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wouldd enhance bacterial clearance. Indeed, the induction of some "protective" responses was 
evenn attenuated in IFN-y R ~ mice, including the recruitment of neutrophils to the lung. 
Further,, although we found an upregulation of CD 1 lb on granulocytes in BALF of mice with 
pneumonia,, indicative for an enhanced activation state,29'42 CDllb expression did not differ 
betweenn IFN-y R_/~ and Wt mice. Earlier research has suggested that IFN-y has the ability to 
inhibit,, rather than to augment, neutrophil recruitment in vivo, i.e. neutrophil influx in skin 
wass diminished in mice with thermal wounds after treatment with IFN-y,43 and 
intraperitoneallyy administered IFN-y decreased the inflammatory response in rats with chronic 
PseudomonasPseudomonas aeruginosa pneumonia by reducing neutrophilic influx.20 Conceivably, the 
reducedd KC concentrations played a role in the attenuated neutrophil influx in BALF of IFN-
yR~""  mice, considering that inhibition of this CXC chemokine diminished neutrophil 
accumulationn in lungs after intratracheal administration of endotoxin44 and transgenic 
overexpressionn of KC in mouse lungs resulted in enhanced neutrophil migration within the 
lungg compartment.45 In addition, the lower bacterial load in lungs of IFN-y R"A mice (thus 
providingg less proinflammatory stimuli) could have been responsible for the attenuated 
neutrophill  recruitment. This may also explain the lower concentrations of IL-6 and IL-12, two 
otherr "protective" cytokines during pneumonia, in IFN-y R"/_ mice.27,34 

Ourr results were obtained using mice that were genetically deficient for IFN-y or IFN-y R, 
andd should therefore be interpreted with caution. In fact, we could not confirm the diminished 
pneumococcall  outgrowth measured in IFN-y R"/_ and IFN-y"A mice in experiments in which 
wee treated Wt mice with a neutralizing anti-IFN-y mAb. Several factors could possibly 
explainn this discrepancy. First, the dose of anti-IFN-y mAb could have been insufficient to 
neutralizee all IFN-y. Although this possibility seems less likely considering that we gave 
twicee the amount of this particular mAb (1 mg) needed to reduce staphylococcal enterotoxin 
BB or endotoxin-induced lethality (0.5 mg),24'25 it is not excluded that the mAb did not 
penetratee well enough in the pulmonary compartment. This could not be checked directly due 
too the lack of a reliable and specific IFN-y bioassay. Second, knockout mice may differ from 
Wtt mice not only with respect to the product of the deleted gene; hereditary deficiency of a 
proteinn may result in compensatory changes. However, it should be noted in this context that 
thee role of endogenous IFN-y in inflammation and infection has been studied in many 
investigationss using knockout mice only, and these results have provided valuable 
informationn on the role of IFN-y in these models.46"51 

IFN-yy has been implicated as a pivotal mediator in host defense against a variety of 
respiratoryy pathogens. IFN-y was found to be important for cell-mediated immunity against 
fungii  and intracellular microorganisms that can cause chronic pneumonias, including 
Mycobacteria,Mycobacteria, Mycoplasma, Chlamydia and Histoplasma (reviewed in reference 4). We here 
showw that endogenous IFN-y is not required for an effective pulmonary defense in pneumonia 
duee to S. pneumoniae, the most frequently isolated organism in patients with community 
acquiredd pneumonia. These data exemplify the complex role of IFN-y in innate immunity 
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duringg pulmonary infection. 
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Roless of interleukin-6 and macrophage inflammatory protein 2 in 
pneumolysinn induced lung inflammation in mice 





PNEUMOLYSIN N 

Pneumolysinn (PLY), a toxin synthesized by Streptococcus (S.) pneumoniae, is an important 
virulencee factor in pneumococcal disease. Intranasal inoculation with PLY was associated 
withh a dose dependent influx of polymorphonuclear (PMN) cells in bronchoalveolar lavage 
fluidd (BALF) and increases in BALF concentrations of interleukin-6 (IL-6), macrophage 
inflammatoryy protein-2 (MIP-2) and KC after 6 hours. PLY mutants with either reduced 
cytolyticc activity or reduced cytolytic and complement activating activities were less potent in 
inducingg PMN recruitment to the lung (PO.05), suggesting that PLY cytolytic activity is 
mostt important for the inflammatory response. In addition, IL-6 and MIP-2 played a role in 
PLY-inducedd PMN recruitment considering that this response was partially diminished in IL-
66 gene deficient mice (P = 0.1 vs. wild type mice), and in mice treated with anti-MIP-2 
antiserumm (P<0.05). PLY may play an important role in the induction of an inflammatory 
responsee in the pulmonary compartment in the early phase of pneumococcal pneumonia. 

Introductio n n 
Community-acquiredd pneumonia has a high incidence rate of more than 4 million patients per 
yearr in the United States. S. pneumoniae is isolated from 40-75% of these patients. Resistance 
off  the pneumococcus to current antimicrobial agents is increasing and a reason for concern. 
Knowledgee of pathogenetic processes during pneumococcal pneumonia is important for the 
developmentt of alternative treatment modalities. 

Thee virulence of the pneumococcus is largely attributable to the antiphagocytic effects of 
itss capsule. In addition, cell wall components and toxins are considered to play a role in the 
inductionn of an inflammatory response during pneumococcal infection.1 PLY is a toxin 
producedd by all clinical isolates of S. pneumoniae and a major determinant of the virulence of 
thee pneumococcus, as evidenced by findings in mice that infections induced by a PLY 
deficientt pneumococcal strain follow a less severe course than infections by a PLY producing 
strain.2,3 3 

Thee mechanisms by which PLY interacts with host defense are only partly elucidated. PLY 
iss a pluripotent toxin, with distinct cytolytic and complement-activating activities. At sublytic 
concentrations,, PLY inhibits several functions of polymorphonuclear cells (PMNs) in vitro, 
includingg respiratory burst, degranulation, chemotaxis and bactericidal activity.4 

Knowledgee of the in vivo effects of PLY in the pulmonary compartment is limited. In rats 
instillationn of PLY in the ligated apical lobe of the lung reproduced histological features of 
pneumonia.. However, important inflammatory responses, such as recruitment of PMNs and 
productionn of cytokines, were not directly addressed in that study. In the present study we 
soughtt to further evaluate the effects of PLY in lungs of mice. 

Materiall  and methods 
Animals.Animals. BALB/c mice were purchased from Harlan Sprague Dawley Inc. (Horst, the 
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Netherlands).. IL-6"" BALB/c mice were kindly provided by M. Kopf (Basel Institute for 
Immunology,, Basel, Switzerland). Experiments were done with 8 weeks old female mice. 

Reagents.Reagents. PLY and PLY mutants were kindly provided by the Laboratory for Vaccin 
Research,, National Institute of Public Health and the Environment (RIVM, Bilthoven, the 
Netherlands).. Three modified PLY preparations were used. PdB lacks cytolytic properties, 
PdBDD lacks cytolytic and complement activating activity, and PdT shows no toxicity at all. 
PLYY preparations were purified as described earlier.67 Lipopolysaccharide (LPS) 
contaminationn was less than 40pg per lug PLY, for all PLY preparations, as determined by 
thee Limulus Amoebocyte Lysate (LAL) assay (Laboratory of the Control of Biological 
Products,, RIVM, the Netherlands). Anti-mouse MIP-2 antiserum was generated in rabbits as 
described.88 Pre-immune rabbit serum was used as control. 

ExperimentalExperimental design. For intranasal inoculation, mice were anaesthetized by inhalation of 
isofluranee (Upjohn, Ede, the Netherlands), and wild type or mutant PLY, diluted in 50 \x\ 

saline,, was instilled intranasally. Control mice received 50 |il sterile saline or 40 pg LPS 
(fromm Escherichia coli serotype 0111; B4; Sigma, St Louis, MO) dissolved in 50 ul saline, i.e. 
thee amount of LPS contamination that could maximally have been present in the PLY 
preparations.. After six hours, mice were anesthetized with Hypnorm® (Janssen Pharmaceutica, 
Beerse,, Belgium) and midazolam (Roche, Mijdrecht, the Netherlands), a bronchoalveolar 
lavagee was performed or whole lungs were removed. 
BronchoalveolarBronchoalveolar lavage. The trachea was exposed through a midline incision and cannulated 
withh a 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). A bronchoalveolar lavage 
(BAL)) was performed by instilling two 0.5 ml aliquots of saline. 0.9-1 ml of lavage fluid was 
retrievedd per mouse, and total cell numbers were counted in a hemacytometer. Differential 
celll  counts were done on cytospin preparations stained with modified Giemsa stain (Diff-
Quick;; Baxter, McGraw Park, 111). 

CytokineCytokine and chemokine determination. Cytokine and chemokine levels were measured by 
commerciallyy available ELISA's according to manufacturers recommendations: Tumor 
necrosiss facor-a (TNF) and interleukin-6 (IL) (Pharmingen, San Diego, CA), Interferon-y 
(IFN),, MIP-2 and KC (R&D systems, Abingdon, United Kingdom). Detection limits were 31 
pg/ml,, 37 pg/ml, 16 pg/ml, 47 pg/ml, 12 pg/ml, respectively. 

HistologicHistologic examination. Lungs were fixed in 10% formalin. After paraffin embedding, 
4umm sections were cut and stained with haematoxylin and eosin. Slides were coded before 
assessmentt by one pathologist without knowledge of the type of mice or treatment. 

StatisticalStatistical analysis. Data are expressed as means  SEM. Comparisons were conducted by 
thee Mann Whitney U test. P-value <0.05 was considered to represent a statistically significant 
difference. . 

Results s 
Pulmonaryy inflammation induced by PLY. To determine the inflammatory properties of 
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PLYY in the pulmonary compartment in vivo, we inoculated mice intranasal ly with increasing 
dosess of PLY. PLY induced a dose dependent increase in the numbers of PMNs in BALF. 
Theree was also an increase in the numbers of alveolar macrophages (AM) and lymphocytes 
afterr PLY administration (Table 1). In addition, PLY at doses of 500 ng or 1000 ng elicited 
increasess in the concentrations of IL-6, MIP-2 and KC in BALF (Table 1). By contrast, TNF 
andd IFN remained undetectable. Based on these results, further experiments were performed 
withh PLY at a dose of 500 ng. Recent work showed that 500 ng is equivalent to 1.7 x 105 CFU 
viablee S. pneumoniae (D39 strain).9 The PLY preparation contained <40 pg endotoxin 
accordingg to the LAL assay analysis; neither 40 pg LPS nor heated PLY induced any 
inflammatoryy response in mouse lungs. 

Tablee 1. Effect of PLY on cellular composition of and cytokine production in BALF 
PLYY (ng/mouse) 
Totall  cells 

PMN N 

AM M 

Lymphocytes s 

IL-6 6 

KC C 

MIP-2 2 

0 0 

3.55 + 0.5 

0.88 3 

2.66 + 0.7 

0.044 1 

0.033 + 0.01 

0.388  0.09 

0.077  0.02 

100 0 

11.88 * 

1.11 + 0.3 

10.00 * 

0.44 * 

0.033  0.0 

0.333  0.04 

0.111 +0.01 

250 0 

188 * 

4.6+1.0* * 

13.99 + 4.1* 

0.11 4 

0.22 + 0.0 

0.622  0.34 

0.088 1 

500 0 

19.55 * 

13.6+3.9* * 

5.55  1.1 

* * 

5.11 +0.5* 

1.388 * 

0.599 + 0.32* 

1000 0 

77.55  13.6* 

62+18.6* * 

14.55 * 

0.77 + 0.5 

2.244 * 

2.088 * 

0.599  0.32* 

Dataa are mean  SEM (x 104/ml BALF for cell influx and ng/ml BALF for cytokine concentrations) 
off  4-6 mice per dose, 6h after intranasal administration of PLY. Control mice (no PLY) received 
sterilee isotonic saline. * P<0.05 vs. control mice. 

Comparisonn between wild type and PLY mutants. Earlier studies showed that PLY has 
cytolyticc and complement activating activity. To determine to which extent these two 
activitiess contribute to PLY-induced lung inflammation, PMN recruitment and cytokine 
productionn in lungs were determined after administration of PLY and PLY mutants. Three 
differentt PLY mutants were used. PdB, with reduced cytolytic activity, PdBD with less 
cytolyticc and reduced ability to activate complement, and PdT with no toxicity.6,7 

PLY-inducedd PMN influx was more pronounced than PMN recruitment induced by PdB or 
PdBD,, while PdT elicited no influx at all (all PO.05 vs. PLY). PMN influx was similar after 
administrationn of PdB and PdBD (Figure 1), suggesting that the cytolytic and not the 
complementt activating activity of PLY is responsible for PMN attraction to the lung. We also 
measuredd cytokine and chemokine levels in BALF, and PLY induced significantly higher 
levelss of IL-6, KC and MIP-2 than mutated PLY (Figure 1). 

Histologyy of the lungs. When compared to mice inoculated with saline or PdT, the lungs 
fromm mice exposed to PLY showed accumulation of PMNs n the interalveolar septae with 
formationn of small intraparenchymal PMN aggregates. Administration of PdB also resulted in 
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PMNN influx in the lungs, but limited to the septae without formation of PMN aggregates. 

Lungss of mice exposed to PdBD displayed interstitial inflammatory infiltrates composed 

predominantlyy of lymphocytes and monocytes (data not shown). 
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Figuree 1: Mutated PLY forms show a reduced capacity to induce influx of PMNs and 
productionn of IL-6, KC and MIP-2 in mouse lungs. NaCl=saline controls. PLY=wild type PLY. 
PdB=PLYY lacking cytolytic properties. PdBD=PLY lacking cytolytic and complement activating 
activity.. PdT=PLY without any toxicity. Cell counts and cytokines were determined in BALF obtained 
6hh after intranasal instillation of (mutated) PLY. N = 6 per group. Results are expressed as means
SEM.. *P<0.05 vs. NaCl controls. fPO.05 vs. PLY treated mice 

Roless of IL-6 and MIP-2 in PLY-induced PMN recruitment 

Havingg established that PLY induces PMN influx concurrently with IL-6 and MIP-2 

production,, we determined the roles of these mediators in PMN recruitment after PLY 

administration.. For this purpose we compared PLY responses in lungs of IL-6+ + and IL-6"" 

mice,, and in lungs of mice treated with pre-immune or anti-MIP-2 rabbit anti-serum. The 

numberr of PMNs tended to be less in IL-67" mice when compared to IL-6++ mice (3.0  0.9 

vs.. 6.2  1.4 x 104/ml BALF resp.; non significant). In addition, BALF KC levels were lower 

inn IL-6"'" than in IL-6+/+ (1.0  0.1 vs. 0.5  0.1 ng/ml respectively; PO.05) , whereas MIP-2 

concentrationss did not differ between groups (data not shown). In anti-MIP-2 treated mice, 

PMNN influx was significantly diminished when compared to control mice (1.9  0.7 vs. 8.0

1.66 x 104 /ml;P<0.05). KC levels tended to be lower in anti-MIP-2 treated mice when 

comparedd to control treated mice (1.3 + 0.4 vs. 0.5  0.2 ng/ml;not significant), while IL-6 

levelss did not differ between the groups (data not shown). 
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Discussion n 
Inn this study, we demonstrated that PLY is able to induce lung inflammation in mice, 
characterizedd by PMN influx and production of IL-6, MIP-2 and KC. By using PLY mutants, 
wee demonstrated that the cytolytic activity of PLY likely is most important for PLY-induced 
inflammatoryy responses in the pulmonary compartment. We also showed that endogenously 
producedd MIP-2, contributes to PMN recruitment in response to PLY. 

PLYY is considered an important virulence factor in pneumococcal infections. PLY 
deficientt S. pneumoniae has been found markedly less virulent than wild type S. pneumoniae 
inn rodent models of intravenous, intraperitoneal and pulmonary infection.2'3'10 There are two 
knownn sets of activities of PLY: cytolytic and complement activating activity. Earlier studies 
havee suggested that these properties of PLY differentially contribute to the pathogenesis of 
differentt forms of pneumococcal disease.3'10 

Wee found that mutated forms of PLY with reduced cytolytic activity or with reduced 
cytolyticc and complement activating activity were equally less potent than wild type PLY in 
elicitingg PMN recruitment to the lung. These data suggest that cytolytic activity is the main 
propertyy contributing to the inflammatory response, whereas the ability of PLY to activate 
complementt seems less important. However, since mutated PLY with only reduced 
complementt activating activity (and intact cytolytic activity) was not available, it remains 
possiblee that both PLY activities are equally important but non-additive. 

Pneumococcall  pneumonia is associated with local production of cytokines and chemokines 
att the site of the infection. Previous studies have suggested that PLY may contribute to this 
response.. PLY stimulated the production of IL-1 and TNF by human monocytes in vitro.11 In 
addition,, serum IL-6 levels were relatively higher after intravenous injection of wild type S. 
pneumoniaepneumoniae than after administration of PLY-negative mutant S. pneumoniae pneumoniae in mice.2 Our 
studyy is the first to describe the capacity of PLY to induce the production of IL-6 and the 
CXCC chemokines, KC and MIP-2, in the pulmonary compartment. However, in contrast to 
previouss in vitro observations,11 PLY did not induce production of TNF in mouse lungs. 

Thee cytolytic activity of PLY also seemed most important for inducing the production of 
IL-6,, MIP-2 and KC, as indicated by the fact that both PLY with reduced cytolytic activity 
andd PLY with reduced cytolytic and complement activating activities demonstrated a reduced 
capacityy to induce these mediators when compared to wild type PLY. Since IL-6 and MIP-2 
cann influence PMN influx into lungs during acute inflammation,12"14 we were interested in the 
involvementt of these mediators in PLY-induced PMN recruitment. IL-6"~ mice displayed a 
reducedd PMN influx in BALF. Previous work in rats showed that intratracheal instillation of 
IL-66 resulted in PMN infiltration into the lung interstitium and alveoli, and elevation of 
neutrophilss in BALF.15 Further, endogenous IL-6 may have a proinflammatory role during 
bleomycin-inducedd lung injury.12 However, other studies have indicated that endogenous IL-6 
servess an anti-inflammatory role during endotoxin-induced lung inflammation in mice. 
Indeed,, IL-6"'" mice had an enhanced influx of PMNs in BALF, and higher lung MIP-2 
concentrationss than IL-6+/+ mice after intrapulmonary delivery of endotoxin.14 Hence, the role 
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off  lung derived IL-6 may differ depending on the bacterial or inflammatory stimulus that is 

administered.. Anti-MIP-2 was found to reduce PMN influx after PLY administration. In 

accordance,, endogenous MIP-2 was important for PMN recruitment during murine Klebsiella 

pneumonia88 and endotoxin-induced lung inflammation.13 In the current study, both IL-6 and 

anti-MIP-22 treated mice had diminished KC levels in BALF after inoculation with PLY, 

suggestingg that PMNs contribute to KC production. 

PLYY importantly contributes to the virulence of S. pneumoniae. We demonstrate here that 

PLYY is able to induce an acute inflammatory reaction in the lung after intranasal instillation in 

mice,, characterized by PMN influx, lung damage and local IL-6 and CXC chemokine 

production.. PLY induced PMN influx likely is predominantly caused by its cytolytic activity, 

andd is mediated by MIP-2 and to a lesser extent by IL-6. PLY, conceivably together with cell 

walll  constituents of S. pneumoniae, may play a significant role in mounting an inflammatory 

responsee in the pulmonary compartment during pneumococcal pneumonia. 
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Urokinasee receptor  is necessary for  adequate host defense against 
pneumococcall  pneumonia 





UROKINASEE RECEPTOR 

Celll  recruitment is a multistep process regulated by cytokines, chemokines and growth 
factors.. Previous work has indicated that the urokinase receptor (uPAR) may also play a role 
inn this mechanism, presumably by an interaction with the (32-integrin CD1 lb/CD 18. Indeed, 
ann essential role of uPAR in neutrophil recruitment during pulmonary infection has been 
demonstratedd for p2-integrin-dependent respiratory pathogens. We investigated the role of 
uPARR and urokinase plasminogen activator (uPA) during pneumonia caused by a [32-integrin-
independentt respiratory pathogen, S. pneumoniae. uPAR deficient (uPAR_/), uPA deficient 
(uPA_/~),, and wild type (Wt) mice were intranasally inoculated with 105 CFU S. pneumoniae. 
uPAR"""  mice showed reduced granulocyte accumulation in alveoli and lungs when compared 
too Wt mice, which was associated with more & pneumoniae CFU in lungs, enhanced 
disseminationn of the infection and a reduced survival. On the other hand, uPA"~ mice showed 
enhancedd host defense, with more neutrophil influx and less pneumococci in the lungs 
comparedd to Wt mice. These data suggest that uPAR is necessary for adequate recruitment of 
neutrophilss into the alveoli and lungs during pneumonia caused by S. pneumoniae, a pathogen 
elicitingg a f32-integrin-independent inflammatory response. This function is even more 
pronouncedd when uPAR is unoccupied by uPA. 

Introduction n 
Thee urokinase plasminogen activator receptor (uPAR; CD87) is a glycosylphosphatidyl-
inositoll  (GPI)-linked receptor expressed on a variety of cell types including hematopoietic 
cells,, endothelial cells and many different neoplastic cells.1"5 Stimulation with either Gram-
negativee or Gram-positive bacteria, or their products, induces an upregulation of uPAR 
expressionn on monocytes and neutrophils.6"8 uPAR serves a dual role in cellular movement; it 
bindss urokinase plasminogen activator (uPA), resulting in the generation of cell surface-
associatedd plasmin activity, which is critical for pericellular proteolysis of extracellular matrix 
proteins.9"122 uPAR also contributes to cell adhesion in a plasmin-independent fashion. 
Althoughh uPAR is anchored to the cell surface by a GPI tail and lacks its own transmembrane 
andd cytoplasmic domain, it has a crucial role in transendothelial migration of monocytes and 
neutrophils.133 The capacity of uPAR to influence adhesion depends on functional linkage and 
physicall  association with integrins.14'15 Indeed, uPAR is able to form complexes with the p2-
integrinn CD1 lb/CD 18, thereby modulating the migration promoting activity.16'17 Treatment 
withh saccharides disrupted this uPAR-CDl lb/CD 18 coupling and inhibited chemotaxis.12 

Neutrophill  emigration from the pulmonary circulation is unique in that it appears to be 
mediatedd by two pathways: one that requires CDllb/CD18 and one that does not, varying 
withh the stimulus used to induce pulmonary inflammation. In general, Gram-negative 
bacteriall  stimuli are CD 1 lb/CD 18-dependent, while Gram-positive stimuli elicit a 
CDIlb/CD18-independentt emigration of leukocytes.18"20 The essential role of uPAR in host 
defensee against pulmonary infection has in particular been demonstrated for P. aeruginosa, a 
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CDD 1 lb/CD 18-dependent respiratory pathogen.21 Mice deficient in uPAR showed increased 
susceptibilityy as well as less recruitment of inflammatory cells. We investigated to which 
extentt uPAR deficiency would influence host defense during pneumonia caused by S. 
pneumoniae,pneumoniae, a CD 1 lb/CD 18-independent stimulus, responsible for more than 50% of 
communityy acquired pneumonias. 

Materia ll  and Methods 
Animals.Animals. Mice with a targeted deletion in the gene for uPAR or uPA, resulting in a complete 
deficiencyy of uPAR (uPAR-/") or uPA (uPA"") respectively, were generated as previously 
described.24255 All mice were on a mixed C57B16J (75%) x 129 (25%) background. The 
respectivee wild types of the uPAR"" and uPA' mice were derived from original littermates of 
thee knockout mice and were bred separately in different colonies (under identical 
circumstancess as their corresponding knockout strain) within the animal institution of the 
Flemishh Interuniversity Institute for Biotechnology in Leuven. For the experiments mice were 
transportedd to the Academic Medical Center in Amsterdam. All experiments were approved 
byy the Committee on Use and Care of Animals of the Academic Medical Center, Amsterdam, 
thee Netherlands. 

InductionInduction of pneumonia. Pneumonia was induced as described previously.26 Briefly, S. 
pneumoniae,pneumoniae, serotype 3, obtained from American Type Culture Collection (ATCC 6303; 
Rockville,, MD), were grown for 6 hours to midlogarithmic phase at 37°C in 5% CO2 using 
Todd-Hewittt broth (Difco, Detroit, MI), harvested by centrirugation at 1500 x g for 15 
minutes,, and washed twice in sterile isotonic saline. Bacteria were then resuspended in sterile 
isotonicc saline at approximately 106 colony forming units (CFU)/ml, as determined by plating 
seriall  10-fold dilutions onto sheep-blood agar plates. Mice were lightly anesthesized by 
inhalationn of isoflurane (Abort, Queensborough, Kent, UK), and 50 ul of bacterial suspension 
wass inoculated intranasally. 

BronchoalveolarBronchoalveolar lavage. At 24 and 48 hours after inoculation mice were anesthetized by 
intraperitoneall  injection with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and 
midazolamm (Roche, Mijdrecht, the Netherlands), and blood was collected from the inferior 
cavall  vein. The trachea was exposed through a midline incision and cannulated with a sterile 
22-gaugee Abbocath-T catheter (Abbott, Sligo, Ireland). Bronchoalveolar lavage (BAL) was 
performedd by instilling two 0.5 ml aliquots of sterile isotonic saline. 0.9-1 ml of lavage fluid 
wass retrieved per mouse, and total cell numbers were counted from each sample in a 
hemocytometer.. BAL fluid (BALF) differential cell counts were determined on cytospin 
preparationss stained with modified Giemsa stain (Diff-Quick; Baxter, McGraw Park, 111). 

HistologicalHistological examination. After 24 hours fixation of lungs in 10% buffered formaline and 
embeddingg in paraffin, 4 jim thick sections were stained with haematoxylin and eosin. All 
slidess were coded and scored by a pathologist without knowledge of the type of mice and 
treatment.. For granulocyte staining, slides were deparaffinized and rehydrated. Slides were 
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thenn digested by a solution of pepsin 0.25% (Sigma, St. Louis, MO) in 0.01 M HC1. After 
beingg rinsed, the sections were incubated in 10% normal goat serum (Dako, Glostrup, 
Denmark)) and then exposed to FITC-labeled anti-mouse Ly-6-G monoclonal antibody 
(Pharmingen,, San Diego, CA). Endogenous peroxidase activity was quenched by a solution of 
0.1%% NaN3/0.03% H2O2 (Merck, Darmstadt, Germany). After washes, slides were incubated 
withh a rabbit anti-FITC antibody (Dako) followed by further incubation with a biotinylated 
swinee anti-rabbit antibody (Dako), rinsed again, incubated in a streptavidin-ABC solution 
(Dako)) and developed using 1% H2O2 and 3.3'-diaminobenzidin-tetra-hydrochloride (Sigma) 
inn Tris-HCl. The sections were mounted in glycerin gelatin without counter staining and 
analyzed. . 

PreparationPreparation of lung homogenates. Whole lungs were harvested and homogenized at 4°C in 
55 volumes of sterile isotonic saline with a tissue homogenizer (Biospect Products, 
Bartlesville,, OK) which was carefully cleaned and desinfected with 70% ethanol after each 
homogenization.. Serial 10-fold dilutions in sterile isotonic saline were made from these 
homogenatess (and blood), and 50 \x\ volumes were plated onto sheep-blood agar plates and 
incubatedd at 37 C and 5% CO2. CFU were counted after 16 hours. For cytokine measurements 
lungg homogenates were lysed in lysisbuffer (300 mM NaCl, 15 mM Tris, 2 mM MgCl, 2 mM 
Tritonn (X-100), Pepstatin A, Leupeptin, Aprotinin (20 ng/ml), pH 7.4) and spinned at 1500 x 
gg at 4°C for 15 minutes; the supernatant was frozen at -20°C until cytokine measurement. 

Assays.Assays. Cytokine and chemokine levels were measured by using commercially available 
ELISAs,, in accordance with the manufacturers recommendations: Interleukin 6 (IL-6) 
(Pharmingen,, San Diego, CA), Interleukin ip (IL-ip) , Macrophage inflammatory protein 2 
(MIP-2)) and KC (R&D systems, Abingdon, United Kingdom). Lowest detection limits were 
377 pg/ml for IL-6, 47 pg/ml for MIP-2 and 12 pg/ml for KC. uPA activity was measured by an 
amidolyticall  assay as previously described.27 Briefly, diluted lung homogenates were 
incubatedd with 0.30 mmol/1 S-2251 (Chromogenix, Mölndal, Sweden), 0.13 mol/1 
plasminogenn and 0.12 mg/ml CNBr fragments of fibrinogen (Chromogenix). Conversion of 
plasminogenn to plasmin was assessed by subsequent conversion of the chromogenic substrate 
S-22511 and was detected with a spectrophotometer. The fraction of the lysis due to uPA 
activityy was determined by including in the assay 50 ug/mL polyclonal neutralizing rabbit 
anti-murinee u-PA-specific IgGs. A standard curve for uPA activity was obtained by 
incubatingg different amounts of purified murine u-PA to the assay system. 

StatisticalStatistical analysis. Data are expressed as means  SEM, unless indicated otherwise. 
Comparisonss between groups were conducted using the Mann Whitney U test. Survival 
curvess were compared by log-rank test. P-value <0.05 was considered to represent a 
statisticallyy significant difference. 

Results s 
uPAA concentrations in the lung during pneumonia. Intranasal administration of 5". 
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Figuree 1. Urokinase-type plasminogen activator. uPA 
proteinn concentrations in lung homogenates of Wt mice 
measuredd by ELISA, 24 and 48h after intranasal 
inoculationn with 105 CFU S. pneumoniae. N = 8 for each 
timee point. Oh represents 4 control mice. Data are mean
SEM;; *P<0.05 vs. control. 

pneumoniaepneumoniae increased the concentrations of uPA in lung homogenates obtained 24 and 48h 

afterr inoculation (Figure 1). Hence, these data demonstrate that pneumococcal pneumonia 

resultss in locally elevated levels of the ligand of uPAR. 

Inflammator yy cell influ x in BALF . Recently is has been reported that uPAR is an important 

regulatorr of integrin dependent cellular migration.16'7 Cell recruitment to the site of infection 

iss an important part of host defense during pneumonia. For this reason we compared cell 

influxx in the alveolar spaces of uPAR/_ mice and Wt mice after inoculation with S. 

pneumoniae.pneumoniae. uPAR"" mice had significantly less cells in their BALF when compared to Wt 

micee (P=0.004), which was mainly caused by a diminished recruitment of neutrophils (Table 

1). . 

Tablee 1. Cell influx in BALF 
Wtt mice uPAR" mice 

Totall  cells 12.3 7 5.3 * 

Neutrophilss 5.6+1.4 1.8 * 

Macrophagess 6.2 1 3.0  0.6* 

Lymphocytess 0.5  0.1 0.2  0.1* 

Dataa are mean  SEM (x 104 /ml BALF) of 6 mice per group, 48h after inoculation with 105 S. 

pneumoniaepneumoniae CFU. *P<0.05 vs. Wt mice. 

Histopathology.. At 48h after inoculation, the lungs of uPAR-~ mice showed patchy and dense 

inflammatoryy infiltrates (Figure 2A), predominantly composed of monocytes and 

lymphocytess with relatively few granulocytes (Figure 2A and Figure 2C). In contrast, Wt 

micee had a mild interstitial inflammation (Figure 2B), composed of granulocytes and 

monocytess corresponding to a clearance phase (Figure 2D). 

Bacteriall  outgrowth. To investigate the role of uPAR in the pulmonary clearance of 5. 

pneumoniae,pneumoniae, we determined the numbers of CFU in lungs 24 and 48h after inoculation. At 

bothh time points uPAR"" mice had significantly more CFU in their lungs than Wt mice 

(PO.05)) (Figure 3). Furthermore, S. pneumoniae could be cultured from the blood of 12.5% 

off  the Wt mice after 48h, whereas 87.5% of the blood cultures obtained from the uPAR~~ mice 
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weree positive for S. pneumoniae at this time point. At 24h blood cultures were negative in all 

IT1WMM--

Figuree 2. Histopathology of lungs. (A,C): Lungs of uPAR"'" mice 48h after infection showing foci of 
inflammationn with few granulocytes (C, anti-granulocyte immunostaining). (B,D): Lungs of Wt mice 
48hh after infection showing a mild interstitial inflammation with influx of granulocytes (D, anti-
granulocytee immunostaining). A and B: HE staining x 33, insert x 120; C and D: anti-granulocyte 
stainingg magnification x 66. 
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Figuree 3. Bacterial outgrowth in lungs. 5. pneumoniae CFU in lungs of Wt and uPAR"'" mice 24 and 

488 hours after intranasal inoculation with 105 CFU S. pneumoniae. Data are mean  SEM. N=8 per 

groupp per time point. *P<0.05 vs. Wt mice. 

Survival.. To investigate whether uPAR influences survival, we assessed survival twice daily 

inn Wt and uPAR_/" mice after intranasal inoculation with 105 CFU S. pneumoniae. uPAR"7" 
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micee succumbed much earlier than Wt mice (P=0.004; [Figure 4]). 

n n 
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Figuree 4. Survival. Survival after 
intranasall  inoculation with 105 CFU S. 
pneumoniaepneumoniae in Wt (open circles) and 
uPAR''""  mice (closed squares). Mortality 
wass assessed twice daily for 10 days. N = 
122 per group 

Cytokiness and chemokines. Because the localized production of cytokines and chemokines 

iss an important part of host defense,28 we measured the concentrations of these mediators in 

lungg homogenates. Al l cytokines and chemokines measured (IL-ip , IL-6, KC and MIP-2) 

weree higher in uPAR ~~ mice, in particular at 48h post inoculation (Table 2). Thus, a reduced 

productionn of protective pro-inflammatory cytokines or chemokines could not explain the 

impairedd host defense in uPAR_/~ mice. 

Tablee 2. Cytokine and chemokine levels in lung homogenates 

24h h 48h h 

ng/ml l 

IL- 6 6 

IL- i p p 

KC C 

MIP-2 2 

Wt t 

1 1 

0.88  0.05 

2.11 +0.5 

0.99  0.04 

uPAR'" " 

3.33 + 0.7 

1.44 3 

3 3 

1.1+0.7* * 

Wt t 

2.99 6 

1.22 + 0.2 

2.88 6 

1.11 1 

uPAR"'--

6.22 * 

2.55 + 0.3* 

6.99 * 

6 .7+1.9* * 

Dataa are mean  SEM of 8 mice per group, measured 24 and 48h after intranasal inoculation with 10 

S.S. pneumoniae CFU at t=0. * PO.05 vs. Wt 

Hostt  response in uPA"' "  mice. Having established that uPAR is important for host defense 

againstt pneumococcal pneumonia, we next determined the role of the ligand for uPAR, uPA, 

inn this model of Gram-positive respiratory tract infection (Figure 5). In contrast to uPAR"" 

mice,, uPA~'~ mice had more neutrophils (P=0.08) and less pneumococci in their lungs at 48h 

postinoculationn (P=0.027). There was no significant difference in mortality between uPA " 

andd Wt mice. 

Discussion n 
Thee necessity of uPAR for inflammatory cell invasion has been demonstrated in pneumonia 

causedd by P. aeruginosa, a Gram-negative bacterium, which elicits a CD1 lb/CD 18 dependent 

inflammatoryy response.21 The inflammatory cell migration during pneumococcal pneumonia 
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occurss independent of CD l ib/CD 18. Despite this independency, the main findings of our 

studyy were that uPAR deficiency partly prevented the recruitment of cells to lungs and 

10'2"|| Bacterial outgrowth 
10'H H 

110'H H 
££ 10'H * 

EE IOH 

IOHH B 

__^^BB ^^ H 
Wtt uPA"'-

Figuree 5. uPA deficient mice. (A) Granulocytic 
influx;; mean  SEM granulocyte influx in BALF 
48hh after intranasal inoculation of 105 CFU S. 
pneumoniaepneumoniae in Wt and uPA'" mice. N = 6 per group. 
(B)) Bacterial outgrowth; mean  SEM S. 
pneumoniaepneumoniae CFU in lungs of Wt and uPA"" mice 
48hh after inoculation. N = 9 per group per time 
point.. *P<0.05 vs. Wt mice. (C) Survival after 
intranasall  inoculation in Wt (open circles) and 
uPA"'""  mice (closed squares). Mortality was assessed 
twicee daily for 10 days. N = 12 per group. 

alveolarr spaces, resulting in a diminished clearance of pneumococci from the lungs and a 

stronglyy reduced survival. Surprisingly, uPA deficiency enhanced host defense with an 

increasedd number of recruited neutrophils and less pneumococci in the lungs. Our results 

suggestt that uPAR is necessary for adequate recruitment of neutrophils into the alveoli and 

thatt this function is even more pronounced when uPAR is not bound to uPA. 

uPARR can form a functional complex with the p2-integrin CDllb/CD18. The 

CD11 lb/CD 18 complex is necessary for cell recruitment in nearly every organ system. 

However,, there is a difference between neutrophil adhesion within the pulmonary 

compartmentt and in the systemic circulation, i.e. leukocytes can migrate out of the lung 

capillariess by either a CD l ib/CD 18 dependent or independent mechanism. IL-1, phorbol 

myristatee acetate, and Gram-negative bacterial stimuli elicit migration via pathways mediated 

byy CDllb/CD18. Conversely, the cell migration in response to Gram-positive bacteria, 

hydrochloricc acid and C5a occurs independent of CD 1 lb/CD 18.'8~20'29'30 Treatment with anti-

CDD 18 antibody had no effect on the leukocyte emigration in the lung induced by S. 

pneumoniae}pneumoniae}11 Furthermore, the combined absence of P-selectin and ICAM-1, the ligand for 

CD11 lb/CD18, had no effect on neutrophil recruitment to the inflammatory site in response to 

BALFF neutrophils 

Survival l 

55 10 15 
Dayss after inoculation 
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S.S. pneumoniae.31 Thus, S. pneumoniae elicits a CD lib/CD 18 independent inflammatory 
reponsee in the lungs, while Gram-negative bacteria need CD1 lb/CD 18 to recruite cells to the 
inflammatoryy site. 

Accordingly,, during P. aeruginosa pneumonia, uPAR"" mice demonstrated a reduced 
neutrophilicc influx in the lung associated with an enhanced bacterial outgrowth.21 However, 
Wtt mice treated with a blocking anti-CD 1 lb mAb also had less accumulation of neutrophils 
inn the lung after P. aeruginosa inoculation, similar to uPAR"" mice. Furthermore, anti-CD 1 lb 
mAbb did not influence the recruitment of neutrophils in uPAR A mice, indicating that uPAR 
andd CD1 lb act on neutrophils by a common mechanism in this p2-integrin dependent model. 
Interestingly,, we found that during pneumonia caused by a CD1 lb/CD 18 independent 
pathogen,, S. pneumoniae, uPAR is also necessary for adequate neutrophil recruitment, as 
documentedd by less neutrophils in BALF and lung parenchyma in uPAR ~" mice. This finding 
att least in part can explain the impaired anti-pneumococcal defense of uPAR"" mice in this 
modell  of respiratory tract infection, considering that neutrophils are critical for effective 
eradicationn of bacteria from the lungs.32 We did not investigate whether the absence of uPAR 
influencess opsonization or phagocytosis by neutrophils. However, to our knowledge no data 
aree available to indicate that uPAR is involved in either of these processes. 

uPAA as the ligand for uPAR, also influences cell migration. On the one hand it promotes 
celll  invasion due to proteolysis and causing a conformational change in uPAR which 
uncoverss a chemotactic epitope, while on the other hand uPA negatively influences the 
migratoryy function of uPAR in vitro.33"38 Our results demonstrate that uPA deficiency leads to 
increasedd neutrophil influx and an enhanced antibacterial host defense, although not to a 
reducedd mortality. In line with our results, uPA had no or even an inhibitory effect on the 
adhesivee capacity of monocytes and neutrophils.35,39 In vivo, intratracheal KC (a murine CXC 
chemokine)) administration to uPA_/ and Wt mice reduced the neutrophil influx after 
engagementt of uPAR by non-proteolytic uPA, while uPAR~~ mice showed no difference in 
celll  accumulation.33 In addition, uPA  A mice showed no difference in neutrophil recruitment 
duringg pneumonia caused by Gram-negative bacteria or fungi.21,40'41 This demonstrates that 
uPAA exerts opposite influences on neutrophil migration in different models. In our in vivo 
modell  of acute bacterial pneumonia, uPA seems to influence the function of uPAR as a 
chemotacticc receptor in a negative way. 

Itt should be noted that the number of S. pneumoniae CFUs measured in Wt mice of uPA_/" 
micee was considerably higher than the number of CFUs found in Wt mice of uPAR"" mice in 
spitee of the fact that both mouse strains were on the same C57B16J (75%) x 129 (25%) 
background.. The explanation for this finding is not clear, although several possibilities exist. 
First,, in retrospect the bacterial inoculum was slightly higher in the experiments with uPA" 
andd Wt mice than in the experiments with uPAR" and Wt mice (i.e. 3 x 105 CFU vs. 1 x 105 

CFU).. Second, the experiments with uPAR"/_ and corresponding Wt mice, and those with uPA 
/__ and Wt mice were done with an interval of several months. Our experience is that even with 
Wtt mice purchased from commercial suppliers a certain degree of biological variation in the 
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bacteriall  clearance exists between experiments and between different "shipments" of mice. 

Third,, the respective Wt of the uPAR ~ and uPA"A mice were derived from original littermates 

off  the knockout mice and were bred separately in different colonies (under identical 

circumstancess as their corresponding knockout strain); thus, slight (non-genetic) differences 

mayy have contributed to the different behaviour of Wt mice in separate experiments. 

However,, we would like to emphasize that our studies were performed under adequately 

controlledd conditions, i.e. knockout and Wt mice were not only on the same genetic 

backgroundd but also bred under identical circumstances and inoculated at the same time with 

exactlyy the same inoculum on each occasion. 

uPARR was found to be important for cell-mediated immunity against P. aeruginosa, a p2-

integrinn dependent respiratory pathogen.21 Our data demonstrate that deficiency of uPAR is 

associatedd with an impaired host defense against pneumococcal pneumonia, a model that does 

nott need (32-integrin for the inflammatory response. On the other hand uPA ~" mice showed 

enhancedd host defense. Together these data suggest that uPAR is necessary for adequate 

recruitmentt of cells and that this chemotactic function is even more pronounced when uPAR 

iss unbound. These findings not only add to our understanding of the role of uPAR and uPA in 

pneumonia,, but also warrant caution for treatment concerning modulation of the fibrinolytic 

systemm in different infectious diseases. 
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Plasminogenn activator  inhibito r  type 1 deficiency does not influence 
thee outcome of murine pneumococcal pneumonia 





PLASMINOGENN ACTIVATOR INHIBITOR-1 

Urokinase-typee plasminogen activator (uPA) and its receptor uPAR are components of the 
fibrinolyticc system, and important for an adequate immune response to respiratory tract 
infectionn in part through their role in the migration of inflammatory cells. PA inhibitor-1 
(PAI-1)) is the predominant inhibitor of soluble and receptor-bound uPA. To determine the 
rolee of PAI-1 in host defense against pneumococcal pneumonia, the following studies were 
performed:: (1) patients with unilateral community acquired pneumonia demonstrated elevated 
PAI-11 concentrations together with decreased PA activity in broncho-alveolar lavage fluid 
(BALF)) obtained from the infected, but not from the contralateral site; (2) mice with S. 
pneumoniaepneumoniae pneumonia displayed elevated PAI-1 protein and mRNA levels in their lungs; (3) 
PAI-11 gene deficient mice, however, had an unaltered immune response to pneumococcal 
pneumonia,, as measured by cell recruitment into lungs, bacterial outgrowth and survival. 
Furthermore,, plasminogen gene deficient mice also had an unremarkable defense against 
pneumococcall  pneumonia. These data indicate that pneumonia is associated with inhibition of 
thee fibrinolytic system at the site of the infection secondary to increased production of PAI-1; 
ann intact fibrinolytic response is not required for an adequate host response to respiratory tract 
infection,, however, suggesting that the previously described role of uPA and uPAR are 
restrictedd to their function in cell migration. 

Introduction n 

Intra-alveolarr fibrin deposition is frequently found during acute inflammatory lung diseases.1 

Thee increased tendency to form fibrin deposits during lung inflammation likely is the result of 
stimulationn of the coagulation system with concurrent inhibition of the fibrinolytic system. 
Earlyy mediators of fibrinolysis are plasminogen activators (PA), which activate plasminogen 
intoo plasmin, a potent protease that degrades fibrin into fibrin degradation products. PA are 
controlledd by specific inhibitors2 of which PA inhibitor type I (PAI-1) is considered most 
important,, inactivating both urokinase type (uPA) and tissue type (t)PA.3,4 

Thee pulmonary compartment is an important site of PAI-1 production and activity. Indeed, 
PAI-11 mRNA is induced in tissues of endotoxemic animals, in particular in the lung.5'6 In 
addition,, broncho-alveolar lavage fluid (BALF) of patients with interstitial pulmonary 
fibrosis,, sarcoidosis and acute respiratory distress syndrome (ARDS) display elevated levels 
off  PAI-1, which is held responsible for the suppressed alveolar fibrinolytic activity in these 
patients.. " Recently, elevated PAI-1 concentrations were reported in (BALF) of patients with 
severee pneumonia requiring mechanical ventilation, which coincided with a profoundly 
suppressedd fibrinolytic activity in the alveolar space." BALF PAI-1 levels were unaltered in 
patientss with less severe pneumonia, breathing spontaneously. Together these data indicate 
thatt a number of lung diseases are associated with increased PAI-1 levels in the airways, 
includingg pneumonia. Knowledge of the role of this endogenous PAI-1 in host defense against 
respiratoryy pathogens is highly limited, however. 

Severall  lines of evidence indicate that PAI-1 may influence the innate immune response to 
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pneumonia.. We and others recently demonstrated that mice lacking the receptor for uPA 
(uPAR),, which is expressed on different inflammatory cells, have an impaired leukocyte 
migrationn and are sensitive to pulmonary infections.12'13 On the contrary, uPA deficiency was 
associatedd with enhanced host defense and increased leukocyte influx into the inflamed area 
duringg pneumonia, suggesting that occupation of uPAR by uPA may hamper the beneficial 
rolee of this receptor in leukocyte recruitment.13 PAI-1 may affect leukocyte trafficking during 
pneumonia,, and thus host defense, in several ways. Indeed, PAI-1 is not only an inhibitor of 
uPAA in the lung, but can also interfere with cell adhesion in a more direct way.14'15 With 
respectt to the latter, the extracellular matrix protein vitronectin (VN) is a major binding 
proteinn for PAI-1. The binding of PAI-1 to VN competes with the binding of uPAR and 
integrinss to VN, by which PAI-1 can inhibit integrin-mediated cell migration.16"21 Additional 
evidencee supporting a role for PAI-1 in cell migration comes from tumor cell biology, i.e. in a 
varietyy of malignant tumors high expression of PAI-1 is predictive of more aggressive local 
invasionn and metastasis, and a poor prognostic marker. 

Thee main objective of this study was to determine the role of endogenous PAI-1 in the 
innatee immune response to bacterial pneumonia. For this, we first investigated to which extent 
PAI-11 is produced and the fibrinolytic system is active in the infected lung of patients with 
unilaterall  community acquired pneumonia (CAP). Furthermore, we evaluated the role of PAI-
11 in host defense during pneumonia caused by S. pneumoniae, the most frequently isolated 
etiologicc agent in CAP,28 using PAI-1 gene deficient (PAI-1"*) mice. 

Material ss and Methods 

Patientt  study 
StudyStudy population. Four patients with a unilateral CAP were enrolled into the study. They 
fulfille dd the following criteria: fever (>37.7°C), Pa02 >7.5 kPa while breathing room air, new 
unilaterall  infiltrate on chest roentgenogram within two days after admission and no antibiotic 
pre-treatment.. Patients were excluded when they were hospitalized within two weeks prior to 
thiss admission or when they used immunosuppressive drugs. They were three men and one 
womann (age 5 yr [mean  SEM]). 10 healthy volunteers, not taking any medication (mean 
agee 32+8 yr) served as controls. The protocol was reviewed and approved by the Medical 
Ethicss Committee of the University of Amsterdam and written informed consent was obtained 
fromm all subjects. 

Broncho-alveolarBroncho-alveolar lavage (BAL). BAL was performed in a standardized fashion according 
too the guidelines of the American Thoracic Society, using a flexible fiberoptic video-
bronchoscope,bronchoscope, within 12h after admission. Seven successive 20 ml aliquots of prewarmed 
0.9%% saline were instilled in a subsegment of the lung and each aspirated immediately with 
loww suction. BAL was performed at the uninfected site first in a subsegment of the middle 
lobee or lingula. This was followed by lavaging a subsegment of the infected lobe. Generally, 
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10-155 ml of each 20 ml aliquot was recovered. The recovery from the infected and uninfected 
sidee did not differ. 

SpecimenSpecimen processing. BALF was kept at 4°C until processing, which was performed within 
300 minutes. The specimen was centrifuged at 3000 rpm for 15 minutes at 4°C. The first three 
recoveriess of both sides were sent to the microbiology and virology department for culture 
andd virus isolation. The remaining supernatant was stored at -80°C until assays were 
performed. . 

Assays.Assays. PAI-1 antigen and t-PA antigen were measured using commercially available 
ELISAss according to the manufacturers recommendations, i.e. PAI-1: TintEliza PAI-1, 
Biopool,, Umea, Sweden; t-PA: Asserachrom tPA, Diagnostica Stago, Asnieres-sur-Seine, 
France.. uPA antigen was measured by ELISA as described before.29 PA activity was 
measuredd by an amidolytic assay.30 

Mousee studies 
Animals.Animals. All experiments were approved by the Institutional Animal Care and Use Committee 
off  the Academic Medical Center, Amsterdam, the Netherlands. 10 to 12 week old PAI-1"" 
micee and plasminogen gene deficient (Plg"A) mice were generated as previously described.31'32 

PAI-1""  and Pig" mice are viable and show no apparent macroscopic or microscopic 
histologicall  abnormalities. Age and gender matched wild type (Wt) mice were used as 
controls.. PAI-1" and Wt mice used in experiments were the product of 8 backcrosses to the 
C57BL/6JJ genetic background. Pig' mice were on a mixed background of 75% C57BL/6 and 
25%% 129(H-2b). 

InductionInduction of lung inflammation. Pneumococcal pneumonia was induced as described 
previously.. ' In brief, S. pneumoniae, serotype 3, obtained from American Type Culture 
Collectionn (ATCC 6303; Rockville, MD), were grown for 6h to midlogarithmic phase at 37°C 
usingg Todd-Hewitt broth (Difco, Detroit, MI), harvested by centrifugation at 1500 x g for 15 
minutes,, and washed twice in sterile isotonic saline. Bacteria were then resuspended in sterile 
isotonicc saline at approximately 4 x 106 colony forming units (CFU)/ml as determined by 
platingg serial 10-fold dilutions on sheep-blood agar plates. 50 ul (2 x 105 CFU) was given 
intranasally.. Control mice were instilled intranasally with 50 ul LPS-free sterile saline. 

PreparationPreparation of lung homogenates. At 24 or 48h after inoculation mice were anesthetized 
byy intraperitoneal injection with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and 
midazolamm (Roche, Mijdrecht, the Netherlands), and blood was collected from the inferior 
cavall  vene. Whole lungs were harvested and homogenized at 4°C in 5 volumes of sterile 
isotonicc saline with a tissue homogenizer (Biospect Products, Bartlesville, OK) which was 
carefullyy cleaned and desinfected with 70% ethanol after each homogenization. Serial 10-fold 
dilutionss in sterile saline were made from these homogenates (and blood), and 50 ul volumes 
weree plated onto sheep-blood agar plates and incubated at 37°C. CFU were counted after 16h. 
Forr cytokine measurements lung homogenates were lysed in lysisbuffer (300 mM NaCl, 15 

101 1 



CHAPTERR 7 

mMM Tris, 2 mM MgCl, 2 mM Triton(X-lOO), Pepstatin A, Leupeptin, Aprotinine (20 ng/ml), 
pHH 7.4) and spinned at 1500 x g at 4°C for 15 minutes; the supernatant was frozen at -20°C 
untill  cytokine measurement. 

Broncho-alveolarBroncho-alveolar lavage. The trachea was exposed through a midline incision and 
cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). BAL was 
performedd by instilling two 0.5 ml aliquots of sterile saline. 0.9-1 ml of lavage fluid was 
retrievedd per mouse, and total cell numbers were counted from each sample in a 
hemacytometerr (Emergo, Amsterdam, the Netherlands). BALF differential cell counts were 
determinedd on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, 
McGraww Park, 111). 

HistologicalHistological examination. After 24h fixation of lungs in 10% formaline and embedding in 
paraffin,, 4 urn thick sections were stained with haematoxylin and eosin. All slides were coded 
andd scored by a pathologist without knowledge of the type of mice and treatment. 

PAI-1PAI-1 in situ hybridization. 5 urn paraffin sections were mounted on SuperFrost Plus glass 
slidess (Menzel-Glaser, Braunschweig, Germany) and subjected to in situ hybridization with a 
PAI-11 antisense riboprobe. In vitro transcription of linearized plasmid DNA was performed, 
usingg (35S)-UTP (Amersham Pharmacia Biotech, Roosendaal, the Netherlands) to obtain the 
radiolabeledd antisense PAI-1 riboprobe. In situ hybridization was executed by standard 
procedures.. In situ sections were covered with nuclear research emulsion (ILFORD Imaging UK 
Limited,, Cheshire, U.K.), exposed for 2 weeks and then developed and counterstained with 
hematoxylinn and eosin. Four sections per specimen were used to confirm positive PAI-1 in situ 
hybridizationn signal. 

Assays.Assays. Murine PAI-1 antigen levels in lung homogenates were measured by ELISA, 
calibratedd with recombinant murine PAI-1 as described.36 For this purpose, the antimurine 
PAI-11 monoclonal antibody H34G6 (4 ng/ml) was coated on microtiter plates for 48h at 4°C. 
Boundd PAI-1 in the samples was revealed using a biotinylated and diluted (1:250) rabbit 
polyclonall  antiserum raised against murine PAI-1, incubated for Ih at 37°C, and then by a 
peroxidase-labeledd avidin-biotin complex. Cytokine levels were measured using 
commerciallyy available ELISAs, in accordance with the manufacturers recommendations: 
Tumorr necrosis factor a (TNF), interleukin 6 (IL-6; Pharmingen, San Diego, CA) and 
interleukinn 1(3 (IL-ip) . Lowest detection limits were 50 pg/ml for TNF, 37 pg/ml for IL-6 and 
1500 pg/ml for IL-lp . MPO activity was measured as described previously.37 Briefly, lung 
tissuee was homogenized in potassium phosphate buffer, pH 7.4. After centrifugation (4500 x g 
forr 20 min. at 4°C), pelleted cells were lysed in potassium phosphate buffer pH 6.0 containing 
0.5%% hexadecyltrimethyl ammoniumbromide (HETAB) and lOmM EDTA. MPO activity was 
determinedd by measuring the H2O2 dependent oxidation of S^S^tetramethylbensidine 
(TMB).. The reaction was stopped with Glacial Acetic Acid followed by reading the 
absorbancee at 655 nm with a spectrophotometer. MPO-activity was expressed as units of 
MPOO activity per gram lung tissue per reaction time. All reagents for the MPO assay were 
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purchasedd from Sigma (St.Louis, MO). 
StatisticalStatistical analysis. Data are expressed as means  SEM, unless indicated otherwise. 

Comparisonss between groups were conducted using the Mann Whitney U test. Survival 
curvess were compared by log-rank test. P-value <0.05 was considered to represent a 
statisticallyy significant difference. 

Results s 
Alveolarr  fibrinolysis in pneumonia patients. Patient characteristics are presented in Table 
1.. All patients recovered uneventfully with antibiotic therapy. All patients underwent bilateral 
BALL within 12h after admission, first at the uninfected side and then in the area with the 
infiltratee on the chest X-ray, and fibrinolytic mediators were measured in BALF. BALF from 
healthyy subjects served as control (Figure 1). PAI-1 antigen levels were increased in BALF of 
infectedd lungs compared with PAI-1 levels in BALF from uninfected lungs and healthy 
controls.. In addition, PAI-1 antigen concentrations were higher in BALF from uninfected 
lungss of CAP patients than in BALF from healthy controls. Elevated PAI-1 levels were 
associatedd with a reduced broncho-alveolar PA activity, which was reduced in infected lungs 
off  patients compared to uninfected lungs and healthy individuals. uPA and tPA antigen levels, 
however,, were increased in BALF of infected lungs compared to uninfected BALF. This 
discrepancyy might be explained by the fact that the uPA and tPA antigen assays detect free 
PAA as well as PA in complex with their inhibitor PAI-1. 

Tablee 1. Clinical and biochemical parameters of CAP patients. 
Subject t 

1 1 

2 2 

3 3 

Sex x 

M M 

F F 

M M 

Agee (yr) 

42 2 

47 7 

40 0 

Feverr (°C) 

38.6 6 

38.9 9 

39.1 1 

X-ray y 

Rightt middle lobe 

Rightt middle lobe 

Rightt upper lobe 

BALFF culture 

S.S. pneumoniae 

--
S.S. pneumoniae 

44 M 36 37.8 Right middle and lower lobe 
Clinicall  and biochemical parameters of 4 CAP patients with a unilateral infiltrate on chest X-ray. X-
rayy shows the site of the infiltrate on chest roentgenogram 

Productionn of PAI-1 during murine pneumococcal pneumonia. To evaluate the role of 
PAI-11 in host defense during CAP, we used a pneumococcal pneumonia mouse model and 
comparedd host responses in PAI-T" and Wt mice. To confirm PAI-1 production in this model, 
wee measured PAI-1 levels in lung homogenates after induction of pneumonia. Intranasal 
administrationn of S. pneumoniae increased the concentrations of PAI-1 in lung homogenates 
obtainedd 48h after inoculation (P<0.05 vs. control; Figure 2-1); mice with pneumonia also 
showedd an increase of plasma PAI-1 antigen compared to control mice (19.8  18.6 vs. 2.8
0.99 ng/ml, respectively; PO.09). To obtain insight into the cellular source of PAI-1 in the 
normall  and infected lung, we performed in situ hybridization. In normal lung, a faint signal 
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Figuree 1. Fibrinolyti c parameters in patients with community-acquired pneumonia. Fibrinolytic 
parameterss (PAI-lAg, PAA, uPA-Ag, tPA-Ag) were measured in BALF from 4 patients with CAP 
withh a unilateral infiltrate on the chest X-ray, from the area of the infiltrate (A) and from the 
uninfectedd site (B). 10 healthy subjects served as controls (C). Horizontal lines express medians. 
*P<0.055 vs. healthy controls. * P<0.05 vs. uninfected lung 

forr PAI-1 mRNA transcripts was detected in endothelial cells as well as in bronchiolar and 

alveolarr epithelium. At 48h after infection, a strong expression of PAI-1 mRNA was observed 

predominantlyy in vessels showing endothelial injury, in inflamed bronchi, in areas of 

inflammatoryy infiltrates and areas of pleuritis (Figure 2-II). 

Inflammator yy cell influ x in BALF . To obtain insight in the role of PAI-1 in cell migration, 

wee compared leukocyte counts in BALF of PAI-1"7" and Wt mice 48h after inoculation with S. 

pneumoniae.pneumoniae. PAI-1"'" mice had a similar influx of neutrophils in their BALF when compared 

Tablee 2. PAI-1 deficiency does not influence leukocyte recruitment during pneumonia 

Cellss in BALF 
(xl04/ml) ) 
Totall cells 

PMN N 

Lymfo o 

AM M 

MPOO (U/ml) 

Wtt mice 

48hh after inoculation 

26.55  9.3 

16.11 +7.8 

0.77 + 0.3 

9.712.1 1 

3.00 9 

PAI-1"'"" mice 
48hh after inoculation 

28.1+4.2 2 

16.99 2 

1.33 + 0.8 

10.66  1.7 

4.88 5 

Dataa are mean  SEM of 6 mice per group, measured 48h after i.n. inoculation, 
polymorphonuclearr cells; AM = alveolar macrophages; MPO = myeloperoxidase. 

PMN N 
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(II)) Localisation of PAI-1 mRNA in lungs by in situ hybridisation, 48h after intranasal inoculation 
withh sterile saline (A) or S. pneumoniae (B). Slides are representatives of N = 8 mice. Magnification 
xx 55. 

too Wt mice (Table 2). In accordance, MPO activity in lung homogenates at 48h after 
inoculationn was similar in both genotypes (Table 2). 

Histopathology.. At 24 and 48h after inoculation, the lungs showed patchy and sometimes 
densee inflammatory infiltrates, which was similar in both groups (Figure 3). Formation of 
thrombii  was not observed in the blood vessels of either group. 

Bacteriall  outgrowth. To investigate the potential role of PAI-1 in the clearance of S. 
pneumoniaepneumoniae from the lungs, we determined the number of bacteria in lungs 24 and 48h after 
inoculation.. At both time points PAI-1"'" mice had similar numbers of CFU in their lungs as 
Wtt mice (Figure 4A and B). Furthermore, blood cultures were positive in 62.5% of mice of 
bothh strains at 24h, and in 90% and 75% of Wt and PAI-1"A mice respectively at 48h (non 
significant). . 

Survival.. To investigate whether PAI-1 influences mortality, we assessed survival twice daily 
inn Wt and PAI-1" mice after intranasal inoculation with S. pneumoniae up to ten days 
postinoculationn (Figure 4C). No difference was found between the two groups. 
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Figuree 3. Histology of lungs. Lungs of Wt (A, C) and PAI-l"'" mice (B, D) 24h (A, B) and 48h (C, D) 
afterr infection. HE staining x 20. No difference was seen in composition of inflammation between Wt 
andd PAI-l" "mice 

Cytokines.. Cytokines play an important role in the regulation of host defense against 
pneumonia388 and the PA sytem can influence the production of these mediators. Therefore, 
wee measured the concentrations of TNF, IL-6 and IL-l p in lung homogenates. All cytokine 
levelss measured were similar in PAI-l"'' and Wt mice (data not shown). 

Hostt  response to pneumonia in Pig"'"  mice. The studies with PAI-l"'" mice suggested that 
PAI-ll  does not influence host defense against pneumococcal pneumonia. In addition these 
experimentss did not reveal a role for PAI-l in the migration of leukocytes to the site of 
infection.. PAI-l"'" mice display a basal state of enhanced fibrinolytic activity, which is the 
resultt of the loss of the important inhibitory function of PAI-l towards PA.31'33 To evaluate 
whetherr deficiency to generate plasmin, the active end product of the fibrinolytic system, 
influencess the innate immune response to pneumonia, we next infected Pig" and Wt mice 
withh S. pneumoniae. Similar to PAI-l"'" mice, Pig"'" mice displayed no difference in leukocyte 
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Figur ee 4. Bacterial outgrowth and survival. 

S.S. pneumoniae CFU in lungs of Wt (open bars) 

andd PAI-1"'" mice (closed bars) 24 (A) and 48h 

(B)) after inoculation. Data are mean  SEM. N 

== 8 per group per time point. (C) Survival after 

S.S. pneumoniae inoculation in Wt (closed 

square)) and PAI-1"'" mice (open circle). 

Mortalityy was assessed twice daily for 10 days. 

NN = 10 per group. 

recruitmentt into BAL F (data not shown) and equal numbers of S. pneumoniae CFU in their 

lungss at 48h post-inoculation when compared to Wt mice (Figure 5A). In addit ion Pig"'" and 

Wtt mice demonstrated similar mortality rates (Figure 5B). 
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Figur ee 5. Host defense in Pig"' "  mice. S. pneumoniae CFU in lungs of Wt (open bars) and Pig"'" mice 

(closedd bars) 48h after inoculation (A). Data are mean  SEM. N = 8 per group per time point. (B) 

Survivall  after S. pneumoniae inoculation in Wt (open squares) and Pig"'" mice (closed squares). 

Mortalityy was assessed twice daily for 10 days. N =12 per group. 

Discussion n 

S.S. pneumoniae is the most predominant microorganism in communi ty acquired pneumonia, 

responsiblee for more than 500,000 cases of lower respiratory tract infection in the United 

Statess each year.40'41 We recently found that endogenous uPA activity within the lung 

impairedd neutrophil recruitment and anti-bacterial defense during mur ine pneumococcal 
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pneumonia,, most likely by occupying uPAR.13 These findings led us to hypothesize that PAI-
1,, as the main inhibitor of uPA, would be an important player in the regulation of neutrophil 
traffickingg and host defense in S. pneumoniae pneumonia. First we show here that in 
unilaterall  CAP patients PAI-1 antigen levels are increased in BALF of the infected lung 
comparedd to the uninfected lung or to healthy controls, and that this is associated with a 
decreasee in alveolar PA activity in the infected BALF. We also demonstrate that PAI-1 is 
producedproduced in the lungs in mice during pneumonia. However, PAI-1 deficiency appeared not to 
influencee leukocyte influx, the clearance of pneumococci from the lungs or mortality. 

Inn earlier investigations, changes in the alveolar hemostatic balance have in particular been 
studiedd in patients with ARDS.11,42,43 In these patients elevated PAI-1 concentrations have 
beenn documented in BALF, together with a profoundly decreased fibrinolytic activity. 
Recently,, similar changes were reported in patients with severe pneumonia requiring 
mechanicall  ventilation.11 Patients with less severe pneumonia, however, who breathed 
spontaneously,, did not display elevated PAI-1 levels in their BALF.11 These data contrast 
withh our present findings of increased PAI-1 levels and suppressed PA activity at the site of 
thee infection in patients with CAP. It is conceivable that the timing of the BAL procedure 
contributedd to this discrepancy, i.e. in the earlier investigation BAL was performed following 
aa strictly time-matched protocol, whereas in our study BAL was conducted within 12h after 
admission.admission. In addition we lavaged the segment that showed infiltrative changes on the chest 
X-ray,, whereas in the earlier study the lung with " the predominant infection" was 
examined.111 Although our study involved only 4 patients, overlap with data obtained from the 
uninfectedd site or from healthy lungs did not occur. Thus, our human data, together with the 
demonstrationn of PAI-1 mRNA in mouse lungs during pneumococcal pneumonia strongly 
indicatee that PAI-1 is produced locally in the lung during lower respiratory tract infection. 

Increasedd PAI-1 activity has been shown to predict lethality in patients with sepsis in a 
veryy sensitive way. Recently, it was shown that a (4G/5G) promotor deletion/insertion 
polymorphismm in the PAI-1 gene influences the risk on the development of septic shock.4 '5 

Inn sepsis, 40% of the infections are caused by Gram-positive bacteria. Further, the most 
commonn site of infection in septic patients is the respiratory tract. " We here report, 
however,, that the complete absence of PAI-1 does not influence the outcome of 
pneumococcall  pneumonia. Our data further indicate that plasmin generation in general has no 
rolee in host defense against pneumonia, considering that Plg"/_ mice were indistinguishable 
fromm Wt mice in this model. Therefore, further studies are warranted to examine how an 
alteredd function (or absence) of PAI-1 can influence the host response to infection and sepsis 
and/orr whether PAI-1 only plays a role in certain types of infection/sepsis (e.g. 
meningococcall  disease). ' 

Micee lacking uPA and uPAR have a deficient migration of various cell types and are 
sensitivee to infections.12'53,54 We found recently that mice deficient in uPAR are more 
sensitivee to pneumococcal pneumonia due to an inhibition of neutrophil recruitment into the 
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inflamedd lung. On the other hand uPA deficient mice showed enhanced cell recruitment and 
lesss bacterial outgrowth in their lungs, resulting in the hypothesis that uPA negatively 
influencess the function of uPAR as a chemotactic receptor. PAI-1 can affect cell migration by 
inhibitingg uPA mediated pericellular plasmin generation, or by inhibiting uPAR mediated cell 
adhesionn and migration through interaction with VN. However, PAI-1 deficiency did neither 
influencee cell migration nor host defense during pneumococcal pneumonia in mice. 
Accordingly,, in a bleomycin-induced lung injury model, overexpression of PAI-1 did not 
preventt accumulation of leukocytes in the lung.55 On the contrary, recent research showed a 
rolee for PAI-1 in the recruitment of interstitial macrophages and myofibroblasts to the kidney 
inn unilateral ureteral obstruction.56 It seems that although uPA and uPAR are both important 
forr cell recruitment, PAI-1 does not show an interaction with uPA and uPAR related to 
neutrophill  migration during pneumococcal pneumonia. Furthermore, Plg~A mice did not show 
aa difference in host defense with Wt mice during pneumococcal pneumonia. Together, these 
dataa strongly suggest that the role of uPA and uPAR in inflammatory cell migration is not 
dependentt on the fibrinolytic function. 

PAI-11 has been found to be important for tumor cell invasion and also serves a role as a 
prognosticc marker in septic patients. To our knowledge this study is the first to show that 
alveolarr PAI-1 levels are increased in BALF obtained from the infected site in unilateral CAP 
andd that this results in a diminished PA activity at the same site. However, mice deficient for 
PAI-11 or Pig have an unaltered inflammatory cell migration and host defense during 
pneumococcall  pneumonia. Thus, the fibrinolytic system seems not important for host defense 
againstt respiratory tract infection, with an exception for uPA and uPAR, of which their 
functionn likely is not related to their role in fibrinolysis, but to their involvement in 
inflammatoryy cell migration. 
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Thrombomodulinn is not involved in the pulmonary immune 
responsee to respiratory pathogens or  lipopolv saccharide 





ROLEE OF THROMBOMODULIN IN IMUNE RESPONSE 

Thee Thrombomodulin (TM) - Protein C (PC) - Protein S pathway exerts anti-coagulant and 
anti-inflammatoryy effects. We investigated the role of TM in the pulmonary immune response 
inn vivo by the use of mice with a mutation in the TM gene that results in a minimal capacity 
forr activated PC (APC) generation. We monitored procoagulant and inflammatory changes in 
thee lung during Gram-positive (S. pneumoniae), and Gram-negative (K. pneumoniae) 
pneumonia,, and after local administration of lipopolysaccharide (LPS). Bacterial pneumonia 
wass associated with fibrin(ogen) depositions in the lung that colocalized with inflammatory 
infiltrates.. LPS also induced a rise in thrombin-antithrombin complexes in broncho-alveolar 
lavagee fluid. These pulmonary procoagulant responses were unaltered in TMpro/pro mice, 
exceptt for enhanced fibrin(ogen) deposition during pneumococcal pneumonia. In addition, 
TMpro/proo mice displayed unchanged antibacterial defense, neutrophil recruitment and 
cytokine/chemokinee levels. These data suggest that TM does not play a role of importance in 
thee pulmonary response to respiratory pathogens or LPS. 

Introductio n n 
Thrombomodulinn is a membrane glycoprotein that forms a high affinity complex with 
thrombin.. The thrombin-TM complex plays a central role in the regulation of coagulation by 
convertingg protein C (PC) to its activated form, a process that is facilitated by the endothelial 
proteinn C receptor (EPCR).1 APC has antithrombotic properties, together with its co-factor 
proteinn S (PS), by inactivating factor Va and Villa, and profibrinolytic properties by forming 
complexess with plasminogen activator inhibitor type I (PAI-1), the main inhibitor of 
plasminogenn activation.1'2 In addition to these anti-coagulant properties, APC also attenuates 
severall  inflammatory responses. The anti-inflammatory activities of APC are mainly due to 
inhibitionn of leukocyte activation, tumor necrosis factor-cc (TNF) production, and E-selectin 
mediatedd cell adhesion to endothelial cells.3"7 Evidence indicates that the expression and 
functionn of TM and EPCR are diminished in sepsis in humans; this together with decreased 
PCC levels may cause reduced generation of APC.8,9 Such a reduction in endogenous APC 
activityy had dramatic consequences in experimental sepsis in baboons. Indeed, either infusion 
off  anti-APC or anti-EPCR antibody, and the administration of C4b binding protein, reducing 
thee bioavailability of PS, exacerbated the response to an intravenous E. coli challenge, 
convertingg a sublethal model into a severe shock response associated with lethality.10"12 In 
accordance,, administration of exogenous APC prevented tissue injury and death induced by 
infusionn of a lethal dose of E. coli.10 Moreover, recently it has been reported that treatment 
withh 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 inhibition of 
leukocytee activation14 and intratracheal administration of APC attenuated bleomycin-induced 
lungg inflammation in mice.15 Interestingly, TM expression varies in different organs. In lungs 
TMM mRNA and TM antigen are both expressed at high levels in comparison with other 
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organs.16"211 Together these findings led us to postulate a possible relationship between TM 
andd pulmonary inflammation in vivo. In the present study, we sought to examine this 
relationshipp by making use of mice with a mutation in the TM gene that results in a minimal 
capacityy for APC generation.22 We compared procoagulant and inflammatory responses in the 
lungss of these mice with responses of wild type (Wt) mice after pulmonary instillation of S. 
pneumoniae,pneumoniae, the predominant cause of Gram-positive pneumonia, K. pneumoniae, a 
frequentlyy encountered Gram-negative respiratory pathogen, or lipopolysaccharide (LPS) to 
inducee a sterile inflammation. 

Materiall  and Methods 
Animals.Animals. Mice 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, as previously 
described.222 Homozygous mutant TMpro/pro mice exhibit a decrease of approximately 1000-
foldd with respect to PC activation and approximately 100-fold with respect to binding of 
thrombinn at physiologival levels of the enzyme.22 Yet in contrast to TM gene deficient mice, 
whichh die in the embryonic stage,23 TMpro/pro mice develop to term, and possess normal 
reproductivee performance. All mice were on a C57BL/6 background. The wild types of the 
TMpro/proo mice were derived from original littermates. All experiments were approved by the 
Committeee on Use and Care of Animals of the Academic Medical Center, Amsterdam, the 
Netherlands. . 

InductionInduction of lung inflammation. Pneumococcal pneumonia was induced as described 
previously.24,255 S. pneumoniae (ATCC 6303; Rockville, MD) were suspended in sterile 
isotonicc saline at approximately 0.5 - 1 x 107 colony forming units (CFU)/ml, as determined 
byy plating serial 10-fold dilutions on sheep-blood agar plates. For induction of Gram-negative 
pneumonia,, K. pneumoniae serotype 2 (ATCC 43816) was used. Bacteria were diluted in 
sterilee isotonic saline at approximately 3 x 104 CFU/ml. LPS (10 ug; from E. coli 0111:B4) 
wass obtained from Sigma (St. Louis, MO) and dissolved in 50 ul sterile saline. Mice were 
lightlyy anesthesized by inhalation of isoflurane (Abott, Queensborough, Kent, UK), and 50 ul 
off  bacterial suspension or LPS was inoculated intranasally. Control mice were instilled 
intranasallyy with 50 ul sterile saline. The time points at which mice were sacrificed, were 
chosenn because they were found to be representative for a particular model (i.e. S. 
pneumoniaepneumoniae pneumonia 48h, K. pneumoniae pneumonia 24h, LPS inflammation 6h)24'25 and 
dataa not shown. 

PreparationPreparation of lung homogenates. At 6, 24 or 48h after inoculation mice were anesthetized 
byy intraperitoneal injection with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and 
midazolamm (Roche, Mijdrecht, the Netherlands), and blood was collected from the inferior 
cavall  vene. Whole lungs were harvested and homogenized at 4°C in 5 volumes of sterile 
isotonicc saline with a tissue homogenizer (Biospect Products, Bartlesville, OK) which was 
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carefullyy cleaned and desinfected with 70% ethanol after each homogenization. Serial 10-fold 
dilutionss in sterile saline were made from these homogenates (and blood), and 50 /J.1 volumes 
weree plated onto sheep-blood agar plates and incubated at 37°C and 5% C02. CFU were 
countedd after 16 hours. For cytokine measurements lung homogenates were lysed in 
lysisbufferr (300 mM NaCl, 15 mM Tris, 2 mM MgCl, 2 mM Triton(X-lOO), Pepstatin A, 
Leupeptin,, Aprotinine (20 ng/ml), pH 7.4) and spinned at 1500 x g at 4°C for 15 minutes; the 
supernatantt was frozen at -20°C for cytokine measurement. 

BronchoalveolarBronchoalveolar lavage. The trachea was exposed through a midline incision and 
cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). 
Bronchoalveolarr lavage (BAL) was performed by instilling two 0.5 ml aliquots of sterile 
saline.. 0.9-1 ml of lavage fluid was retrieved per mouse, and total cell numbers were counted 
fromm each sample in a hemacytometer. BAL fluid (BALF) differential cell counts were 
determinedd on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, 
McGraww Park, 111). 

HistologicalHistological examination. After 24h fixation of lungs in 10% formaline and embedding in 
paraffin,, 4 urn thick sections were stained with haematoxylin and eosin. All slides were coded 
andd scored by a pathologist without knowledge of the genotype of mice and treatment. For 
fibrin(ogen)fibrin(ogen) staining, slides were deparaffinized and endogenous peroxidase activity was 
quenchedd with a solution of methanol/0.03% H202 (Merck, Darmstadt, Germany). After 
digestionn with a solution of pepsine 0.25% (Sigma, St Louis, MO, USA) in 0.01 M HC1, the 
sectionss were incubated in 10% normal goat serum (Dako, Glostrup, Denmark) and then 
exposedd to biotin-labeled goat anti-mouse fibrin(ogen) antibody (Ixell, Accurate Chemical & 
Scientificc Corp., Westbury, NY). After washes, slides were incubated in a streptavidin-ABC 
solutionn (Dako) and developed using 1% H202 and 3.3'-diaminobenzidin-tetra-hydrochloride 
(Sigma)) in Tris-HCl. The sections were mounted in glycerin gelatin without counter staining 
andd analyzed. For TM staining, endogenous peroxydase activity was quenched by a solution 
off  1.5% H202 (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 by Dr. 
S.J.. Kennel, Oak Ridge National Laboratory, Oak Ridge). Slides were then exposed to a 
biotinylatedd rabbit anti-rat polyclonal Ab (Dako), further incubated in a streptavidin-ABC 
solutionn (Dako) and developed using 1% H202 and 3.3'-diaminobenzidin-tetra-hydrochloride 
(Sigma)) in Tris-HCl. The sections were mounted in glycerin gelatin after a slight methyl 
greenn counterstaining and analyzed. 

Assays.Assays. Cytokine 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 ip (IL-lp) , Macrophage inflammatory protein 2 
(MIP-2)) and KC (R&D systems, Abingdon, United Kingdom). Lowest detection limits were 
1500 pg/ml for TNF and IL-1, 75 pg/ml for IL-6, 47 pg/ml for MIP-2 and 12 pg/ml for KC. 
Myeloperoxidasee (MPO) activity was measured as described previously.26 Briefly, lungs were 
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homogenizedd in 10% (wt/vol) homogenization buffer (50 mmol/1 phosphate buffer (pH 6.0) 
ontainingg 0.5% hexadecyltrimethylammonium bromide). After centrifugation (4500 g for 20 
minutesminutes at 4°C), 0.1 ml of supernatant was added to 0.55 ml of 0.1 mol/1 phosphate buffer (pH 
6.0)) containing 1.25 mg/ml o-dianisidine and 0.05% hydrogen peroxide. After 5 minutes, the 
changee in absorbance at 460 nm was measured with a spectrophotometer. Purified MPO was 
usedused as a standard. Results were expressed as units of MPO activity per gram of tissue. 
Thrombin-antithrombinn complexes (TATc) were measured in heparin-anticoagulated plasma 
andd in bronchoalveolar lavage fluid with an ELISA-based method. Briefly, rabbits were 
immunizedd with mouse thrombin or rat antithrombin. Antithrombin antibodies were used as 
capturee antibody, digoxigenin-conjugated anti-antithrombin antibodies were used as detection 
antibodies,, horseradish peroxidase labeled sheep anti-DIG F(ab)-fragments (Boehringer 
Mannheimm GmbH, Germany) were used as staining enzyme, and o-phenylene-diamine 
dihydrochloridee (OPD, Sigma) was used as substrate. Dilutions of mouse serum (Sigma) were 
usedd for the standard curve, yielding a lower detection limit of 0.3 ng/ml. 

StatisticalStatistical analysis. Data are expressed as means  SEM, unless indicated otherwise. 
Comparisonss between groups were conducted using the Mann Whitney U test. Survival 
curvess were compared by log-rank test. P-value <0.05 was considered to represent a 
statisticallyy significant difference. 

Results s 
Gram-positivee pneumonia 
Wee used S. pneumoniae as a Gram-positive respiratory pathogen. This bacterium is the most 
frequentlyy encountered pathogen in community-acquired pneumonia28 and is able to induce a 
procoagulantt state on endothelial cells in vitro.29'30 To determine whether pneumococcal 
pneumoniaa activates coagulation in the systemic compartment, TATc were measured in 
plasma.. Plasma concentrations of TATc did not differ from uninfected control mice at 48h 
afterr administration of S. pneumoniae (data not shown). Furthermore, no difference was found 
betweenn Wt and TMpro/pro mice after induction of pneumonia. We next determined whether 
coagulationn was activated at a local level in the alveolar compartment. However, neither 
groupp had detectable levels of TATc in BALF 48h after induction of pneumococcal 
pneumonia.. Besides TATc measurements to evaluate coagulation activation, we also 
examinedd lung tissue deposition of fibrin(ogen). Anti-fibrin(ogen) immunostaining showed 
fibrin(ogen)fibrin(ogen) deposition that colocalized with the inflammatory infiltrates. No fibrin clots were 
seenn in pulmonary vessels. TMpro/pro mice showed more extensive fibrin(ogen) deposition 
comparedd to Wt mice and a strong staining of the pleura (Figure 1C and D). 

Havingg established that TM is important for the inhibition of coagulation at tissue level 
duringg pneumococcal pneumonia, we next determined the role of APC generation in host 
defensee 48h after inoculation. The numbers of CFUs recovered from the lungs (Figure 2) and 
bloodd (data not shown) were similar in TMpro/pro and Wt mice. Because APC has been shown 
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Figuree 1. Enhanced fibrin(ogen) deposition in lungs of TM pro/pr o mice during pneumococcal 
pneumonia.. Histologic sections of lungs of Wt (A) and TMpro/pro (B) mice 48h after inoculation with 
S.S. pneumoniae (HE staining). Fibrin(ogen) immunostaining of lung 48h after inoculation with S. 
pneumoniaepneumoniae in Wt (C) and TMpro/pro (D) mice. Representative slides are shown. Magnification x 50. 

too influence pulmonary cell recruitment after intravenously administered LPS,14 we assessed 

neutrophill  influx into the alveolar compartment. No difference was seen in the number of 

5.. pneumoniae K.K. pneumoniae 

u u 01 1 
TMP ro/Pr<> > Wtt  TM^'-'P' 0 

Figuree 2. TM does not influence bacterial outgrowth during pneumococcal or  Klebsiella 
pneumonia.. (A) S. pneumoniae CFU in lungs of Wt (open bar) and TMpro/pro(closed bar) mice 48h 
afterr intranasal inoculation. (B) K. pneumoniae CFU in lungs of Wt (open bar) and TMpro/pro(closed 
bar)) mice 24h after intranasal inoculation. Data are mean  SEM. N = 8 per group per time point. 

neutrophilss in BALF between the two groups at 48h after inoculation with S. pneumoniae 

(Figuree 3). In addition, MPO was measured in lung homogenates, as a neutrophil marker 

enzyme,, and found to be similar in Wt and TMpro/pro mice (Figure 3). Histologically, the 
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inflammationn was comparable in both groups although more perivascular edema was present 

inn TMpr0/pro mice (Figure 1A and B). During infection local cytokine responses are necessary 

too mount an adequate inflammatory reaction.31 We measured TNF, IL-ip , IL-6, KC and MIP-

22 in lung homogenates and found no difference between Wt and TMpro/pro mice (data not 

shown).. Finally, mortality did not differ between Wt and TMpro/pro mice during a 10-day 

followw up (11/11 versus 9/11 mice respectively, not significant). 
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Figuree 3. TM does not influence neutrophil recruitment to the lungs during pneumonia or  LPS-
inducedd inflammation. (A-C): Neutrophil influx in BALF after intranasal inoculation with S. 

pneumoniaepneumoniae for 48h (A), K. pneumoniae for 24h (B) and lipopolysaccharides (LPS) for 6h (C) in Wt 
(openn bar) and TMpro/pro (closed bar) mice. N = 6 per group. (D-F): Myeloperoxidase (MPO) content in 
lungg homogenates after intranasal inoculation with S. pneumoniae for 48h (D), K. pneumoniae for 24h 
(E)) and LPS for 6h (F) in Wt (open bar) and TMpr0,pr0 (closed bar) mice. Data are mean  SEM. N=8 
perr group. 

Gram-negativee pneumonia 

Nextt we evaluated whether TM is involved in the pulmonary response to K. pneumoniae, a 

commonn pathogen in Gram-negative bacterial pneumonia. First we examined whether this 

Gram-negativee bacterium was able to induce coagulation either systemically or locally. TATc 

inn plasma or BALF did not differ in infected Wt and TMpro/pro mice, compared to uninfected 

controll  mice (data not shown). At tissue level activation of coagulation could be detected in 

micee with Gram-negative pneumonia. Fibrin(ogen) was mainly observed in the pulmonary 

interstitiumm and around vessels, in both mouse strains to the same extent (Figure 4C and D). 

Withh respect to host defense, no difference in the number of CFU were found in lungs and 

bloodd of TMpro/pro and Wt mice 24h after inoculation (Figure 2). To determine whether the 

inflammatoryy response to K. pneumoniae was influenced by TM, we assessed the number of 

neutrophilss recruited to the alveoli. No difference in neutrophil counts was found in BALF of 

Wtt and TMpro/pro mice 24h after inoculation (Figure 3). Also, lung MPO activity did not differ 

betweenn the two groups (Figure 3). Histopathology showed no difference in composition and 
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distributionn of the inflammatory infiltrates (Figure 4A and B). Cytokine and chemokine levels 

inn lung homogenates were similar in both groups (data not shown). 

Figuree 4. Similar  pathological findings in lungs of Wt and TM pro/pr o mice during Klebsiella 
pneumonia.. (A,B): Histological sections of lungs of Wt (A) and TMpro/pro(B) mice 24h after 
inoculationn with K. pneumoniae (HE staining). (C,D): Fibrin(ogen) immunostaining of lung 24h after 
inoculationn with K. pneumoniae in Wt (C) and TMpro/pro (D) mice. Representative slides are shown. 
Magnificationn x 50 
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Figuree 5. TM deficiency does not influence generation of 
TATcc in the alveolar  compartment after local LPS 
administration.. TATc in BALF 6h after intranasal 
administrationn of 10 ng LPS in Wt, TMpro/pro and control mice 
(inoculatedd with sterile saline). *P<0.05 vs. control. 

LPS-inducedd lung inflammation 

LPSS is a major pathogenetic factor in Gram-negative sepsis. Systemic LPS administration 

causedd hemodynamic and inflammatory changes, but also lung damage. Recombinant soluble 

TMM and APC were able to prevent these effects. Too investigate whether TM has a 
similarr role after local exposure to LPS in vivo, we inoculated Wt en TMpro/pro mice 
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intranasallyy with LPS. No significant increase in plasma TATc was seen in Wt mice and 

TMpro/Proo m i c e c o m p a r e cj  t 0 control mice (data not shown). However at the local level, there 
wass a brisk increase of TATc in BALF of Wt and TMpro/pro mice compared to control mice 
(Figuree 5). No difference in BALF TATc levels was found between TMpro/pro and Wt mice. 
Fibrin(ogen)) deposition was mainly seen around large vessels and was slightly more 
pronouncedd in TMpro/pro mice. Thrombi were not observed (Figure 6C and D). We evaluated 
thee inflammatory response in the lung by determining the influx of neutrophils. No difference 
couldd be found 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 two 
groupss (Figure 3). On histopathological examination the lungs showed endothelialitis, 
perivascularr inflammation and interstitial inflammation to the same extent in Wt and TMpro prc 

micee (Figure 6A and B). Cytokine and chemokine levels in lung homogenates were similar in 
bothh groups (data not shown). 

CC D 
Figuree 6. Similar  pathological findings in LPS induced lung inflammation in lungs of Wt and 
TMpro/Proo mice_ (ABy Histological sections of lungs of Wt (A) and TMpro/pro mice (B) 6h after 
inoculationn with LPS (HE staining). (C,D): Fibrin(ogen) immunostaining of lung 6h after inoculation 
withh LPS in Wt (C) and TMpro/pro (D) mice. Representative slides are shown. Magnification x 50. 

TM-expressionn In patients with severe sepsis, TM expression is downregulated in the dermal 

microvasulature.88 To evaluate the possibility that this also occurs in the lung during 
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pulmonaryy infection and inflammation, we compared the expression of TM in normal and 
inflamedd lungs using anti-TM immunostaining (Wt mice shown in Figure 7). Normal lungs 
showedd a delicate network of TM expression along the inter-alveolar capillaries (Figure 7A). 

Figuree 7. Reduced TM expression in areas of lung inflammation. Immunostaining for TM in 
normall  lung (A), in lungs 6 h after LPS administration (B), 24h after K. pneumoniae (C), and 48h 
afterr S. pneumoniae (D). Representative slides are shown from Wt mice. Magnification x 20 

Decreasedd TM staining was observed after LPS administration (Figure 7B). After K. 
pneumoniaepneumoniae and S. pneumoniae infection, TM staining was strongly diminished in the 
inflamedd areas (Figures 7C and D) The pattern of immunoreactivity for TM was similar in 
TMpro/proo mice (data not shown). 

Discussion n 

APC,, both endogenously produced and exogenously administered, plays an important role in 
thee regulation of coagulation and inflammation. The production of endogenous APC requires 
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ann interaction between thrombin and TM. The function of TM in disease cannot be studied 
usingg TM gene deficient mice, since these mice die in the embryonic stage. Therefore, in the 
presentt study we made use of mice with a point mutation in the TM gene resulting in viable 
micee with a severely reduced capacity to generate APC.22 We were interested in TM function 
duringg lung inflammation, since TM is preferentially expressed in the pulmonary 
compartment16"211 and APC has been reported to exert potent anti-inflammatory effects in 
lungs.14'155 Moreover, the beneficial effect of recombinant human APC in a recent clinical 
sepsiss trial was obtained in a study population that predominantly consisted of patients with 
pneumonia.133 We here report that experimental Gram-positive (S. pneumoniae) and Gram-
negativee (K. pneumoniae) pneumonia is associated with fibrin(ogen) depositions in lung 
tissue,, which were modestly enhanced in TMpro/pro mice in pneumococcal pneumonia only. 
Locall  LPS administration resulted in generation of TATc in the alveolar compartment, which 
wass not altered by functional TM deficiency. Furthermore, we showed that TM is neither 
importantt for antibacterial defense in the lung, nor for lung inflammation in response to 
bacteriaa or LPS. 

Ourr data do not provide direct evidence for a reduced generation of endogenous APC in 

TMpro/Proo m i c e T o t he b e st o f o ur knowledge, tools to measure mouse APC are not available. 
Inn addition, measurement of mouse APC concentrations in our models would unlikely yield 
valuablee information since in the scarce reports on APC levels in human patients with sepsis, 
APCC concentrations were either undetectable or very low, making it highly unlikely that an 
inhibitionn of APC generation in TMpro/pro mice can be demonstrated in such a way.8 However, 

TMpro/Proo m i c e h a ye b e en s h o wn t 0 exhibit a 100-fold reduction with respect to binding of 
thrombinn and a 1000-fold reduction with respect to PC activation when compared with Wt 
mice;; the incapacity of TMpro/pro mice to activate PC was demonstrated using an indirect 
approach,, i.e. mice were intravenously injected with human PC, after which human APC 
levelss were determined using an immuno-capture assay.22 It should be noted that in all three 
modelss studied, TM expression was reduced in areas of lung inflammation in both TMpro/pro 

andd Wt mice. This finding is in line with a recent investigation showing diminished TM 
expressionn in the dermal microvasculature of children with severe meningococcemia, and 
raisess the possibility that the almost complete absence of functional TM in TMpro/pro mice does 
nott have a major effect on the pulmonary host response since already in normal Wt mice TM 
expressionn and APC generation 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 
heparinn prevented the coagulopathy related to sepsis, but did not increase survival.35 In 
contrast,, treatment with rh-TM or APC decreased tissue injury as well as mortality in animal 
modelss of disseminated intravascular coagulation (DIC).10'36'37 Moreover, recombinant APC 
significantlyy reduced mortality in septic patients, which was associated with reduced 
circulatingg D-dimer and IL-6 levels.13 Interventions inhibiting the endogenous TM-PC-PS 
pathway,pathway, strongly enhanced mortality after intravenous infusion of E. coll ' In accordance, 
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TMpro/proo mice displayed a significantly reduced survival compared to Wt mice after 
intraperitoneall  administration of LPS.38 Thus, TM does play a very important role with 
respectt to hemostasis and inflammatory responses during sepsis. In contrast, our results did 
nott show a role for TM in the compartmentalized pulmonary inflammatory response, although 
TMM is highly expressed in lung tissue.16"21 Notably, other studies revealed that recombinant 
humann TM and APC are both able to attenuate lung injury related to DIC by inhibiting 
leukocytee activation14'32"34'3 and that intratracheal administration of APC exerts anti-
inflammatoryy effects in bleomycin-induced lung fibrosis.15 Furthermore, leukocyte activation 
wass also inhibited by APC after renal and spinal cord injury in rats.40"42 On the other hand, 
APCC did neither influence pulmonary leukocyte accumulation in an intestinal 
ischemia/reperfusionn model, nor in the skin in immune complex mediated skin 
inflammation.433 This demonstrates that the effects of APC on leukocyte activation and 
recruitmentt differ between models. 

TMpro/proo mice display a prethrombotic state and an increased susceptibility to 
thrombosis.22,388 During pneumonia in humans the coagulation system has been shown to 
becomee activated in the alveolar space.44"46 The results of the present study suggest that 
coagulationn is activated after exposure of the lung to S. pneumoniae, K. pneumoniae and LPS, 
ass indicated by fibrin(ogen) depositions in the parenchyma of the lung. However, only after 
LPSS instillation there was activation of the coagulation system in the alveolar space as well. 
Accordingly,, ARDS patients showed more profound alterations in the alveolar hemostatic 
balancee than patients with bronchopneumonia.44 In addition, it is possible that in the LPS 
challengee model the brisk and strong proinflammatory stimulus that remains within the 
alveolarr space is sufficient to cause a significant rise in BALF TATc levels, whereas this is 
nott the case 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 lung 
tissuee in the three different models used. These fibrin(ogen) deposits colocalized with the 
inflammatoryy infiltrates. When TMpro/pro mice were exposed to S. pneumoniae, K. pneumoniae 
andd LPS, only during pneumococcal pneumonia, enhanced fibrin deposition was observed in 
thee lung and in the pleura in TMpro/pTO mice compared to Wt mice. This suggests that only 
duringg pneumococcal pneumonia, TM is necessary for adequate anticoagulant activity. Other 
naturall  inhibitory pathways, such as TFPI, antithrombin, NO synthetase, prostacyclin 
synthetase,, may counteract this defect in K. pneumoniae and LPS induced lung injury. 

Althoughh ample evidence exists that APC has anticoagulant and anti-inflammatory 
properties,, and that the anti-inflammatory effects of exogenously administered APC are 
particularlyy evident in the pulmonary compartment, the data presented here suggest that the 
rolee of TM and endogenous APC in bacterial pneumonia and LPS-induced lung inflammation 
iss limited. 
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Inhibitio nn of the tissue factor-factor  Vil a pathway does not 
influencee outcome in murine pneumococcal pneumonia 





TISSUEE FACTOR- FACTOR VIl A 

Thee tissue factor-factor Vil a (TF-FVIIa) complex is essential for activation of blood coagulation 
duringg bacterial sepsis. Inhibition of TF-FVIIa in non-human primate models of experimental 
sepsiss not only prevents disseminated intravascular coagulation, but also attenuates systemic and 
pulmonaryy inflammation, and improves survival. Streptococcus (S.) pneumoniae is the most 
importantt causative organism in community-acquired pneumonia (CAP) and a major cause of 
sepsis.. In an attempt to define the role of TF-FVIIa in host defense against pneumococcal 
pneumonia,, the following results were obtained: (1) patients with unilateral CAP demonstrated 
elevatedd concentrations of FVIIa, soluble TF and thrombin-antithrombin complexes (TATc) in 
broncho-alveolarr lavage fluid (BALF) obtained from the infected site compared to the 
uninfectedd site; (2) mice with S. pneumoniae pneumonia displayed increased TF expression in 
lungg tissue together with elevated TATc levels in BALF and fibrin depositions in lung tissue; (3) 
inhibitionn of the TF-VIIa pathway by treatment with recombinant Nematode Anticoagulant 
Proteinn c2 attenuated the procoagulant response in the lung during murine pneumococcal 
pneumonia,, but did not impact on host defense, as reflected by an unaltered outgrowth of 
pneumococcii  and an unchanged survival. These data suggest that TF-FVIIa activity contributes 
too activation of coagulation in the lung during pneumococcal pneumonia, but does not play an 
importantt role in the antibacterial host defense in this murine model. 

Introductio n n 
Thee blood coagulation system is activated during sepsis and inflammation, resulting in the 
depositionn of fibrin within intra- and extravascular spaces.1"3 The proteins that are generated 
duringg activation of the coagulation system (i.e. factor (F) Xa, thrombin, fibrin) can provoke a 
pro-inflammatoryy response by their effects on chemotaxis, vascular permeability, inflammatory 
celll  activation and cytokine release.4 

Thee TF-FVIIa dependent pathway is responsible for the initiation of coagulation in 
inflammatoryy diseases. Under physiological conditions, TF cannot be detected on vascular cells 
andd only in very low quantities on circulating blood cells.5"8 However, TF can be induced on 
vascularr cells and alveolar macrophages by several pro-inflammatory cytokines following a 
systemicc inflammatory challenge such as bacterial infection.9 Several lines of evidence support 
thee in vivo relevance of TF: 1) Infusion of TF in rabbits results in disseminated intravascular 
coagulationn (DIC).10 2); Inhibition of TF-FVIIa in the setting of endotoxemia or bacteremia 
resultss in a reduced procoagulant response and/or prevention of DIC.10"18 ; 3) During clinical 
sepsiss circulating levels of TF have been shown to be elevated compared to non-septic patients.19 

Takenn together, the TF-FVIIa complex appears an important component involved in the 
inductionn of coagulopathy in sepsis. 

Activationn of the coagulation system has also been implicated in the pathogenesis of 
pulmonaryy bacterial infections resulting in the formation of fibrin in the interstitial and alveolar 
spacess of the lung. ' Under physiologic conditions, fibrin deposition in the alveolar 
compartmentt is regulated by the fibrinolytic system where urokinase type plasminogen activator 
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(uPA)) and its inhibitor, plasminogen activator inhibitor type-1 (PAI-1) function as the primary 
profibrinolyticc and anti-fibrinolytic components, respectively.22 During the acute respiratory 
distresss syndrome (ARDS), interstitial lung diseases and pneumonia, changes in the alveolar 
hemostaticc balance in favor of a procoagulant response have been observed, characterized by an 
increasee in TF, FVII and PAI-1, and a concurrent decrease in uPA activity.21, 23"27 When 
coagulationn is blocked at the TF-FVIIa level during experimental sepsis or acute lung injury, the 
pulmonaryy inflammatory response is attenuated2830, suggesting that TF-FVIIa complex 
contributess to acute lung injury in sepsis. 

Againstt this background the current study was undertaken to investigate the role of the TF-
FVIIaa complex in the host defense against bacterial pneumonia. For this, we first determined 
solublee TF, FVIIa and TAT complexes (TATc) in the infected lung of patients with unilateral 
communityy acquired pneumonia (CAP). Furthermore, we evaluated the role of the TF-FVIIa 
complexx in host defense during pneumonia caused by Streptococcus pneumoniae, the most 
frequentlyy found pathogen in CAP31, by treating mice with recombinant Nematode 
Anticoagulantt Protein c2 (rNAPc2), a potent and selective small protein inhibitor of the TF-
FVIIaa pathway.32'33 

Materia ll  and Methods 
Patientt  study 
StudyStudy population. Four patients, three men and one woman (mean age 41  5 yr (mean  SEM), 
withh a unilateral CAP were enrolled in the study. They fulfilled the following criteria: fever 
(>37.7°C),, new unilateral infiltrate on chest roentgenogram within two days after admission, no 
antibioticc pre-treatment and Pa02 >7.5 kPa while breathing room air. Patients were excluded 
whenn they were hospitalised within two weeks prior to this admission or when they used 
immunosuppressivee drugs. Ten healthy volunteers, not taking any medication (mean age 32  8 
yr)) served as controls. The protocol was reviewed and approved by the Medical Ethics 
Committeee of the University of Amsterdam and written informed consent was obtained from all 
subjects. . 

Broncho-alveolarBroncho-alveolar lavage (BAL). Within 12h after admission, BAL was performed in a 
standardizedd fashion according to the guidelines of the American Thoracic Society, using a 
flexiblee fiberoptic video-bronchoscope. Seven successive 20 ml aliquots of prewarmed 0.9% 
salinee were instilled in a subsegment of the lung and each aspirated immediately with low 
suction.. BAL was performed at the uninfected side first in a subsegment of the middle lobe or 
lingula.. This was followed by lavaging a subsegment of the infected lobe. Generally, 10-15 ml 
off  each 20 ml aliquot was recovered. The recovery from the infected and uninfected sides did 
nott differ. 

SpecimenSpecimen processing. BAL fluid (BALF) was kept at 4°C until processing, which was 

performedd within 30 minutes. The specimen was centrifuged at 3000 rpm for 15 minutes at 4°C. 
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Thee first three recoveries of both sites were sent to the microbiology department for culture. The 
remainingg supernatant was stored at -80°C until assays were performed. 

Assays.Assays. TATc and soluble TF were measured using commercially available ELISAs 
accordingg to the manufacturers recommendations, i.e. TATc (Behringwerke AG, Marburg, 
Germany),, and soluble TF (American Diagnostics, Greenwich, CT). FVIIa was measured by an 
enzymee capture assay as described in detail previously.34 

Mousee studies 
Animals.Animals. All experiments were approved by the Institutional Animal Care and Use Committee of 
thee Academic Medical Center, Amsterdam, the Netherlands. For all experiments 10 to 12 week 
oldd female BALB/c mice were used (Harlan Sprague Dawley Inc., Horst, the Netherlands). 

InductionInduction of lung inflammation. Pneumococcal pneumonia was induced as described 
previously.. ' In brief, S. pneumoniae, serotype 3, obtained from American Type Culture 
Collectionn (ATCC 6303; Rockville, MD), were grown for 6h to midlogarithmic phase at 37°C 
usingg Todd-Hewitt broth (Difco, Detroit, MI), harvested by centrifugation at 1500 x g for 15 
minutes,, and washed twice in sterile isotonic saline. Bacteria were then resuspended in sterile 
isotonicc saline at approximately 4 x 106 colony forming units (CFU)/ml as determined by 
platingg serial 10-fold dilutions onto sheep-blood agar plates. 50 ul (2 x 105 CFU) was given 
intranasally. . 

rNAPc2.rNAPc2. rNAPc2 (Corvas International, Inc, San Diego, California, USA) was produced as 
describedd previously.33 rNAPc2 was given subcutaneously every 6h after induction of 
pneumoniaa at a dose of 10 mg/kg of body weight (in 100 ul sterile phosphate buffered saline, 
PBS),, starting at the time of inoculation. This treatment schedule was based on kinetic studies in 
micee in which a single subcutaneous rNAPc2 dose of 10 mg/kg was found to induce a four fold 
prolongationn of the activated partial thromboplastin time (aPTT) at 0.5h after rNAPc2 
administration,, with a gradual return to baseline aPTT values at 8h postinjection (data to be 
presentedd in a separate manuscript). Controls received PBS (100 ul) subcutaneously every 6h. 

PreparationPreparation of lung homogenates. At 30 or 42 hours after inoculation mice were anesthetized 
byy intraperitoneal injection with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and 
midazolamm (Roche, Mijdrecht, the Netherlands), and blood was collected from the inferior vena 
cava.. Whole 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 carefully 
cleanedd and desinfected with 70% ethanol after each homogenization. Serial 10-fold dilutions in 
sterilee saline were made from these homogenates (and blood), and 50 ul volumes were plated 
ontoo sheep-blood agar plates and incubated at 37°C. CFU were counted after 16h. For cytokine 
measurementss lung homogenates were lysed in lysisbuffer (300 mM NaCl, 15 mM Tris, 2 mM 
MgCl,, 2 mM Triton (X-100), Pepstatin A, Leupeptin, Aprotinine (20 ng/ml), pH 7.4) and 
spinnedd at 1500 x g at 4°C for 15 minutes; the supernatant was frozen at -20°C until assayed for 
cytokinee levels. 
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Broncho-alveolarBroncho-alveolar lavage. The trachea was exposed through a midline incision and cannulated 
withh a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, Ireland). BAL was performed by 
instillingg two 0.5 ml aliquots of sterile saline. 0.9-1 ml of lavage fluid was retrieved per mouse, 
andd total cell numbers were counted from each sample in a hemacytometer (Emergo, 
Amsterdam,, the Netherlands). BALF differential cell counts were determined on cytospin 
preparationss stained with modified Giemsa stain (Diff-Quick; Baxter, McGraw Park, 111). 

HistologicHistologic examination. After 24h fixation of lungs in 10% formaline and embedding in 
paraffin,, 4 urn thick sections were stained with hematoxylin and eosin. All slides were coded 
andd scored by a pathologist without knowledge of the type of mice and treatment. 

Immunostaining.Immunostaining. Immunohistochemical staining for TF and fibrin were performed on paraffin 
slidess after deparaffmization and rehydration using standard procedures. Primary antibodies used 
weree rabbit anti-mouse TF polyclonal Ab (produced in our laboratory) for the detection of TF, 
andd biotinylated goat anti-mouse fibrinogen Ab (Accurate Chemical & Scientific Corporation, 
Westbury,, NY) for the fibrin staining. As secondary antibody biotinylated swine anti-rabbit Ab 
(DAKO)) was used for the TF staining. For both stainings endogenous peroxidase activity was 
quenchedd using 1.5% H2O2 in PBS, and ABC solution (DAKO) was used as the detection 
enzyme.enzyme. 0.03% H202 and 3,3'-diaminobenzidine tetrahydrochloride (DAB, Sigma) in 0.05 M 
Triss pH 7.6 was used as substrate for visualization. Examination of immunohistochemical slides 
wass performed on coded samples. For TF and fibrin, the presence or absence of positive TF cells 
orr fibrin staining in 25 fields at a magnification x 40 was determined. 

Assays.Assays. The activated partial thromboplastin time (aPTT) was measured using a one-stage 
clottingg assay using citrated plasma diluted 3x with saline containing 0.1% fibrinogen (CLB, 
Amsterdam,, the Netherlands). Briefly, diluted plasma was incubated with actin FS (Dade 
Behring,, Buckinghamshire, UK) for 5 minutes at 37°C followed by the addition of 20 mM CaCl2 

andd determination of the fibrin clot formation using a KC10 analyser. TATc levels were 
measuredd in BALF with an ELISA-based method using rabbit anti-mouse antithrombin 
antibodiess for capture and detection. Visualization of the bound digoxigenin-conjugated 
detectionn antibody was accomplished using horseradish peroxidase labeled sheep anti-DIG 
F(ab)-fragmentss (Boehringer Mannheim GmbH, Germany) and o-phenylene-diamine 
dihydrochloridee (OPD, Sigma). Dilutions of mouse serum (Sigma) were used for the standard 
curve,, yielding a lower detection limit of 0.3 ng/ml.37 Cytokine and chemokine levels were 
measuredd using commercially available ELI SAs, in accordance with the manufacturers 
recommendations:: Tumor necrosis factor-a (TNF), interleukin-6 (IL-6) (Pharmingen, San 
Diego,, CA), macrophage inflammatory protein-2 (MIP-2) and KC (R&D systems, Abingdon, 
Unitedd Kingdom). Detection limits were 50 pg/ml (TNF), 37 pg/ml (IL-6), 47 pg/ml (MIP-2) and 
122 pg/ml (KC), respectively. 

StatisticalStatistical analysis. Data are expressed as means  SEM, unless indicated otherwise. 
Comparisonss between groups were conducted using the Mann Whitney U test. Survival curves 
weree compared by log-rank test. In the clinical study infected lung BALF was compared to non-
infectedd lung BALF and healthy controls using the Mann Whitney U test. P-value <0.05 was 
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consideredd to represent a statistically significant difference. 

Tablee 1. 

Subject t 
1 1 

2 2 
3 3 

4 4 

Characteristicss of CAP patients. 

Sex x 
M M 

F F 
M M 

M M 

Agee (yr) 

42 2 
47 7 
40 0 

36 6 

Fever r 
38.6 6 
38.9 9 
39.1 1 
37.8 8 

(°C) ) X-ray y 

Rightt middle lobe 
Rightt middle lobe 
Rightt upper lobe 
Rightt middle and lower lobe 

Clinicall  and microbiological parameters of four CAP patients with a 
X-rayy shows the site of the infiltrate or chest t roentgenogram m 

BALFF culture 

S.S. pneumoniae 
--
S.S. pneumoniae 

--
unilaterall  infiltrate on chest X-ray. 

Results s 

Alveolarr  coagulation activation in pneumonia patients. Patient characteristics are presented 

inn Table I. Al l patients underwent bilateral BAL within 12h after admission, first at the 

uninfectedd site followed by the area with the infiltrate determined from the chest roentgenogram. 

BAL FF from healthy subjects served as control. Soluble TF and FVIIa levels were increased in 

BAL FF of infected lungs compared with the levels in BALF from uninfected lungs and healthy 

controlss (Figure 1). In addition, soluble TF and FVIIa concentrations were higher in BALF from 

uninfectedd lungs of CAP patients than in BALF from healthy controls. Elevated soluble TF and 

FVII aa levels were associated with increased alveolar TATc concentrations, which were higher in 

infectedd lungs of patients compared to uninfected lungs and healthy individuals. 

40n n 

30 0 
I I 

55 20-

10 0 

0 0 

10.0 0 

7.5 5 

1 1 
f>> 5.0 

Figuree 1. Coagulation markers in patients with community-acquired pneumonia. Coagulation 
markerss (sTF, FVIIa, TAT complexes) were measured in BALF from four patients with CAP with a 
unilaterall  infiltrate on the chest roentgenogram, from the area of the infiltrate (A) and from the uninfected 
sitee (B). 10 healthy volunteers served as controls (C). Horizontal lines express medians. * PO.05 versus 
healthyy controls. *  P<0.05 versus uninfected lung. 

Expressionn of tissue factor  in lung tissue durin g murin e pneumonia. To obtain insight into 

thee potential role of TF in experimental respiratory tract infection, we determined whether 

pneumoniaa resulted in enhanced lung tissue TF expression. Intranasal administration of S. 

pneumoniaepneumoniae to mice increased TF expression 42h after inoculation mainly in the interstitium of 

thee lung (Figure 2). Hence, these data demonstrate that pneumococcal pneumonia results in local 

expressionn of tissue factor. 
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rNAPc22 inhibit s coagulation activation systemically and in the lung. To evaluate the role of 
thee TF-FVIIa pathway during pneumonia, we treated mice with rNAPc2 and compared 
coagulationn activation and host defense mechanisms with control treated mice after induction of 
pneumococcall  pneumonia. To determine whether rNAPc2 inhibits coagulation activation in the 
systemicc compartment, we measured the aPTT in plasma after induction of pneumococcal 
pneumonia.. A two-fold increase of aPTT was found 30 and 42h after administration of S. 
pneumoniaee in rNAPc2 treated mice compared to control treated mice (data not shown). Both 
measurementss were 6h after the last administration of rNAPc2. TATc concentrations in BALF 
weree 5 fold higher in S. pneumoniae infected mice compared to non-infected mice, 
demonstratingg that the development of pneumococcal pneumonia is associated with alveolar 
thrombinn generation in this model (Figure 3). Treatment with rNAPc2 significantly decreased 
BALFF TATc levels during pneumonia but not completely back to the levels in uninfected 
animalss (PO.05 vs. control treated mice with pneumonia [Figure 3]). 

Figuree 2. Increased TF expression in lungs of mice during pneumococcal pneumonia. TF 
immunostainingg of lung 42h after intranasal inoculation with saline (A) and with S. pneumoniae in 
controll  treated mice (B). Magnification x 50. Representative slides are shown. 

Histopathology.. Both groups of mice displayed similar lung inflammation characterized by 
interstitiall  inflammation, small areas of pneumonia, andpleuritis 30 and42h following infection. 
Inn the lungs of rNAPc2 treated mice, less vascular thrombi were observed than in control treated 
micee (data not shown). 

Mortality .. To investigate the role of TF-factor Vil a inhibition on the outcome of pneumococcal 
pneumoniaa infection, we performed a survival study. Mice were treated with rNAPc2 or control 
everyy 6h until 42h after infection. No difference was seen in mortality after rNAPc2 treatment 
comparedd with control treatment (Figure 4). 

Bacteriall  outgrowth. To assess the impact of inhibition of TF-FVIIa at earlier phases of the 
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Figuree 3. rNAPc2 decreases generation of TATc in the 
alveolii  during murine pneumococcal pneumonia. TATc in 
BALFF 42h after intranasal administration of S. pneumoniae. 
rNAPc22 (closed bar) was given subcutaneously every 6h after 
inductionn of pneumonia (10 mg/kg of body weight) starting 
att timepoint 0. The control group (open bar) received PBS 
subcutaneouslyy every 6h. Uninfected mice were intranasally 
inoculatedd with saline (stripes). Data are mean + SEM of 6 
micee per group. *P<0.05 vs. PBS. #P<0.05 vs. uninfected 
mice. . 
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Figuree 4. Mortalit y did not differ  between groups. 
Survivall  after S. pneumoniae inoculation in control 
treatedd (open circles) and rNAPc2 treated mice (closed 
squares).. Mortality was assessed twice daily. N = 11-12 
perr group. 

infection,, we determined the outgrowth of S. pneumoniae in lungs 30 and 42h after infection. At 

bothh time-points rNAPc2 and control treated mice contained the same number of S. pneumoniae 

CFUss in their lungs (Figure 5). At 30h postinfection 5/8 (62.5%) of rNAPc2 treated mice had a 

positivee blood culture, whilst at that time point blood cultures displayed no growth of 

pneumococcii  in control treated mice. After 42h all mice in both groups had positive blood 

culturess (not significant). 

Immun ee responses. Cell recruitment to the site of infection is an important part of host defense 

againstt pneumococcal pneumonia. For this reason we compared cell influx in the alveolar spaces 

off  rNAPc2 and control treated mice after inoculation with S. pneumoniae. The number of 

recruitedd granulocytes in the BALF did not differ between groups 42h after inoculation (Table 

Tablee II . Effect of rNAPc2 on cellular  composition in BALF 

Totall  cells 

Granulocytes s 

Alveolarr macrophages 

Lymphocytes s 

Control l 

15.44 6 

5.99 4 

9.22 2 

0.33 + 0.2 

rNAPc2 2 

11.55 + 3.4 

8.88 + 2.6 

2.55 + 0.8 

0.22 + 0.1 

Dataa are mean  SEM (x 10 /ml BALF) of 6 mice per group, 42h after inoculation with S. 

pneumoniaepneumoniae CFU. 
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Control l rNAPc2 2 Controll  rNAPc2 

Figuree 5. rNAPc2 does not influence bacterial outgrowth in lungs. S. pneumoniae CFU's in lungs of 

controll  treated (open bars) and rNAPc2 treated mice (closed bars) 30 (A) and 42h (B) after inoculation. 

Dataa are mean  SEM. N = 8. 

II) .. Cytokines and chemokines are involved in the early immune responses against infection. ' 

andd proteins produced during coagulation activation affect production of these mediators. 

Locallyy produced cytokine levels were not altered after treatment with rNAPc2 compared to 

controll  treated mice (data not shown). However, CXC chemokine (KC and MIP-2) levels were 

bothh increased 30h after infection in rNAPc2 treated mice compared to control treated mice. 

Chemokinee levels in lung homogenates were similar 42h following infection (Figure 6). 
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Figuree 6. CXC chemokine levels in lung homogenates increased after  30h. KC (A) and MIP-2 (B) 
levelss in lung homogenates of control (open bars) and rNAPc2 (closed bars) treated mice, 30 and 42h 
afterr inoculation with S. pneumoniae. Data are mean  SEM. N = 8. *P<0.05 vs. control group. 

Discussion n 
Thee TF-FVIIa pathway plays an essential role in the activation of the blood coagulation system 

duringg inflammatory challenges such as systemic bacterial infection. Evidence indicates that TF 

alsoo is important for a procoagulant response in the pulmonary compartment. Indeed, TF is 

presentt at multiple sites in the lung, including the vascular adventitia, on airway epithelial cells 

andd on alveolar macrophages, and inhibition of the TF-FVIIa pathway completely abrogated 

intrapulmonaryy fibrin deposition and diminished lung inflammation after intratracheal delivery 

off  endotoxin in rats.20'29 In addition, TF inhibition has been shown to reduce lung inflammation 

andd injury in experimental endotoxemia and bacteremia.43'44 To the best of our knowledge, the 
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currentt investigation is the first to address the role of TF in the host response to pneumonia. We 
heree demonstrate that activation of the TF-FVIIa pathway can be detected in patients with CAP 
att the site of the infection. In accordance, TF expression and local coagulation activation could 
bee demonstrated in the lungs of mice with experimentally induced pneumococcal pneumonia. 
Inhibitionn of the TF-FVIIa complex with rNAPc2 reduced activation of coagulation in the lungs, 
butt did not influence antibacterial defense mechanisms. These findings suggest that rNAPc2 
functionss primarily as an anticoagulant during murine pneumococcal pneumonia and that TF is 
likelyy not involved in the pulmonary inflammatory response to pneumoccocal infection in this 
setting. . 

Ourr findings in patients with CAP confirm and extend earlier studies.26,45 In a recent study, 
patientss with severe pneumonia were reported to display increased procoagulant activity in their 
BALF,, which was attributable to tissue factor activity.26 In this report, we have demonstrated 
increasedd levels of soluble TF, FVIIa and TATc in BALF obtained from the site of the infection. 
Comparisonn with BALF from the uninfected side clearly established that activation of the 
coagulationn system occurs in a compartimentalized fashion during CAP. Although our study 
involvedd only four patients, overlap with the data obtained from BALF derived from the 
uninfectedd side or from lungs of healthy volunteers did not occur. Thus, our human data, 
togetherr with the demonstration of TF in mouse lungs during pneumococcal pneumonia indicate 
thatt coagulation is activated locally in the lung during lower respiratory tract infection. 

Inn the present study rNAPc2 was used to inhibit the TF-FVIIa pathway. This small protein 
wass originally isolated from the hematophagous nematode hookworm Ancylostoma caninum, 
andd subsequently produced in recombinant form using the yeast Pichia pas tons.33 rNAPc2 
inhibitss TF-FVIIa mediated coagulation by high affinity binding to zymogen factor X or factor 
Xaa prior to the formation of an inhibitory complex with TF-FVIIa.32 This contrasts with the 
mechanismm of action of TF pathway inhibitor (TFPI), which binds only to factor Xa at its 
catalyticc center, followed by the formation of the quaternary TFPI/FXa - TF/FVIIa complex. 
Thee utilization of zymogen FX as an inhibitory scaffold by rNAPc2 obviates the need for 
formingg FXa prior to the inhibition of the TF-FVIIa complex. The efficacy of rNAPc2 in 
attenuatingg coagulation in vivo has been demonstrated in several earlier investigations, where 
rNAPc22 completely prevented endotoxin-induced coagulation activation in chimpanzees18, and 
stronglyy reduced the incidence of acute deep vein thrombosis in patients undergoing unilateral 
kneee arthroplasty compared to the best current prophylactic regimens.46 

Thee importance of TF in the pathogenesis of sepsis has been well recognized. Treatment with 
DEGR-FXaa (an inhibitor of thrombin generation) strongly reduced the coagulopathy related to 
experimentall  sepsis in baboons, but did not increase survival.47 In contrast, in the same primate 
modell  of sepsis, inhibition of the TF-FVIIa complex by either a monoclonal antibody against 
TF11,, or recombinant TF pathway inhibitor (rTFPI)1417 or active site inactivated FVIIa48,49 was 
associatedd with both anti-coagulant and anti-inflammatory effects, and an increased survival. 
Furthermore,, blocking TF-mediated coagulation in experimental sepsis or acute lung injury 
modelss attenuated the inflammatory response in the lung, including neutrophil infiltration, and 
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edemaa formation.29,30,44 In addition, co-infusion of rTFPI together with TF into rabbits, 
suppressedd the TF mediated fibrin deposition in the lung.50 Together, these findings indicate that 
thee TF-FVIIa complex plays a prominent role in the procoagulant and inflammatory response of 
thee lung to sepsis. In contrast, the present study did not show a role for TF in the pulmonary 
inflammatoryy response during bacterial pneumonia when inhibited by rNAPc2 in this model. In 
linee with this, we recently showed that although intravenous infusion of rTFPI attenuates 
coagulationn activation following low dose endotoxin administration to volunteers, it did not 
influencee inflammatory pathways.16'51 However, there are several instances where TF has been 
shownn to have a direct inflammatory effect in vivo. These include: 1) recombinant human TF 
injectedd intra-articularly induced morphological signs of arthritis and infiltration of mainly 
mononuclearr cells in synovia52; 2) leukocyte infiltration was reduced after treatment of rabbits 
withh anti-TF antibody in an acute myocardial injury model53; 3) treatment with anti-TF antibody 
orr TFPI diminished glomerular inflammation and glomerular fibrin deposition in experimental 
modelss of glomerulonephritis54,55 and spinal cord ischemia.56 Taken together, these studies 
suggestt a role for TF in the regulation of inflammation in addition to its procoagulant function 
andd that this role may be dependent on the experimental model and/or inflammatory challenge or 
targett organ. 

Thee potential role of TF-mediated signalling in leukocyte activation and augmented cytokine 
productionn has been demonstrated in several earlier investigations.14,48,57 On the contrary we 
foundd modestly elevated chemokine concentrations in the lungs of rNAPc2 treated mice at 3 Oh 
postt inoculation, but not at later time points during the infection. The relatively elevated 
chemokinee concentrations at 30h after the infection could be related to the modestly (albeit not 
significantly)) higher bacterial loads in rNAPc2 treated mice. Interestingly, at this early time 
pointt only rNAPc2 treated mice displayed positive blood cultures, suggesting that local 
coagulationn contributes to the containment of the infection. 

Eliminationn of TF activity has gained interest because of its potential beneficial effects in 
severee bacterial sepsis based on a number of experimental studies. In addition, TF has been 
implicatedd in the pathogenesis of lung injury during severe bacterial sepsis and after pulmonary 
exposuree to endotoxin. Our present findings using a murine model of pneumococcal pneumonia 
suggestt that TF mediated coagulation activation is present in the lung, but that the role of TF-
FVIIaa complex in antibacterial host defense may be limited. 
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Anti-tumo rr  necrosis factor  antibody impair s the therapeutic effect 
off  ceftriaxone in murine pneumococcal pneumonia 





CEFTRIAXONE E 

Therapiess aimed at inhibition of tumor necrosis factor-a (TNF) in patients with sepsis have 
beenn unsuccessful. Up to 50% of such patients suffer from pneumonia. To determine the 
effectt of anti-TNF therapy in pneumococcal pneumonia, mice were intranasally inoculated 
withh Streptococcus (S.) pneumoniae, followed 25 hours later with one of the following 
therapies:: (I) control antibody, (II) anti-TNF, (III ) ceftriaxone (CEF) with control antibody, or 
(IV)) CEF with anti-TNF. In the absence of CEF treatment, mice displayed high bacterial loads 
inn lungs, and all of these mice died within 5 days; anti-TNF did not influence these outcomes. 
Inn contrast, 60% of mice treated with CEF alone survived. Anti-TNF given together with CEF 
reducedd survival to 40% (P=0.09 vs. CEF) and was associated with an enhanced bacterial 
outgrowthh (P<0.001 vs. CEF). These data suggest that anti-TNF therapy impairs the 
therapeuticc efficacy of CEF during pneumococcal pneumonia. 

Introductio n n 
5".. pneumoniae is the most frequently isolated organism in patients with community acquired 
pneumonia.. The majority of cases occur in persons over 55 years of age or with underlying 
chronicc illnesses. For non-bacteremic disease the mortality rate is 5%.] In 15-30% of patients 
bacteremiaa develops and almost 20% of these patients die.2 

Pneumococcall  infection is characterized by an intense inflammatory response that is 
mainlyy coordinated by cytokines. TNF is a pluripotent pro-inflammatory cytokine that exerts 
powerfull  effects on the immune system including the release of other pro-inflammatory 
cytokines,, activation of neutrophils and the induction of adhesion molecules, leading to a 
rapidd attraction of inflammatory cells to the inflammatory site.3 TNF has been implicated as a 
centrall  mediator of the host response to bacterial infection, in which it may play a dual role. 
Systemicc and excessive release of TNF into the circulation clearly is harmful to the host, as 
documentedd by numerous laboratory studies in which anti-TNF strategies prevented mortality 
duringg otherwise rapidly fatal sepsis 4'5 However, local production of TNF, at the site of an 
infection,, is important for adequate antibacterial defense. This has in particularly been 
demonstratedd in murine models of pneumonia, in which anti-TNF treatment impaired host 
defensee against various respiratory pathogens including S. pneumoniae.69 

Inn light of its presumed detrimental role in the pathogenesis of overwhelming sepsis, anti-
TNFF therapies have been evaluated in a fairly large number of controlled clinical trials in 
sepsiss patients. Although individual trials did not reveal a significant benefit for anti-TNF 
treatedd patients, pooled data from trials that evaluated monoclonal antibodies directed against 
TNFF demonstrated a statistically significant 3.5% reduction in mortality.10 Interestingly, up to 
50%% of patients enrolled in clinical sepsis trials suffer from pneumonia as the primary source 
off  infection.11 Nonetheless, to our knowledge, investigations examining the effect of anti-TNF 
therapyy during either clinical or experimental pneumonia have not been performed. Therefore, 
inn the present study we sought to determine the effect of anti-TNF given therapeutically 
togetherr with antibiotics in mice with ongoing pneumococcal pneumonia. 
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Materia ll  and Methods 
Animals.Animals. Ten week old male BALB/c mice (Harlan Sprague Dawley Inc. Horst, the 
Netherlands)) were used in all experiments. All experiments were approved by the Institutional 
Animall  Care and Use Committee of the Academic Medical Center, University of Amsterdam, 
thee Netherlands. 

InductionInduction of pneumonia. Pneumonia was induced as described previously. ' Briefly, S. 
pneumoniae,pneumoniae, serotype 3, obtained from American Type Culture Collection (ATCC 6303; 
Rockville,, MD), were grown for 6 hours to midlogarithmic phase at 37°C using Todd-Hewitt 
brothh (Difco, Detroit, MI), harvested by centrifugation at 1500 x g at 4°C for 15 minutes, and 
washedd twice in sterile isotonic saline. Bacteria were then resuspended in sterile isotonic 
salinee at approximately 6 x 106 colony forming units (CFU)/ml, as determined by plating 
seriall  10-fold dilutions onto sheep-blood agar plates. Mice were lightly anesthesized by 
inhalationn of isoflurane (Abort, Queensborough, Kent, UK), and 50 ul of bacterial suspension 
(approximatelyy 3 x 105 CFU) was inoculated intranasally. 

ExperimentalExperimental design. 25 hours after induction of pneumonia, mice received a single 
intraperitoneall  injection (total volume 200 jul) with one of the following treatments: Group I, 
1000 ul sterile saline with 100 ul pre-immune sheep serum (Sigma, St.Louis, MO); group II: 
1000 ul sterile saline with 100 ul polyclonal sheep anti-mouse anti-TNF antiserum ' ; group 
III :: ceftriaxone (CEF) 20 mg/kg (Roche Nederland B.V., Mijdrecht, the Netherlands) in 100 
ull  saline with 100 ul normal sheep serum (Sigma); group IV: CEF 20 mg/kg in 100 ul saline 
withh 100 ul anti-mouse TNF antiserum. The timing of CEF administration was based on 
preliminaryy studies not shown here in which we aimed to establish a treatment schedule with 
antibioticss that would rescue approximately 50% of the mice. We argued that this design 
wouldd allow the evaluation of effects of immunomodulatory therapies (such as anti-TNF), in 
thee context of antibiotic therapy. We chose to administer anti-TNF at the same time as CEF 
sincee we sought to assess the effect of anti-TNF in a therapeutic setting. 

HistologicHistologic examination. After 24 hours fixation in 10% buffered formaline, lungs were 
embeddedd in paraffin. Four urn thick sections were stained with haematoxylin and eosin. All 
slidess were coded and scored by one pathologist without knowledge of the treatment of the 
mice. . 

PreparationPreparation of lung homogenates. Whole lungs were harvested and homogenized at 4 C in 
55 volumes of sterile isotonic saline with a tissue homogenizer (Biospect Products, 
Bartlesville,, OK) which was carefully cleaned and desinfected with 70% ethanol after each 
homogenization.. Serial 10-fold dilutions in sterile isotonic saline were made from these 
homogenatess (and blood), and 50 ul volumes were plated onto sheep-blood agar plates and 
incubatedd at 37°C. CFU were counted after 16 hours incubation. For interleukin (IL)-6 
measurementss lung homogenates were lysed in lysisbuffer (300 mM NaCl, 15 mM Tris, 2 
mMM MgCl, 2 mM Triton (X-100), Pepstatin A, Leupeptin, Aprotinin (20 ng/ml), pH 7.4) and 
spinnedd at 1500 x g at 4°C for 15 minutes; the supernatant was frozen at -20°C until IL-6. 
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measurementt by ELISA (Pharmingen, San Diego, CA). 

StatisticalStatistical analysis. Data are expressed as means  SEM. Comparisons between groups 

weree conducted using the Mann Whitney U test. Survival curves were compared by log-rank 

test.. P-value <0.05 was considered to represent a statistically significant difference. 

Results s 

Survival.. Al l mice that did not receive CEF, rapidly died after inoculation with S. 

pneumoniaepneumoniae irrespective of concurrent anti-TNF treatment (0% survivors after 5 days; [Figure 

1]).. CEF prevented mortality in 60% of the mice, whereas concurrent treatment with anti-TNF 

reducedd survival to 40% (P=0.09 vs. CEF alone). Mice, surviving for 14 days post 

inoculation,, appeared to be permanent survivors. 
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Figuree 1. Influence of anti-TNF therapy on survival and bacterial outgrowth in mice with 
pneumococcall pneumonia with and without concurrent antibiotic treatment. (A) Survival after 
intranasall inoculation with 3 x 105 CFU S. pneumoniae in mice treated with control Ab (group I: 
closedd squares), with anti-TNF (group II: open squares), with ceftriaxone (CEF) (group III: closed 
circles)) or with CEF and anti-TNF (group IV open circles). Mortality was assessed twice daily for 14 
days.days. N=20 per group. (B) CFU S. pneumoniae in lungs of mice treated with control Ab (Group I), 
withh anti-TNF (Group II), with CEF (group III) or with CEF and anti-TNF (group IV) 40h after 
intranasall inoculation with 3 x 105 CFU S. pneumoniae. Data are mean  SEM. N=9 per group. 
*P<0.055 vs. control Ab treated mice (group I). * P<0.05 vs. anti-TNF treated mice (group II). $P<0.05 
vs.. ceftriaxone treated mice (group III) . 

Bacteriall  outgrowth. To evaluate antibacterial host defense after the different treatment 

strategies,, we determined the number of CFUs in lungs and blood 40h after inoculation (i.e. 

15hh after treatment). Mice not receiving CEF displayed a high number of pneumococci in 

theirr lungs, which was not influenced by anti-TNF therapy. In these mice blood cultures were 

positivee in 87% of animals injected with normal sheep serum, and 50% of animals injected 

withh anti-TNF. As expected, CEF strongly reduced the number of S. pneumoniae CFUs 

recoveredd from lungs. Remarkably, mice treated with CEF in combination with anti-TNF had 
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significantlyy more S. pneumoniae CFU than mice treated with CEF alone (P<0.001)(Figure 

1).. S. pneumoniae could not be cultured from the blood of mice treated with CEF or CEF with 

anti-TNF. . 

Figuree 2 Histopathology of lungs. (A) Lungs of mice treated with control Ab (group I) 40h after 
infection.. (B) Lungs of mice treated with anti-TNF (group II) 40h after infection. (C) Lungs of mice 
treatedd with CEF (group III ) 40h after infection. (D) Lungs of mice treated with CEF and anti-TNF 
(groupp IV) 40h after infection. HE staining magnification x 33. 

Pulmonaryy inflammation . At 40h after inoculation mice not treated with CEF or anti-TNF 

presentedd interstitial inflammatory infiltrates composed of predominantly mononuclear cells 

(Figuree 2A). Anti-TNF treated mice showed an exacerbated inflammation in the lungs 

comparedd to control Ab treated mice (Figure 2B). When mice were treated with CEF, the 

inflammatoryy reaction was almost abolished in the lungs (Figure 2C). Addition of anti-TNF to 

CEFF treatment was associated with an enhanced inflammation in the lungs with more intense 

andd diffuse inflammatory infiltrates compared to treatment with CEF alone (Figure 2D). To 

obtainn insight into the effect of CEF and/or anti-TNF therapy on the lung inflammatory 

response,, we measured concentrations of IL-6 in lung homogenates. CEF therapy strongly 

reducedd lung IL-6 levels, which was not further influenced by concurrent anti-TNF therapy 

(control:: 3.3  0.9 ng/ml; CEF: 0.9  0.2 ng/ml; CEF plus anti-TNF: 0.6  0.2 ng/ml; PO.05 

forr difference between CEF and CEF plus anti-TNF vs. control). Anti-TNF therapy tended to. 
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reducee IL-6 levels in lungs (1.7  0.7 ng/ml; P=0.08 vs. control) 

Discussion n 
Thee success of anti-TNF therapy in patients with sepsis is limited, in spite of an abundance of 
experimentall  data indicating that elimination of endogenous TNF activity exerts strong 
protectivee effects during overwhelming sepsis in animals.3"5 One possible explanation for this 
paradoxx is that preclinical sepsis models using intravenous administration of live bacteria 
inadequatelyy reproduce the clinical situation. Using murine models of pneumonia, the most 
frequentt source of sepsis in recent clinical trials, we and others demonstrated that anti-TNF 
givenn before bacterial inoculation via the airways impaired local host defense and survival, 
indicatingg that TNF produced at the site of infection is required for an adequate antibacterial 
defensee during pneumonia.6"9 These studies which focussed on the role of TNF in the 
pathogenesiss of pneumonia, left unanswered how anti-TNF therapy, i.e. administered to 
animalss with already ongoing respiratory tract infection, influences the course of pneumonia 
inn the context of antibiotic treatment. We here show that anti-TNF given 25h after induction 
off  pneumonia reduced the therapeutic effect of concurrently administered CEF, as reflected 
byy a diminished survival, more pneumococci recovered from lung tissue and enhanced 
destructionn of lung tissue when compared to mice treated with only CEF. 

Recently,, treatment with the anti-inflammatory cytokine IL-10 was reported to improve the 
efficacyy of CEF during pneumococcal pneumonia in mice. IL-10 reduced both the extent and 
thee duration of inflammation, reduced the outgrowth of pneumococci and decreased mortality 
suggestingg that decrement of the inflammation by adjunctive anti-inflammatory 
immunotherapyy may result in a beneficial effect on outcome.14 However, the results of the 
presentt study in which anti-TNF (another anti-inflammatory strategy, directed at the cytokine 
network)) was combined with CEF, do not support these findings. Notably, both IL-10 and 
anti-TNFF impaired host defense against pneumococcal pneumonia when administered shortly 
beforee or simultaneously with the infectious challenge in mice not treated with antibiotics.8'9'15 

Thee present finding, that in the absence of concurrent CEF therapy, postponed administration 
off  anti-TNF did not influence bacterial outgrowth, suggests that in these mice a point of no 
returnn has already been reached at 25 h postinfection and/or that TNF is essential for host 
defensee only in the early phases of pneumococcal pneumonia. 

Anti-TNFF therapy was associated with an enhanced inflammatory response in lung tissue 
andd unaltered or modestly reduced cytokine levels (among which IL-6), which contrasts with 
thee strong anti-inflammatory effects of anti-TNF given prophylactically to animals with 
severee sepsis.4,5 However, the current findings are in line with our previous studies with anti-
TNFF in this model of murine pneumococcal pneumonia,8,9 indicating that in anti-TNF treated 
animalss the bacterial load (which is increased relative to control animals) determines the 
extentt of the inflammatory response in the lung. 

Severall  anti-TNF strategies have been evaluated in clinical trials involving patients with 
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severee sepsis, many of whom suffered from pneumonia. We here demonstrate that anti-TNF 

givenn 25h after the induction of pulmonary infection with S. pneumoniae in mice is associated 

withh a diminished effect of CEF. These data add new information to our knowledge of 

potentiall  adverse effects of anti-TNF therapy in patients with severe infections, in particular 

withh bacterial pneumonia. 
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Interleukin- ll  receptor  antagonist transiently impairs antibacterial 
defensee but not survival in murine pneumococcal pneumonia 





lNTERLEUKIN-11 RECEPTOR ANTAGONIST 

Recombinantt human interleukin-1 (IL-1) receptor antagonist (IL-lra) has been investigated in 
severall  controlled clinical trials to inhibit the biological activity of IL-1, and encouraging 
resultss have been reported in particular in patients with rheumatoid arthritis. In the present 
studyy we investigated the influence of treatment of wild type mice with IL-lra, resulting in an 
incompletee and transient inhibition of IL-1 activity. Treatment with recombinant human IL-
lraa resulted in an enhanced bacterial outgrowth in lungs of BALB/c and C57BL/6 mice early 
afterr induction of pneumococcal pneumonia, without influencing survival or the pulmonary 
inflammatoryy response. The effect of IL-lr a on the host response to Streptococcus (S.). 
pneumoniaepneumoniae pneumonia is modest and transient. 

Introductio n n 
IL-11 and tumor necrosis factor-a (TNF) are potent proinflammatory cytokines that are targets 
off  therapeutic intervention in a variety of inflammatory and autoimmune conditions.1 

Recombinantt human IL-1 receptor antagonist (IL-lra) has been evaluated in several 
controlledd clinical trials to inhibit the biological activity of IL-1, and promising results have in 
particularr been reported in patients with rheumatoid arthritis (RA),2^ this resulted in approval 
off  IL-lr a as a treatment of RA in the US and several European countries. Approaches to block 
endogenouss TNF activity, such as with monoclonal antibodies or soluble TNF receptor 
constructs,, have yielded beneficial effects in inflammatory disorders like RA, Crohn's 
disease,, psoriasis and ankylosing spondylitis. " However, concern has been raised about the 
possibilityy of enhanced susceptibility for infections in patients treated with anti-cytokine 
strategies. . 

Thiss concern originated from experimental data showing that blocking either TNF or IL-1 
inn animals reduced host defense against live bacterial, protozoal, mycobacterial and some 
virall  infections.10"16 Indeed, since the approval of antibodies against TNF, a higher incidence 
off  disseminated and extrapulmonary tuberculosis in patients treated with an anti-TNF 
antibodyy has been reported.17 An increased incidence of opportunistic infections has been 
observedd in patients receiving soluble TNF receptor p75.5'7'18'19 Although the number of 
patientss treated with anti-TNF antibody or soluble TNF receptors is large compared to those 
receivingg IL-lra, in controlled clinical trials, thus far no mycobacterial or opportunistic 
infectionss have been registered in patients treated with recombinant IL-lra.20 In addition, the 
numberr of bacterial pneumonias in IL-lr a treated RA patients is in the range of that expected 
forr RA patients receiving conventional therapy. However, experimental evidence exists that 
suchh treatment may hamper antibacterial defense mechanisms. Indeed, we recently found that 
IL-11 receptor type I gene deficient (IL-1R") mice, which completely lack the ability to 
transferr IL-1 signals into the cell, have a reduced ability to mount a pulmonary inflammatory 
responsee during pneumonia caused by S. pneumoniae, the most frequently isolated pathogen 
inn community-acquired pneumonia, which was associated with an increased outgrowth of 
pneumococcii  in lungs during the first two days after the infection.10 The present study was 
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initiatedd to investigate the influence of treatment of wild type mice with IL-lra, resulting in an 
incompletee and transient inhibition of IL-1 activity and therefore more appropriately 
mimickingg the clinical situation of patients with a pharmacologically reduced bioavailability 
off  IL-1, on host defense and mortality during pneumococcal pneumonia. 

Material ss and methods 
Pneumococcall  pneumonia was induced by intranasal inoculation of 10 CFU S. pneumoniae 
serotypee 3 (ATCC 6303; Rockville, MD), exactly as described previously.10'16 All 
experimentss were approved by the Institutional Animal Care and Use Committee of the 
Academicc Medical Center, Amsterdam, the Netherlands. Since the effect of IL-lr a may differ 
inn mice with different genetic backgrounds,21'22 the influence of recombinant IL-lr a on the 
coursee of pneumonia was evaluated in BALB/c and C57BL/6 mice (female BALB/c and 
C57BL/66 mice, 10 weeks of age; Harlan Sprague Dawley Inc., Horst, the Netherlands). 
Recombinantt human IL-lr a in hyaluronic acid vehicle, serving as a sustained delivery system, 
wass provided by Amgen (Thousand Oaks, CA) and was given intraperitoneally at 0, 24 and 
48hh after induction of pneumonia at a dose of 100 mg/kg of body weight. ' Control mice 
receivedd hyaluronic acid vehicle only. Lung and blood samples were processed as described 
earlier.10166 TNF (R&D systems, Abingdon, United Kingdom), IL-6 (Pharmingen, San Diego, 
CA)) and KC (R&D systems) were measured by ELISA. Lowest detection limits were 150 
pg/mll  for TNF, 37 pg/ml for IL-6 and 55 pg/ml for KC. Myeloperoxidase activity was 
measuredd as described.25 All values are expressed as mean  SEM. Comparisons were done 
withh Mann-Whitney U test. Survival curves were compared by log-rank test. P-value <0.05 
wass considered to represent a statistically significant difference. 

Results s 
II-Ir aa did not influence mortality in either BALB/c or C57BL/6 mice (Figure 1). To evaluate 
whetherr the early phase of antibacterial defense was influenced by IL-lra, we determined the 
numberr of pneumococci in the lungs 24 and 48h after inoculation (Figure 2). BALB/c mice 
treatedd with IL-lr a displayed an increased outgrowth of S. pneumoniae in lungs compared to 
vehiclee treated mice at both timepoints (PO.005). After 24h 50% of vehicle treated and 75% 
off  IL-lr a treated BALB/c mice were bacteremic, whereas 100% and 88% resp. were 
bacteremicc after 48h. C57BL/6 mice injected with IL-lr a had more bacteria in their lungs 
afterr 24h, but not after 48h. After 24h 75% of vehicle treated C57BL/6 mice had pneumococci 
inn their blood, and 88% of IL-lr a treated mice; after 48h, 88% of both groups had positive 
bloodd cultures. To determine whether IL-lr a treatment affected the pulmonary inflammatory 
responsee to pneumococcal infection, we measured MPO activity and the concentrations of 
TNF,, IL-6 and KC in lung homogenates. None of these parameters were altered by IL-lr a 
treatmentt in either BALB/c or C57BL/6 mice (data not shown). In addition, we compared the 
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histopathologyy of the lungs of each groups at 24 and 48h after after inoculation with S. 

pneumoniae.pneumoniae. IL-lr a treated mice displayed inflammatory infiltrates to the same extent as 

vehiclee treated mice (Figure 3). 
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Figur ee 1. Recombinant human IL-lr a does not influence survival. Survival after intranasal 

inoculationn with S. pneumoniae of mice treated with recombinant human IL-lra (100 mg/kg at 0, 24 

andd 48h; open squares) or vehicle (closed circles) in BALB/c (A) and C57BL/6 (B) mice. Mortality 

wass assessed twice daily for 10 days. N=20 per group. 
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Figur ee 2. Recombinant human IL-lr a enhances bacterial outgrowth in lungs. CFU S. 

pneumoniaepneumoniae in lungs of BALB/c (A) and C57BL/6 (B) mice treated intraperitoneally with vehicle 

(openn bars) or recombinant human IL-lra (100 mg/kg at 0 and 24h; closed bars) 24 and 48h after 

intranasall inoculation with 5. pneumoniae. Data are mean + SEM. N=8 per group per time point. 

*P<0.055 vs. vehicle treated mice 

Discussion n 

Wee here report that although IL-lra treatment impaired the early host defense against 

pneumococcall pneumonia, it did not influence survival. These data are in line with our recent 

dataa obtained in the same model, revealing an increased bacterial outgrowth in lungs of IL-

1R""" mice relative to lungs of wild type mice during the first two days of the infection, 

withoutt a difference in mortality.1 Importantly, whereas the complete absence of an IL-1 

signall (as in IL-1R" mice) resulted in a profound reduction in the pulmonary inflammatory 
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responsee to S. pneumoniae infection,10 partial inhibition of IL-1 activity by Il-lr a did not 

resultt in a clearly altered inflammatory reaction. This latter finding should be viewed upon in 

thee context of an earlier study in which this dose of IL-lr a in a slow-release hyaluronic acid 

vehiclee strongly reduced joint inflammation in a rat model of rheumatoid arthritis. The 

differencee between our study with IL-1R-/- mice and the present study could also in part be 

relatedd to the fact that knockout mice may not only differ from wild type mice with respect to 

thee product of the deleted gene, and that hereditary deficiency of IL-1R may result in 

compensatoryy changes that are not directly related to the absence of an IL-1 signal in adult 

life.. The effect of IL-lr a did not markedly differ in BALB/c and C57BL/6 mice, although 

onlyy the former strain had higher bacterial numbers in their lungs at 48h post infection. 

Figuree 3. Recombinant IL-lr a does not affect 
inflammatoryy infiltrates in lungs. 
Representativee histopathology of lungs of 
BALB/cc mice treated with IL-lr a (A) and 
vehiclee (B) intraperitoneally, 24h after 
intranasall  inoculation with S. pneumoniae 
showingg comparable inflammatory infiltrates. 
HEE staining, magnification x 33. 

Anti-cytokinee therapy offers new expectations for the management of inflammatory 

diseases.. We previously demonstrated that TNF is of critical importance in host defense 

againstt pneumococcal pneumonia.10'16 The present data, together with our findings in IL-1R" 

mice,100 suggest that IL-1 occupies a role in the pulmonary immune response to S. pneumoniae 

thatt by far is less prominent than that of TNF. There are two possible explanations why 

blockingg IL-1 is not as harmful as blocking TNF. Firstly, TNF induces IFN-y which plays a 

protectivee role against mycobacterial and fungal infections, while IL-1 does not. Secondly, 

anti-TNFF antibodies and soluble receptors have a more prolonged TNF inhibitory effect 

relativee to the IL-1 antagonizing effect of IL-lra. Thus, treatment with IL-lr a results in a 

partiall  and transient blockage of IL-1 function and this might result in a return of host defense 
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inn between the administration of IL-lra. Further studies are warranted to establish the 

influencee of IL-Ir a therapy on host defense against other pathogens. 
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improvedd host defense against pneumococcal pneumonia 





PLATELETT ACTIVATIN G FACTOR RECEPTOR 

Platelett activating factor (PAF) is a phospholipid with pro-inflammatory properties, and binds 
too a specific receptor (PAFR) expressed on many different cell types. The PAFR is able to 
bindd phosphorylcholine, which is present in PAF but also in the pneumococcal cell wall. 
Activationn of respiratory epithelial cells in vitro results in upregulation of PAFR, which in 
turnn facilitates invasion of S pneumoniae. To determine the role of the PAFR in host defense 
againstt pneumococcal pneumonia, PAFR deficient (PAFR7) and wild type (Wt) mice were 
intranasallyy inoculated with S. pneumoniae. PAFR"" mice were relatively resistant against 
pneumococcall  pneumonia, as indicated by a delayed and reduced mortality, a diminished 
outgrowthh of pneumococci in lungs and a reduced dissemination of the infection (all P<0.05 
vs.vs. Wt). PAFR7" mice also displayed less pulmonary inflammation. These data provide 
evidencee that the PAFR is used by S. pneumoniae to induce lethal pneumonia. 

Introduction n 

Platelet-activatingg factor is a glycerophospholipid, mainly produced by platelets, endothelial 
cells,, macrophages and neutrophils, that plays an important role in the orchestration of 
differentt inflammatory reactions.1"3 The biological activity of PAF is mediated through a 
specificc G-protein-linked receptor expressed on different cell types, including neutrophils, 
monocytes,, macrophages and epithelial cells. Via this receptor, PAF exerts several 
immunomodulatoryy actions involved in host defense against bacterial infections, among 
whichh stimulation of migration and degranulation of granulocytes, monocytes and 
macrophages,, and the release of cytokines and toxic oxygen metabolites.1"3 

Thee PAFR has been implicated to play a crucial role in the pathogenesis of pneumococcal 
disease.44 The biological activity of PAF is mainly determined by phosphorylcholine (PC) that 
bindss specifically to the PAFR;1"3 PC is also a prominent part of the cell wall of S. 
pneumoniae.pneumoniae.55 Activation of endothelial or epithelial cells results in upregulation of the PAFR 
att their surface, which in turn facilitates invasion by S. pneumoniae via an interaction between 
thee PAFR and the PC component of the pneumococcal cell wall.6"8 The in vivo relevance of 
thee pneumococcal PC-PAFR interaction is supported by several findings. First, administration 
off  either a PAFR antagonist or an anti-PC antibody reduced the leukocytosis and protein 
concentrationss in the cerebrospinal fluid of rabbits intracisternally injected with S. 
pneumoniae.pneumoniae. Second, administration of a PAFR antagonist also reduced the recruitment of 
leukocytess and the rise in protein concentrations in bronchoalveolar lavage fluid (BALF) of 
rabbitss challenged with killed S. pneumoniae intratracheally.9 Third, the combined 
intratracheall  administration of live S. pneumoniae and a PAFR antagonist to rabbits resulted 
inn reduced bacterial loads in BALF obtained up to 48h post-infection, when compared to 
BALFF from animals given pneumococci only.6 A recent study, however, reported enhanced 
bacteriall  outgrowth after intravenous treatment with a PAFR antagonist in a mouse model of 
pneumococcall  pneumonia.10 

Thee objective of the present study was to obtain more insight into the role of the PAFR in 
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thee pathogenesis of pneumococcal pneumonia. For this purpose, we compared host responses 

inn PAFR gene deficient (PAFR*") and normal wild type (Wt) mice after intranasal infection 

withh live S. pneumoniae. 

Materia ll  and Methods 
Animals.Animals. Ten to twelve week old male mice with a targeted deletion in the gene for PAFR, 
resultingg in a complete deficiency of PAFR (PAFR ~~), were generated as previously 
described,111 and backcrossed seven times to a C57BL/6 background. Wt type C57BL/6 mice 
weree obtained from Harlan Sprague Dawley Inc. (Horst, the Netherlands). All experiments 
weree approved by the Institutional Animal Care and Use Committee of the Academic Medical 
Center,, the Netherlands. 

InductionInduction of pneumonia. Pneumococcal pneumonia was induced as described 
previously12'133 In brief, S. pneumoniae, serotype 3, obtained from American Type Culture 
Collectionn (ATCC 6303; Rockville, MD), were grown for 6 hours to midlogarithmic phase at 
37°CC using Todd-Hewitt broth (Difco, Detroit, MI), harvested by centrifugation at 1500 x g 
forr 15 minutes, and washed twice in sterile isotonic saline. Bacteria were then resuspended in 
sterilee isotonic saline at approximately 1 x 107 colony forming units (CFU)/ml, as determined 
byy plating serial 10-fold dilutions on sheep-blood agar plates. Mice were lightly anesthesized 
byy inhalation of isoflurane (Abort, Queensborough, Kent, UK), and 50 ul of bacterial 
suspensionn was inoculated intranasally, corresponding with 5 x 105 CFU S. pneumoniae. 

PreparationPreparation of lung homogenates. At 24 or 42h after inoculation mice were anesthetized 
byy intraperitoneal injection with Hypnorm® (Janssen Pharmaceutica, Beerse, Belgium) and 
midazolamm (Roche, Mijdrecht, the Netherlands), and blood was collected from the inferior 
cavall  vene. Whole lungs were harvested and homogenized at 4°C in 5 volumes of sterile 
isotonicc saline with a tissue homogenizer (Biospect Products, Bartlesville, OK) which was 
carefullyy cleaned and desinfected with 70% ethanol after each homogenization. Serial 10-fold 
dilutionss in sterile saline were made from these homogenates (and blood), and 50 u.1 volumes 
weree plated onto sheep-blood agar plates and incubated at 37°C. CFU were counted after 16 
hours.. For cytokine measurements lung homogenates were lysed in lysisbuffer (300 mM 
NaCl,, 15 mM Tris, 2 mM MgCl, 2 mM Triton (X-100), Pepstatin A, Leupeptin, Aprotinin (20 
ng/ml),, pH 7.4) and spinned at 1500 x g at 4°C for 15 minutes; the supernatant was frozen at -
20°CC until cytokine measurement. 

BronchoalveolarBronchoalveolar lavage. The trachea was exposed through a midline incision and 
cannulatedd with a sterile 22-gauge Abbocath-T catheter (Abzott, Sligo, Ireland). 
Bronchoalveolarr lavage (BAL) was performed by instilling two 0.5 ml aliquots of sterile 
isotonicc saline. 0.9-1 ml of lavage fluid was retrieved per mouse, and total cell numbers were 
countedd from each sample in a hemocytometer. BALF differential cell counts were 
determinedd on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, 
McGraww Park, 111). 
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HistologicalHistological examination. After 24h fixation of lungs in 10% formaline and embedding in 

paraffin,, 4 um thick sections were stained with hematoxylin and eosin. Al l slides were coded 

andd scored by a pathologist without knowledge of the genotype of the mice. 

Assays.Assays. Cytokine and chemokine levels were measured by using commercially available 

ELISAs,, in accordance with the manufacturers recommendations: tumor necrosis factor-a 

(TNF),, interleukin (IL)-6 (Pharmingen, San Diego, CA), IL-1(3, macrophage inflammatory 

proteinn 2 (MIP-2) and KC (all R&D systems, Abingdon, United Kingdom). Lowest detection 

limit ss were 150 pg/ml for TNF and IL-ip , 75 pg/ml for IL-6, 47 pg/ml for MIP-2 and 12 

pg/mll  for KC. 

StatisticalStatistical analysis. Data are expressed as mean  SEM, unless indicated otherwise. 

Comparisonss between groups were conducted using the Mann Whitney U test. Survival 

curvess were compared by log-rank test. P-value <0.05 was considered to represent a 

statisticallyy significant difference. 

Results s 

PAFR" ""  mice are protected against pneumococcal pneumonia. To investigate the 

involvementt of the PAFR in the outcome of pneumococcal pneumonia, PAFR"'" and Wt mice 

weree intranasally infected with 5 x 105 CFU S. pneumoniae and followed for 10 days. Al l Wt 

micee died within 85h after induction of pneumonia. Mortality was delayed and reduced 

amongg PAFR"' mice, of which 21% survived until the end of the 10-day observation period 

(P<0.00011 for the difference between both mouse strains; Figure 1). 

Figuree 1. Enhanced survival in PAFR'" mice. 
Survivall  after intranasal inoculation with S. 
pneumoniaepneumoniae in Wt (open circles) and PAFR' mice 
(closedd squares). Mortality was assessed twice daily 
forr 10 days. *P<0.05 vs. Wt mice. N = 14 per group. 

PAFR""  mice display a reduced outgrowth of pneumococci. To obtain insight into the role 

off  the PAFR in early antibacterial defense during pneumococcal pneumonia, we assessed the 

numberr of viable bacteria in the lungs 24 and 42h after infection, i.e. at time points prior to 

thee occurrence of the first deaths. At both time points, the numbers of CFUs recovered from 

thee lungs of PAFR"'" mice were significantly lower than those from Wt mice (P<0.05; Figure 

2).. Blood cultures were positive in 71% of the Wt mice and in 14% of the PAFR"'" mice 24h 

afterr inoculation (P=0.03). After 42h 83% of the bloodcultures in Wt mice and 50% of the 

PAFR"""  mice were positive (not significant). 
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Figur ee 2. Decreased S. pneumoniae CFUs in lungs of PAFR ' mice. Pneumococci in lungs of Wt 

(openn bars) and PAFR"'- mice (closed bars) 24 (A) and 42h (B) after inoculation with S. pneumoniae. 

Dataa are mean  SEM. N = 7 per group. *P<0.05 vs. Wt mice. 

PAFR" ''  mice have an unaltered influ x of neutrophils into the lungs durin g 

pneumococcall  pneumonia. Neutrophils play a prominent role in host defense against 

bacteriall  pneumonia.14'15 Since inhibition of PAFR function has been shown to reduce 

leukocytee influx into the lungs in response to intrapulmonary delivery of killed 

pneumoccocci,99 we assessed the number of neutrophils recruited to the alveoli. No difference 

wass seen in the number of neutrophils in BALF from Wt and PAFR"'" mice at 42h after 

inoculationn with S. pneumoniae (Figure 3). 
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Figuree 3. PAFR"' does not influence 
neutrophill  recruitment into alveoli during 
pneumococcall  pneumonia. Mean and SEM 
granulocytee influx in BALF 42h after intranasal 
inoculationn of S. pneumoniae in Wt and PAFR"" 
mice.. *P<0.05 vs. Wt mice. N = 8 per group. 

PAFR R 

Histology.. At 42h after infection, lungs of Wt mice displayed heavy inflammatory infiltrates 

characterizedd by endothelialitis, peribronchial inflammation, and pleuritis. Lung inflammation 

wass clearly less pronounced in PAFR"'" mice (Figure 4). 

Lun gg cytokine and chemokine concentrations durin g pneumococcal pneumonia. 

Cytokiness and chemokines are pivotal mediators of an adequate host response to bacterial 

infectionn of the respiratory tract. ' Therefore, we investigated whether the improved 

outcomee of PAFR"'" mice was associated with a favourable shift in cytokine or chemokine 

productionn by measuring the concentrations of TNF, IL-lp \ IL-6, KC and MIP-2 in lung 

homogenates.. However, at 24h after the induction of pneumonia, the pulmonary levels of 
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thesee protective mediators were lower in PAFR"" mice than in Wt mice (all P<0.05), whereas 

att 42h all levels were similar in both strains (Table 1). 

Figuree 4. Histopathology. Lungs demonstrating heavy inflammatory infiltrates characterized by 
endothelialitis,, peribronchial inflammation, and pleuritis (42h post-infection). Lung inflammation was 
clearlyy less pronounced in PAFR"'" mice (B) compared to Wt mice (A). Representative slides are shown. 
HEE staining magnification x 33. 

Tablee 1. Cytokine and chemokine concentrations in lung homogenates 

Cytokine/chemokine e 
(ng/mll  lung homogenates) 

TNF F 

IL-i p p 

IL-6 6 

KC C 

MIP-2 2 

24hh after inoculation 
Wt t 

2.11 4 

88 + 0.8 

5.33 6 

8.88 5 

7.0+1.5 5 

PAFR"'" " 

0.99 + 0.2* 

3.33  1.1* 

1.77 + 0.7* 

5.88 * 

4.33 * 

42hh after inoculation 
Wt t 

1.88 3 

4.33 8 

4.33 7 

9.66 9 

29.44 6 

PAFR"'" " 

2.77 + 1.1 

6.44 1 

3.66 2 

7.88 6 

8.11 8 

Dataa are mean + SEM of 8 mice per group, 24 and 42h after inoculation with S. pneumoniae CFU. *P< 
0.055 vs. Wt mice 

Discussion n 

S.S. pneumoniae is the most frequently isolated pathogen in community acquired pneumonia.17 

Inn the United States alone, more than half a million cases of pneumococcal pneumonia are 

reportedd each year, with a fatality rate of 5-7%. In recent sepsis trials, S. pneumoniae emerged 

ass important causative pathogen especially in the context of pneumonia.18 The mortality rate 

off  40,000 per year caused by S. pneumoniae in the United States is larger than the mortality 

ratee caused by any other bacterial pathogen.19 Together with the fact that infections caused by 
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S.S. pneumoniae are increasingly difficult to treat due to the emergence of antibiotic resistant 
strains,, it is clear that respiratory tract infection by S. pneumoniae pneumoniae represents a major health 
caree problem. Fundamental research has elucidated an important mechanism by which the 
pneumococcuss interacts with cells lining the respiratory tract to cause tissue invasion. In 
particular,, the PC component that prominently features in the pneumococcal cell wall, 
specificallyy binds to the PAFR expressed on respiratory epithelial cells, which facilitates 
bacteriall  entry into these cells.6 We here provide compelling evidence that this mechanism is 
importantt for the virulence of pneumococci during respiratory tract infection in vivo. Using 
micee with a targeted deletion of the PAFR gene, we demonstrated that the PAFR is used by S. 
pneumoniaepneumoniae to induce lethal pneumonia, as reflected by a strongly reduced mortality, an 
attenuatedd bacterial outgrowth in the lungs and a diminished dissemination of the infection in 
PAFR"'""  mice. 

Thee favourable outcome of PAFR7" mice can not be explained by an enhanced innate 
immunee response to S. pneumoniae. Indeed, the local levels of protective cytokines and 
chemokiness even were lower in PAFR"'" mice early after the infection, suggesting that the 
initiationn of the production of these mediators at least in part depends on the early interaction 
betweenn the pneumococcus and the PAFR. Alternatively, the absence of PAF signalling itself 
mayy have contributed to this finding, since PAF inhibition has been found to attenuate the 
productionn of cytokines, especially of TNF, induced by LPS.1"3 Similarly, the attenuated 
inflammatoryy response in lung tissue of PAFR"" mice can be explained by either the absence 
off  an interaction between pneumococcal PC and the PAFR, and/or the absence of endogenous 
PAFF activity. In addition, the absence of an enhanced innate immune response in PAFR"" 
micee was further supported by the fact that the number of neutrophils in B ALF tended to be 
lowerr in BALF of these animals. These data are in line with earlier investigations, 
demonstratingg that the local administration of a PAFR antagonist diminished the leukocytosis 
andd increased protein concentrations in the cerebrospinal fluid and BALF of rabbits given S. 
pneumoniaepneumoniae intracisternally or intratracheally respectively. 

Too our knowledge, two earlier studies investigated the effect of PAFR antagonists on the 
outgrowthh of pneumococci in models of pneumonia. In the first study, a PAFR antagonist 
administeredd intratracheally together with S. pneumoniae reduced the number of CFUs 
recoveredd from BALF obtained up to 48h postinfection in rabbits, when compared to BALF 
fromm animals given bacteria only. In the second study,10 mice receiving another PAFR 
antagonistt intravenously had higher bacterial loads in comparison with control animals. The 
paradoxicall  results of this letter study remain unexplained, although specific properties of the 
PAFRR antagonist used may have played a role. Nonetheless, the present data obtained with 
PAFR"'""  mice together with earlier data6,9 strongly support the hypothesis that the PAFR is 
usedd by 5. pneumoniae in vivo to cause full-blown pneumonia. 

PAFF functions as a proinflammatory mediator in models of severe bacterial infection. 
Indeed,, during clinical sepsis circulating levels of PAF were elevated compared to healthy 
volunteerss or non-septic ventilated patients.20"22 Inhibition of endogenous PAF activity by 
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PAFRR antagonists attenuated systemic inflammation induced by heat-killed bacteria or 
bacteriall  products like lipopolysaccharide (LPS) and lipoteichoic acid.2327 Moreover, 
intravenouss administration of PAF elicited symptoms of shock and organ failure in animals.1" 
3'288 Interestingly, PAF seems to be of particular importance for the initiation of pulmonary 
inflammatoryy responses. High PAF levels were detected in thee lung after systemic injection of 
LPSS in rats,29 and in the broncho-alveolar lavage fluid (BALF) from septic patients.22 

Inhalationn of aerosolized PAF provoked inflammatory cell influx in the interstitium and 
alveoli.30'311 Finally, pretreatment with PAFR antagonists strongly diminished the pulmonary 
changess elicited by systemic or intrapulmonary administration of LPS, including increased 
pulmonaryy vascular leak and edema formation.32"35 Together, these data suggest that PAF 
promotess inflammatory responses to bacteria, in particular in the lung. A proinflammatory 
rolee for PAF in the pulmonary compartment is further supported by recent findings in PAFR A 

mice,, revealing strongly reduced lung injury and respiratory failure induced by acid 
aspiration.366 Theoretically, these proinflammatory properties would make PAF a potentially 
protectivee mediator during pneumonia.14'16 Such a protective role of PAF in host defense 
againstt respiratory tract infection indeed was found in a model of pneumonia caused by K. 
pneumoniae,pneumoniae, a bacterium that does not express PC, using the same PAFR"" mice as used 
here.377 The current investigation clearly establishes that the absence of the PAFR 
overshadowss this potential PAF mediated increase in antibacterial defense, most likely 
throughh a function that is unrelated to its interaction with PAF, i.e. through its interaction with 
pneumococcall  PC. 

Itt has been shown that S. pneumoniae needs the PAFR to enter epithelial cells. Indeed, our 
studyy confirms this by showing that PAFR"" mice demonstrate a decreased invasive capacity 
andd improved host defense during the pneumococcal infection. Thus, PAFR antagonism 
appearss to be useful. However, the blockage of the proinflammatory properties of PAF by this 
strategy,, might be detrimental for an acute inflammation. 
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Summary y 
Communityy acquired pneumonia caused by Streptococcus (S.) pneumoniae is a major cause of 
morbidityy and mortality especially in the elderly, and is responsible for the death of 40,000 
peoplee a year in the United States. Emergence of penicillin-resistant S. pneumoniae has 
becomee a worldwide problem. Therefore, in order to develop new treatment options, it is 
essentiall  to study the host response during pneumonia caused by S. pneumoniae. 

ChapterChapter one is a general introduction discussing the respiratory pathogens used in this 
thesiss and gives an overview of the immune responses against pneumonia. Chapter two 
representss a literature review on the role of cytokines in innate immunity against respiratory 
pathogens.. Two limitations for future cytokine modulating therapies are mentioned. First, the 
cytokinee network is a cascade, which means that cytokines influence each other in production 
andd activity. Targeting only one cytokine may be just a too simple approach. Second, this 
revieww shows different immune responses against different pathogens, which may result in 
difficultiess to develop new strategies for pneumonia. 

Itt is very important to realize that much of our knowledge of the role of the cytokine 
networkk in bacterial infection is deducted from experimental sepsis studies in which animals 
weree injected with live bacteria or endotoxin, resulting in an acute and fulminant immune 
response.. Pro-inflammatory cytokines play an essential role herein. However in clinical trials 
withh anti-inflammatory agents in septic patients, such as anti-tumor necrosis factor-ct (TNF) 
antibodies,, soluble TNF receptors and recombinant interleukin-1 receptor antagonist (IL-lra), 
havee not demonstrated any beneficial effect. One possible explanation for this failure is that in 
clinicall  sepsis the systemic response develops gradually after a localized infection in the 
majorityy of cases. In Chapter three we investigated the role of IL-1, a potent proinflammatory 
cytokine,, in the pathogenesis of pneumococcal pneumonia by making use of IL-1 receptor 
typee I gene deficient (IL-1R"'") mice. This study revealed that in IL-1R"7 mice infected with S. 
pneumoniae,pneumoniae, a delayed early inflammatory response was found together with a transiently 
impairedd antibacterial defense, but no influence on mortality. However, when IL-1R"" mice 
weree treated with a neutralizing anti-TNF antibody, a strongly diminished survival occurred, 
suggestingg that the combined action of endogenous IL-1 and TNF is required for an effective 
pulmonaryy defense against S. pneumoniae. Chapter four addressed the role of interferon-y 
(IFN)) in the innate immune response to respiratory tract infection by S. pneumoniae. The 
mainn finding of this chapter was that IFNy R ~~ and IFNy"'" mice were not more susceptible to, 
orr even slightly protected against pneumococcal pneumonia. 

ChapterChapter five describes the effects of pneumolysin (PLY) in the mouse lung. PLY is a toxin 
producedd by all clinical isolates of S. pneumoniae and a major contributor to the virulence of 
thee bacterium. We found that PLY is able to induce an acute inflammation in the lung after 
intranasall  instillation, characterized by granulocyte influx in bronchoalveolar lavage fluid 
(BALF)) and lung injury which is mediated by the chemokine macrophage inflammatory 
proteinn (MIP)-2 and to a lesser extent by IL-6. PLY has cytolytic and complement-activating 
activities,, each encoded by different regions in the PLY gene. By using PLY mutants, we 
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demonstratedd that the cytolytic activity of PLY is most important for the induction of an 
inflammatoryy response. 

Thee extrinsic, tissue factor (TF)-FVIIa dependent, pathway is responsible for coagulation 
activationn in many infectious diseases. This has mainly been studied in sepsis. Coagulation 
hass also been implicated in the pathogenesis of pulmonary diseases. We describe in Chapter 
ninenine that unilateral CAP patients demonstrated a procoagulant state with activation of the TF-
FVIIaa pathway at the site of the infection. TF expression and local coagulation activation 
couldd also be demonstrated in the lungs of mice with S. pneumoniae pneumonia. Inhibition of 
thee TF-FVIIa pathway with rNAPc2 reduced the pulmonary procoagulant response, but did 
nott influence anti-bacterial host defense. 

Furthermore,, the thrombin-thrombomodulin (TM) complex plays a central role in the 
regulationn of coagulation by converting PC to its activated form. This APC inhibits 
coagulationn by inhibition of factor Va and Villa , but has also on its own anti-inflammatory 
effects.. Recently it has been reported that treatment with APC reduced mortality in septic 
patients.. Also in the pulmonary compartment APC exerts strong anti-inflammatory effects; 
intravenouss infusion of APC protected rats from sepsis induced lung injury. Furthermore, 
intratracheall  administration of APC attenuated bleomycin-induced lung inflammation in mice. 
Byy making use of TM mutated mice, with a decreased capacity to generate APC, we showed 
inn Chapter eight that APC generation is not necessary for host defense in S. pneumoniae, pneumoniae, K. 
pneumoniaepneumoniae pneumonia and LPS induced lung injury. 

Duringg lung inflammation there is increased fibrin formation resulting from coagulation 
activationn and concomitant inhibition of the fibrinolysis. Plasminogen activators (PA) convert 
plasminogenn into plasmin, and are controlled by specific inhibitors (PA inhibitor type I (PAI-
1)) is considered most important). In Chapter seven we described that PA activity is decreased 
inn BALF of the infected lung in unilateral CAP, associated with increased PAI-1 antigen 
levelss at the same site. We further showed that mice lacking uPAR have a deficient migration 
off  neutrophils and are therefore more sensitive to pneumococcal pneumonia {Chapter six). On 
thee contrary, uPA deficient mice showed enhanced cell recruitment and less bacterial 
outgrowthh in their lungs, resulting in the hypothesis that uPA negatively influences the 
functionn of uPAR as a chemotactic receptor. PAI-1 can affect cell migration by inhibiting uPA 
mediatedd pericellular plasmin generation, or by inhibiting uPAR mediated cell adhesion and 
migrationn through interaction with VN. However, PAI-1 deficiency did neither influence cell 
migrationn nor host defense during pneumococcal pneumonia in mice. We also investigated the 
inflammatoryy response in Pig"" mice and these mice did not show a difference in host defense 
duringg system pneumococcal pneumonia. These studies propose that the influence of the 
uPA/uPAR/PAI-1 uPA/uPAR/PAI-1 
uponupon cell migration is not dependent on the fibrinolytic function of these components. 

Inn Chapter ten we evaluated the effect of anti-TNF given as a therapeutic agent together 
withh an antibiotic. In particular, we treated mice 25h after induction of pneumonia with 
ceftriaxonee and added anti-TNF. The background of this approach is that anti-TNF has been 
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administeredd to sepsis patients, many of whom with pneumonia, in a number of clinical trials. 
Wee found that anti-TNF impaired the therapeutic effect of ceftriaxone, suggesting that 
endogenouss TNF contributes to an adequate antibacterial defense in the host with progressing 
pneumoniaa receiving antibiotic therapy. In Chapter eleven endogenous IL-1 activity was 
partiallyy blocked by treatment with recombinant IL-lra, mimicking the use of this compound 
inn the treatment of inflammatory diseases. IL-lr a influenced the host response in a similar 
wayy as described for IL-1R" mice in Chapter three, although less profound. The 
investigationss described in Chapters three, ten and eleven also provide evidence for the fact 
thatt endogenous TNF activity is more important for the antibacterial host response to 
pneumococcall  pneumonia than endogenous IL-1 activity. 

Platelett activating factor (PAF) is a lipid mediator of the inflammatory response. The 
activityy of PAF is mainly determined by phosphorylcholine (PC) that binds specifically to the 
PAFF receptor (PAFR). PC is also a part of the cell wall of S. pneumoniae. The pneumococcus 
iss also able to bind to the PAFR expressed on respiratory cells, which facilitates entry of the 
bacteriumm into these cells. We demonstrate in Chapter twelve that the PAFR is used by S. 
pneumoniaepneumoniae to induce pneumonia, as reflected by decreased mortality, enhanced bacterial 
clearancee and a diminished dissemination of the infection in PAFR"A mice 

Generall  discussion 
Thee vast majority of the data presented in this thesis is obtained from a murine model of 
pneumoniaa caused by S. pneumoniae. In some studies K. pneumoniae was used as a pathogen, 
whereass in two chapters, the measurement of parameters in BALF of CAP patients seek to 
establishh a link to the human situation. 

Thee use of mouse models has several limitations. A model is an object of imitation, seeking 
too resemble something else, in which an induced pathological process can be investigated, and 
inn which the phenomenon in one or more respects resembles the same phenomenon in 
humans.. It is important that the pathology and outcome of an induced disease in the tested 
speciess resembles the pathology in the target species. Because of the high degree of 
evolutionaryy conservation of many genes and pathways, confidence has been placed on 
animall  models, principally the mouse. This animal has the advantage of being relatively 
inexpensivee and having a rapid breeding time. Furthermore, the genome of the mouse can be 
easilyy manipulated and a wide variety of immunological reagents and assays are available to 
measuree interrelated mediators. In our experimental studies we used genetically modified 
micee making them deficient for one potential mediator of the inflammatory response. This 
providess us with the opportunity of dissecting the complex network of cytokines and other 
mediatorss in the pathogenesis of the disease. The disadvantage of the use of gene deficient 
micee is the fact that they may differ from Wt mice not only with respect to the product of the 
deletedd gene, but the hereditary deficiency of the protein may also result in compensatory 
changes. . 
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Thee value of animal models is worthwhile when we are able to reconcile biological 
phenomenaa between species. I.e. we examine a specific mediator in one species and 
extrapolatee this knowledge to another. The assumption that homo sapiens is identical to other 
animalss has led to mistakes in the history of medicine. Galen (130-200 AD), a Greek 
physiciann and philosopher who has been described as the founder of experimental studies, 
basedd his ideas on the study of apes and pigs. Galen directly transferred his discoveries to 
humans,, consequently introducing many major errors. The problem was that he drew wrong 
conclusionss because of an uncritical interspecies extrapolation. It is still obvious that 
extrapolationn of experimental findings to the human situation is not straightforward, as 
reflectedd by recent disappointments in clinical trials. This is not necessarily a problem with 
thee use of mice itself, but may also result from an ignorance of the disease process. For 
example,, experimental data showed that pro-inflammatory cytokines are important for the 
developmentt of multiple organ failure and death during sepsis. However in clinical trials with 
anti-inflammatoryy agents in patients with sepsis, anti-TNF antibodies, soluble TNF receptors 
andd II-Ira, have not demonstrated any positive effect. One likely explanation for the 
contradictionn between the results found in experimental studies and clinical sepsis trials is that 
sepsiss models (using intravenous administration of live bacteria or endotoxin) inadequately 
imitatee the clinical situation. Namely, intravenous injection of LPS or live bacteria results in 
ann acute and fulminant response, while clinical sepsis originates from an at least initially 
localizedd infection. Therefore, it is important to gain insight in the pathogenesis of localized 
infectionss as described in this thesis. It is important to bear in mind that no single animal 
modell  can ever duplicate the original condition (i.e. the model is never the same as the 
prototype),, and models never provide final answers but offer an approximation. 

Whatt are the clinical implications of our findings? Exploring the pathogenesis of bacterial 
pneumoniaa in a murine model is important to elucidate the inflammatory response to this 
infection,, which may give direction to the development of new treatment modalities. It is 
reasonablereasonable to evaluate new therapeutical options in animal models before evaluating them in 
clinicall  trials. We tried to mimic a therapeutic setting in Chapter ten and found that anti-TNF 
impairedd antibacterial defense in the presence of antibiotic therapy. In addition, in Chapter 
nine,nine, the effect of a TF inhibitor, developed for the use in patients with sepsis among other 
indications,, was assessed. Other investigations were primarily done in genetically modified 
animals,, and although such studies provide a valuable insight into the pathogenesis of the 
disease,, direct extrapolation to possible implications for the treatment of patients with 
pneumoniaa should be 
donee with extreme caution. 

Thee studies presented in this thesis increased our knowledge on the role of a number of 
specificc mediators and receptors in the pathogenesis of pneumococcal pneumonia. Some 
resultss provided insight into the effects of pharmaceutical interventions in the cytokine 
networkk and the coagulation system on the outcome of this important infectious disease. It is 
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clearr that many more studies are necessary to extend our knowledge on the host response to 
bacteriall  pneumonia and possible manipulation hereof. 
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Voorkomen Voorkomen 
Longontstekingg (pneumonie), is een infectie van het longweefsel. Er zijn verschillende 
ziekteverwekkerss die een pneumonie kunnen veroorzaken; zoals virussen, bacteriën of 
schimmels.. Streptococcus (S.) pneumoniae (pneumococ) is de meest voorkomende oorzaak 
vann een pneumonie opgelopen buiten het ziekenhuis. Het voorkomen van een pneumococcen 
pneumoniee in Nederland is ongeveer 30-40 patiënten per 100.000 inwoners per jaar en in 5-
7%% leidt dit tot de dood. Andere geïndustrialiseerde landen rapporteren tweemaal zo hoge en 
dee Verenigde Staten zelfs vijfmaal zo hoge incidenties. Wereldwijd sterven per jaar meer dan 
11 miljoen mensen aan een pneumococcen pneumonie, vooral in ontwikkelingslanden. 

Ziekte Ziekte 
Pneumococcenn zijn bacteriën die verschillende typen infecties kunnen veroorzaken. Het is een 
belangrijkee oorzaak van middenoorontsteking, pneumonie, hersenvliesontsteking en 
bloedvergiftigingg (sepsis). Een pneumococcen pneumonie is een acuut en heftig ziektebeeld, 
waarbijj  hoge koorts met koude rillingen optreden. Pneumococcen infecties komen het meest 
voorr bij jonge kinderen, ouderen boven de 60 jaar en bij mensen met een afweerstoornis. 

Ontsteking Ontsteking 
Eenn ontsteking in de long ontstaat door inhalatie van ziekteverwekkers of andere schadelijke 
stoffen.. Grote deeltjes (>15um) worden door de neus weggevangen en de deeltjes die de 
bronchiaall  boom bereiken slaan daar neer. De hoestreflex en de trilhaarbeweging 
transporterenn deze deeltjes dan weer naar buiten. Als de deeltjes toch tot de longblaasjes 
(alveoli)) doordringen worden zij aangevallen door het afweersysteem. Het afweersysteem 
maaktt ziekteverwekkers onschadelijk en beschermt tegen infecties. Ieder lichaam heeft een 
algemeenn afweersysteem. Dit systeem maakt geen onderscheid tussen de verschillende 
verwekkers.. Tevens heeft elk lichaam een specifiek afweersysteem, die dit onderscheid wel 
maakt.. Het onschadelijk maken van de ziekteverwekker is grotendeels het werk van het 
algemenee afweersysteem, bestaande uit het complementsysteem en de fagocyten. Het 
complementsysteemm is een cascade van eiwitten welke uiteindelijk leidt tot vernietiging van 
dee ziekteverwekkers. Fagocyten (macrofagen en granulocyten) zijn witte bloedcellen die op 
dee indringers reageren door ze op te eten, te vernietigen en vervolgens een ontstekingsreactie 
tee genereren. Neutrofiele granulocyten zijn witte bloedcellen die hierin gespecialiseerd zijn. 
Dee ontsteking begint zodra de afweercellen bepaalde stoffen uitscheiden die witte bloedcellen 
naarr de plaats van de ontsteking lokken (cytokinen/chemokinen). Cytokinen zijn kleine 
eiwittenn die werkzaam zijn in zeer lage concentraties (picogram/ml). Deze uiterst actieve 
eiwittenn treden in een zeer complex netwerk op als signaalmoleculen van ons 
immuunsysteem.. Zij coördineren de ontstekingsreactie. Deze stoffen moeten gezien worden 
alss boodschappermoleculen die hulptroepen oproepen om adequaat te kunnen reageren op de 
indringer.. Deze cytokinen kunnen de ontsteking bevorderen, de pro-inflammatoire cytokinen 
(TNF,, IL-1, IL-6), of de ontsteking juist remmen, anti-inflammatoire cytokinen (IL-10). De 
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balanss tussen pro- en anti-inflammatoire cytokinen bepaalt in belangrijke mate het beloop van 
dee infectie. Bij gezonde mensen zijn cytokinen normaliter niet detecteerbaar in de circulatie. 
Tijdenss bacteriële infecties is de productie toegenomen, hetgeen zich uit in wel aantoonbare 
concentratiess in plasma bij patiënten met een sepsis. Bij gelokaliseerde infecties, zoals een 
pneumonie,, zijn cytokinen niet aan te tonen in het plasma, maar wel in de broncho-alveolair 
lavaatt vloeistof, verkregen door de long te spoelen met een zoutoplossing. Dit impliceert dat 
cytokinenn vooral op de plaats van de infectie geproduceerd worden. Onderzoek maakt 
aannemelijkk dat de lokale productie van pro-inflammatoire cytokinen nodig is voor een goede 
afweerr tegen bacteriën. Chemokinen zijn een subgroep van de cytokinen die in staat zijn tot 
gerichtee migratie van witte bloedcellen naar de plaats van ontsteking. 

Resistentie Resistentie 
Tott in de 60-er jaren ging men er vanuit dat alle pneumococcen gevoelig waren voor 
penicilline.. De laatste 30 jaar worden echter wereldwijd steeds meer penicilline-resistente 
pneumococcenn geïsoleerd. Resistentie tegen penicilline zou kunnen leiden tot het falen van de 
huidigee therapie. Van resistentie wordt gesproken als een bacterie niet gevoelig is voor een 
antibioticumm en/of wanneer bij de bacterie een mechanisme is ontstaan waardoor het 
antibioticumm niet effectief is. Penicilline resistentie komt in Nederland slechts sporadisch 
voor,, maar in andere Europese landen kan dit oplopen tot meer dan 50%, in Spanje zelfs tot 
60-70%. . 

Doel Doel 
Dee laatste jaren wordt steeds meer duidelijk omtrent factoren die een rol spelen bij een 
pneumonie.. Echter vele facetten zijn nog niet opgehelderd. Wij bestudeerden het 
ontstekingsprocess in de long. Informatie werd verkregen door het bestuderen van 
ontstekingsmediatorenn (cytokinen/chemokinen), virulentie factoren van de pneumococ 
(pneumolysine),, stolling en anti-stolling, fibrinolyse en platelet activating factor receptor in 
eenn muizen pneumonie model en tevens door onderzoekingen in broncho-alveolair lavage 
vloeistoff  (verkregen door het spoelen van de long) van mensen met een pneumonie. Het doel 
vann dit proefschrift is inzicht te verwerven in de ontstekingsreactie tijdens een pneumonie 
teneindee nieuwe therapieën te kunnen ontwikkelen. 

Bevindingen Bevindingen 
Dee rol van ontstekingsmediatoren is met name bestudeerd in dierexperimenten waarbij 
injectiee van levende bacteriën of endotoxine (onderdeel van een bacterie) aanleiding geeft tot 
eenn acute en fulminante immuunreactie. Echter, bij patiënten met een sepsis ontstaat deze 
systemischee reactie geleidelijk, als gevolg van een lokale ontsteking. Hoewel bekend is dat 
hogee systemische cytokinespiegels uiterst nadelig zijn in deze situatie, beschrijven wij dat 
lokalee cytokine productie in de long cruciaal is voor een goede afweer tegen bacteriële 
luchtweginfecties. . 
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Cytokinen Cytokinen 
Wijj  hebben de rol van interleukine 1 (IL-1), een pro-inflammatoir cytokine, bekeken in de 
pathogenesee van een pneumococcen pneumonie door gebruik te maken van IL-1 receptor 
deficiëntee muizen. Het blijkt dat IL-1 nodig is voor het genereren van de ontstekingsreactie in 
hett begin van de infectie, maar dat uiteindelijk IL-1 niet nodig is om de infectie te overleven. 
Echterr als zowel de IL-1 als tumor necrosis factor-a (TNF) functie uitgeschakeld wordt, 
stervenn alle muizen aan de gevolgen van de pneumonie. Dit impliceert dat de gecombineerde 
activiteitt van zowel IL-1 als TNF nodig is voor een effectieve afweer tegen een 
pneumococcenn pneumonie. Interferon-y, een ander pro-inflammatoir cytokine, blijkt geen 
beschermingg te bieden tijdens een pneumococcen pneumonie, maar werkt zelfs enigszins de 
afweerr tegen. 

Virulentiefactoren Virulentiefactoren 
Pneumolysine,, een toxine dat door de S. pneumoniae wordt geproduceerd, veroorzaakt in de 
longg een acute ontsteking wanneer het lokaal via de neus wordt toegediend. Het blijkt dat 
macrophagee inflammatory protein-2 (MIP-2), een chemokine in de muis, een belangrijke 
bijdragee hieraan levert. Interleukine 6, een pro-infiammatoir cytokine, speelt een minder 
belangrijkee rol bij deze ontstekingsreactie geïnduceerd door pneumolysine. 

Stolling Stolling 
Tijdenss diverse longaandoeningen vindt er activatie van de stolling plaats. Wij beschrijven dat 
inn patiënten met een pneumonie er activatie van de stolling plaatsvindt middels tissue factor. 
Dezee lokale stollingsactivatie zagen wij ook bij muizen tijdens een pneumococcen 
pneumonie.. Als tissue factor geremd wordt met een specifieke remmer (rNAPc2) dan was er 
minderr activatie van de stolling, maar dit had geen enkele invloed op de ontstekingsreactie in 
dee long of op de afweer. 

Dee activatie van de stolling wordt gereguleerd door onder andere thrombomoduline. Dit 
thrombomodulinee bindt proteine C en activeert proteine C tot geactiveerd proteine C (APC). 
Ditt APC remt dan verscheidene factoren (factor Va en factor VHIa) die een rol spelen bij de 
stollingsactivatie.. Uit eerder onderzoek is gebleken dat dit APC ook ontstekingsremmende 
functiess heeft. Wij hebben onderzocht of APC nodig is voor een goede afweer tijdens acute 
longschade.. Door in muizen met een veranderd thrombomoduline gen, waardoor de capaciteit 
omm APC te genereren sterk verlaagd is, het beloop van een bacteriële pneumonie en het 
beloopp van lipopolysaccacharide ([LPS], een deel van de bacterie) geïnduceerde onsteking te 
bekijken,, kwamen we tot de conclusie dat APC tijdens een ontsteking in de long geen invloed 
heeftt op de immuunreactie danwei op de afweer. Anderszins blijkt de anti-stollings functie 
vann APC slechts een rol te spelen tijdens pneumococcen pneumonie. De thrombomoduline 
gemuteerdee muizen tonen namelijk een toename van fibrine (het eindproduct van de stolling) 
depositiess in long weefsel ten opzichte van normale muizen. 
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Fibrinolyse Fibrinolyse 
Tevenss is tijdens een pneumonie het fibrinolytisch systeem actief. Fibrinolyse leidt tot afbraak 
vann fibrine, het eindproduct van de stolling. Piasmine is in staat dit fibrine af te breken. 
Plasminogeenn activatoren (urokinase type plasminogen activator [uPA], en tissue type 
plasminogenn activator [tPA]) zetten plasminogeen om in piasmine. Het blijkt dat de receptor 
voorr urokinase (uPAR) nodig is voor neutrofiel migratie en adequate afweer tijdens 
pneumococcenn pneumonie. Dit lijk t onafhankelijk te zijn van de uPA activiteit, omdat uPA 
deficiëntee muizen juist een toename tonen in neutrofielen influx en daardoor ook een betere 
klaringg hebben van de infectie. De remmer van urokinase, plasminogen activator inhibitor 
typee I (PAI-1), speelt ook een rol bij de celmigratie in andere ziekten. Maar tijdens 
pneumococcenn pneumonie blijkt PAI-1 niet van belang voor celmigratie dan wel afweer. 
Tevenss blijken plasminogeen deficiënte muizen geen veranderde afweer te hebben tijdens een 
pneumococcenn pneumonie. Het lijk t dan ook zo te zijn dat het uPA/uPAR/PAI-1 systeem de 
celmigratiee wel beïnvloed, maar dat dit onafhankelijk is van de fibrinolyse functie. 

Behandeling Behandeling 
Doorr TNF aan de antibiotica behandeling toe te voegen, hebben we gekeken of er een 
toegevoegdee waarde is van immunotherapie bij de conventionele antibiotische behandeling. 
Wijj  vonden dat anti-TNF met antibiotica leidt tot een verminderde effectiviteit van het 
antibioticum.. Dit suggereert dat TNF juist nodig is tijdens de antibiotische behandeling van 
eenn pneumonie. 
Doorr muizen te behandelen met interleukine 1 receptor antagonist (IL-lra) zagen we dat er 
eenn verminderde ontstekingsreactie optrad in het begin van de infectie, maar dat dit 
uiteindelijkk de overleving van de muizen niet beïnvloedde. Dit komt overeen met onze 
bevindingenn in IL-1 receptor deficiënte muizen. 

PlateletPlatelet activating factor receptor 
Platelett activating factor (PAF) is een stimulerende ontstekingsmediator. De receptor voor 
PAFF (PAFR) bindt tevens het phosphocholine deel van de S. pneumoniae. Het blijkt dat deze 
PAFRR aanwezig is op cellen in de luchtwegen. Doordat S. pneumoniae aan deze PAFR kan 
binden,, vergemakkelijkt het zijn eigen opname in deze cellen en is daardoor in staat zich te 
verspreidenn door het longweefsel. Wij hebben aangetoond dat S. pneumoniae de PAFR nodig 
heeftt om een pneumonie te kunnen ontwikkelen. 
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Hett laatse deel van het boek is bereikt. Ik draag dit boek op aan Karin Kortlang. Zij is diegene 
diee dit onderzoek in 1997 begonnen is, en blijkend uit haar vele aantekeningen, met veel 
enthousiasme.. Echter, door een noodlottig ongeval in mei 1997 kwam er een abrupt einde aan 
haarr onderzoekstijd. Enkele maanden later werd mij gevraagd dit onderzoek voort te zetten. 
Ditt was een moeilijk besluit. De afgelopen jaren heb ik veel aan haar gedacht. Het onderzoek 
iss nu af en ter nagedachtenis aan Karin, draag ik dit boek aan haar op. 

Ikk zeg uit de grond van mijn hart dat dit proefschrift er niet was geweest zonder de steun van 
diegenee die ik nu ga noemen. 

Allereerstt wil ik mijn co-promotor, prof. dr. T. van der Poll bedanken. Beste Tom, T., jouw 
bijzonderee gave mij en mijn artikelen te corrigeren is van grote waarde geweest bij de tot 
standkomingg en de afronding van de manuscripten opgenomen in dit boek. Onze dates in de 
"kroeg",, met als doel een update te geven van de muizen proeven, waren een waar genoegen. 
Dezee en de vele electronische contacten zal ik zeker missen in de toekomst. Jouw historische 
opmerkingg "je moet denken in artikelen" en jouw enthousiasme ten aanzien van de 
wetenschap,, leiden tot een enorme productiviteit. Wat een eer valt mij ten deel dat ji j als 
professorr op 9 mei mijn promotie zal bijwonen. 

Prof.. dr. P. Speelman, mijn hooggeschatte promotor. Met name als opleider ben je (of toch 
u?)) in staat geweest mij de ruimte te geven dit onderzoek deels naast de opleiding tot internist 
tee kunnen voltooien. Jouw rust, nuchterheid, en gepaste distantie zijn voor mij een voorbeeld. 

Dee leden van de promotiecommissie: prof. dr. H. Büller, prof. dr. J. T. van Dissel, dr. P. W. 
M.. Hermans, prof dr. M. M. Levi, prof. dr. M. H. J. van Oers en prof. dr. P. P. Tak, mij is u 
dankk verschuldigd voor het kritisch lezen van het manuscript en voor het zitting nemen in de 
promotiecommissie. . 

Dee patiënten van de CAP studie wil ik bedanken voor hun bereidheid een broncho-alveolair 
lavagee voor de wetenschap te ondergaan. Deze lavages werden uitgevoerd door de longartsen 
Paull  Bresser en Jaring van der Zee. Heren, de vier patiënten die julli e hebben gelaveerd 
hebbenn toch maar mooi geleid tot twee hoofdstukken van dit boekwerk. Germie van den 
Dobbelsteen;; de samenwerking met het RIVM was een goede. Dank voor het brengen van de 
velee buisjes pneumolysine en verwante mutanten en het becommentariëren van het 
manuscript. . 

Sandrine,, de mooie pathologie plaatjes mogen met recht kunst genoemd worden. Het is 
bijzonderr wanneer je zoveel liefde voor je vak aan de dag kunt leggen als jij . 

Dee afdeling microbiologie en bacteriologie dank ik voor het gieten van de ontelbare bloed-
agarr platen en het aanleveren van de diverse kweek media. 

Dee analisten, Mieke, Nita, Anita, Angelique, Jennie, Inge, Hella en Esther voor de hulp bij 
hett uitplaten, de ELISA's, de western blots, het FACSen en het PCRen. De rust zal nu wel 
weerr wederkeren op het lab door mijn afwezigheid. Tevens wil ik Nike van de afdeling 
pathologiee bedanken voor de immunohistochemische kleuringen. 
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Bijzonderr grote dank ben ik verschuldigd aan Adri Maas, Joost Daalhuijsen en Ingvild Kop. 
Dee helden in de wereld van de muizen. Mijn angst voor de kleine snelle wezentjes is 
weliswaarr enigszins verminderd, maar zonder julli e steun waren de experimenten werkelijk 
nooitt ten uitvoer gebracht. 

Mij nn (ex-) collega aio's: Bibi, jouw onrust op de aio-kamer maakte mij juist rustig. Ik kijk 
mett genoegen terug naar onze nachtelijke zwemuurtjes in Amstelveen en de bijbehorende 
versee soepjes die ji j eigenhandig maakte. Jaklien (muizeoefeningen), Bernt (de HELD onder 
dee aio's), Gijs (zovaak mogelijk borrelen), Peppie (Ter Brugge, afwerkkamer in San Diego), 
Fannyy (uitzonderlijke laboratorium kennis en altijd bereid te helpen), Dariusz (groot hart in 
combinatiee met grootse verhalen), Nicole (unieke mate van eigenzinnigheid), Tessa, Louisa 
enn Pieter (wie leerde jou ook alweer Acda en de Munnick kennen?), allen bewoners geweest 
vann de AIO-kamer. Jullie voortdurende bereidheid mij te helpen bij, met name voor mij, 
onoverkomelijkee problemen weerspiegelt de bijzondere band die wij gedurende de afgelopen 
jarenn hebben gehad. Mare (hypotheekadviezen, ongevraagde secret royal information, gay 
scene),, Sylvia (stoom afblazen), David (levensinstellingen en zie het wordt beter!), Judith 
(lotgenoott in het niet gemakkelijke AGIKO-schap), Bas (equally contributer to my thesis? Ik 
dachtt het niet.), Roos, Nico (motormuis), Katrien, Koen, allen pupillen van Tom. Ook Alex, 
verdientt vernoeming; jammer dat het complement artikel, waar ji j op de valreep nog 
experimentenn voor hebt uitgevoerd, net niet in het proefschrift kon worden opgenomen. En 
dann Piet, onze eigen IT-er. Ik weet dat ik mijn ongeduld menigmaal op jou kwam botvieren. 
Maarr computers, en met name laptops, zijn ook zo ontzettend irritant! Op wie kon ik dat 
anderss projecteren dan op jou? Mijn welgemeende excuses daarvoor. 

Mij nn oudste jeugdvrienden, Marloes, Tamara, José en Willeke. Lieve Lou, Boston, jouw 
levenslust,, Queensdays in Amsterdam, de SMS contacten, de live muziek, Terschelling en het 
feitt dat ji j getoont hebt dat inderdaad diepe dalen door hoge toppen gevolgd worden, maken 
hett leven de moeite waard. Tam, Jo en Willie, de avonden aan tafel zijn vaak een verademing 
enn houden in stand wat wij al 30 jaar samen delen; lief en leed. Ik prijs mij erg gelukkig zulke 
vriendenn te hebben en te behouden. 

Maxinee Patel, dear zebra woman. Our daily emails are like an ultimate diary. The sharing 
off  our inner thoughts, sadness but also the jokes and joy are of very great value to me. The 
bookk weekends we spent in London, Amsterdam, Leiden en Rotterdam were really exhausting 
butt absolutely worthwhile. By the way, I did check the weather at the edge of London today, 
andd it was good. I hope that our friendship will last forever. 

Mariaa Riga, lieve Maria, het leven gaat niet altijd over rozen. Dat weet ji j als geen ander. 
Dee onaflaatbare steun die ji j voor mij bent, is werkelijk uniek. Ja, ik weet dat je net aan mij 
dacht.. Wanneer niet eigenlijk? 

Ericc Dubois, lieve Eric, bootje varen, portjes drinken en op maandagavond vieren dat het 
weekendd is, zijn de dingen die het leven een feest laten zijn. 

Yolandee Appelman, lieve Jopie, zeker zal de zon eens weer gaan schijnen. De snelle 
happenn met jou, jouw opbeurende woorden en inzichten zijn mij veel waard. 

Henkk en Mary, het huishouden waar ik mij ten allen tijde kan terugtrekken. De rust en tijd 
doorbrengenn met julli e drie fantastische kinderen waren zo noodzakelijk voor mij om de 
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gewonee zaken des levens te blijven waarderen. Endry, Marlinde en Thymo, vanaf nu is er 
weerr alle tijd om samen "Oppassen" en "Ernstige Delicten" te kijken, zonder dat mijn 
boeken/artikelenn of laptop mij zullen afleiden, dat beloof ik. 

Agnes,, wat is vriendschap waard? Zonder jou was het boek niet geworden wat het nu is. 
Datt is iets wat ik zeker weet. Daarnaast hebben onze diverse sportactiviteiten, fietsacties, 
culturelee afleidingen, talrijke lunches en portjes mij de afgelopen periode helpen doorstaan. 
Enn op het moment dat ik mijn hoofd liet hangen, en bijna zeker wist dat ik geen lokatie voor 
hett feest zou vinden, kwamen ji j en Sonja met het idee Kaap Kot te proberen. En anders was 
err altijd nog een huis op de Dam dat leeg stond. Nee, een feest zou er komen. Kaap Kot was 
eenn schot in de roos en op 10 mei zullen we dan eindelijk samen dansen. Oprechte dank voor 
alles! ! 

Petra,, P., mijn paranimf, het is een ware eer dat ji j als paranimf deze dag naast mij zult 
staan.. Petra en Anita: het onafscheidelijke duo zelfs tot in de Lutherse kerk. Het begon 
allemaall  met het delen van de computer in de fameuze AIO-kamer; twee jaar lang werken op 
dezelfdee stoel. Vervolgens de reis naar Bethesda en New York: NO he is not a professor!! 
Pastaa di mama broodjes, Herman Brood nights, PierreF, Italiaanse les, Duende, Maarten, 
Gary'ss muffins, onze ontelbare acts; ik hoop dat wij samen nog heel veel zullen lachen. 

Lizet,, mijn paranimf. Een bijzondere vriendschap is het die ons bindt. Dat ji j mij terzijde 
zultt staan op de grote dag, was vanaf het begin duidelijk voor mij, maar niet minder bijzonder. 
Dee enorme steun die ji j voor mij bent, door jouw overzicht en o zo simpele maar extreem 
waardevollee adviezen (therpeutisch hardlopen, slapen, blokje om) zijn van grote waarde. 

Papaa en mama, julli e stilzwijgende aanmoediging en trots is van groot belang geweest; 
bescheidenheidd siert de mens nog altijd. Jullie hebben mij gemaakt zoals ik ben. En daar ben 
ikk julli e eeuwig dankbaar voor. 
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