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Introductionn and outline of the thesis 

Introductio nn and outline of the thesis 

1.. Introductio n 

Infectiouss diseases are a major cause of morbidity and mortality worldwide (1). Respiratory 

infectionss are the most frequent infectious cause of disease followed by infectious diarrhea, 

malariaa and tuberculosis. Improved hygiene and the advent of antibiotics and immunization 

programss have successfully reduced the morbidity and mortality of many infectious diseases 

inn the twentieth century. However, new infectious pathogens emerge continuously, forming a 

threatt to mankind. Furthermore, the increasing incidence of bacterial resistance against 

antimicrobiall  therapy hampers adequate treatment and poses growing difficulties to the 

medicall  professional community (2-5). It is therefore mandatory to improve our 

understandingg of the pathogenesis of (mycobacterial infections and of the mechanisms 

contributingg to the antibacterial host response. The research described in this thesis focuses 

onn the induction and regulation of the inflammatory response to experimentally induced 

(mycobacteriall  infection. For this we used several experimental models and interventions or 

geneticallyy modified mice. In line with the diagrammatic presentation of the outline of the 

thesiss presented in Figure 1, we will briefly discuss the following topics relevant for this 

manuscript:: (1) induction of an innate inflammatory immune response, (2) experimental 

modelss used, and (3) interventions and mouse strains used. 

2.. Induction of an innate inflammatory immune response 

2.12.1 Pattern recognition and Tol I-1 ike receptors 

Forr the induction of a host immune response to invading microorganisms, the recognition of 

pathogenss by cells of the immune system early in infection is of pivotal importance. 

Microorganismss share several highly conserved molecular structures called pathogen-

associatedd molecular patterns (PAMPs). Examples of PAMPs are endotoxin 

(lipopolysaccharide.. LPS). lipoteichoic acid (LTA). peptidoglycan (PGN) and 

lipoarabinomannann (LAM) . Host immune cells recognize these PAMPs by certain receptors 

(patternn recognition receptors. PRRs) leading to intracellular signaling and ultimately 

resultingg in activation of the immune system (6). CD14. a glycosylphosphatidylinositol-

linkedd receptor expressed on the surface of phagocytic cells, has been widely accepted as a 

PRRR for a variety of bacterial cell wall components (7-9. 16). However. CD14 does not 

11 1 



CHAPTERR 1 

containn a cytoplasmic domain and therefore cannot transduce activating signals across the 

celll  membrane. 

Thee Toll family of receptors, which is conserved throughout evolution from flies to humans, 

hass been implicated to play a central role as PRRs in the initiation of cellular innate immune 

responses.. The Toll receptor family most likely represents the connection between the 

extracellularr compartment, where contact with and recognition of pathogens occurs, and the 

intracellularr compartment, where signaling cascades leading to cellular immune responses are 

triggered.. First discovered in the fruit fly, at present 10 human homologs of Drosophila Toll 

havee been identified. This mamalian receptor family has been designated Toll-like receptors 

orr TLRs. TLRs are distinguished from other PRRs by their ability to recognize, and more 

significantly,, discriminate between different classes of pathogens. Ligands for at least X 

mammaliann TLRs have been described, among which TLR4. TLR4 has been shown to be 

expressedd by a variety of cells including dendritic cells and macrophages (10). TLR4 has 

beenn identified as the signal transducing receptor for endotoxin (11, 12). After binding of 

LPSS to CD14, this complex interacts with TLR4 and the extracellular protein MD-2 resulting 

inn activation of intracellular signaling cascades (13). TLR4 has also been implicated in the 

recognitionn of other ligands including LTA from Gram-positive bacteria (14) and a heat-

sensitivee cell-associated factor expressed by Mycobacterium tuberculosis (15). 

LPSS binding protein (LBP) is an acute phase protein that greatly enhances the presentation of 

microbiall  PAMPs to the pattern recognition receptor CD 14 on immunocompetent cells, 

therebyy facilitating subsequent signaling via TLR4 (and possibly TLR2). LBP has been 

describedd to bind LPS, PGN, LTA and LAM (8, 16-21). 

2.22.2 P38 Mitogen Activated Protein Kinase 

AA vast range of extracellular signals is transmitted intracellularly via similar signaling 

pathways.. Activation of these intracellular signal transduction pathways leads to gene 

expressionn and induction of immune responses. About ten years ago, a family of 

serine/threoninee protein kinases, called Mitogen Activated Protein Kinases (MAPKs), was 

identifiedd as an indispensable pathway in the induction of cellular responses to external 

inflammatoryy signals (22). A series of three protein kinases - a MAPK and two upstream 

components.. MAPK kinase (MAPKK) and MAPKK kinase (MAPKKK) - forms the MAPK 

cascade.. Once activated, the MAPKs can phosphorylate and activate other kinases or 

transcriptionn factors (22). So far. three different MAPK pathways have been described in 

mammaliann cells: the extracellular signal-regulated kinase (ERK) pathway (p42 p44 MAPK). 

12 2 



Introductionn and outline of the thesis 

thee c-Jun amino terminal kinase (JNK) pathway and the p38 MAPK pathway. In general, the 

ERKss are activated by mitogenic and proliferative stimuli, whereas the JNKs and p38 

MAPKss act in response to environmental stress, including ultraviolet light, heat, osmotic 

shockk and inflammatory cytokines. In addition. p38 MAPK is phosphorylated and activated 

inn response to LPS (23). Activation of the p38 MAPK pathway is associated with the 

productionn of proinflammatory cytokines in phagocytes and T-lymphocytes. Moreover, p38 

MAPKK is also involved in other inflammatory responses including neutrophil activation (24, 

25),, apoptosis (26, 27) and the production of NO synthase (28). Four isoforms of p38 MAPK 

havee been identified: p38a. p38(3. p38y and p386. Of these, p38a is the best characterized 

andd perhaps the most relevant kinase involved in inflammatory responses (22). The 

characteristicss of p38 MAPK as described above make p38 MAPK an interesting target for 

anti-inflammatoryy and anti-cytokine therapies. 

-._>> tjtCi"Cii'i4  prOin/tüiiiirhiii'/i'Y  i'rituiütOi'S 

Afterr successful innate recognition of pathogens or PAMPs and the activation of intracellular 

signalingg pathways such as p38 MAPK, the immunocompetent cell responds with the release 

off  a plethora of inflammatory mediators. Cytokines are a family of small (8-80 kD molecular 

weight)) proteins that play a pivotal role in the regulation of the host immune response (29). 

Cytokiness function in a complex network in which they influence each other's production 

andd activity. Moreover, several cytokines have highly overlapping activities. Cytokines are 

producedd by a variety of cells including leukocytes, epithelial cells and endothelial cells in 

responsee to a broad range of infectious and immunologic stimuli. They exert their effects by 

bindingg to a specific receptor expressed on the cell membrane of many different cell types. 

Historically,, cytokines are classified into three groups: proinflammatory cytokines, anti-

inflammatoryy cytokines and soluble inhibitors of proinflammatory cytokines. 

Proinflammatoryy cytokines stimulate inflammation and enhance the host immune response 

againstt invading microorganisms. Tumor necrosis factor-u .(TNF) interleukin (IL)-l , IL-12, 

IL-188 and interferon (IFN)-y are all examples of this group. In contrast, anti-inflammatory 

cytokiness attenuate the host immune response by blocking the expression of proinflammatory 

cytokiness or by inhibiting phagocytosis and microbicidal activity of macrophages and 

neutrophilss (29). IL-4. IL-10 and IL-13 are members of the anti-inflammatory cytokine 

family.. Soluble inhibitors, the third group, inhibit the activity of proinflammatory cytokines 

byy binding to proinflammatory cytokines in the circulation (neutralization) or by competitive 

13 3 
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bindingg to the membrane bound - proinflammatory - cytokine receptor without the induction 

off  intracellular signaling. Examples of this group are soluble TNF receptors type I and II . IL-

11 receptor antagonist (1L-1RA) and IL-18 binding protein (IL-18BP). 

IL-122 is a heterodimeric proinflammatory cytokine (IL-12p70). formed by a p35 and p40 

subunit.. which is mainly produced by antigen-presenting cells (30). IL-12 is a potent 

stimulatorr of T cell functions, inducing the production of IFN-y and facilitating the 

differentiationn of naive CD4" T cells into T helper 1 cells. Ample evidence exists that IL-12 

alsoo plays an important role in the pathogenesis of bacterial infection and the associated 

inflammatoryy response. IL-18, previously termed IFN-y inducing factor, is a proinflammatory 

cytokinee that was originally identified as a co-stimulatory factor in the production of IFN-y 

duringg endotoxin shock in mice (31. 32). IL-18 is mainly produced by macrophages in 

responsee to a variety of microbial products (33). Although IL-18 alone is not a potent 

stimulatorr of IFN-y production, it synergistically enhances IL-12 induced IFN-y production. 

Besidess the induction of IFN-y. IL-18 has many other proinflammatory' effects on T and NK 

cells,, including the enhancement of cell proliferation and cytotoxicity and the production of 

TNF.. IL-2 and TNF (34, 35). 

Chemokiness are a family of chemotactic proteins important for the recruitment and activation 

off  leukocytes during inflammation (29. 36). They can be produced by all somatic cells in 

responsee to inflammatory stimuli. Chemokines are divided into four closely related 

polypeptidee families. CXC. CC, C. and CX;,C. based on the position of their cysteine 

residues.. CXC and CC chemokines have been most extensively described. CXC chemokines 

cann be further divided into two groups on the basis of the presence of the FLR motif. HRL-

containingg CXC chemokines like 11.-8 and growth related oncogene ((JR())-u. act 

predominantlyy on neutrophils while LRI-negative CXC chemokines primarily target 

lymphocytes.. CC chemokines mainly influence mononuclear cells (29). The murine 

analoguess of human IL-8 are macrophage inflammatory protein (\IIP)-2 and keratinocyte 

(KC). . 

Platelet-activatingg factor (PAF), a glycerophospholipid with proinflammatory properties, 

exertss its biological effects by interacting with the PAF receptor (PAFR) expressed on many 

differentt cell types including respiratory epithelial cells (37. 38). PAF is a potent 

proinflammatoryy mediator: in addition, the PAFR may play a role in the innate immune 

responsee that is independent of its interaction with PAF. Indeed, the PAFR specifically binds 

14 4 



Introductionn and outline of the thesis 

phosphorylcholinee (ChoP). the biologically active component of PAF. which is also a 

componentt of the cell wall of certain pathogens including non-typeable Haemophilus 

influenzaeinfluenzae (NTHi). In vitro experiments showed that the PAFR facilitates the invasion of 

epitheliall  cells by NTHi (39-41). 

3.. Experimental models used 

Thiss thesis uses several models of infection and inflammation to obtain insight into the 

functionn of the immune pathways described above. Following the diagrammatic presentation 

off  the outline of the thesis (Figure 1), the models used are lung tuberculosis and pneumonia 

inn mice, and endotoxemia in healthy humans. 

3.13.1 Tuberculosis 

Tuberculosis,, caused by the pathogen Mycobacterium tuberculosis, is an important health 

t inCa tt  WOrldWidC . yJVtC tn i r d OI  trl C WOrl u p o p u i u u un i s i m m c u w i u i .vi. uti'Li  L iinjM.i. 

resultingg in 8 million new cases of disease and over 2 million deaths per year (1. 42). The 

organismm is primarily transmitted via the respiratory route and pulmonary tuberculosis is the 

mostt common disease manifestation. Tubercle bacilli are slow-growing acid-fast rods. They 

aree intracellular pathogens and use macrophages as their primary host cell M. tuberculosis 

bacillii  contain LAM in their cell wall. LAM shares many physicochemical properties with 

LPSS and is considered important for the induction of a proinflammatory immune response in 

M.M. tuberculosis infection (43). In chapters 6 and 7 we used a mouse model of pulmonary 

tuberculosiss in which viable virulent M. tuberculosis is inoculated mtranasally. resulting in a 

slowlyy developing disease resembling human tuberculosis. 

3.23.2 Pneumonia 

Pneumoniaa is a common and serious illness and the leading cause of death due to infectious 

diseasess in the United States. In the USA the estimated annual incidence of pneumonia is 4 

million.. 20 % of which results in hospitalization. The mortality rate can be as high as 25%. 

especiallyy in hospitalized patients (44). Pneumonia can be caused by a large number of 

pathogens.. The most frequently identified pathogen is Streptococcus pneumoniae (45. 46). S. 

pneumoniaepneumoniae is a Gram-positive diplococcus of which over 90 serotypes have been described. 

Pathogenicc serotypes have a capsule composed of polysaccharides with antiphagocytic 

properties.. The pneumococcal cell wall is a potent inducer of inflammation. These 

proinflammatoryy properties are attributed to the cell wall components LTA and PGN (47. 
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48).. Another factor that contributes to the virulence of the pneumococcus is pneumolysis 

Pneumolysinn is a toxin that lyses cholesterol containing membranes and activates the 

complementt cascade (49). Furthermore, pneumolysin ts implicated in the induction of a 

proinflammatoryy host response (50). 

Thee Gram-negative bacterium Klebsiella pneumoniae is another causative pathogen of 

pneumonia.. In contrast to S. pneumoniae, it is a rare cause of community acquired pneumonia 

butt a frequent cause of hospital acquired pneumonia (45. 51, 52). 

Pneumoniaa caused by NTHi is frequently seen in patients suffering from chronic obstructive 

pulmonaryy disease. NTHi is a Gram-negative bacterium that lacks a polysaccharide capsule 

('non-typeable')) in contrast to other//, influenzae isolates (53. 54). 

Inn chapters 8-1 1 we used mouse models oï pneumonia caused by either S. pneumoniae. K. 

pneumoniaepneumoniae or NTHi. in which viable bacteria were inoculated intranasally. 

3.33.3 Human endotoxemia 

Endotoxinn or LPS is a major component of the outer membrane of Gram-negative bacteria. 

Endotoxinn has strong proinflammatory properties and can activate multiple inflammatory 

cascades.. It is therefore considered to play a key role in the toxic sequelae of Gram-negative 

sepsis.. LPS is composed of a lipid moiety, designated lipid A, and a hydrophilic 

polysaccharidee chain. In recent years the injection of endotoxin into humans has been 

employedd to study the early inflammatory responses of the host to Gram-negative 

inflammation.. Intravenous injection of low dose LPS has also been used as a model to study 

mechanismss that contribute to the activation of inflammation during other inflammatory 

conditions,, including rheumatoid arthritis and Crohn's disease. The symptoms elicited by 

LPSS may vary between study subjects. The majority of subjects complain of headache, 

generalizedd malaise and myalgia, sometimes accompanied by nausea. A monophasic fever, 

precededd by chills, is almost always registered, albeit the rise in body temperature varies. All 

signss and symptoms start to occur one hour to 90 minutes after the injection of LPS, are most 

prominentt after two to three hours, and disappear within one to four hours thereafter, 

althoughh some degree of fever may last a few hours longer. Intravenous injection of LPS 

inducess activation of a number of inflammatory cascades, which can be measured with 

sensitivee laboratory techniques. These changes include activation of the cytokine network, 

activationn of leukocytes, activation of endothelial cells, and activation of coagulation and 

fibrinolysis. . 

16 6 



Introductionn and outline of the thesis 

Inn chapters 2-5 we used the human endotoxemia model to examine the activation and role of 

p388 MAPK in LPS-induced inflammation. 

4.. Interventions and mouse strains used: outline of the thesis 

Thee general objective of this thesis is to gain more insight into the role of several factors 

implicatedd in the regulation of host immune responses in in vivo models of infection and 

inflammation. . 

Wee used the following experimental models, interventions and mouse strains to accomplish 

thiss objective. Note that we chose to first present the studies in humans challenged with LPS, 

followedd by the mouse studies involving live pulmonary infections. 

Thee first part of this thesis {chapters 2-5) evaluates the role of p38 MAPK during human 

endotoxemia.. Chapter  2 analyzes the activation of MAPK pathways in humans 

intravenouslyy injected with LPS. Chapter  3 describes the effect of a p38 MAPK inhibitor on 

P->oo ivi.rw K activity anu tuc expression oi cytokines during human endotoxemia. In chapter 

4,, the effect of p38 MAPK inhibition on LPS-induced activation of coagulation and 

fibrinolysisfibrinolysis is investigated. Chapter  5 evaluates the role of p38 MAPK in the expression of 

chemokiness and chemokine receptors important for the recruitment and activation of 

neutrophilss during human endotoxemia. 

Thee second part of this thesis (chapter  6-11) studies several factors important for host 

defensee in models of (localized) pulmonary infection. In these experiments, mice were used. 

Pneumoniaa was induced by intranasal inoculation with Gram-positive S. pneumoniae, Gram-

negativee K. pneumoniae or Gram-negative NTHi bacteria. Similarly, pulmonary tuberculosis 

wass induced by intranasal infection with M. tuberculosis. Chapter  6 evaluates the role of 

LBPP in lung tuberculosis using LBP gene deficient mice. The same mouse strain was used to 

determinee the role of LBP in pneumonia induced by S. pneumoniae and K. pneumoniae 

respectivelyy (chapter  8). TLR4 mutant mice were used to study the role of TLR4 in 

pulmonaryy tuberculosis (chapter  7) and in Gram-positive and Gram-negative pneumonia 

(chapterr  9). We assessed the contribution of IL-12 and IL-18 in the host defense against 

pneumococcall  pneumonia in chapter  10. Finally, the role of the PAFR in pulmonary 

infectionn induced by NTHi was studied in chapter  11. 

17 7 
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Abstract t 

Background:: All three major members of the MAPK family (i.e. p38 MAPK. p42 p44 

MAPK,, and c-Jun N terminal kinase (JNK)) have been shown to control cellular responses to 

inflammationn in vitro. Therefore these kinases have been designated suitable targets for anti-

inflammatoryy therapy. However, the extent to which these kinases are actually activated 

duringg inflammation in humans in vivo has not been investigated. We employed experimental 

humann endotoxemia, a model of systemic inflammation, to address this question. Materials 

andd Methods: Male volunteers were intravenously infused with 4 ng/kg bw 

lipopolysaccharidee (LPS). Directly before LPS infusion up to 24 h thereafter, activation of 

p388 MAPK. p42 p44 MAPK and JNK was assessed in peripheral blood, using Western blot 

andd in vitro kinase assays. Results: We observed that LPS induced a strong but transient 

phosphorylationn and activation of p38 MAPK and p42/p44 MAPK, maximal activity being 

reachedd after 1 hr of LPS infusion. Strikingly, no JNK phosphorylation or activation was 

detectedd under these circumstances. Conclusions: These results suggest that both inhibitors of 

p388 MAPK and p42/p44 MAPK but not JNK are potentially useful for anti-inflammatory 

therapy. . 



Humann endotoxemia induced MAPK acti\ ation 

Introductio n n 

Inn recent years it has emerged that members of the Mitogen Activated Protein Kinase 

(MAPK)) family are critically involved in intracellular signal transduction, mediating cell 

responsess to a variety of different infectious and inflammatory' stimuli. In vitro, inflammatory 

mediatorss such as lipopolysaccharide (LPS). Tumor Necrosis Factor (TNF) and interleukin-1 

activatee p38 MAPK. c-jun N-tenninal kinase (JNK). and p42/44 MAPK (1. 2). In addition, 

variouss studies have shown that pharmacological inhibitors of p38 MAPK and p42/p44 

MAPKK strongly influence the production of inflammatory cytokines after such stimulation 

(3-5).. Hence, inhibitors of specific MAPK family members are promising new targets for 

anti-inflammatoryy therapy. 

Importantly,, in studies addressing the in vitro activation of MAPK family members by 

infiTm«-int.)p'' a'rents the conecntration used of these agents often exceeds the physiological 

relevantt concentration many fold. Hence important questions remain both with regard to the 

extentt and the kinetics of the activation of p38 MAPK. p42/p44 MAPK, or JNK by 

inflammatory'' stimuli in humans in vivo. 

Thiss consideration prompted us to assay activation of the three major MAPK family members 

inn a well-established model of systemic inflammation in humans, human endotoxemia (6). 

Bothh phosphorylation and in vitro kinase activity of p38 MAPK, p42/p44 MAPK and JNK 

weree determined in peripheral blood leukocytes. At the LPS concentration employed, clear 

phosphorylationn and activation of both p38 MAPK and p42/p44 MAPK but not JNK was 

observed,, contrasting the prevailing view that p38 MAPK and JNK. but not p42 p44 MAPK 

aree the ma]or targets for LPS signal transduction. In addition, enzyme phosphorylation was 

maximall  1 hr after the onset of LPS treatment, which is much slower than the kinetics 

describedd for these kinase in literature (1. 6-8). We conclude that LPS is able to mediate 

MAPKK family member activation in vivo, although both the nature of the kinases involved, as 

welll  as the temporal characteristics of this activation are different from that expected from 

existingg literature data. 
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Material ss and Methods 

hihi vitro stimulation of leukocyte cell fractions 

Endotoxin-freee reagents and plasticware were used throughout the experimental process. 

Bloodd from healthy volunteers was collected with 10 U/ml heparin (Leo Pharmaceutical 

Products.. Weesp, the Netherlands). PBMCs were isolated by density-gradient sedimentation 

onn Ficoll-Paque (Pharmacia. Uppsala. Sweden) from blood diluted 1:1 with PBS. After 

isolationn of the PBMC fraction, the remaining non-PBMC leukocyte fraction was isolated by 

lysingg the erythrocytes with ice-cold isotonic NH4C1 solution (155 mmol/1 NH4C1, 10 mmol/1 

KHCO?.. 0.1 mmol/1 EDTA. pH 7.4. and 1 mM Pefabloc) for 15 min. PBMCs and non-

PBMCss were washed twice with PBS and resuspended in RPMI (GIBCO, Grand Island. NY) 

supplementedd with 10% human serum (from the original blood donor) in 15 ml tubes (Beeton 

Dickinson,, Franklin Lakes. NJ). Samples, containing the PBMCs (approximately 2 x 10'' cells 

each)) or non-PBMCs (approximately 10 x 106 cells each) from 2 ml blood, were incubated at 

377 °C for 45 min, and then stimulated with LPS from E. coli serotype 0111:B4 (Sigma, St. 

Louis,, MO) at the concentrations indicated. After 15 min. ice-cold PBS was added to each 

rube,, and cells were centrifuged at 400 x g for 5 min at 4 °C. The cell pellets were lysed in 

1000 \i\ 3x SDS-sample buffer; this mixture was briefly sonicated (2 x 10 s) and boiled for 5 

minn followed by brief centrifugation and storage at -20 °C. Aliquots of the PBMC and non-

PBMCC samples (25ul) were analyzed for MAPK phosphorylation using Western blot (see 

further). . 

LPSLPS administration to humans in vivo 

Thee institutional scientific and ethics committees approved the study, and written informed 

consentt was obtained from each subject prior to the start of the study. Eight healthy male 

volunteerss (mean age 22. range 19-26 years) and a group of non-LPS treated volunteers (n=3) 

participatedd in the investigation. LPS (Escherichia coli lipopolysaccharide, lot GL United 

Statess Pharmacopeial Convention, Rockville, MD) was administered as a bolus intravenous 

injectionn at a dose of 4 ng/kg body weight as described earlier (9. 10). 

SampleSample collection LPS volunteers 

Venouss blood was collected in heparin-containing vacutainer tubes directly before LPS 

administrationn (t = 0 h). and at 5. 15. 30. and 60 min and 4. X. and 24 h thereafter. 
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Erythrocytess from 4.5 ml aliquots were lysed by adding 40 ml ice-cold isotonic NHiCl 

solutionn for 30 min. The remaining leukocytes were centrifuged for 5 min. 400 x y. at 4 °C. 

washedd twice with ice cold PBS. and resuspended in 400 \x\ of PBS. 200 u.1 of the cell 

suspensionn were added to 125 u.1 of 3x SDS-sample buffer, briefly sonicated (2x 10 s) and 

boiledd for 5 min followed by brief centrifugation and storage at -20 UC. To the remaining cell 

suspension,, intended for the kinase assay, 800 u.1 ice-cold cell lysis buffer (20 mM Tris (pH 

7.5),, 150 mM NaCl. ImM EDTA, ImM EGTA. 1% Triton, 2.5 mM sodium pyrophosphate, 1 

mMM (3-glycerolphosphate, 1 mM Na.iVO.1, 1 u.g/ml Leupeptin and ImM Pefabloc) were 

added.. Samples were sonicated 4 x 5 s on ice and spun at 7000 x g for 10 mm at 4 "C. Protein 

contentt in the clear supernatant was determined using a bicinchonmic acid (BCA) protein 

assayy kit (Pierce. Rockford, IL), using BSA as the standard, and the supernatant was stored at 

-800 °C. 

WesternWestern blotting and kinase assays 

Analysiss of MAPK phosphorylation was performed using Western blotting and polyclonal 

rabbitt antibodies against phosphorylated (Thr2"2/Tyr2"4) p44/42 MAPK, phosphorylated 

(Thr'^Tyr1* 5)) JNK. and phosphorylated (Thrls"/Tyr l!C) p38 MAPK (Cell Signaling. Beverly. 

MA).. MAPK enzymatic activity was assayed using commercial in vitro kinase assays (Cell 

Signaling.. Beverly. MA) according to the manufacturers protocol as described (3, 11. 12). 

Extractss from UV-treated 293 cells served as a positive control for JNK (Cell Signaling. 

Beverly.. MA). 

AnalysisAnalysis of MAPK phosphorylation 

Phosphorylationn of MAPKs was measured by Western blot. Antibody binding was quantified 

usingg image analysis software (EFM Software. Rotterdam, the Netherlands) and 

measurementss were corrected for the amount of protein loaded to allow quantitative 

comparisonn between blood samples, which may contain different amounts of leukocyte 

proteinn as a consequence of the LPS challenge, and were compared to a reference sample (set 

onn a 100 arbitrary units) as to allow investigation into the variation in MAPK 

phosphorylationn between the subjects. 
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Results s 

ActivationActivation of MAPKfamily members bv endotoxin in vitro 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK family 

members,, peripheral blood was obtained from volunteers. Subsequently, the PBMC fraction 

(mainlyy monocytes and lymphocytes) was separated from the leukocyte non-PBMC fraction 

(mainlyy granulocytes). Both fractions were stimulated with LPS as to obtain insight into 

possiblee differences between the different cell types of the blood with respect to their reaction 

too endotoxin. As evident from figure 1. both the PBMC fraction as well as the non-PBMC 

fractionn reacted to LPS with enhanced phosphorylation of both p38 MAPK. p42/p44 MAPK 

andd JNK. especially at LPS concentrations in excess of 1 ng/ml. We concluded that ex vivo 

alll  three MAPK family members are a target for endotoxin signal transduction and that -ex 

vivo-- no significant differences between blood cell fractions exist. 

PBMCs s non-PBMCs s 

pp38 8 

pp42/44 4 

pp54 4 

pp46 6 

LPSS (ng/ml) 0 4 ' 1 10 100 1000 0 4 ' 1 10 100 1000 

Figuree 1. LPS activates p38 MAPK. p42/44 MAPK and .INK in PBMCs and non-PBMCs in 
vitro.PBMCss and non-PBMCs were isolated from whole blood, incubated for 45 min at 37 "C. 
andd stimulated with LPS for 15 nun at the concentrations indicated. The leukocyte fraction 
(PBMCC or non-PBMC) was loaded on one gel. in a quantity relative to their proportion in whole 
bloodd as to allow comparison of their relative contribution to MAPK activation in the total 
leukocytee fraction. MAPK activation was assessed on Western blot using phosphospecific 
antibodiess for p38 MAPK (pp38, A). p42 44 MAPK (pp42 44. B), and JNK (pp46/pp54, C). 
Westernn blots shown are representative of three experiments. 
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Figuree 2. No variation in MAPK phosphorylation 
throughoutt the day. Peripheral blood leukocytes from 
nonn LPS-treated volunteers, obtained at 7:00 h. 10:00 
h.. 11:00 h and 18:00 h (7. 10. 11. and 18 in figure), 
weree analyzed for p.38 MAPK (pp38), p42/44 MAPK 
(pp42/44).. and JNK (pp46/pp54) phosphorylation 
status.. (Representative examples out of three.) UV light 
treatedd 293 cells served as a positive control for JNK 
phosphorylationn (-). 
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TheThe phosphorylation status of MAPK family members is not subject to a circadian rhythm 

Inn order to investigate the effects of endotoxin on the phosphorylation status of MAPK 

memberss throughout a 24 hr study period, it is essential that in unchallenged volunteers this 

phosphorylationn status is not subject to a circadian rhythm. Hence blood was obtained from 3 

volunteerss at different time points and MAPK phosphorylation was investigated using 

Westernn blot analysis and phosphospecific antibodies. It appeared that p38 MAPK and 

p42/p444 MAPK phosphorylation in leukocytes of non LPS-treated volunteers is not subject to 

variationn throughout the day (figure 2). Strikingly, no basal JNK phosphorylation was 

observed,, although such phosphorylation was easily discernable in UV-treated human cancer 

cells,, and thus the absence of basal INK activation is not due to a detection problem. Hence it 

iss possible to study the effects of LPS on this phosphorylation over a multi-hour time course. 

Figuree 3. Endotoxemia induces 
transientt fever in humans. Eight 
healthyy male volunteers were 
intravenouslyy infused with a holus 
off  LPS (4 ng/kg bw). Body 
temperaturee was measured just 
beforee LPS infusion (0'), and I. I1', 
(90').. 2. 4, 6, 8. 10 and 24 h after 
LPSS infusion. Results arc given as 
meann ("C)  SEM. 

time e 

EndotoxemiaEndotoxemia induces transient phosphorylation ofp38 MAPK and p42/p44 MAPK 

Subsequently,, we studied the effects of human endotoxemia on the phosphorylation of these 

MAPKs.. Infusion of LPS caused mild fever and other typical symptoms as is well described 

forr human experimental endotoxemia (6. 10) (6. 9. 10). Importantly, strong phosphorylation 

off  p38 MAPK and p42/p44 MAPK was observed (figure 4A and 5A). Using digital imaging 

software,, the relative phosphorylation levels at different time points were determined and an 

aggregatee curve of the combined volunteers was constructed (see experimental procedures) 

revealingg the temporal characteristics of this phosphorylation. On average maximal 

phosphorylationn was observed 60 min after LPS infusion, followed by a striking 

dephosphorylationn of both kinases (figure 4C and 5C). Importantly, however, in vivo LPS 

challengee was not accompanied by increased phosphorylation of either p54 JNK or p46 JNK 
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(figuree 6A). whereas in vitro this phosphorylation was easily detectable. Thus human 

endotoxemiaa provokes strong but transient phosphorylation of both p38 MAPK and p42 p44 

MAPK.. but JNK phosphorylation is not detected. 

- : : - • --
PATF-; ; 

00 30 60 4h 8h 24h 

Figuree 4. Human endotoxemia activates p38 MAPK. 
Peripherall  blood leukocytes from LPS-treated 
volunteerss were obtained just before LPS infusion 
(()').. and 5. 15. 30. and 60 min. and 4. X and 24 h after 
LPSS infusion. p38 MAPK phosphorylation and 
enzymaticc activity was then assessed at various time 
points.. Al l Western blots shown are representative of 
att least three experiments. (A) p38 MAPK 
phosphorylationn was determined using antibodies 
againstt phosphorylated p38 MAPK (pp38). (B) p38 
MAPKK enzymatic activity was determined by 
measuringg phosphorylation of ATF-2 (pATF-2) in an 
inn vitro kinase assay, using immunoprecipitated 
phosphorylatedd p38 MAPK from leukocyte lysates. 
(C)) Kinetic analysis of p38 MAPK phosphorylation 
inn leukocytes samples from 8 LPS-treated volunteers. 
Resultss (mean  SEM) were obtained by image 
analysiss of Western blotting with phosphospecific 
antibodiess and expressed relative to a reference 
sample,, which was set on a 100 arbitrary units. 

ppd2/44 4 pElk-1 1 

00 30 60 4h 8h 

Figuree 5. Human endotoxemia activates p42'44 
MAPK.. Peripheral blood leukocytes from LPS-
treatedd volunteers were obtained just before LPS 
infusionn (0'), and 5, 15, 30, and 60 min. and 4, 8 and 
244 h after LPS infusion. P42/44 MAPK 
phosphorylationn and enzymatic activity was then 
assessedd at various time points. All Western blots 
shownn are representative of at least three 
experiments.. (A) p42/44 MAPK phosphorylation was 
determinedd using antibodies against phosphorylated 
p42/444 MAPK (pp42/44). (B) p42/44 MAPK 
enzymaticc activity was determined by measuring 
phosphorylationn of Llk-1 (pElk-1) in an in vitro 
kinasee assay. using immunoprecipitated 
phosphorylatedd p42 44 MAPK from leukocyte 
lysates.. (C) Kinetic analysis of p42/44 MAPK 
phosphorylationn in leukocytes samples from LPS-
treatedd volunteers (number of samples analyzed as 
indicatee in the figure). Results (mean  SEM) were 
obtainedd by image analysis of Western blotting with 
phosphospecificc antibodies and expressed relative to a 
referencee sample, which was set on a 100 arbitrary 
units. . 
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LPSLPS infusion enhances p38 MAPK andp42/p44 MAP enzymatic activity in peripheral blood 

leukocytes leukocytes 

Too confirm that enhanced phosphorylation of MAPKs after in vivo LPS challenge is 

accompaniedd by enhanced enzymatic activity of these enzymes, MAPKs were 

immunoprecipitatedd from peripheral blood lysates. As evident from figure 4B. 

phosphorylationn of p38 MAPK was accompanied by increased enzymatic activity. Also 

p42/'p444 MAPK showed enhanced enzymatic activity after LPS infusion, but the kinetics did 

nott completely correspond to enzyme phosphorylation, suggesting that other intracellular 

regulatoryy events, directing activity of p42/p44 MAPK, are present in vivo as well (figure 

5B).. Strikingly, neither phosphorylation nor activation of JNK was observed in the white cell 

fractionn of our LPS volunteers (figure 6A,B). These results confirm that human endotoxemia 

resultss in phosphorylation and activation of p38 MAPK and p42/p44 MAPK. Hence these 

resultss form the first formal proof of the activation of MAPK family members in an 

; „ f l „ m m ^ t „ „ ,, n „ « ; „ „ r h i r i n a h u m a n i n f l a m m a t i o n i i i n a i i i i i i a i w ii y v e i l i n g u u n i i g H u m a n i i i i i m n n i u i i u i i . 

AA B pp5 4 4 
__ <  — i  p  c-Ju n 

JJ  pp4 6 • •  «- ^ 
++ 0 '  30 :  60 '  -  +  0 !  3 0 60 '  4 h 8 h 

Figuree 6. Human endotoxemia does not activate JNK. Peripheral blood leukocytes from LPS-treated volunteers 
weree obtained just before LPS infusion (0'), and 5, 15, 30, and 60 min, and 4, 8 and 24 h after LPS infusion. 
JNK.. phosphorylation and enzymatic activity was then assessed at various time points. All Western blots shown 
aree representative of at least three experiments. (A) JNK phosphorylation was determined using antibodies 
againstt phosphorylated JNK (pp46/pp54), UV light treated 293 cells served as a positive control for JNK 
phosphorylationn (+). (B) JNK enzymatic activity was determined by measuring phosphorylation of c-Jun (p c-
Jun)) in an in vitro kinase assay, using immunoprecipitated phosphorylated JNK from leukocyte lysates, HeLa 
cellss treated with osmoshock or left untreated served as a positive and negative control (+. -). 

Discussion n 

AA large body of scientific research has led to the realization that the MAPK family is a 

principall  regulator of cell physiology. Activation of p38 MAPK, p42/p44 MAPK and JNK in 

responsee to a variety of inflammatory agents has been described and these MAPKs control 

manyy cellular responses to inflammation. As a consequence, inhibitors of these kinases have 

beenn proposed as anti-inflammatory therapy. Importantly, however, actual activation of these 

kinasess during human inflammation has not been verified and hence we set out to investigate 
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thee effects of human endotoxemia on MAPKs. To this end we investigated endotoxin 

responsess in different blood cell fractions ex vivo and compared these to the effects observed 

inn the human endotoxemia model. This well-established model involves rapid systemic 

inflammationn and simultaneous activation of many inflammatory cells, and we argued that 

underr these circumstances MAPK activation should be readily detectable. 

Indeed,, endotoxemia induced both phosphorylation and enzymatic activation of p38 MAPK 

andd p42/44 MAPK in peripheral blood leukocytes, suggesting that these kinases are 

importantt in mediating LPS effects in vivo. Hence, it should be interesting to investigate 

whetherr pharmacological inhibition of such kinases wil l result in reduced fever and 

suppressionn of the other typical inflammatory symptoms observed in the human endotoxemia 

model.. Interestingly. LPS induced activation of MAPKs was followed by dephosphorylation 

off  both p38 MAPK and p42,44 MAPK. In vitro, LPS pre-treatment inhibits LPS-induced p38 

MAPKK and p42 44 MAPK activation, and this phenomenon is suggested to be involved in 

LPSS tolerance (13, 14). The mechanism underlying LPS tolerance is thought to reflect a 

protectivee cellular reprogramming against shock due to hyperreactive inflammatory cells, but 

onn the other hand may render septic patients vulnerable to secondary infections. Our data 

supportt the notion that in vivo exposure to LPS eventually inhibits MAPK activation. This 

MAPKK inhibition possibly induces a refractory state in MAPK activation and may be 

involvedd in cellular hyporesponsiveness during shock, but obviously further experimental 

workk is warranted. LPS-induced phosphorylation and activation of p38 MAPK and p42'p44 

MAPKK was fairly slow compared to in vitro studies (1. 7. 8). even allowing for the time 

necessaryy to obtain homogenous plasma distribution of LPS. This may be due to the fact that 

thee final LPS concentration reached in endotoxemic volunteers is relatively low as compared 

too most in vitro studies. Alternatively. LPS presentation to cells in vivo is far more complex 

thenn in vitro, involving competing influences of LPS binding protein and 

bactericidall  permeability-increasing protein (15). which may explain kinetic differences. 

Nevertheless,, these experiments identify these kinases as relevant targets for LPS in vivo and 

suggestt that both p38 MAPK and p42 p44 MAPK are of interest with regard to therapeutical 

relevancee in systemic inflammation. F.xperiments addressing the effects of such inhibitors are 

currentlyy in progress. 
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Inn contrast to p38 MAPK and p42 44 MAPK. JNK activation could not be detected during 

humann endotoxemia. while in vitro these kinases are often simultaneously stimulated by LPS 

andd other stimuli (8, 16. 17). JNK phosphorylation is in general more difficult to detect when 

comparedd to the phosphorylation of other MAPK members, thus the possibility exists that 

JNKK activation in vivo is below our detection limit. However, ex vivo JNK phosphorylation 

wass easily detectable and also positive controls were unambiguous. The absence of LPS-

dependentt JNK activity in vivo may also be a consequence of the low concentration of LPS 

reachedd in the volunteers, or reflect differences in cellular physiology occurring in circulating 

leukocytess compared to ex-vivo stimulated cells. 

MAPKK activation was assayed in total leukocyte samples from peripheral blood, as 

preliminaryy experiments suggested that more elaborate separations into different cell 

fractionss results in hyperphosphorylation and activation (unpublished observations). Earlier 

reports,, using ex vivo stimulated neutrophils, have explicitly not observed LPS-induced JNK 

activationn in neutrophils (IK), while LPS-induced JNK activation in monocytes is well 

describedd (1). This raises the concern whether the relative large proportion of neutrophils in 

thee peripheral blood of our volunteers might obscure LPS induced JNK activation in other 

leukocytee cell fractions such as PBMCs. However, in our ex vivo experiments we separated 

thee PBMC cell fraction from the non-PBMC fraction (i.e. mainly neutrophils). The amount of 

leukocytee fractions (PBMC or non-PBMC) loaded on a gel was relative to their proportion in 

wholee blood as to allow comparison of their relative contribution to the measured MAPK 

activationn in the total leukocyte samples assayed from the endotoxemia volunteers. In the 

non-PBMCC fraction we did find LPS-induced JNK activation, suggesting that LPS can 

activatee JNK in neutrophils, contrasting an earlier report (18). Recently, however, it was 

reportedd that TNF induces JNK activation in neutrophils in an adhesion dependent fashion 

(19).. It is very well conceivable that LPS induced JNK activation, similarly to TNF. is 

adhesionn dependent in neutrophils. The non-adherent peripheral blood neutrophils, obtained 

fromm endotoxemic volunteers, may thus lack adhesion-dependent JNK activation in contrast 

too the neutrophils present in the non-PBMC fraction that were stimulated in a fashion 

allowingg adhesion (see material and methods) and this may possibly explain the difference 

betweenn our in vivo and in vitro results. Experiments in which the phosphorylation status of 

MAPKK family members is investigated using intracellular FACS analysis may in the future 

helpp to address the problem of differential MAPK activation in different cell types. 
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Nevertheless,, the absence of LPS-induced JNK activity in vivo, relative to the clear p38 

MAPKK and p42 44 MAPK activation, suggests that JNK may not be an ideal target for anti-

inflammatoryy therapy. 
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Abstract t 

P388 MAPK participates in intracellular signaling cascades resulting in inflammatory 

responses.. Therefore, inhibition oF the p38 MAPK pathway may form the basis of a new 

strategyy for treatment of inflammatory diseases. However. p3X MAPK activation during 

systemicc inflammation in humans has not yet been shown, and its functional significance in 

vivoo remains unclear. Hence, we exposed 24 healthy male subjects to an intravenous dose of 

LPSS (4 ng/kg) preceded 3 hours earlier by orally administered 600 or 50 mg BIRB 796 BS 

(ann in vitro p38 MAPK inhibitor), or placebo. Both doses of BIRB 796 BS significantly 

inhibitedd LPS-induced p38 MAPK activation in the leukocyte fraction of the volunteers. 

Cytokinee production (TNFa. IL-6. IL-10. and 1L-1 receptor antagonist) was strongly 

inhibitedd by both low and high dose p38 MAPK inhibitor. In addition, p38 MAPK inhibition 

diminishedd leukocyte responses including neutrophilia, release of elastase-al-antitrypsin 

complexess and upregulation of CD1 lb with downregulation of L-selectin. Finally, blocking 

p388 MAPK decreased C-reactive protein release. These data identify p38 MAPK as a 

principall  mediator of the inflammatory response to LPS in humans. Furthermore, the anti-

inflammatoryy potential of an oral p38 MAPK inhibitor in humans in vivo suggests that p38 

MAPKK inhibitors may provide a new therapeutic option in the treatment of inflammatory 

diseases. . 
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Introductio n n 

Diseasess such as rheumatoid arthritis and Crohn's disease are eharaeterized by chronic 

inflammationn leading to destruction of normal tissue integrity. Mediators released during 

inflammatoryy diseases activate intracellular signaling cascades regulated by kinase and 

phosphatasee enzymes (1). The mitogen activated protein kinases (MAPKs) are part of such 

signalingg cascades at which diverse extracellular stimuli converge to initiate inflammatory 

cellularr responses. Several subgroups have been identified within the MAPK family, 

includingg the p42/44 extracellular signal-related kinases (ERKs). c-Jun NFL-terminal kinases 

(JNKs)) and p38 MAPKs (2. 3). p38 MAPK has been implicated as an important regulator of 

thee coordinated release of cytokines by immunocompetent cells and the functional response 

off  neutrophils to inflammatory stimuli (4. 5). Many different stimuli can activate p38 MAPK. 

Thesee include LPS and other bacterial products, cytokines such as TNFa and IL-1, growth 

factorss and stresses such as heal shock, hypoxia and ischemia/reperfusion (4. 5). in addition, 

p388 MAPK positively regulates a variety of genes involved in inflammation such as TNFa, 

IL-1,, IL-6. IL-8, cyclooxygenase-2, and collagenases-1 and -3 (5). 

Becausee of the broad pro-inflammatory role of p38 MAPK in several in vitro systems, 

inhibitionn of this pathway has been advocated as a novel therapeutic strategy for 

inflammatoryy diseases (6). However, the effect of p38 MAPK inhibition in in vivo models of 

inflammationn has only been examined in a limited number of studies with equivocal results. 

p388 MAPK inhibitors have been found to reduce LPS-induced TNFa production in mice and 

ratss (7. 8). This result could not be duplicated with one of these inhibitors (SB203580) in 

micee despite almost completely abolishing the p38 MAPK activity in spleen cells harvested 

fromm these animals (9). Furthermore, inhibition of p38 MAPK was associated with a decrease 

inn neutrophil recruitment and TNFa release in bronchoalveolar lavage fluid in mice after 

intratracheall  administration of LPS (10). but with elevated TNFa concentrations in lungs 

duringg murine pneumococcal pneumonia and tuberculosis (9). In a murine model of 

peritonitiss induced by cecal ligation and puncture, delayed administration of SB203580 

improvedd survival, and prevented the enhanced release of IL-10 by macrophages harvested 

fromm mice with peritonitis, while concurrently improving the reduced IL-12 release by these 

cellss (11). 
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Knowledgee of the activation of p38 MAPK and its role in inflammation in humans in vivo is 

limitedd despite current interest in p38 MAPK inhibition in the treatment of human 

inflammatoryy disease. In addition, there are conflicting animal data. Therefore, in the present 

studyy we used the well characterized model of human inflammation produced by intravenous 

injectionn of low dose LPS (12). to evaluate the activation of p38 MAPK and the effect of a 

neww orally administered p38 MAPK inhibitor. 

Methods s 

p3Hp3H MAPK inhibitor 

Thee p38 MAPK inhibitor used in this study (BIRB 796 BS) was developed by Boehringer 

Ingelheimm Pharmaceuticals Inc., Ridgeficld. CT. BIRB 7% BS is l-(5-tert-Butyl-2-p-tolyl-

2H-pyrazol-3-yl)-3-[4-{2-morpholin-4-yl-ethoxy)-naphtalen-l-yl]-ureaa (empirical formula 

C\|LL?N?0;;; molecular weight 527.6), a water soluble, orally bioavailable molecule. Details 

aboutt the structure and specificity of BIRB 796 BS for p38 MAPK are published in a separate 

manuscriptt (13). BIRB 796 BS has a greater than 330-fold selectivity for p38 MAPK 

comparedd to 12 other protein kinases studied. In contrast to other p38 MAPK inhibitors (e.g. 

SB203580),, BIRB 796 BS prevents both phosphorylation and kinetic activity of p38 MAPK 

byy binding to a novel allosteric binding site as well as to the ATP pocket of p38 MAPK. 

EffectEffect of BIRB 796 BS on p38 MAPK activation in vitro 

Bloodd from healthy volunteers was collected with 10 U/ml heparin (Leo Pharmaceutical 

Products.. Weesp. the Netherlands). PBMCs were isolated by density-gradient sedimentation 

onn Ficoll-Paque (Pharmacia, Uppsala. Sweden) from blood diluted 1:1 with PBS. PBMCs 

weree washed twice with PBS and resuspended in RPMI supplemented with 10% heat 

inactivatedd PCS (both GIBCO. Grand Island. NY) at a concentration of approximately 5 x 

10hh cells/ml in 15 ml tubes (Becton Dickinson, Franklin Lakes, NJ). After pre-incubation for 

II  h with BIRB 796 BS (1, 10. 100 or 1000 nM) or DM SO as the solvent control, samples 

(containingg approximately 5x10 cells each) were stimulated with LPS from E. coli serotype 

0111 1:B4 (25 ngml; Sigma, St. Louis. MO). After 15 min. 12 ml of ice-cold PBS was added 

too each 15 ml tube, and cells were centrifuged at 400 x # for 5 min at 4 °C. The cell pellets 

weree lysed in 100 u.1 3x SDS-sample buffer; this mixture was briefly sonicated (2 x 10 s) and 

boiledd for 5 min followed by brief centrifugation and storage at 20 "C, until further analysis. 
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Ass for equal loading during Western blotting (see further), equal amounts of sample (25 u.1; 

containingg approximately 1.25 x 106 cells) were analyzed. Furthermore, after immunoblotting 

thee blots were also subjected to Amido Black staining to assess equal loading. 

WesternWestern blotting 

Sampless mixed with SDS-sample buffer were loaded on 10% SDS-polyacrylamide gels and 

transferredd to polyvinylidene difluoride membranes (Millipore. Bedford, MA). Subsequently, 

membraness were blocked in 5% BSA in PBS supplemented with 0.1% Tween-20 and washed in 

0.2%% BSA in PBS supplemented with 0.1% Tween-20. The extent of p38 MAPK activation was 

determinedd using antibodies against phosphorylated (Thrls()Tyrls:) p38 MAPK (New England 

Biolabs,, Beverly, MA), used at a 1:1000 dilution incubated overnight. After three washes for 

100 min, secondary antibody incubation was performed for 1 h with Horseradish Peroxidase-

conjugatedd goat-anti-rabbit immunoglobulin (DAKO. Glostrup. Denmark) at a 1:2000 dilution 

inn 10% human serum in PBS supplemented with 0.1% Tween-20. After enhanced 

chemoluminescencee using Lumilight' substrate, antibody binding was visualized using a Lumi-

imagerr (Boehringer Mannheim, Mannheim, Germany). 

LPSLPS administration to humans in vivo 

Thee study was performed as a randomized, double-blind, placebo-controlled experiment. The 

studyy was approved by the institutional scientific and ethics committees, and written 

informedd consent was obtained from each subject prior to the start of the study. Twenty-four 

healthyy male volunteers (mean age 22. range 19-29 years) participated in the investigation. 

Alll  subjects were in good health, as documented by history, physical examination, 

electrocardiogram,, and routine laboratory screening. Tests for HIV, hepatitis B and C were 

negative.. The participants did not use any medication. All participants were non-smokers. 

Thee subjects fasted overnight before LPS administration. On the study day. two intravenous 

canulass were inserted, one for LPS administration and one for blood collection. Eight 

subjectss received 600 mg BIRB 796 BS (high dose), eight subjects received 50 mg B1RB 796 

BSS (low dose) and eight subjects received placebo. BIRB 796 BS was given as an oral 

solutionn in 15 ml polyethylene glycol (PEG) 400. The placebo solution consisted of 15 ml of 

PEGG 400. The study drug and placebo were administered orally 3 h prior to infusion of LPS. 

LPSS (Escherichia call lipopolysaccharide. lot G|. United States Pharmacopeia] Convention. 

Rockville.. MD) was administered as a bolus intravenous injection at a dose of 4 ng kg body 
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weight.. Oral temperature, blood pressure and heart rate were measured even 30 min during 

thee first 2 h after LPS challenge, thereafter at 1 hourly intervals for four h, then at a decreased 

frequency.. Clinical symptoms such as headache, chills, myalgia, nausea, vomiting, abdominal 

painn and backache were recorded throughout the study using a graded scale (0 as absent. 1 as 

mild.. 2 as moderate and 3 as severe). Blood was obtained from an intravenous canula before 

administrationn of B1RB 796 BS or placebo (t = -3 h). directly before LPS administration (t = 

00 h). and at 5. 15, 30, 60 and 90 min and 2, 3, 4, 5, 6, 8. 10 and 24 h thereafter. 

MeasurementMeasurement of BIRB 796 BS plasma levels 

Plasmaa samples were analyzed for BIRB 796 BS concentrations using a validated high 

performancee liquid chromatography (MPLC) method with electrospray ionization MS/MS 

(masss spectrometry-') detection. Following the solid phase extraction of the analyte from 

plasma.. BIRB 796 BS and the internal standard (d8-BIRB 796 BS) were separated 

chromatographicallyy followed by detection via the Tandem mass spectrometer. The linear 

rangee was established with calibration standards from 0.1 to 1000 ng/ml using peak height 

ratios.. The lower limit of quantitation was 0.1 ng/ml using 500 ml of plasma. 

p38p38 MAPK measurements during the in vivo study 

Bloodd for measurement of p38 MAPK was collected in heparin-containing vacutainer rubes 

att t = 0. 5, 15. 30 and 60 min, and at 4. 8 and 24 h relative to LPS injection. After collection, 

erythrocytess from 4.5 ml aliquots were lysed by adding 40 ml ice-cold isotonic NH4C1 

solutionn (155 mmoli NH4C1. 10 mmol/1 KHCO.i. 0.1 mmol/1 EDTA. pH 7.4. and 1 mM 

Pefabloc)) for 30 min. The remaining leukocytes were centrifuged for 5 min. 400 x g. at 4 "C. 

washedd twice with ice cold PBS. and resuspended in 400 ul of PBS. Two hundred ul of the 

celll  suspension were added to 125 ul of 3x SDS-sample buffer, this mixture was briefly 

sonicatedd (2 x 10 s) and boiled for 5 min followed by brief centrifugation and storage at -20 

°C.. To the remaining cell suspension, intended for the kinase assay, 800 ul ice-cold cell lysis 

bufferr (20 mM Tris (pH 7.5). 150 mM NaCl. lmM EDTA. ImM EGTA. 1% Triton. 2.5 mM 

sodiumm pyrophosphate. 1 mM fJ-Glycerolphosphate. 1 mM Na.A'O.,. 1 ug ml Leupeptin and 

ImMM Pefabloc) were added. Samples were sonicated 4 x 5 s on ice and centrifuged at 7000 x 

gg for 10 min at 4 "C. Protein content in the clear supernatant was determined using a 

bicinchomnicc acid protein assay kit (Pierce. Rockford. IL). using BSA as the standard, and 

thee supernatant was stored at -80 "C. 
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Forr all subjects phoshorylation of p38 MAPK was measured by Western blot. Antibody 

bindingg was quantified using image analysis software (EFM Software. Rotterdam, the 

Netherlands)) and measurements were corrected for the amount of protein loaded to allow 

quantitativee comparison of p38 phosphorylation between blood samples, which may contain 

differentt amounts of leukocyte protein as a consequence of the LPS challenge. The sample 

obtainedd at t — -3 h was not adequately treated and was omitted from the analysis. All other 

sampless were compared to one random sample set at an arbitrary value of 100 units, for 

comparingg p38 MAPK phosphorylation between subjects. In addition, a minimum measured 

activityy was considered to be necessary for use as an internal reference (i.e. 2' on a 2*  digital 

greyy scale). Two subjects failed to meet this requirement (one from the low dose and one from 

thee high dose BIRB 796 BS treated volunteers), possibly due to low protein yield in these 

samples,, and were not included in the analysis. 

p388 MAPK enzymatic activity was measured using a kinase assay (New England Bioiabs, 

Beverly.. MA) . White blood cell lysates were prepared as described above. A once diluted 

slurryy of agarose hydrazide-bound antibodies to phosphorylated (Thr'^/Tyr1* 2) p38 MAPK 

(400 ul) was utilized to selectively immunoprecipitate active p38 MAPK from the cell lysate 

byy gently shaking overnight at 4 °C. To assure equal loading, a fixed amount of lysate was 

usedd per sample (approximately 80 | ĝ in 340 p.1 cell lysis buffer). The immunoprecipitate 

wass washed twice with 500 u.1 of ice cold cell lysis buffer and twice with 500 \x\ of ice cold 

kinasee buffer (25 mM Tris. pH 7.5, 5 mM fi-glycerolphosphate, 2 mM dithiothreitol, 0.1 mM 

Na;V04.. 10 mM MgCL) at 4 "C. The kinase reactions were carried out in the presence of 200 

u.MM ATP and 2 |ig of activating transcription factor (ATF)-2 fusion protein at 30 °C for 30 

min.. After the reaction had been terminated by the addition of 3 x SDS-sample buffer, the 

mixturee was boiled for 5 min followed by brief eentrifugation. ATF-2 phosphorylation was 

selectivelyy measured by Western immunoblotting as described previously using specific-

antibodiess against phosphorylated (Thr ') ATF-2. 

OtherOther assays 

Cytokinee concentrations were determined in F.DTA-anticoagulated plasma by specific 

ELISA'ss according to the manufacturers*  instructions (with detection limits). These ELISA's 

were:: TNFu (2.8 pg ml). IL-6 (1.2 pg ml). IL-10 (2.4 pgml) (all Central Laboratory of the 

Netherlandss Red Cross Blood Transfusion Service. CLB. Amsterdam, the Netherlands), and 
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1L-11 receptor antagonist (IL-1 ra; 4 1 0 p g mL R&D Systems, Minneapolis, MN). Elastase-oti-

antitrypsinn complexes in EDTA plasma were measured with an ELISA modified from a 

previouslyy described radio-immunoassay procedure (14). Briefly. ELISA plates (Maxisorp; 

Nunc.. Roskilde. Denmark) were coated with polyclonal rabbit antibodies against human 

elastase.. and incubated with the samples to be tested. Bound complexes were detected by 

incubationn with biotinylated monoclonal antibodies against complexed «i-antitrypsin and 

streptavidin-peroxidasc.. Results were referred to a standard curve consisting of pooled human 

plasmaa supplemented with purified elastase, and expressed as ng of elastase per ml. C-

reactivee protein (CRP) was measured in serum by ELISA (detection limit 3 mg/L) according 

too the manufacturers instructions (Roche Diagnostics. Mannheim, Germany). 

FAFA CS analysis 

Leukocytee counts and differentials were assessed in EDTA-anticoagulated blood using a 

Stekkerr analyzer (counter STKS, Coulter counter, Bedfordshire, United Kingdom). 

Expressionn of C D l l b (Mac-1) and L-selectin (CD62L) on circulating granulocytes was 

determinedd in heparinized blood obtained at -3, 0, 2. 4, 6 and 24 h relative to LPS injection. 

Al ll  blood samples were placed on ice immediately after blood drawing. After lysis of 

erythrocytess in isotonic NH4C1 solution (155 mM NH4C1. 10 mM KHCO.,, 0.1 mM EDTA, 

pHH 7.4) for 10 min. samples were centrifuged at 400 x g for 5 min. The remaining cells were 

washedd and subsequently kept in PBS containing 0.5% BSA. 1.5 mM sodium azide and 0.35 

mMM EDTA, at a final concentration of 5 x 10 cells/ml. Al l procedures were performed at 

4°C.. The following antibodies were used: FITC' labeled mouse anti-human L-selectin 

(Immunotech.. Marseilles. France) and PL labeled mouse anti-human C D l l b (Immunotech, 

Marseilles,, France). Al l FACS reagents were used in concentrations recommended by the 

manufacturer.. To correct for non-specific staining, all analyses were also conducted with the 

appropriatee control antibodies (FITC and PE labeled murine IgGl (CLB. Amsterdam, the 

Netherlands)).. At least 10.000 granulocytes were counted in each assay. Mean cell 

fluorescencee (MCF) of forward and side angle scatter-gated granulocytes was assessed using 

aa FACS scan flow cytometer (Beeton Dickinson. Mountain View. CA). Data are presented as 

thee difference between MCF intensities of specifically and non-specifieally stained cells. 
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StatisticalStatistical analysis 

Alll  laboratory based values are given as means  SEM Differences in results between the 3 

treatmentt groups were tested by repeated measurements analysis of variance. A f-value < 

0.055 was considered to represent a statistically significant difference. 

Figuree 1. Effect of B1RB 796 on LPS induced p38 
MAPKK phosphorylation in PBMC's. PBMC's 
weree stimulated with LPS (-LPS) or solvent 
controll  (Co) in the presence of various 
concentrationss BIRB 796. p38 MAPK activation 
wass measured using Western blotting and 
antibodiess against phosphorylated p38 MAPK 
(pp38).. Results were analyzed using image 
analysiss software and are represented as bars 
(arbitraryy units). A representative experiment (out 
off  4) is shown. 

mmmm mm  pp38 

11 10 100 1000 [nM BIRB] 

Results s 

BIRBBIRB 796 BS is a potentp38 MAPK inhibitor in vitro 

Inn order to assess the effect of BIRB 796 BS on p38 MAPK activity, we stimulated PBMC's 

withh LPS in the presence of increasing concentrations of BIRB 796 BS or diluent (Figure 1). 

BIRBB 796 BS inhibited LPS-induced phosphorylation of p38 MAPK in a dose-related 

fashion. . 

BIRBBIRB 796 BS inhibits LPS-inducedp38 MAPK activation in vivo 

Plasmaa levels of BIRB 796 BS determined after oral ingestion of the p38 MAPK inhibitor 

peakedd at 0.5-2 h after LPS injection (low dose group 0.74  0.25 u.M; high dose group 7.38 

 1.64 uM. i.e. within the same range as the concentrations used in the in vitro experiment). 

Althoughh there is abundant evidence that active p38 MAPK is involved in LPS- induced 

cytokinee production in vitro (10. 15). it is unknown whether p38 MAPK has a similar role in 

humanss in vivo. To investigate the activation of p.38 MAPK in human endotoxemia and the 

effectivenesss of BIRB 796 BS in inhibition of p38 MAPK phosphorylation, we measured p38 

MAPKK activation using phosphospecific antibodies at various time points before and after 

LPSS injection in healthy human subjects 
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il. . . 
6000 mg (BIR8 796 BS; 

II - 4 - DAT f 2 

Figuree 2. BIRB 796 BS inhibits LPS-induced 
p388 MAPK activation in vivo. Subjects 
receivedd an intravenous injection of LPS (4 
ng/kg)) at t = 0 h preceded by oral ingestion of 
placeboo (depicted as z in the figure), 50 mg 
BIRBB 796 BS (o) or 600 mg BIRB 796 BS 
((  ). Venous blood was obtained at indicated 
timee points, erythrocytes were lysed and the 
totall  white blood cell fraction was lysed and 
assayedd for p38 MAPK phosphorylation and 
enzymaticc activity. (A) p38 MAPK 
phosphorylationn in leukocytes. Results (mean 

 SEM) were obtained by Western blotting 
withh phosphospecific antibodies and 
expressedd relative to a random sample, which 
wass set on a 100 arbitrary units. (B) Inhibition 
off  p3X MAPK enzymatic activity by BIRB 
7966 BS. p38 MAPK enzymatic activity was 
determinedd by measuring phosphorylation of 
ATF-22 (p.ATF-2) in an in vitro kinase assay, 
usingg immunoprecipitated phosphorylated 
p388 MAPK from leukocyte lysates. Results 
weree analyzed using image analysis software 
andd are represented as bars (arbitrary units). 

Ass shown in Figure 2A, administration of LPS resulted in p38 MAPK activation in subjects 

whoo did not receive BIRB 796 BS, peaking at 60 min. Both low dose and high dose BIRB 

7966 BS significantly inhibited p38 MAPK activation (both P < 0.05 vs. placebo). To further 

establishh the effectiveness of BIRB 796 BS in inhibiting p38 MAPK enzymatic activity in 

vivo,, a kinase assay was performed on white blood cell lysates (an example out of three is 

shownn in Figure 2B). In subjects who did not receive BIRB 796 BS. enhanced p38 MAPK 

enzymaticc activity was observed 60 min after LPS administration relative to t = 0 h. In 

contrast,, treatment with BIRB 796 BS almost completely prevented p38 MAPK activation at 

600 min. These results are, to our knowledge, the first demonstration of p38 MAPK activation 

inn a human model of inflammation and show that BIRB 796 effectively inhibits p38 MAPK 

inn vivo. 

InhibitionInhibition ofp38 MAPK reduces LPS-induced clinical signs and symptoms 

LPSS injection induced symptoms, consisting of fever, chills, myalgia, headache, nausea, 

vomiting,, abdominal pain and backache. In subjects treated with LPS and placebo, mean 

bodyy temperatures peaked after 3 h (38.3  0.2 °C). Although both doses BIRB 796 BS 

tendedd to reduce the febrile response, this effect did not reach statistical significance (Figure 
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3).. B1RB 796 BS treatment did attenuate LPS-induced symptoms, both in incidence and 

severity,, and delayed the time point of maximal presentation (Table I). Apparently activation 

off  p38 MAPK is involved in the generation of the LPS-induced clinical signs and symptoms. 
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backache e 

tot. . 

No. . 

8 8 

7 7 

4 4 

5 5 

3 3 

2 2 

1 1 

placebo o 

(nn = 

(s/mo/m m 

(1/3/4) ) 

(0/2/5) ) 

(0/1/3) ) 

(0/2/3) ) 

(11 1/1) 

(0/2/0) ) 

1) ) 

8) ) 

) ) peak k 

time e 

1.5 5 

1.5 5 

4 4 

2 2 

3 3 

3 3 

4 4 

ing g 

(h) ) 

tot. . 

No. . 

8 8 

5 5 

3 3 

3 3 

2 2 

1 1 

0 0 

500 mg BIRB 796 BS 

(nn = 

(s/mo/mi i 

(022 6) 

(1/1/3) ) 

(0/0/3) ) 

(0/0/3) ) 

(0/1/0) ) 

(0/0/1) ) 

(0/0/0) ) 

8) ) 

) ) peaking g 

time(h) ) 

2 2 

1.5 5 

2 2 

3 3 

4 4 

2 2 

N/A A 

lot. . 

No. . 

5 5 

3 3 

2 2 

1 1 

0 0 

0 0 

0 0 

6000 mg BIRB 796 BS 

(nn = 

(s/mo/mi i 

(0/2/3) ) 

(0/2/1) ) 

(0/0/2) ) 

(0/1/0) ) 

(0/0/0) ) 

(0/0/0) ) 

(0/0/0) ) 

8) ) 

peaking g 

timee (h) 

3 3 

3 3 

4 4 

1.5 5 

NN A 

N/A A 

NN A 

Tablee 1. BIRB 796 BS reduces LPS-induced clinical symptoms.Subjects received an intravenous injection of 
LPSS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo. 50 mg BIRB 796 BS or 600 mg BIRB 796 BS. 
Tot.. No. indicates the total number of subjects suffering from the indicated symptom. A further distinction was 
drawnn between severe (s). moderate (mo) or mild (mi) symptoms. Peaking time refers to the maximum number 
off  subjects suffering from the indicated symptom. N/A. not applicable. 

placebo o 

500 mg BIRB 796 BS 

6000 mg BIRB 796 BS 

Figuree 3. BIRB 796 BS tends to reduce the 
febrilee response to LPS.Subjects received an 
intravenouss injection of LPS (4 ng kg) at t = 
00 h preceded by oral ingestion of placebo 
(depictedd as D in the figure). 50 mg BIRB 
7966 BS (a) or 600 mg BIRB 796 BS ( A ) at t 
== -3 h, and body temperatures (given as 
meann + SEM) were measured orally. The 
differencee between treatments was not 
significant. . 

timee (h) 
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placebo o 

500 mg BIRB 796 BS 

6000 mg BIRB 796 BS 

P<< 0.05 vs placebo 

•: : 

Figuree 4. BIRB 796 BS inhibits LPS-induced cytokine release. Subjects received an 
intravenouss injection of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo 
(depictedd as D in the figure), 50 nig BIRB 796 BS (o) or 600 mg BIRB 796 BS (A) at 
tt = -3 h. Data arc mean  SEM. Both low and high dose BIRB 796 BS inhibited the 
releasee of all mediators shown (all P < 0.05 vs. placebo) except for IL-Ir a release in 
thee low dose group (nonsignificant vs. placebo). 

p38p38 MAPK inhibition diminishes LPS-induced cytokine release 

p388 MAPK positively regulates a number of cytokine genes in vitro (4, 5). Therefore, the 

effectt of pharmacological p38 MAPK inhibition on cytokine release during endotoxemia in 

humanss was examined. Administration of LPS to subjects not treated with BIRB 796 BS 

elicitedd transient rises in the plasma concentrations of TNFoc, 1L-6, IL-10, and IL-lr a (Figure 

4).. All of these cytokine responses were strongly inhibited by both doses of BIRB 796 BS (all 

PP < 0.05 vs. placebo except for IL-lr a at low dose). In addition, the inhibitory effect of BIRB 

7966 BS appeared dose-dependent although the low dose already diminished cytokine release 

too a statistically significant extent. Thus p38 MAPK activation is required for cytokine 

releasee durinu human inflammation. 
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500 mg BIRB 796 BS 
6000 mg BIRB 796 BS 

** P< 0 05 vs placebo 

8 8 
timee (hi 

Figuree 5. BIRB 796 BS inhibits LPS-induced neutrophil responses. Subjects received an 
intravenouss injection of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion of placebo 
(depictedd as o in the figure), 50 mg BIRB 796 BS (o) or 600 mg BIRB 796 B S ( A ) a tt = 
-33 h. Data are mean  SEM. High dose BIRB 796 BS inhibited all neutrophil responses 
shownn (all P < 0.05 vs. placebo). Low dose BIRB 796 BS inhibited elastase release (P < 
0.055 vs. placebo). The other neutrophil responses shown were not inhibited by low dose 
BIRBB 796 BS (nonsignificant vs. placebo). 

InhibitionInhibition ofp38 MAPK reduces LPS-induced neutrophil activation 

p388 MAPK phosphorylation results in the activation of several pro-inflammatory neutrophil 

functionss in vitro (4. 5). Therefore, the effect of BIRB 796 BS on neutrophil activation 

inducedd by LPS in vivo, was assessed by measuring neutrophil counts, release of elastase. 

andd expression of GDI lb and L-selectin (Figure 5). LPS injection in subjects treated with 

placeboo was associated with a biphasic change in neutrophil numbers in peripheral blood, 

characterizedd by an initial neutropenia with a nadir at 1 h. followed by a neutrophilia peaking 

att 8 h. LPS administration also induced a transient rise in the plasma concentrations of 

elastase-U]-antitrypsinn complexes, reflecting neutrophil degranuiation (14), and an 

upregulationn of CD1 lb at the surface of circulating granulocytes with a concurrent down-

modulationn of L-selectin. indicative for cellular activation (16). Whereas the lower BIRB 796 

BSS dose tended to attenuate these LPS-induced neutrophil responses (P < 0.05 for L-selectin; 

PP > 0.05 for other parameters vs. placebo), the higher dose of the p38 MAPK inhibitor 
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resultedd in significant reduction of all parameters of neutrophil activation (all P < 0.05 vs. 

placebo),placebo), suggesting an essential role for p38 MAPK in mediating leukocyte responses in 

vivo. . 

Kiguree 6. BIRB 796 BS inhibits LPS-
inducedd CRP release. Subjects received an 
intravenouss injection of LPS (4 ng kg) at t = 
00 h preceded by oral ingestion of placebo. 
500 mg BIRB 796 BS or"600 mg BIRB 796 
BSS at t = -3 h. Data are mean  SEM. Both 
loww and high dose BIRB 796 BS inhibited 
thee release of CRP (all P < 0.05 vs. 
placebo). . 

BIRBBIRB 796 BS inhibits CRP release 

Too obtain insight into the role of p38 MAPK on more subacute consequences of LPS-induced 

inflammation.. CRP concentrations were measured 3 h before and 24 h after LPS injection 

(Figuree 6). LPS induced a profound increase in the serum levels of this acute phase reactant, 

whichh was significantly lower in the group receiving BIRB 796 BS (P < 0.05 for both doses 

vs.. placebo). 

Discussion n 

Thee present investigation examines the activation of p38 MAPK during an in vivo 

inflammatoryy response in humans, along with the effect of a p38 MAPK inhibitor in altering 

thiss response. Intravenous injection of LPS elicited transient activation of p38 MAPK. 

followedd by a characteristic inflammatory response including the release of pro-inflammatory 

cytokines,, a neutrophilic leukocytosis, neutrophil activation and acute phase protein release. 

Orall  ingestion of BIRB 796 BS. a specific p38 MAPK inhibitor, attenuated these responses. 

Thesee results not only identify p38 MAPK as a principal regulator of the inflammatory 

responsee in humans, but also suggest that p38 MAPK inhibition may have significant 

potentiall  for treating inflammatory disease. 

X X 
rara 5 0 -
E E 

a: a: 
o o 

25-- I I 
-33 h 

]] placebo 

II 50 mg BIRB 796 BS 

11 600 mg BIRB 796 BS 

P << 0.05 vs. placebo 

244 h 
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Intravenouss administration of LPS induced activation of p38 MAPK in blood, peaking after 

onee hour, as demonstrated by two different methods. Western blotting with antibodies against 

phosphorylatedd {Thr N"/Tyr N~) p38 MAPK, and a kinase assay. Using similar methods, it has 

beenn previously demonstrated that there is transient activation of p38 MAPK in splenocytes 

off  mice peaking within 15 minutes of intraperitoneal injection of LPS (9). The later activation 

off  p38 MAPK in the human model in comparison to mouse may be related to the differences 

inn the route of LPS administration, the LPS dose administered, and the cell types analyzed. 

p388 MAPK activation was measured in lysates of all white blood cells obtained from whole 

blood,, rather than in isolated cell fractions, since we argued that the isolation procedures 

mightt affect the activation status of p38 MAPK. Several papers have described the in vitro 

effectt of LPS on different leukocyte cell fractions without showing apparent effects of the 

differentt separation methods on basal p38 MAPK activation. However, in contrast to these in 

vitroo studies, in vivo endotoxemia studies do not allow eel! separation before exposure to 

LPS.. Furthermore, in our experience more elaborate sample handling can lead to activation of 

kinasess (data not shown). In order to accurately asses the activation state of p38 MAPK at 

severall  time points during human endotoxemia, we therefore felt it was warranted to process 

thee in vivo stimulated whole blood samples quickly and with minimal intervention. 

Unfortunately,, no information concerning the relative contribution of the several leukocyte 

subsetss to the beneficial effect of MAPK inhibition can be gathered in this fashion. In the 

futuree intracellular FACS analysis of MAPK activation, a method that currently is evaluated 

inn our laboratory, might solve this problem. 

BIRBB 796 BS, given orally at either 50 or 600 mg, strongly reduced p38 MAPK activation in 

vivoo (Figure 2). Both BIRB 796 BS doses attenuated LPS-induced inflammatory responses, 

althoughh the higher dose appeared to exert stronger inhibitory effects. Of note, inflammatory 

effectss produced by LPS were not abrogated completely. BIRB 796 BS at the doses used in 

thiss study may not completely inhibit p38 MAPK activity, either in the blood, or in 

immunocompetentt cells not present in the circulation (endothelial cells, fibroblasts and tissue 

macrophages).. In addition, p38 MAPK independent pathways of inflammation may also 

contributee to some of the effects seen. 

Inhibitionn of p38 MAPK was associated with a profound reduction in the release of both pro-

andd anti-inflammatory members of the cytokine network. The strong reduction in LPS-
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inducedd TNFa release with the p38 MAPK inhibitor BIRB 796 BS corresponds with the in 

vitroo effect of p38 MAPK inhibition in stimulated monocytic cells and neutrophils (10, 15. 

II  7-20). In addition. p38 MAPK inhibitors diminished LPS-induced TNFa production in mice 

andd rats in vivo (7. 8) and mice deficient in MAPK-activated protein kinase (MAPKAPK)-2, 

aa downstream substrate kinase for p38 MAPK. proved to be resistant to LPS-induced shock 

(21).. A previous study in mice was not able to demonstrate an inhibitory effect of the p38 

MAPKK inhibitor SB203580 on TNFa release after intraperitoneal administration of LPS (9). 

Thiss may be a result not only of species differences, but also of the differences in the 

mechanismm of inhibition of the two drugs. In vitro data suggest that besides p38 MAPK other 

stresss signaling pathways, e.g. MAPK family members p42 44 and JNK and the NFkB 

pathway,, are involved in LPS induced TNFa release (22, 23). Indeed, all three major MAPK 

familyy members and NFkB can be activated upon stimulation with LPS (24-26). Furthermore, 

thee TNFa promotor has binding sites for NFkB as well as for transcription factors under 

controll  of the MAPK family (e.g. AP-I) (24, 27). Thus, full expression of the TNF gene 

seemss to involve activation of several of the before mentioned stress pathways. However, the 

relativee importance of each of these pathways may vary under different conditions. 

Interestingly,, deletion of one of the NFkB binding sites from the TNF promoter had littl e 

effectt on LPS induced TNFa production (27). We observed that inhibition of p38 MAPK 

decreasedd endotoxemia induced TNFa plasma levels up to 97%. These data suggest that in 

thee human endotoxemia model the p38 MAPK pathway has littl e redundancy in respect to 

TNFaa release. The inhibition of cytokine release in subjects treated with BIRB 796 BS could 

havee been related to the reduction in TNFa secondary to p38 MAPK inhibition. Elimination 

off  endogenous TNFa activity with an anti-TNF antibody or a TNF receptor fusion protein in 

thee human LPS model was accompanied by a marked reduction in the release of other 

cytokiness and cytokine inhibitors, including IL-6. IL-10. and IL-lr a (28-31). In addition. anti-

TNFF administration resulted in reduced IL-10 release by LPS stimulated monocytes, whereas 

p388 MAPK inhibition attenuated both TNFa and IL-10 production in this in vitro system 

(19).. Thus, together with our in vivo findings, these data indicate that p38 MAPK is not only 

involvedd in the production of proinflammatory cytokines, but also of anti-inflammatory 

cytokines.. Yet. the subjects treated with BIRB 796 BS demonstrated evidence for an overall 

anti-inflammatoryy effect, suggesting that p38 MAPK inhibition predominantly influences 

proinflammatoryy pathways. 
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p388 MAPK is considered important for many different pro-inflammatory neutrophil functions 

(10.. 15. 32-37). Although the anti-inflammatory effects of p38 MAPK inhibitors on 

neutrophilss are well known in vitro, littl e is known about the in vivo relevance of these 

findings.. Inhibition of p38 MAPK has been reported to reduce neutrophil influx into 

bronchoalveolarr lavage fluid after intratracheal administration of LPS in mice (10). 

Furthermore,, local application of a p38 MAPK inhibitor in the lumen of an ileal loop prior to 

administrationn of Clostridium difficile toxin A at the same location, has been associated with 

aa strong reduction in both neutrophil recruitment and the severity of the resulting enteritis in 

micee (38). This study demonstrates that p38 MAPK inhibition attenuates the neutrophil 

responsee to intravenous LPS in humans in vivo, and reduces the activation of neutrophils as 

indicatedd by inhibition of degranulation. the upregulation of CD 1 lb and the downmodulation 

off  L-selectin. These data correspond with previous in vitro reports demonstrating that p38 

MAPKK inhibition reduces neutrophil degranulation {34, 35), the shedding of L-selectin (33) 

andd the upregulalion o'i CDlib (35, 36). BIRB 796 BS also reduced the inciuencc anu 

severityy of clinical symptoms, and delayed the time point of maximal presentation, an effect 

thatt likely would have been more clear cut if more subjects would have been studied. 

Intravenouss injection of LPS induces a reproducible transient inflammatory state in normal 

subjectss that is considered relevant for the investigation of pathophysiologic pathways 

operativee in inflammatory conditions. As such, this model of inflammation in man offers an 

opportunityy to obtain proof of principle for the action of anti-inflammatory compounds. It 

shouldd be noted that the human endotoxemia model is less suitable to investigate the efficacy 

off  postponed treatment with an anti-inflammatory compound, since the inflammatory 

responsee to intravenous LPS is very rapid and transient. Nonetheless, the current findings 

establishh that inhibition of p38 MAPK by the oral administration of BIRB 796 BS exerts anti-

inflammatoryy effects during experimental endotoxemia. These effects are comparable to 

thosee seen in this model with anti-TNF antibodies, TNF receptor fusion protein and IL-10 

(29,, 31, 39, 40) drugs presently used clinically or in trials in the management of chronic 

inflammatoryy diseases such as rheumatoid arthritis and Crohn's disease (41-44). Clearly, the 

greatestt advantages of compounds like BIRB 796 BS would be their oral availability and lack 

off  immunogenicity in comparison to the biological products. Taken together with (limited) 

animall  data, these results provide hope for the future use of oral p38 MAPK inhibitors in 

patientss with inflammatory diseases. 
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Abstract t 

P388 mitogen-activated protein kinase (MAPK) is an important component of intracellular 

signalingg cascades that initiate various inflammatory cellular responses. To determine the role 

off  p38 MAPK in the procoagulant response to lipopolysaccharide (LPS), 24 healthy subjects 

weree exposed to an intravenous dose of LPS (4 ng/kg), preceded 3 hours earlier by orally 

administeredd 600 or 50 mg BIRB 796 BS (a specific p38 MAPK inhibitor), or placebo. The 

6000 mg dose of BIRB 796 BS strongly inhibited LPS-induced coagulation activation, as 

measuredd by plasma concentrations of the prothrombin fragment F1+2. BIRB 796 BS also 

dosee dependently attenuated the activation and subsequent inhibition of the fibrinolytic 

systemm (plasma tissue type plasminogen activator, plasmin-a2-antiplasmin complexes, 

plasminogenn activator inhibitor type 1), and endothelial cell activation (plasma soluble E-

selectinn and von Willebrand factor). Activation of p38 MAPK plays an important role in the 

procoagulantt and endothelial cell response after in vivo exposure to LPS. 
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Introductio n n 

Activationn of the coagulation system is an important manifestation of the systemic 

inflammatoryy response of the host to infection (1). Several in vivo models have been used to 

dissectt the molecular mechanisms that contribute to coagulation activation by bacteria and 

bacteriall  products, including intravenous injection of low dose lipopotysaccharide (LPS) into 

healthyy humans (2). Tissue factor, a glycoprotein expressed on endothelial cells and 

monocytess upon stimulation, plays an essential role in coagulation activation induced by LPS 

orr bacteria in vivo, as demonstrated by abolishment of this response by inhibitors of tissue 

factorr (3-6). 

Mitogen-activatedd protein kinases (MAPKs) participate in intracellular signaling cascades 

thatt mediate inflammatory responses to infectious and noninfectious stimuli (7. 8). Recent in 

vitroo studies have implicated one of these kinases, p38 MAPK, in the legulaiion of iissue 

factorr expression on monocytes (9), endothelial cells (10, 11). and smooth muscle cells (12). 

Thee role of p38 MAPK in activation of coagulation in vivo is not known. This prompted us to 

evaluatee the effect of BIRB 796 BS. a specific and potent inhibitor of p38 MAPK (13), on the 

procoagulantt response during human endotoxemia. 

Material ss and Methods 

Design Design 

Thee study was approved by the institutional scientific and ethics committees, and written 

informedd consent was obtained from each subject prior to the start of the study. This study 

wass a randomized, double-blind, placebo-controlled experiment performed simultaneously 

withh a study examining the effect of BIRB 796 BS on LPS-induced cytokine release and 

neutrophill  activation (14). Briefly, LPS (from Escherichia coli. lot G; United States 

Pharmacopeiall  Convention. Rockville, MD; 4 ng'kg body weight) was administered as a 

boluss intravenous injection to 24 healthy male volunteers (mean age 22 years, range 19-29). 

Att three hours prior to infusion of LPS. the p38 MAPK inhibitor BIRB 796 BS (600 mg n=8, 

500 mg n=8) or placebo (n=8) was administered orally in 1 5 ml of polyethylene glycol 400. 

BIRBB 796 BS is a highly selective and potent p38 MAPK inhibitor developed by Boehringer 

Ingelheimm Pharmaceuticals Inc.. Ridgefield. CT (13). Blood samples were obtained before 

administrationn of BIRB 796 BS or placebo (time (t) = -3 h), directly before LPS 
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administrationn (t = 0 h>, then 0.5, 1.0, 1.5. 2. 3, 4, 5. 6, 8. 10, and 24 hours alter LPS 

administration. . 

Assays Assays 

Bloodd was collected in siliconized vacutainer tubes (Becton Dickinson. Plymouth. England) 

containingg 0.105 M sodium citrate in a 1:9 (v v) anticoagulant:blood ratio. Enzyme-linked 

immunosorbentt assays (ELISA*s) were performed according to the instructions of the 

manufacturers:: prothrombin fragment F1+2 (Dade Behring. Marburg GmbH. Germany), 

tissue-typee plasminogen activator (tPA) (Asserachrom tPA. Diagnostic Stago, Asnieres-sur-

Seine.. France), plasminogen activator inhibitor type 1 (PAF-1) (Monozyme. Charlottelund, 

Denmark).. Von Willebrand Factor (vWF) (Dakopatts. Avlsjö, Sweden), and soluble E-

selectinn (sE-selectin) (Diaclone. Besancon Cedex. France): plasmin-a2-antiplasmin 

complexess (PAPc) were determined by a radio immunoassay described elsewhere (15). 

StatisticalStatistical analysis 

Al ll  values are given as means  SEM. Differences in response curves between the 3 

treatmentt groups were tested by repeated measurements analysis of variance. A P value < 

0.055 was considered to represent a statistically significant difference. 

Resultss and discussion 

Wee recently demonstrated that BIRB 796 BS inhibited LPS-induced p38 MAPK activation in 

bloodd leukocytes of healthy humans in vivo, which was associated with a profound reduction 

inn the release of cytokines and neutrophil activation (14). In the present study we sought to 

determinee the role of p38 MAPK in the activation of the hemostatic mechanism in vivo. 

Intravenouss injection of LPS was associated with activation of the coagulation system, as 

reflectedd by a rise in the plasma concentrations of the prothrombin fragment F1+2 (Figure 1). 

Highh dose, but not low dose. BIRB 796 BS inhibited LPS-induced coagulation activation, 

bothh delaying and diminishing the increase in plasma F 1*2 concentrations (P < 0.05 vs. 

placebo).. The most likely explanation for the anticoagulant effect of BIRB 796 BS is 

inhibitionn of tissue factor expression. Indeed, tissue factor is essential for activation of the 

coagulationn system in this model of low grade endotoxcmia (3, 6). and p3X MAPK inhibition 

markedlyy diminishes LPS-induced tissue factor expression by monocytic cells in vitro (9). 
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Moreover,, p38 MAPK activation also mediates tissue factor expression by endothelial cells 

stimulatedd with thrombin or vascular endothelial growth factor, and by vascular smooth 

musclee cells stimulated with thrombin f 10-12). Furthermore, interleukin-6 (IL-6) is an 

importantt mediator of LPS-induced coagulation activation in vivo (16). and BIRB 796 BS 

inhibitedd IL-6 release in a dose-dependent way (14). Thus, it is conceivable that in the high 

dosee BIRB 796 BS group, the reduction of IL-6 production had an additional inhibitory effect 

onn the activation of the coagulation system. 

BIRBB 796 BS had an even stronger inhibitory effect on activation of the fibrinolytic system 

(Figuree 1). The LPS-induced increases in the plasma levels of tPA and PAPc were dose-

dependentlyy reduced by BIRB 796 BS (both low and high dose P < 0.05 vs. placebo), and 

almostt completely prevented by the high dose of the p38 MAPK inhibitor. The high dose of 

BIRBB 796 BS also modestly inhibited the release of PA1-1 (P < 0.05 vs. placebo). Knowledge 

off  the role of p38 MAPK in the production and release of fibrinolytic mediators is limited. 

Thee production of PAI-1 by bovine aortic endothelial ceils exposed to hypoxia was not 

dependentt on p38 MAPK (17). The strong inhibition of tumor necrosis factor (TNF)a release 

byy BIRB 796 BS (14) may in part be responsible for the observed reduction in tPA and PAPc 

levels,, considering that complete neutralization of TNFa in this model essentially prevents 

thesee responses (18, 19). However, other mechanisms are also likely involved given that anti-

TNFaa strategies also strongly inhibit LPS-induced PAI-1 release (18, 19). 

Thee effect of BIRB 769 BS on endothelial cell activation, as reflected by the plasma 

concentrationss of sE-selectin and vWF (18-20). was also investigated. LPS administration 

elicitedd profound increases in the plasma levels of sE-selectin and vWF. These increases were 

attenuatedd by high dose BIRB 796 BS (both P < 0.05 vs. placebo; Figure 2). P38 MAPK may 

playy a direct role in signaling inflammatory effects into the interior of the vascular 

endotheliumm (10, 11, 21). including the expression of E-selectin on stimulated endothelial 

cellss (22. 23). In addition, the reduced TNFa levels in subjects treated with the p38 MAPK 

inhibitorr (14) may also have played a role in the attenuated endothelial cell activation, 

consideringg that elimination of TNFa abolishes this response during endotoxemia (18. 19). 

Thus,, a combination of direct effects of p38 MAPK inhibition on endothelial cells and the 

inhibitionn of TNFa release may explain the effect of BIRB 796 BS on the secretion of sE-

selectinn and vWF. 
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timee (h) time (h) 

Figuree 1. B1RB 796 BS dose-dependently inhibits LPS-induced coagulation and 
fibrinolysis.fibrinolysis. Subjects received an intravenous injection of LPS (4 ng/kg) at 0 h, preceded by 
orall  ingestion of placebo (n). 50 mg BIRB 796 BS (o), or 600 mg BIRB 796 B S ( A ) a t -3 
h.. Data are the mean  SEM. Asterisks indicate P < 0.05 vs. placebo for the curve 
indicated,, that is. high dose BIRB 796 BS inhibited all parameters shown (all P < 0.05 vs. 
placebo),, and low dose BIRB 796 BS inhibited tPA and PAPc (P < 0.05 vs. placebo). 

Inn this and our previous study (14) we documented dose-dependent effects of BIRB 796 BS 

onn various inflammatory responses. Nonetheless, the effect of BIRB 796 BS on p38 MAPK 

phosphorylationn already seemed maximal at the lower dose of the inhibitor (14). Importantly, 

sincee the phosphorylation assays were done on blood leukocytes, this finding does not 

excludee a dose-dependent effect of BIRB 796 BS on p38 MAPK activation on inflammatory 

cellss in tissues. The specificity of BIRB 796 BS for p38 MAPK was carefully documented 

earlierr (13). 

Wee here demonstrate a role for p38 MAPK in activation of coagulation, fibrinolysis and the 

vascularr endothelium during human endotoxemia. These findings extend earlier observations 

off  the inhibitory effect of p38 MAPK inhibitors such as BIRB 796 BS on activation of the 

cytokinee network and neutrophils (14. 24). and illustrate the broad role of this kinase in 

inflammationn in vivo. 
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timee (h) time (h) 

- * -- 600 mg BI RB 796 BS - o - placebo 

- o -- 50 mg BI RB 796 BS 'P < 0.05 vs. placebo 

Figuree 2. BIRB 796 BS dose-dependently inhibits LPS-induced endothelial cell activation. 
Subjectss received an intravenous injection of LPS (4 ng/kg) at 0 h, preceded by oral 
ingestionn of placebo . 50 mg BIRB 796 BS (o). or 600 mg BIRB 796 BS (A) at -3 h. 
Dataa are the mean  SEM. Asterisks indicate P < 0.05 vs. placebo for the curve indicated, 
thatt is. high dose BIRB 796 BS inhibited both vWF and sE-selectin (P < 0.05 vs. placebo). 
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Abstract t 

Chemokinee receptors CXC receptor (CXCR) 1 and 2. and their ligands interleukin (IL)-8 and 

growthh related oncogene (GRO)-ot are principal regulators of neutrophil activation and 

migration.. To investigate the role of p38 mitogen activated protein kinase (MAPK) in the 

regulationn of CXCR expression during an inflammatory response in vivo. 24 healthy 

volunteerss received an intravenous injection with lipopolysaccharide (LPS) preceded (-3 

hours)) by a specific p38 MAPK inhibitor (B1RB 796 BS) in a high dose (600 mg). a low dose 

(500 mg). or placebo. The LPS-induced reduction of neutrophil CXCR 1 and 2 expression, as 

determinedd by fluorescence-activated cell sorter analysis, was inhibited in volunteers 

receivingg the high dose of the p38 MAPK inhibitor. The kinase inhibitor also dose-

dependentlyy diminished the LPS-induced rises in plasma IL-8 and GRO-oc levels. These 

resultss indicate a principal role for p38 MAPK in regulating factors essential for neutrophil 

activationn and chemotaxis in vivo. 
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Introductio n n 

Neutrophill  migration is a hallmark of many acute and chronic inflammatory diseases. In 

manyy types of infection, an influx of neutrophils and the subsequent production of reactive 

oxygenn species and proteolytic enzymes form an important line of defense in the innate 

immunee response to invading microorganisms (1). Granulocyte activation and migration to 

thee site of infection is regulated by CXC ehemokines. a family of small proteins with strong 

chemotacticc activity. Members of the CXC chemokine family that stimulate granulocyte 

functionn include interleukin (IL)~8. growth-related oncogenes (GRO)-tt. GRO-p. and GRO-y: 

andd epithelial-derived neutrophil attractant (ENA)-78 (1). Granulocytes express 2 types of 

CXCC chemokine receptors (CXCR) that interact with these mediators: CXCR1, which 

exclusivelyy binds IL-S, and CXCR2, which binds 1L-8. GROs and ENA-78. 

Inn general, granulocytes respond to infectious and inflammatory agents with a 

downregulationn of surface CXCR1 and 2 (2). In vivo. CXCR1 and CXCR2 expression on 

granulocytess is reduced during chronic lower respiratory tract infection, and in pulmonary 

tuberculosis,, human immunodeficiency virus (HIV) infection and experimental human 

endotoxemiaa (2-4), whereas during sepsis only CXCR2 expression is decreased (5). 

However,, littl e is known about the intracellular mechanisms involved in the regulation of 

CXCRR expression. 

Recently,, we found that a member of the Mitogen Activated Protein Kinase (MAPK) family, 

p388 MAPK, is involved in regulating CXCR2 surface expression on granulocytes in vitro (2). 

MAPKss are important intracellular transducers of inflammatory signals. Specifically. p38 

MAPKK plays a cardinal role in regulating stress-induced events, such as cytokine production 

duringg inflammation (6). P38 MAPK is activated upon stimulation of neutrophils with LPS 

(7).. Inhibition of p38 MAPK diminishes IL-8 production by monocytes, granulocytes and 

endotheliall  cells (8. 9). Thus, in vitro evidence supports a role for p38 MAPK in regulating 

CXCC receptor and ligand expression. 

Littl ee is known about the role of p38 MAPK in regulation of CXCR or ligand expression in 

vivo.. In the present study we extend our previously reported in vitro data (2) and show an 
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importantt role for p38 MAPK in regulating the expression of granulocyte CXCR1 and 

CXCR22 and their ligands GRO and IL-8 during systemic inflammation in vivo. 

Material ss and Methods 

LPSLPS administration to humans in vivo 

Thiss study was a randomized, double-blind, placebo-controlled experiment performed 

simultaneouslyy with a study examining the effect of BIRB 796 BS on LPS-induced cytokine 

releasee and neutrophil activation (10). Briefly. LPS (from F.. coli. lot G; United States 

Pharmacopeia!!  Convention. Rockville. MD; 4 ngkg body weight) was administered as a 

boluss intravenous injection to 24 healthy male volunteers (mean age 22 years, range 19-29). 

Threee hours prior to infusion of LPS, the p38 MAPK inhibitor BIRB 796 BS (600 mg n=8. 

500 mg n=8) or placebo (n=8) was administered orally in 15 ml of polyethylene glycol 400. 

BIRBB 796 BS is a highly selective and potent p38 MAPK inhibitor developed by Boehringer 

Ingelheimm Pharmaceuticals Inc.. Ridgefield. CT (11). Blood samples were obtained before 

administrationn of BIRB 796 BS or placebo (t = -3 h), directly before LPS administration (t = 

00 h). then 0.5. 1.0. 1.5. 2. 3. 4. 5. 6. 8. 10. and 24 hours after LPS administration. The study 

wass approved by the institutional research and ethics committees and written informed 

consentt was obtained from all subjects prior to enrollment. 

CC 'ytokine measurements 

IL-88 and GRO-a were determined in FDTA-anticoagulated plasma by specific ELISA's 

accordingg to the manufacturers' instructions. (IL-8: Central Laboratory of the Netherlands 

Redd Cross Blood Transfusion Service. CLB. Amsterdam, the Netherlands: GRO-a: R&D 

Systems.. Abingdon. UK). 

FACSFACS analysis 

Leukocytee counts and differentials were determined in FDTA-anticoagulated blood using a 

Stekkerr analyzer (counter STKS. Coulter counter. Bedfordshire. United Kingdom). 

Expressionn of CXCR1 and CXCR2 on circulating granulocytes was determined by FACS 

analysis.. Heparinized blood samples were placed on ice immediately after blood drawing. 

Afterr lysis of erythrocytes in isotonic N1UCI solution (155 mM NH4CI. 10 m\1 KHCO.. 0.1 

niMM FDTA. pll 7.4) for 10 minutes, samples were centrifuged at 400 x i>  for 5 minutes. The 
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celll  peltet was washed and kept in PBS containing 0.5% BSA. 1.5 mM sodium azide and 0.35 

mMM EDTA, at a final concentration of 5 x 106 cells/ml. All procedures were performed at 

4°C.. The following antibodies were used: CXCR1 -fluorescein isothiocyanate (CXCR1-FITC) 

orr CXCR2-phycoerythrin (CXCR2-PE; both antibodies from R&D Systems, Abingdon, UK). 

Alll  FACS reagents were used in concentrations recommended by the manufacturer. To 

correctt for non-specific staining, all analyses were also conducted with the appropriate 

controll  antibodies (FITC and PE labeled murine IgGl (CLB, Amsterdam, the Netherlands)). 

Att least 10,000 granulocytes were counted in each assay. Mean cell fluorescence (MCF) of 

forwardd and side angle scatter-gated granulocytes was assessed using a FACS scan flow 

cytometerr (Becton Dickinson, Mountain View, CA). Data are presented as the difference 

betweenn MCF intensities of specifically and non-specifically stained cells. 

StatisticalStatistical analysis 

Alll  values are given as means  ShM. Differences in results between the 3 treatment groups 

weree tested by repeated measurements analysis of variance. A value of P < 0.05 was 

consideredd to represent a statistically significant difference. 

Results s 

EffectEffect ofp38 MAPK inhibition on CXC receptor expression 

LPSS injection induced an initial neutropenia, reaching a nadir at 1 hour after LPS infusion, 

followedd by neutrophilia peaking at 8 hours, as described previously (10). Table 1 shows total 

leukocytee and neutrophil counts at the time points at which CXCR expression was assessed 

byy FACS analysis. Inhibition of p38 MAPK with a high (600 mg). but not low (50 mg) dose 

off  BIRB 796 BS attenuated the neutrophilic leukocytosis induced by LPS (P = 0.001 vs. 

placebo,, table I). Administration of LPS elicited a transient downregulation of CXCR 1 and 

CXCR22 on circulating neutrophils, confirming our earlier study (2). Neutrophil surface 

expressionn of CXCR1 diminished from a baseline (at 0 hour) MCF level of 669.1 (  93.4) to 

aa nadir of 383.7 ) at 2 hours post LPS infusion in the absence of p38 inhibition (Figure 

1A).. Inhibition of p38 MAPK with a high, but not low dose of BIRB 796 BS attenuated 

CXCR11 downmodulation (564.4 (=t 57.5) at 2 hours vs. 656.9 (  55.9) at baseline. P = 0.083 

vs.. placebo. Figure 1A). Similarly. CXCR2 neutrophil surface expression was 

downmodulatedd during endotoxemia. CXCR2 MCF on neutrophils decreased from 708.5 (

102.3)) at baseline, to a nadir of 127.0 (  13.1) at 2 hours after LPS infusion in the volunteers 
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thatt did not receive BIRB 796 BS (Figure IB). Neutrophils from volunteers treated with the 

highh dose of p38 MAPK inhibitor displayed significantly less CXCR2 downmodulation 

duringg endotoxemia (369.3 (  42.7) at 2 hours vs. 602.2 (  86.7) at baseline. P = 0.009 vs. 

placebo.. Figure IB). In volunteers receiving a low dose of p38 MAPK inhibitor. CXCR1 and 

CXCR22 downmodulation was not significantly different from placebo treated volunteers. 

Timepoints s 

(h) ) 

-3 3 

0 0 

2 2 

4 4 

6 6 

24 4 

placebo o 

6.210.6 6 

5.77 5 

5.66 10.7 

10.711 1.8 

12.611 1.2 

9.011 1.2 

Leukocytess (x 10' 

500 mg 

BIRBB 796 BS 

6.410.3 3 

6.010.5 5 

6.910.5 5 

9.510.6 6 

12.44 10.7 

7.010.7 7 

-L) ) 

6000 mg 

BIRBB 696 BS 

6.66 1 0.4 

6.55 10.5 

7.88 1 1.0 

8.910.9 9 

12.22 10.6 

6.99 1 0.5 

placebo o 

3.010.4 4 

3.410.5 5 

4 .710.6 6 

10.011 1.7 

11.711 1.1 

6.55 1 1.1 

Neutrophilss (x 10' 

500 mg 

BIRBB 796 BS 

3.010.2 2 

3.810.5 5 

6.11 10.5 

8.99 1 0.6 

11.410.6 6 

4 .610.6 6 

'D D 

6000 mg 

BIRBB 696 BS 

3.00 10.3 

3.77 10.7 

6.55 1 1.0 

7.910.9 9 

10.77 + 0.5 

4.11 10.3 

Tablee I. Effect of p38 MAPK inhibition on peripheral blood leukocyte and neutrophil counts during human 
endotoxemia.Subjectss received an intravenous injection of LPS (4 ng/kg) at t = 0 h preceded by oral ingestion 
off  placebo, p38 MAPK inhibitor in a low dose (50 mg BIRB 796 BS) or high dose (600 mg BIRB 796 BS) at 
tt = -3 h. High dose p38 MAPK inhibitor attenuated the LPS induced initial neutropenia and subsequent 
neutrophiliaa (P = 0.001 vs. placebo). 

-- Placebo 

-- 50 mg BIRB 796 BS 

-- 600 mg BIRB 796 BS 

Figuree 1. Effect of p38 MAPK inhibition on CXC receptor expression during human 
endotoxemia.. Subjects received an intravenous injection of LPS (4 ng/kg) at t = 0 h preceded 
byy oral ingestion of placebo (depicted as a in the figure), p38 MAPK inhibitor in a low dose 
(500 mg BIRB 796 BS: A) or high dose (600 mg BIRB 796 BS; o) at t = -3 h. Neutrophil (A) 
CXCR11 and (B) CXCR2 surface expression was determined by FACS analysis as described in 
thee methods. Inhibition of p38 MAPK. using 600 mg BIRB 796. attenuated LPS induced 
CXCR11 (P = 0.083 vs. placebo) and CXCR2 (P = 0.009 vs. placebo) downmodulation. 
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EffectEffect ofp38 MAPK inhibition on IL-8 and GRO-cc release 

Inn vitro. IL-8 release from granulocytes and monocytes is dependent on functional p38 

MAPKK (8). However, to date no reports are available on the in vivo role of p38 MAPK in 

chemokinee production. Infusion of LPS induced a transient rise in the plasma concentrations 

off  IL-8 and GRO-a. Plasma from volunteers treated with either low or high dose p38 MAPK 

inhibitorr displayed significantly reduced levels of IL-8 (placebo: 2457.7 (  1504.9) pg/ml at 

22 hours; 50 mg BIRB 796 BS: 591.3 (  84.4) pg/ml; 600mg BIRB 796 BS; 310.4 (  86.5) 

pg/ml;; P = 0.013 and P = 0.002 for high and low dose respectively vs. placebo, Figure 2A). 

LPS-inducedd GRO-a release was similarly reduced in a dose-dependent fashion upon 

inhibitionn of p38 MAPK (placebo: 512.0 (  96.5) pg/ml at 3 hours; 50 mg BIRB 796 BS: 

241.00 (  85.3) pg/ml; 600mg BIRB 796 BS: 101.2 (  15.3) pg/ml, P < 0.001 vs. placebo for 

bothh active dose levels. Figure 2B). 
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Figuree 2. Effect of p38 MAPK inhibition on IL-8 and GRO-a release during human 
endotoxemia.. Subjects received an intravenous injection of LPS (4 ng/kg) at t = 0 h 
precededd by oral ingestion of placebo (depicted as a in the figure), p38 MAPK inhibitor in 
aa low dose (50 mg BIRB 796 BS; A) or high dose (600 mg BIRB 796 BS; o) at t = -3 h. 
(A)) Inhibition of p38 MAPK. using 50 mg or 600 mg BIRB 796. reduced IL-8 plasma 
levelss during human endotoxemia (P = 0.013 vs. placebo and P = 0.002 vs. placebo, 
respectively).. (B) Inhibition of p38 MAPK. using 50 mg or 600 mg BIRB 796. reduced 
GRO-aa plasma levels during human endotoxemia (for both doses: P <0.00I vs. placebo). 

EffectEffect ofp38 MAPK inhibition on IL-8 and GRO-a release. 

Inn vitro, IL-8 release from granulocytes and monocytes is dependent on functional p38 

MAPKK (8). However, to date no reports are available on the in vivo role of p38 MAPK in 

chemokinee production. Infusion of LPS induced a transient rise in the plasma concentrations 
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off  IL-8 and GRO-a. Plasma from volunteers treated with either low or high dose p38 MAPK 

inhibitorr displayed significantly reduced levels of IL-8 (placebo: 2457.7 (=t 1504.9) pg/ml at 

22 hours: 50 mg BIRB 796 BS: 591.3 (  84.4) pg/ml; 600mg BIRB 796 BS: 310.4 (  86.5) 

pg/ml;; P = 0.013 and P = 0.002 for high and low dose respectively vs. placebo. Figure 2A). 

LPS-inducedd GRO-a release was similarly reduced in a dose-dependent fashion upon 

inhibitionn of p38 MAPK (placebo: 512.0 (  96.5) pg/ml at 3 hours; 50 mg BIRB 796 BS: 

241.00 (  85.3) pg/ml; 600mg BIRB 796 BS: 101.2 (  15.3) pg/ml, P < 0.001 vs. placebo for 

bothh active dose levels. Figure 2B). 

Discussion n 

MAPKss are signal transduction proteins involved in numerous inflammatory events. In vitro, 

p388 MAPK is activated in neutrophils upon stimulation with LPS and GRO-a, and neutrophil 

effectorr functions such as respiratory burst and chemotaxis depend on functional p38 MAPK 

(6).. We recently demonstrated that inhibition of p38 MAPK markedly reduces markers of 

neutrophill  activation such as elastase, up-regulation of CD1 lb, and down-modulation of L-

selectinn (10). Chemokine receptors CXCR1 and CXCR2 and their ligands IL-8 and GRO-a 

aree critical determinants of neutrophil migration, and insight into their regulation enhances 

ourr understanding of the pathogenesis of many infectious and inflammatory diseases (1). 

However,, to date littl e is known about the factors that regulate expression of CXC receptors 

andd chemokine production in vivo. In the present study we extend our knowledge to describe 

aa role for p38 MAPK in regulating IL-8 and GRO-a and their receptors during systemic 

inflammationn in humans. 

LPSS infusion downmodulated CXCR1 and CXCR2 expression to a minimum of 57% and 

20%% respectively from baseline expression, confirming our earlier observations (2). 

Inhibitionn of p38 MAPK resulted in attenuation of receptor downmodulation, although this 

effectt was only apparent in the high dose BIRB 796 BS-treated volunteers. Downmodulation 

off  chemokine receptor after LPS infusion is thought to reflect a protective mechanism that 

shieldss the body from harmful effects of sustained infiltration and prolonged activation of 

neutrophils,, and is thought to involve metalloproteinase-mediated cleavage of the receptor 

(12).. Interestingly, involvement of p38 MAPK in metalloproteinase expression was 

demonstratedd recently (13), and thus it is very well conceivable that CXCR downmodulation 
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iss mediated through a p38 MAPK-regulated metalloproteinase-dependent pathwav. In vitro. 

LPS-indueedd CXCR1 and CXCR2 downmodulation is independent of TNFa (12). As BIRB 

7966 BS dose-dependently inhibited TNFa release (10). but not CXCR1 and CXCR2. our 

studyy seems to corroborate these findings in vivo. 

Inn vitro. p38 MAPK is involved in IL-8 production in neutrophils (8). A direct role of p38 

MAPKK in production of GRO-a has not been demonstrated. Here we report that the transient 

increasee of plasma IL-8 and GRO-a levels observed during human endotoxemia. is dose-

dependentlyy diminished by a specific p38 MAPK inhibitor. Plasma levels of GRO-a peaked 

laterr than those of IL-8. Recently. Fujiwara et at., showed that injection of IL-8 into a rabbit 

kneee joint induced GRO-a release (and vice-versa) (14). We cannot exclude the possibility 

thatt LPS-induced GRO-a production is an indirect result of elevated levels of IL-8. and that 

thee observed inhibitory effect of BIRB 796 on GRO-a release is a consequence of a p38 

MAPKK inhibitor-induced decrease in IL-8 levels. Similarly, the strong reduction in LPS-

inducedd TNFa release in subjects receiving BIRB 796 BS (10) may have contributed to the 

attenuatedd secretion of IL-8, considering that IL-8 release is largely TNFa dependent in this 

modell  of low-grade endotoxemia (15). The nadir in CXCR expression coincided with peak 

IL-88 concentrations. Although IL-8 can reduce the expression of both CXCR1 and CXCR2 

(3.. 16, 17), we consider a direct effect of LPS. at least in part mediated via p38 MAPK. more 

likelyy to be responsible for the diminished CXCR expression. Indeed, only very high IL-8 

levelss (several logs higher than achieved in vivo here) can modulate CXCR expression in 

vitroo and we previously showed that LPS induced a very fast and strong downregulation of 

CXCRR expression in vitro (i.e. within one hour and thus long before IL-8 release can be 

detected),, which in part could be reversed by inhibition of p38 MAPK (2). 

Itt should be noted that the model used only allows for examination of neutrophils that remain 

withinn the circulation after LPS injection. Therefore. CXCR expression was only analyzed on 

thiss selected cell population. Alterations in CXCR expression on cells present in tissues (like 

alterationss in tissue IL-8 concentrations) cannot be evaluated in this model in healthy human 

volunteerss because ot ethical reasons. 

Ourr data show that a p38 MAPK inhibitor is able to modulate neutrophil chemokine receptors 

CXCR11 and CXCR2 and their ligands IL-8 and GRO-a during inflammation in humans. 
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Inhibitionn of p38 MAPK may play a role in modulating neutrophil migration in inflammatory 

diseasess in humans. 
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Abstract t 

Lipopolysaccharidee (LPS) binding protein (LBP) facilitates the transfer of LPS of Gram-

negativee bacteria to the pattern recognition receptor CD 14. resulting in activation of 

immunocompetentt cells. LBP can also facilitate the binding of lipoarabinomannan. a major 

celll  wall component of mycobacteria, to immune cells. To determine the role of LBP in the 

immunee response to pulmonary M. tuberculosis infection. LBP gene deficient (- -) and 

normall  wild type (WT) mice were intranasally infected with M. tuberculosis. LBP- - mice 

displayedd a similar survival and mycobacterial outgrowth in lungs and liver, although they 

demonstratedd a reduced lymphocyte recruitment and activation during the early stages of 

infection.. The clearance of pulmonary infection with the non-pathogenic M. smegmatis was 

alsoo unaltered in LBP- - mice. These data suggest that LBP does not contribute to an effective 

hostt response in M tuberculosis infection. 
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Introductio n n 

Lipopolysaccharidee binding protein (LBP) is an acute phase reactant predominantly derived 

fromm the liver (1). LBP plays an important role in the activation of immunocompetent cells by 

lipopolysaccharidee (LPS) from Gram-negative bacteria. LBP binds and disaggregates LPS. 

stronglyy promoting delivery to the pattern recognition receptor CD 14 (2). Subsequent LPS-

inducedd intracellular activation proceeds via Toll-lik e receptor (TLR) 4 in the presence of an 

additionall  extracellular protein, MD-2 (3-5). Elimination or inhibition of LBP largely 

preventss LPS-induced toxicity in experimental animals, indicating that LBP is required for 

thee transfer of LPS to its receptor complex in vivo (6-9). Interestingly, LBP gene deficient 

(-/-)) mice were unable to mount an effective early inflammatory response to the Gram-

negativee bacteria Salmonella typhimurium (10-13), Klebsiella pneumoniae (14, 15) and 

EscherichiaEscherichia coli (16), which resulted in an enhanced bacterial outgrowth and an increased 

lethalityy when compared to normal wiid type (WT) mice. Together, these data suggest that 

LBPP is important in the chain of events that leads to an adequate innate immune response to 

att least some Gram-negative infections by virtue of its capacity to present LPS to the 

CD14TLR44 receptor complex. 

MycobacteriumMycobacterium tuberculosis is responsible for approximately two million deaths per year 

worldwidee (17, IS). The organism is primarily transmitted via the respiratory route and 

pulmonaryy tuberculosis is the most common disease manifestation. The induction of an 

appropriatee innate immune response is essential for the control of the infection (19). 

Lipoarabinomannann (LAM ) is a cell wall component of mycobacteria that shares many 

physicochemicall  properties with LPS (20). LA M isolated from M. tuberculosis strains is 

cappedd with mannose residues at the nonreducing arabinofurasonyl termini (ManLAM) (21). 

whereass LA M derived from rapidly growing nonpathogenic mycobacteria lacks mannose 

capss (AraLAM ) (22). AraLAM is much more potent in eliciting inflammatory responses by 

isolatedd mononuclear cells than ManLAM (23-25). although in whole blood in vitro and in 

mousee lungs in vivo ManLAM is able to produce inflammatory responses that resemble LPS 

effectss (26-29). In cell lines transfected with CD14 and or TLR*s. the effects of AraLAM are 

mediatedd via LBP and CD 14. after which signal transduction occurs via TLR2 (30-33). 

Althoughh ManLAM induces virtually no effect in this in vitro system (31, 34), various effects 

off  ManLAM on monocytic THP-1 cells and macrophages can be inhibited by anti-CD 14 
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antibodies,, suggesting that CD 14 may play a role in at least some ManLAM induced 

intracellularr responses (25. 35). 

LBPP can be produced in the lung by alveolar epithelial cells (36). and patients with various 

inflammatoryy lung diseases display elevated LBP concentrations in their bronchoalveolar 

lavagee fluid (37, 38). Recently, locally expressed LBP was found to be important for host 

defensee against Gram-negative pneumonia (15). Although to our knowledge LBP levels have 

nott been reported in the pulmonary compartment of patients with lung tuberculosis, the serum 

concentrationss of LBP are elevated in such patients (39). In the present study we sought to 

determinee the role of endogenous LBP in host defense against lung tuberculosis. For this 

purposee we intranasally inoculated LBP-'- and LBP+/+ WT mice with virulent 

\1.\1. tuberculosis and monitored survival, mycobacterial outgrowth and host responses. In 

addition,, the outgrowth of avirulent M. smegmatis, expressing AraLAM rather than 

ManLAM.. was compared in LBP-/- and LBP+/+ WT mice. 

Material ss and Methods 

Mice Mice 

LBP-- - mice, backcrossed 11 times to a C57B1/6 background, were generated as described 

previouslyy (9). Normal LBP+/+ C57B1/6 WT mice were purchased from Harlan Sprague 

Dawleyy Inc. (Horst, the Netherlands). Female mice were used at age 8-10 weeks, and 

maintainedd in biosafety level 3 facilities. All experiments were approved by the Animal Care 

andd Use Committee of the University of Amsterdam (Amsterdam, the Netherlands). 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced exactly as described previously (40-42). In brief, a 

virulentt laboratory strain of M tuberculosis H37Rv was grown in liquid Dubos medium 

containingg 0.01% Tween 80 for 4 days. A replicate culture was incubated at 37°C. harvested 

att mid-logarithmic phase, and stored in aliquots at -80°C. For each experiment, a vial was 

thawedd and washed two times with sterile 0.9% NaC'1. Mice were lightly anesthesized by 

inhalationn with isotlurane (Upjohn. Lde. the Netherlands) and intranasally inoculated with 50 

|ill  of mycobacterial suspension. The intranasal route of infection has been described 

previouslyy by us and others, and results in a reproducible infection of the lung with 
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subsequentt dissemination to liver and spleen (40-44) Fxact inoculum strength was 

determinedd by plating tenfold dilutions of the suspension on 7H11 Middlebrook agar plates 

immediatelyy after inoculation. Mice were inoculated with 10" Colony Forming Units (CFU) 

A/,, tuberculosis. After 2 and 6 weeks, groups of 6-7 mice per time point were anesthesized by 

FFMM (fentanyl citrate 0.079 mg ml. fluanisone 2.5 mg ml, midazolam 1.25 mg ml in FLO) 

andd sacrificed by bleeding out the vena cava inferior. Lungs and one lobus of the liver were 

removedd aseptically and homogenized with a tissue homogenizer (Biospee Products, 

Bartlesville.. OK) in 5 volumes of sterile 0.9°o NaCl. and 10-fold serial dilutions were plated 

onn Middlebrook 7H11 agar plates to determine bacterial loads. Colonies were counted after 

211 days of incubation at 37°C. CFU are provided as total per gram lung or liver tissue. In an 

additionall  experiment mice were intranasally inoculated with M smegmatis (ATCC 14468. 

Rockville,, MD). M. smegmatis was grown in the exact same way as M. tuberculosis and 

platedd on Middlebrook 7H11 agar plates to determine inoculum strength. Mice were 

intranasallyy inoculated with 10" Colony Forming Units (CFU) M, smegmatis and were 

sacrificedd 24 and 72 hours after inoculation. Lungs were homogenized and plated. Lung 

bacteriall  colonies were counted after 4 days. 

Forr cytokine measurements, lung homogenates were diluted 1:2 in lysis buffer (150 mM 

NaCl.. 15 mM Tris, ImM MgCl.H;0. 1 mM CaCk 1% Triton X-100. 100 fig/ml Pepstatin A. 

Leupeptinn and Aprotinin. pH 7.4) and incubated at 4°C for 30 min. Homogenates were 

centrifugcdd at 1500 x g for 15 min after which the supernatants were sterilized using a 0.22 

|amm filter (Corning. Corning. NY) and stored at -20°C until further use. 

HisHis to logic exam inatio n 

Lungss for histologic examination were harvested at the designated time points, fixed in 10°o 

formalinee and then embedded in paraffin. Four |am thick sections were stained with 

haematoxylinn and eosin, and analyzed for inflammation and granuloma formation by a 

pathologistt who was blinded for groups. 

FlowFlow cytometry 

Pulmonaryy cell suspensions were obtained using an automated disaggregation device 

(Medimachinee System: Dako. Glostrup. Denmark) and processed as described previously 

(40.. 45). Total leukocytes in lung cell suspensions were counted by using a hemacytometer 

(Beckmannn Coulter. Fullerton. CA). The number of macrophages, granulocytes and 
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lymphocytess were calculated from these totals, using cytospin preparations stained with 

modifiedd Giemsa stain {Diff-Quick . Baxter, McGraw Perk. IL). For FACS analysis, cells 

weree brought to a concentration of 4 x 106 cells/ml FACS buffer (PBS supplement with 0.5% 

BSA.. 0.01% NaN-i, and 100 mM EDTA). Immunostaining for cell surface molecules was 

performedd for 30 min at 4°C using directly labeled Abs against CD3 (anti-CD3 PE), CD4 

(anti-CD44 CyChrome), CD8(anti-CD8 FITC, anti-CD8 PerCP). CD25 (anti-CD25 FITC) and 

CD699 (anti-CD69 FITC). All Abs were used in concentrations recommended by the 

manufacturerr (PharMingen, San Diego, CA). To correct for non-specific staining, an 

appropriatee control Ab (rat IgG2; PharMingen) was used. T-cells were analyzed by gating the 

CD3++ population. The number of positive cells was obtained by setting a quadrant marker for 

nonspecificc staining. FACS analysis was performed using Cellquest (Becton Dickinson 

Immunocytometryy Systems. San Jose, CA). The results are expressed as the percentage of 

CD4+.. CD8+, CD25+ and CD69+ T-cells within the CD3+ population in the lungs. 

CytokineCytokine measurements 

Cytokiness were measured in lung homogenates by specific ELISA's according to the 

manufacturer'ss instructions: interferon (IFN)-y, interleukin (IL)-4, tumor necrosis factor-ct 

(TNF)) and IL-6 (all R&D Systems, Minneapolis, MN). 

StatisticalStatistical analysis 

Alll  data are expressed as mean  SEM. Differences between groups were analyzed by Mann-

Whitneyy U test. For comparison of survival curves Kaplan-Meier analysis with a log rank test 

wass used. P < 0.05 was considered to represent a statistically significant difference. 

Results s 

Sur\ival Sur\ival 

Too investigate the role of LBP in the long-term response to tuberculosis, mice were 

intranasallyy inoculated with M. tuberculosis and monitored for 29 weeks. As shown in Figure 

1.. 5 of 1 1 (45%) LBP-/- and 4 of 1 1 (36%) WT mice died (non significant for the difference 

betweenn groups). 
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Figuree 1. LBP deficiency does not 
influencee the outcome of M. 
tuberculosistuberculosis infection. Survival in 
LBP-- - and WT mice after intranasal 
inoculationn with 10" CFU M. 
tuberculosis.tuberculosis. N = ! 1 mice per group. 

MycobacterialMycobacterial outgrowth 

Next,, we determined mycobacterial numbers in the lungs in earlier phases of infection. At 2 

andd 6 weeks post-infection, the numbers of CFU recovered from lungs of LBP-/- and WT 

micee were not different. Moreover, lungs of LBP-/- and WT mice that survived 29 weeks of 

infectionn did not differ in mycobacterial lung counts (Figure 2A). Since mycobacterial 

infectionss tend to disseminate in mice, mycobacterial numbers were also determined in a 

distantt organ - the liver. The mycobacterial load in liver tissue was similar in LBP-/- and WT 

micee 2, 6 and 29 weeks after M. tuberculosis inoculation (Figure 2B). 

oo 10<-
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I W TT -Q 

I I M M 
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Figuree 2. LBP deficiency does not influence mycobacterial outgrowth. Mycobacter ial 
outgrowthh in lungs (A) and liver (B) of LBP- - and WT mice 2 6 and 29 weeks after intranasal 
inoculationn with 10' CFU M. tuberculosis. Data are mean  SEM of 8 mice per group at 2 and 6 
weeks:: data at 29 weeks are from mice that survived this period as shown in Figure 1 (6 LBP-/-
andd 7 WT mice). 
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Histology Histology 

Att 2 weeks after infection, histopathology slides of lungs of both WT and LBP- - mice 

displayedd granulomas, generally located around small bronchi and vessels. These granulomas 

weree mainly composed of macrophages and lymphocytes (Figure 3A and B). At 6 weeks 

afterr infection, the inflammation became more diffuse in WT and LBP- - mice, covering 50 -

70°oo of the lung parenchyma area. Whereas the infiltrate in lungs from WT mice was still 

predominantlyy composed of lymphocytes and macrophages (Figure 3C), granulocytes were 

moree prominent in lungs of LBP-- mice (Figure 3D). Moreover, edema was more 

pronouncedd in LBP- - than in WT mice. 

Figuree 3. Representative lung histology of WT (A and C) and LBP-/- mice (B and D) 2 weeks (A and B) and 6 
weekss (C and D) alter intranasal inoculation with M. tuberculosis. Data are representative of 5 mice per group. 
H&EE staining, magnification x 10. 

CellularCellular composition of lung infiltrates 

Too obtain more insight into the cellular composition of the pulmonary infiltrates, we 

determinedd leukocyte counts and differentials in whole lung cell suspensions (Table I). At 2 
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weekss post-infection, lungs of I RP- - and WT mice contained similar numbers of leukocytes. 

Att 6 weeks post-infection however, lungs of LBP-/- mice contained less leukocytes than 

thosee of WT mice (P = 0.05). In accordance with the histopathology. the decreased leukocyte 

numberr in LBP-/- mice was largely due to lower numbers of lymphocytes. Since T cells are 

importantt for protective immunity against M. tuberculosis infection (46-48), we next studied 

thee phenotype and activation status of T cells in the lungs in the presence and absence of LBP 

byy flow cytometry. The decrease in lymphocyte numbers in lungs of LBP-/- mice 6 weeks 

postt infection was proportionally distributed over the CD3/CD4+ and the CD3/CD8+ 

populationss compared to WT mice (data not shown). Strikingly, 2 weeks after infection, 

CD4++ and CD8+ lymphocytes of LBP-/- mice were significantly less activated than CD4+ 

andd CD8+ lymphocytes of WT mice as assessed by the activation markers CD25 and CD69 

(Figuree 4; all P < 0.05 vs. WT). These differences had largely disappeared 6 weeks after 

infectionn (data not shown). 

22 weeks post-infection 6 weeks post-infection 

LBP-/-- WT LBP-/- WT 

leukocytess (x 10') 18.0 8 23.3 3 86.5  12.9*  134.2  19.9 

macrophagess (%) 29.6  2.6 26.3  1.0 22.4  2.0 25.6  2.4 

granulocytess (%) 38.0*3.8*  45.0  1.0 56.5 * 3.1*  39.2 2 

lymphocytess (%) 32.3  3.7 28.7  1.2 21.1 *  35.5*2.2 

Tablee I. Cell subsets in the lungs of LBP- - and WT mice during pulmonary tuberculosis. Cell 
subsetss in the lungs of LBP- - and WT mice infected with M. tuberculosis 2 and 6 weeks post-
infection.. Total leukocyte counts in lungs and differential counts as percentage of total leukocytes. 
Dataa are mean  SE of 6-7 mice per group at each time point. * P < 0.05 vs. WT at the same time 
point. . 

CytokineCytokine response 

AA type 1 immune response is pivotal in the early host defense against M tuberculosis 

infectionn (19). We therefore investigated whether the absence of LBP was associated with a 

changee in the concentrations of the type 1 cytokine IFN-y within the pulmonary 

compartmentt early in infection. No difference in IFN'-y levels, measured in lung homogenates 

22 and 6 weeks post-infection, between LBP- - and WT mice could be detected (Figure 5A). 

Thee Th2 cytokine IL-4 was not detectable in lung homogenates. To determine the ability of 

bothh mouse strains to mount a proinflammatory cytokine response, TNF and IL-6 were 

measured.. At 2 weeks. TNF and IL-6 levels were similar in LBP- - and WT mice. At 6 weeks 
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however,, TNF and IL-6 lung concentrations were significantly elevated in LBP-/- mice 

comparedd with WT mice (P < 0.05 vs. WT; Figure 5B and C). 

CD4+ + 

Figuree 4. Impaired CD4+ and 
CDS++ lymphocyte activation in 
LBP-'-- mice 2 weeks after 
M.M. tuberculosis infection. Flow 
cytometryy results are expressed as 
thee percentage of CD4+CD25+, 
CD4+CD69+,, CD8+CD25+ and 
CD8+CD69++ T cells within the 
CD3++ population in the lungs. Data 
aree mean  SE of 6 mice per group. 
*P<0 .05vs.. WT. 
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Figuree 5. Lung cytokine concentrations. IFN-y (A). TNF (B) and IL-6 (C) concentrations 
inn lung homogenates of LBP-/- and WT mice 2 and 6 weeks after M. tuberculosis 
infection.. Data are mean  SEM of 7-8 mice. * P < 0.05 vs. WT. 
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Rolee of LBP in mycobacterial infection 

M.M. smegmatis infection. 

M,M, tuberculosis bacilli contain ManLAM in their cell walls. Rapidly growing mycobacteria, 

however,, such as the nonpathogenic M. smegmatis, contain AraLAM in their cell walls. To 

investigatee whether LBP is important for host defense responses in infections with AraLAM 

expressingg mycobacteria, LBP-/- and WT mice were intranasally infected with M. smegmatis. 

Inn preliminary experiments we assessed that infection of mice with this mycobacterial species 

doess not result in growth in the lungs, such as after infection with M. tuberculosis, but rather 

thatt the mycobacteria are cleared from the lungs within 2 weeks. We compared mycobacterial 

loadss in LBP-/- and WT mice 24 and 72 h after intranasal infection with M smegmatis. At 

bothh time points lungs of LBP-/- and WT mice contained similar number of M. smegmatis 

(Tablee II). 

LBP-/-- WT 

(xx 10? CFU'g lung) (x 105 CFU g lung) 

244 h 13.614.9 27.5 17.9 

72hh 6.1+2.2 11.0+1.8 

Tablee II . Outgrowth of M. smegmatis is not influenced 
byy the absence of LBP. Mycobacterial outgrowth in lungs 
off  LBP-/- and WT mice 24 and 72 hours after intranasal 
inoculationn with 106 CFU M. smegmatis. Data are mean
SEMM of 6-7 mice. 

Discussion n 

LBPP is an acute phase protein mainly produced in the liver. However, LBP is also produced 

inn the pulmonary compartment in response to inflammatory stimuli and is considered to be 

importantt for the recognition of LPS and for the transfer of bacterial LPS to CD 14 (49) in the 

lung.. Since LAM present in the mycobacterial envelope shares many properties with LPS, 

includingg its interaction with LBP, we were interested in the role of endogenous LBP in the 

immunee response to pulmonary tuberculosis. We here demonstrate that LBP is not important 

forr host defense against lung infection with M. tuberculosis, as reflected by similar responses 

inn LBP-/- and WT mice with respect to survival and mycobacterial outgrowth. We 

furthermoree showed that the clearance of avirulent M. smegmatis was unaffected in LBP-/-

mice. . 
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M.M. tuberculosis strains contain ManLAM in their cell wall (21). whereas LAM derived from 

rapidlyy growing nonpathogenic mycobacteria, such as M. smegmatis. express AraLAM (22). 

Thee vast majority of in vitro studies examining the signal pathways utilized by LAM have 

usedd AraLAM, showing that it utilizes LBP to activate the CD14/TLR2 complex(30-33). 

Otherr studies have suggested that ManLAM may also induce cell activation via CD 14 (25. 

35).. In light of the different pathways that AraLAM and ManLAM may use to activate cells, 

wee also investigated the role of LBP in infection w ith a nonpathogenic, AraLAM expressing, 

mycobacterium,, M. smegmatis. These experiments established that the absence of LBP did 

nott influence the capacity of the host to clear the infection. In vitro experiments with Chinese 

hamsterr ovary (CHO) cells transfected with CD 14 and/or TLR2 or TLR4 have revealed that, 

att least in this system, viable M. tuberculosis induces intracellular signaling via both TLR2 

andd TLR4 by a mechanism that does not require CD14 or LBP (31). In addition, a blocking 

anti-LAMM monoclonal antibody was incapable of preventing M. tuberculosis induced 

activationn of CHO cells via TLR2 or TLR4, suggesting that LAM is not involved in TLR-

dependentt intracellular signaling by M tuberculosis (31). Together with our current results, 

thesee data indicate that LBP is not part of the in vivo mechanism by which mycobacteria are 

presentedd to cells involved in innate immunity, most likely because LAM (either AraLAM or 

ManLAM)) is not important for this process. 

Wee found discrete differences between the immune response of LBP-/- and WT mice early 

afterr infection with M, tuberculosis, which included a reduced influx of lymphocytes to the 

lungss and a diminished activation of CD4+ and CD8+ T cells. Apparently, these alterations 

weree not biologically significant enough to impact on antibacterial defense, although at 6 

weekss LBP-/- mice tended to have slightly more M. tuberculosis CFU in their lungs than WT 

mice.. We do not have a definitive explanation for these findings considering that LBP is 

unlikelyy to have a direct influence on lymphocyte functions. Our finding of increased 

neutrophill  numbers in infected lungs of LBP-/- mice suggests that the relative lack of 

lymphocytess at the site of inflammation may lead to an enhanced neutrophil migration in a 

LBPP independent compensatory response. Indeed, we recently observed a similarly increased 

neutrophill  influx in lungs of CD44-/- mice with a deficient lymphocyte recruitment after 

infectionn with M. tuberculosis (41). The increased neutrophil content, together with the 

modestlyy higher mycobacterial load, may have contributed to the elevated levels of TNF and 

IL-66 in lungs of LBP- - mice at 6 weeks post-infection. Of note, neutrophils have been found 

too produce TNF in response to viable M. tuberculosis bacilli in vitro (50). 
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Althoughh there is abundant evidence that \f. tuberculosis and mycobacterial antigens can be 

recognizedd by TLRs in vitro (for review see (511), recent studies on the role of TLR4 and 

TLR22 in the protective immune response to M. tuberculosis in vivo have yielded variable 

results.. TLR4 mutant mice were reported to have a reduced capacity to eliminate 

mycobacteriaa from their lungs in a model oi' pulmonary tuberculosis induced by aerosol 

infection,, resulting in 100% mortality after 30 weeks (i.e. an observation period similar to 

thatt in the present study) (52). However, in other studies TLR4 mutant mice demonstrated an 

unalteredd antibacterial defense and survival after aerosol challenge with M. tuberculosis (53. 

54).. TLR2- - mice had a reduced survival only after a high-dose aerosol challenge with M. 

tuberculosis,tuberculosis, which also caused 100% mortality in normal C57BL 6 WT mice within 30 

weeks,, whereas TLR2 did not contribute to antibacterial defense after low dose M. 

tuberculosistuberculosis infection {5}). In yet another investigation. TLR2- - mice were found to have an 

onlyy slightly and transiently impaired defense against airborne infection with the Kurono 

strainn of M. tuberculosis (55). CD 14-- mice displayed an unimpaired resistance against A/. 

tuberculosistuberculosis infection, although the follow up in this study was relatively short (14 weeks) 

(53).. Together with our study these data indicate that if TLR4 or TLR2 contribute to host 

defensee against lung tuberculosis their role likely does not depend on LBP. 

LBPP is of eminent importance for the recognition of LPS by the host and thereby for the 

inductionn of an adequate innate immune response to Gram-negative bacteria. Although LAM 

sharess many properties with LPS. and can interact with LBP in vitro, we here show that 

endogenouss LBP is not important for host defense against either virulent A/, tuberculosis or 

avirulentt A/ smegmatis. 
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Abstract t 

Toll-lik ee receptors (TLRs) play an essential role in the innate recognition of microorganisms 

byy the host. To determine the role of TLR4 in host defense against lung tuberculosis, TLR4 

mutantt (C3H'HeJ) and wild type (C3H/HeN) mice were intranasally infected with live 

MycobacteriumMycobacterium tuberculosis. TLR4 mutant mice were more susceptible to pulmonary 

tuberculosis,, as indicated by a reduced survival and an enhanced mycobacterial outgrowth. 

Lungg infiltrates were more profound in TLR4 mutant mice and contained more activated T 

cells.. Splenocytes of infected TLR4 mutant mice demonstrated a reduced capacity to produce 

thee protective type 1 cytokine interferon-y upon antigen-specific stimulation, indicating that 

TLR44 may be involved in the generation of acquired T cell-mediated immunity. These data 

suggestt that TLR4 plays a protective role in host defense against lung infection by XI. 

tuberculosis. tuberculosis. 
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Introductio n n 

Tuberculosiss represents a serious threat to global health. An estimated one third of the 

world'ss population is infected with Mycobacterium tuberculosis, resulting in approximately 

eightt million new cases of tuberculosis and two million deaths each year (1). An adequate 

cell-mediatedd immune response plays a key role in resistance against tuberculosis {2). In 

murinee models of mycobacterial infection, type 1 cytokines, in particular interferon-y 

(IFN-y),, are essential for protective immunity (3, 4). The development of a protective T 

helperr 1 response during tuberculosis is driven by interleukin (IL)-12, which is produced by 

macrophagess upon phagocytosis of M. tuberculosis (5), and like IFN-y plays a pivotal role in 

thee control of mycobacterial infection (6). 

Innatee recognition of mycobacterial products is the first step in a chain of events that results 

inn an effective host defense against infection with M. tuberculosis. The innate immune 

systemm serves to mount a rapid protective response in the early phase of an infection, and also 

instructss the (later) adaptive T cell mediated immune response (7). Until recently it was 

unclearr how M. tuberculosis activates macrophages to initiate an innate immune response. 

Thee discovery of the Toll-like receptor <TLR) family has provided important insight into the 

recognitionn of various microbial pathogens by the host (8, 9), Two members of the TLR 

familyy have been demonstrated to mediate M. tuberculosis induced intracellular signaling in 

vitro,, i.e. TLR2 and TLR4. Indeed, experiments with Chinese hamster ovary (CHO) cells and 

murinee macrophages transfected with human TLR2 and or TLR4 have established that viable 

M.M. tuberculosis bacilli activate these cells via both TLR2 and TLR4 (10, 11). In addition, 

thioglycollate-elicitedd peritoneal macrophages from TLR4 deficient mice produced less 

tumorr necrosis factor-a (TNF) upon stimulation with whole cell lysates from M. tuberculosis 

thann normal wild type macrophages, also indicating that this microorganism activates cells 

viaa TLR4 and another receptor, presumably TLR2 (12). TLR2 has emerged as the signaling 

receptorr for purified mycobacterial products, including arabinose-capped lipoarabinomannan 

(AraLAM),, culture supernatant soluble tuberculosis factor, mycolylarabinogalactan-

peptidoglycann complex, the 19 kD antigen and total lipids (10, II . 13-18). 

Thee objective of the present study was to determine the role of TLR4 in host defense against 

lungg tuberculosis. While our experiments were in progress, two investigations on the role of 
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TLR.44 in pulmonary tuberculosis were published (19. 20). One study reported an increased 

susceptibilityy to M. tuberculosis infection in C3H HeJ mice, which have a nonfunctional 

TLR4,, as reflected by an enhanced mycobacterial outgrowth and an increased mortality (19); 

inn contrast, however, in the second study no differences in mycobacterial outgrowth or 

survivall  between C3H HeJ and normal C3HHeN mice were observed (20). Intraperitoneal 

administrationn of M. bovis bacillus Calmette-Guérin (BCG) resulted in an increased mortality 

off  C3H HeJ mice relative to mice with a normal TLR4 gene, as measured three days after the 

infectionn (11). After intravenous administration of high dose M. tuberculosis, a small survival 

disadvantagee of C3H HeJ mice relative to wild type mice was found, although the difference 

betweenn the two mouse strains was statistically not significant (21). In the current 

investigation,, we induced lung tuberculosis in wild type C3II HeN and TLR4 deficient 

C3HH HeJ mice by intranasal inoculation with M. tuberculosis (H37Rv). and monitored the 

coursee of the infection and host responses. 

Material ss and Methods 

Mice Mice 

Pathogen-freee 8-9 week old sex-matched C3H/HeJ (TLR4 mutant) and C3H/HeN (WT) mice 

weree purchased from Charles River (Someren, the Netherlands) and were maintained in 

biosafctyy level 3 facilities. C3H/HeJ mice have been demonstrated to have a mis-sense 

mutationn in the third exon of TLR4 predicted to result in a Pro712—>His substitution, yielding 

aa nonfunctional TLR4 (22. 23). Al l experiments were approved by the Animal Care and Use 

Committeee of the University of Amsterdam (Amsterdam, the Netherlands). 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced exactly as described previously (24-26). In brief, a 

virulentt laboratory strain of M. tuberculosis H37Rv was grown in liquid Dubos medium 

containingg 0.01 % Tween 80 for 4 days. A replicate culture was incubated at 37GC. harvested 

att mid-logarithmic phase, and stored in aliquots at -X0°C. For each experiment, a vial was 

thawedd and washed two times with sterile 0.9% NaCl. Mice were lightly anesthesi/ed by 

inhalationn with isoflurane (Upjohn. Hde. the Netherlands) and intranasally inoculated with 50 

^11 of mycobacterial suspension. The intranasal route of infection has been described 

previouslyy by our and other laboratories, and results in a reproducible infection of the lung 
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withh subsequent dissemination to liver and spleen (24. 25. 27, 28). Bacterial counts recovered 

fromm lungs one day after induction of infection were shown previously to be similar to the 

numberr of bacteria in the inoculum (25). Exact inoculum strength was determined by plating 

tenfoldd dilutions of the suspension on 7H11 Middlebrook agar plates immediately after 

inoculation.. Mice were inoculated with ICT Colony Forming Units (CFU) M. tuberculosis. 

Afterr 2 and 5 weeks, groups of 10-13 mice per time point were anesthesized by FFM 

(fentanyll  citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in FFO) and 

sacrificedd by bleeding out the vena cava inferior. Lungs, spleen and one lobus of the liver 

weree removed aseptically. For CFU count and cytokine measurements, lung and liver tissue 

weree homogenized with a tissue homogenizer (Biospec Products. Bartlesville, OK) in 5 

volumess of sterile 0.9% NaCl. and 10-fold serial dilutions were plated on Middlebrook 7H11 

agarr plates to determine bacterial loads. Colonies were counted after 21 days of incubation at 

37°C.. CFU are provided as total number in the lungs or as total per gram liver tissue. For 

cytokinee measurements, lung homogenates were diluted 1:2 in lysis buffer (150 mM NaCl, 

155 mM Tris, ImM MgCTFLO. 1 mM CaCl:, 1% Triton X-100, 100 rig/mi Pepstatin A, 

Leupeptinn and Aprotinin, pH 7.4) and incubated at 4°C for 30 min. Homogenates were 

centrifugedd at 1500 x g for 15 min after which the supernatants were sterilized using a 0.22 

p.mm filter (Corning, Corning, NY) and stored at -20°C until further use. 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 2 and 5 weeks after infection and fixed in 

4%% formaldehyde and then embedded in paraffin. Haematoxylin and eosin, and acid-fast 

stainingg was performed on 4 u,m thick sections and analyzed for the total area of 

inflammationn and granuloma formation by a pathologist who was blinded for groups. 

FlowFlow cytometry 

Pulmonaryy cell suspensions were obtained using an automated disaggregation device 

(Medimachinee System; Dako, Glostrup. Denmark) and processed as described previously 

(24.. 25). Total leukocytes in left lung cell suspensions were counted by using a 

hemacytometerr and TURK's solution (Merck. Darmstadt. Germany). The number of 

macrophages,, granulocytes and lymphocytes were calculated from these totals, using 

cytospinn preparations stained with modified Giemsa stain (Diff-Quick, Baxter. McGraw Perk. 

IL).. For FACS analysis, cells were brought to a concentration of 4 x 10 cells ml FACS 
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bufferr (PBS supplement with 0.5% BSA.0.01% NaN?, and 100 mM EDTA). Immunostaining 

forr cell surface molecules was performed for 30 mm at 4°C using directly labeled Abs against 

CD33 (anti-CD3 PE). CD4 (anti-CD4 CyChrome), CD8 (anti-CD8 FITC. anti-CD8 PerCP). 

CD255 (anti-CD25 FITC). and CD69 (anti-CD69 FITC). All Abs were used in concentrations 

recommendedd by the manufacturer (PharMingen. San Diego. CA). To correct for non-specific 

staining,, an appropriate control Ab (rat lgG2; PharMingen) was used. The number of positive 

cellss was obtained by setting a quadrant marker for nonspecific staining. FACS analysis was 

performedd using Cellquest (Becton Dickinson Immunocytometry Systems. San Jose. CA). 

Thee results are expressed as the percentage of CD4+. CD8--. CD25-" and CD69+ T-cells 

withinn the CD3+ population in the left lung. 

SplenocvteSplenocvte stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jum cell strainer 

(Bectonn Dickinson, Franklin Lakes. NJ). Erythrocytes were lysed with ice-cold isotonic 

NH4C11 solution (155 mM NH4C1, 10 mM KHCO.i, 100 mM EDTA, pH 7.4) and the 

remainingg cells were washed twice. Splenocytes were resuspended in RPMI medium (Bio 

Whittaker)) containing 10% FCS and 1% antibiotic-antimycotic (Life Technologies), seeded 

inn 96-well round bottom culture plates at a cell density of 1 x 106 cells in triplicate, and 

stimulatedd with 10 (ig/ml tuberculin-purified protein derivative (PPD, Statens Seruminstitut, 

Copenhagen,, Denmark). In a separate experiment, round bottom plates were coated overnight 

withh anti-CD3 Ab (clone nr. 145.2c 11) and washed twice with sterile PBS. 1 x 106 cells (in 

triplicate)) were added to each well and diluted with RPMI containing anti-CD28 Ab (1 

fig/ml.. Pharmingen. San Diego, CA). Supernatants of both experiments were harvested after 

aa 48 h incubation period at 37°C in 5% CCX Cytokine levels were analyzed by ELISA. 

CytokineCytokine measurements 

IFN-yy and IL-4 were measured in lung homogenates and spleen cell supernatants by specific 

ELISA'ss according to the manufacturer's instructions (detection limits for both assays 62.5 

pgg ml; R&D Systems. Minneapolis. MN). 

DelayedDelayed type hypersensitivity (DTH) response to PPD 

Too measure DTH responses, the swelling responses of the dorsal side of feet in mice were 

examined.. In brief. TLR4 mutant and WT mice were immunized intradermallv at the base of 
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thee tail with 0.1 mg of heat killed M. tuberculosis H37Ra (Difco Laboratories, Detroit, USA) 

inn 0.1 ml of mineral oil (Sigma). Fourteen days after immunization, mice were challenged 

withh 40 |ug PPD in 50 \x\ saline into the dorsal side of the left hind foot and in the right with 

500 p.\ saline alone. Measurements of the hind feet were performed before and 24 h after PPD 

injectionn with a Mitutoyo model 7326 engineer's micrometer (Mitutoyo MTI Corporation. 

Aurora,, 111). The swelling was calculated as the difference in thickness of the hind feet 

betweenn the 0 and 24 h measurements. Specific DTH reactivity was calculated as the 

differencee between the swelling of the PPD-injected feet and the swelling of the saline-

injectedd feet. 

StatisticalStatistical analysis 

Al ll  data are expressed as mean  SEM. Differences between groups were analyzed by Mann-

Whitneyy U test. For comparison of survival curves Kaplan-Meier analysis with a log rank test 

wass used. P < 0.05 was considered to represent a statistically significant difference. 

Results s 

Surxival Surxival 

Too investigate the role of TLR4 in the outcome of tuberculosis, mice were intranasally 

inoculatedd with mycobacteria and were monitored in 2 separate, consecutive experiments. In 

thee first study, mice were observed for 15 weeks. As shown in Fig.lA, no mortaiity was seen 

inn the WT group. In contrast, 7/12 (58%) of the TLR4 mutant mice died (P = 0.002). In the 

secondd experiment, in retrospect, a higher mycobacterial inoculum was given (5 x 10̂  CFU) 

andd mice were followed for a longer period of time. This experiment showed a trend toward 

enhancedd mortality of TLR4 mutant mice: mortality after 23 weeks in the WT group was 

10/133 (77%) while all of the TLR4 mutant mice had died (non-significant; Figure IB). 

MycobacterialMycobacterial outgrowth 

Becausee of the differences in survival between TLR4 mutant and WT mice, we determined 

whetherr differences in mycobacterial load existed in earlier phases of the infection. At 2 and 

55 weeks post-infection, outgrowth of M. tuberculosis in lungs of both mouse strains was 

compared.. At the 2 weeks time-points, lungs of TLR4 mutant mice contained slightly but 

significantlyy more viable mycobacteria compared with lungs of WT mice (P = 0.004). 
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h. h. 
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- • -- WT 

dayss post infection 

200 40 60 80 100 120 140 160 
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Figuree 1. Survival of TLR4 mutant and WT mice in two independent experiments after 
intranasall  infection with (A) 10" and (B) 5 \ 10' CPU \1 tuhercuU>sïs. N 12 13 mice per 
groupp in each experiment. * P value indicates difference between groups. NS = non 
significant. . 

C ^^ TLR4 mutant 

-=̂ =--• • 1 1 I I ""  10' • • ni i 
22 weeks 5 weeks 22 weeks 

Fi«uree 2. Growth of M tuberculosis in (A) lungs and (B) liver of TLR4 mutant mice compared 
too WT mice at 2 and 5 wk post-infection. Data are mean and SHM from 10-13 mice per group. 
*P<0.05vs.. WTmice. 

Att 5 weeks post-infection, the difference between mycobacterial numbers recovered from 

lungss of TLR4 mutant and WT mice had grown showing a 2.8-fold increase of mycobacteria 

inn TLR4 mutant mice in comparison with WT mice (P = 0.003; Figure 2A). Since M. 

tuberculosistuberculosis is known to disseminate in mice, mycobacterial numbers were also determined 

inn a distant organ - the liver. The mycobacterial load in liver tissue was similar in TLR4 

mutantt and WT mice 2 weeks after M. tuberculosis inoculation. At 5 weeks post-infection, 

however,, the number of CFU in liver tissue of TLR4 mutant mice was 3.2-fold higher 

comparedd to the bacterial load in liver tissue of WT mice (P = 0.05: Figure 2B). In a 

subsequentt separate experiment we tried to determine mycobacterial outgrowth at a time 

pointt later than 5 weeks. However, this experiment was confounded due to the fact that in the 
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6thh week post-infection. 5/13 (38%) of the TI R4 mutant mice died while none of the WT 

micee died (P = 0.02). again suggesting that TLR4 mutant are more susceptible to M. 

tuberculosistuberculosis infection. 

Histology Histology 

Histopathologicall  analysis of the lungs two weeks after infection showed a slight interstitial 

infiltratee consisting of macrophages, lymphocytes and occasional neutrophils adjacent to 

smalll  airways and vessels in WT mice (Fig. 3A). At the same time, the lungs of TLR4 mutant 

micee showed larger areas of inflammation (Fig. 3B). At 5 weeks post-infection, the 

inflammatoryy infiltrates became more diffuse and intense, and involved between 50 and 60% 

off  the analyzed lung surface in WT mice (Fig. 3C). At this time point, the inflammation was 

alsoo more pronounced in TLR4 mutant mice with an involvement of 70 to 80% of the lung 

surfacee (Fig. 3D). Acid-fast staining of lung sections showed that cellular infiltrates in TLR4 

mutantt lungs contained more infected cells and more bacteria per infected cell than WT 

mousee lungs. All bacteria were cell-associated in both strains of mice (data not shown). 

Figuree 3. Representative slide of WT lung tissue 2 weeks post-infection with M. tuberculosis showing a 
slightt inflammatory' infiltrate around small vessels and bronchi (H&E staining, x 25) (A). TLR4 mutant 
lungg tissue 2 weeks post-infection showing more diffuse inflammation with in this case involvement of the 
pleuraa (H&E staining, x 25) (B). Five weeks after infection. WT mouse lungs displayed more intense and 
diffusee inflammatory infiltrates with small 'granulomas' (H&E staining, x 25) (C). At the same time point, 
TLR44 mutant lungs showed confluent inflammatory infiltrates (D). 
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CellularCellular composition of lung infiltrates 

Too obtain more insight into the cellular composition of the pulmonary infiltrates, we 

determinedd whole lung leukocyte counts and differentials, and further analyzed lymphocyte 

subsetss and activation status by flow cytometry (Table I). In accordance with the 

histopathology,, the lungs of TLR4 mutant mice contained more leukocytes than those of WT 

mice,, significantly so at 2 weeks post-infection. The proportional contribution of 

macrophages,, lymphocytes and granulocytes was similar in TLR4 mutant and WT mice. The 

increasee in lymphocyte numbers in lungs of TLR4 mutant mice was proportionally 

distributedd over the CD3/CD4+ and the CD3/CD8+ populations compared to WT mice. In 

addition,, the numbers of activated (CD25+ or CD69+) T cells were higher in lungs of TLR4 

mutantt mice, especially at 5 weeks post-infection in the CD3/CD8+ population. 

Cellss 2 weeks post-infection 5 weeks post-infection 

leukocytess (; tlO5) ) 

macrophagess (%) 

granulocytes s 

lymphocytes s 

CD4' CD4' 

cor r 
CD4/CD69* * 

CD4/CD25" " 

CD8/CD69" " 

CD8/CD25" " 

(%) ) 
(%) ) 

TLR44 mutant 

13.11 * 

16.55  1.6 

39.2  1.5 

44.33  1.7 

63.44 9 

25.55 1 

7.77  1.3* 

8.22  1.1 

2.77  1.5 

1.22 2 

WT T 

9.55 9 

19.00 5 

35.66 3 

45.55 0 

65.00 1 

21.99  1.7 

3.11 6 

5.77 7 

1.55 3 

0.77  0.3 

TLR44 mutant 

52.33 5 

12.66  1.0 

52.55 3 

34.77 1 

67.00 4 

21.00  1.2 

30.33 0 

9.99 5 

9.44 * 

4.00 * 

WT T 

39.44 3 

9.77  1.3 

0 0 

36.88 5 

72.22  1.4 

19.22  1.2 

38.22  1.8 

8.99 7 

8.22 8 

2.66 5 

Tablee I. Cell subsets in the left lung in TLR4 mutant and WT mice during pulmonary 
tuberculosis.. Cell subsets in the lungs of TLR4 mutant and WT mice infected with hi 
tuberculosistuberculosis 2 and 5 weeks post-infection. Total leukocyte counts per left lung. Differential 
countss as percentage of total leukocytes. Flow cytometry results are expressed as the 
percentagee of CD4+. CD8+. CD25  and CD69- T-cel!s within the CD3- population in the left 
lung.. Data are mean  SEM of 6-9 mice per group. * P < 0.05 vs WT at the same time point. 

LungLung IFN-y and IL-4 levels 

Thll  cells are essential for early host defense in M. tuberculosis infection (2). We therefore 

investigatedd whether the deteriorated outcome of TLR4 mutant mice was associated with a 

changee in the Thl and Th2 cytokine profile in the pulmonary compartment in early infection. 

Thll  (IFN-y) and Th2 (IL-4( cytokines were measured in lung homogenates. As shown in Fig. 
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4A.. IFN-y levels were similar at 2 weeks post-infection. After 5 weeks. IFN-y was elevated in 

TLR44 mutant mice compared to WT mice (P = 0.005). This finding paralleled the 

mycobacteriall  load in the lungs. In contrast, the Th2 cytokine IL-4 was produced in lower 

concentrationss in TLR4 mutant mouse lungs in comparison with WT mice at 5 weeks (P = 

0.017).. while at 2 weeks, no significant difference in IL-4 concentrations was observed (Fig. 

4B). . 

IFN-yy CZ l TLR4 mutant 
•• WT 

E E 

III  I  !
40n n 

E E 

'SS 20-

10 0 

L-4 4 

T T 
i = = 

1 1 
11 TLR4 mutant 
I W T T 

1 1 
!>w k k 

Kigur cc 4. IFN-y a nd 'L-4 concentrations in lungs of TLR4 mutant and WT mice. N = 12-13 
micee per group. Data arc expressed as mean and SEM. *P < 0.05 vs. WT mice. 

ThlThl response of ex vivo stimulated spleen cells 

Too obtain more insight in mechanisms contributing to the decreased survival of TLR4 mutant 

micee and the enhanced mycobacterial outgrowth in TLR4 mutant mouse lungs in comparison 

withh WT mice, the ability of splenocytes. harvested 5 weeks post-infection from TLR4 

mutantt and WT mice, to produce a Thl response after M. tuberculosis infection was tested. 

IFN-yy production by splenocytes upon ex vivo stimulation with either the T cell stimulator 

anti-CD3/anti-CD288 or PPD. was reduced 3.3 and 4.4 times respectively in TLR4 mutant 

micee compared with WT mice (P = 0.025 and P = 0.004 resp.. Fig. 5). The Th2 cytokine IL-4 

wass not detectable in supernatants of anti-CD3/anti-CD28 or PPD stimulated splenocytes 

fromm either mouse strain (data not shown). 
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1000 0 
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figuree 5. Splenocytes from infected TLR4 mutant mice produce less IFN-
yuponn ex vivo stimulation by CD3/28 and PPD than splenocytes from WT 
mice.. Splenocytes ere harvested 5 weeks after i.n. inoculation with M. 
tuberculosistuberculosis and stimulated for 48 h. Data are mean and SEM of 6 mice per 
group.. *P<  0.05 vs. WT mice. 

E E 
EE 1.0 

]] TLR4 mutant 
IWT T 

Figuree 6. DTK) response in hind feet of mice. 
TLR44 mutant and WT mice were immunized 
withh heat killed M. tuberculosis and 
challengedd with PPD in the dorsal side of the 
leftt hind foot and with saline in the right one. 
Swellingg was measured before and 24 h after 
antigenn swelling and calculated as described 
inn the method section. Data are mean and 
SEMM of X mice per group. *P < 0.05 vs. WT 
mice. . 

DelayedDelayed type hypersensitivity (DTH) response to PPD 

Thee recruitment of T cells and phagocytes into inflamed areas is critical for the development 

off  a DTH response. To study the role of TLR4 in Thl mediated immune responses more 

extensivelyy we determined DTH reactions in TLR4 mutant and WT mice. Mice were 

immunizedd and subsequently challenged with PPD in hind feet, after which local swelling 

wass measured. Both TLR4 mutant and WT mice showed significant swelling following 

challengee with PPD in comparison with saline controls (data not shown). As shown in Figure 

6.. swelling responses in TLR4 mutant mice were significantly reduced compared with WT 

micee (P = 0.001). This finding parallels the results obtained from ex vivo stimulated 

splenocytess and suggest that TLR4 mutant mice have an impaired T cell mediated immunity 

againstt M. tuberculosis. 
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Discussion n 

TLRss play a pivotal role in the induction of an innate immune response to various infectious 

agents.. In vitro studies have implicated TLR2 and TLR4 in the innate recognition of XL 

tuberculosis.tuberculosis. We here demonstrate that TLR4 plays a protective role in host defense against 

pulmonaryy tuberculosis in vivo, as reflected by an increased mortality and mycobacterial load 

inn the lungs of mice with a nonfunctional TLR4. 

Whilee our experiments were in progress, two studies examining the role of TLR4 in 

pulmonaryy tuberculosis were published. Abel et al. (19) found an increased susceptibility to 

XLXL tuberculosis infection of TLR4 mutant mice in terms of a reduced survival and an 

impairedd mycobacterial clearance. Reiling et al. (20). however, using a similar inoculum, 

showedd no difference in survival or in pulmonary mycobacterial load in TLR4 mutant and 

WTT mice. In two other publications, the role of TLR4 in mycobacteria! infection in vivo was 

examinedd in slightly different models. One study, in which M bovis BCG was injected 

intraperitoneal'̂' into TLR4 mutant and WT mice, reported an enhanced mortality (9 of 20) of 

TLR44 mutant mice three days after the infection when compared with WT mice (1 20) (11). 

Thee second study found a modest, but statistically non-significant, increase in mortality of 

TLR44 mutant mice after intravenous injection of high dose M.tuberculosis (21). Our present 

dataa are largely in line with the earlier findings by Abel et al. (19). Indeed, in two 

independentt experiments, with follow ups of 15 and 6 weeks respectively, TLR4 mutant mice 

displayedd an enhanced mortality when compared with WT mice. Although in a third 

experiment,, with a slightly higher inoculum and a follow up of 23 weeks, the difference 

betweenn TLR4 mutant and WT mice was not significant, a trend in the same direction was 

seen.. Notably, these experiments were conducted several months apart, and besides the exact 

inoculumm size, the use of different -batches' of mice from different shipments may have 

contributedd to the variation in absolute mortality rates. We would like to emphasize, however, 

thatt all comparisons between wild type and TLR4 mutant mice were done in experiments in 

whichh all mice were inoculated at the same time with exactly the same inoculum. Together 

thesee data suggest that TLR4 plays a role in protection of the host against lethality due to 

mycobacteriall  infection. 

TLR44 mutant mice demonstrated an increased outgrowth o\~ XL tuberculosis at 2 and 5 weeks 

afterr the infection. Although the difference with WT mice was highly statistically significant 

(P(P = 0.003). the absolute difference was modest. Indeed, TLR4 mutant mice on average had 3 
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timess more mycobacteria in their lungs than WT mice at the latter time point. For 

comparison,, mice that are devoid of IFN-y or IL-12 activity were reported to have several 

logss more CFU during mycobacterial infection than their respective WT mice (3. 4. 6). In 

accordance.. IFN-y and IL-12 deficient mice display a profoundly reduced survival in models 

off  mycobacterial infection (3. 4. 6). whereas we here found that the consequence of TLR4 

deficiencyy on survival during lung tuberculosis is more modest. 

TLR44 mutant mice tended to have a stronger inflammatory response in their lungs than WT 

mice,, which was accompanied by higher IFN-y concentrations in lung homogenates at 5 

weekss post-infection. The higher mycobacterial load in TLR4 mutant may have contributed 

too these findings. Also, the number of activated CD8+ T cells was higher in TLR4 mutant 

micee at this time point. Thus, a deficient local production of the protective cytokine IFN-y or 

aa deficient recruitment of activated CD8~ T cells cannot explain the enhanced mycobacterial 

outgrowthh in TLR4 mutant animals. In any case, the histopathology of the lungs and the 

evaluationn of leukocyte counts and differentials in whole lung cell suspensions clearly 

establishh that TLR4 is not essential for mounting an inflammatory response to pulmonary 

infectionn with M. tuberculosis. Furthermore. TLR4 is not indispensable for the recruitment of 

(activated)) CD4+ or CDH+ T cells to the site of infection during lung tuberculosis. 

Inn contrast to the modestly elevated lung IFN-y levels in TLR4 mutant mice, the capacity of 

splenocytess to produce this prototypic type 1 cytokine upon non-specific stimulation with 

anti-CD33 CD28 or antigen-specific stimulation with PPD was reduced in these animals. 

Moreover,, the DTH response in TLR4 mutant mice was impaired. The reduced IFN-y 

releasingg capacity of splenocytes upon stimulation with a standardized (recall) antigen and 

thee diminished DTH response suggest that TLR4 may be involved in the generation of 

acquiredd T-cell mediated immunity to M. tuberculosis. Interestingly, a recent study also 

suggestedd a role for TLR signaling in the generation of an antigen specific type 1 T cell 

response.. Indeed, mice with deficient TLR signaling were found to be incapable of mounting 

ann ovalbumin specific T helper 1 response after immunization with ovalbumin in the footpad 

(29).. Additional research is warranted to further explore the role of TLRs in acquired T cell-

mediatedd immunity. 

Inn our experiments. TLR4 mutant C3H HeJ and WT C3H HeN mice were used. C3HUeJ 

micee have long been known to be hyporesponsive to LPS. which is related to a point 
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mutationn in the TLR4 gene resulting in a Pro712^dIis substitution (22, 23), yielding a 

nonfunctionall  TLR4. Several reports compared the LPS responsiveness of C3H HeJ mice and 

TLR44 knockout mice in in vitro experiments, showing a similar phenotype (23. 30). 

However,, it cannot be excluded that C3HHeJ mice have other differences in genetic 

backgroundd (in addition to the mutation in TLR4) that have impact on host defense against 

infectionss compared to the WT C3H HeN mice. Studies using TLR4 knockout mice are 

warrantedd to definitively establish this. Likely, extensive backcrossing of such mice is 

required,, since the commonly used 129/SvJ background to generate knockout mice is 

associatedd with an increased susceptibility for M. tuberculosis infection (31). 

Iff  TLR4 only modestly influences the innate host response to M. tuberculosis, how then is 

thiss pathogen recognized by the immune system'? All TLRs known to date share a common 

signalingg component, myeloid differentiation protein 88 (MyD88) (8, 9). In the absence of 

MyD888 XI. tuberculosis can not activate macrophages in vitro, strongly suggesting that 

signalingg via TLRs is of major importance in the first step of immune activation by this 

microorganismm (32). Means et al. have documented that viable M. tuberculosis bacilli are 

recognizedd by both TLR2 and TLR4 (11. 13). In line with these observations. Takeuchi et al. 

reportedd that tumor necrosis factor-ct production by TLR4 deficient macrophages upon 

stimulationn with M. tuberculosis lysates was reduced but not abolished, suggesting that 

besidess TLR4 another receptor is involved in this response (12). Purified components and 

productss of mycobacteria, such as AraLAM, culture supernatant soluble tuberculosis factor, 

mycolylarabinogalactan-peptidoglyeann complex, the 19 kD antigen and total lipids, 

invariablyy utilize TLR2 as signaling receptor (10. 11. 13-18). Using transfected human 

dermall  microvessel endothelial cells, Bulut et al. demonstrated that heterodimerization of 

TLR22 and TLR6 provides optimal signaling conditions for purified culture supernatant 

solublee tuberculosis factor (15). Together, these data suggest that M tuberculosis is 

recognizedd by the host by a repertoire of different TLRs. among which TLR2. TLR4. TLR6 

andd possibly others. Indeed, very recently, TLR2 deficient mice were reported to be more 

susceptiblee to lung tuberculosis (20). Investigations with mice that are deficient for more 

TLRss are required to resolve the individual and combined roles of different TLRs in the 

innatee immune response to XI. tuberculosis. 
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Abstract t 

Lipopolysaceharidee (LPS) binding protein (LBP) can facilitate the transfer of cell wall 

componentss of both Gram-negative bacteria (LPS) and Gram-positive bacteria (lipoteichoic 

acid)) to inflammatory cells. Although LBP is predominantly produced in the liver, recent 

studiess have indicated that this protein is also synthesized locally in the lung by epithelial 

cells.. To determine the role of LBP in the immune response to pneumonia. LBP gene 

deficientt (- -) and normal wild type mice were intranasally infected with either Streptococcus 

pneumoniaepneumoniae or Klebsiella pneumoniae, common Gram-positive and Gram-negative 

pathogenss respectively. Pneumococcal pneumonia was associated with a 7-fold rise in LBP 

concentrationss in broncho alveolar lavage fluid of wild type mice; LBP- - mice infected with 

S.S. pneumoniae showed a similar survival and a similar bacterial burden in their lungs 48 

hourss post infection, in Klebsiella pneumonia, however. LBP-- mice demonstrated a 

diminishedd survival together with an enhanced bacterial outgrowth in their lungs. These data 

suggestt that LBP is important for a protective immune response in Klebsiella pneumonia, but 

doess not contribute to an effective host response in pneumococcal pneumonia. 
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Introductio n n 

LipopoKsaccharidee (LPS) binding protein (LBP) is an acute phase protein that binds and 

disaggregatess LPS from Gram-negative bacteria, and facilitates the presentation oï LPS 

monomerss to the pattern recognition receptor CD14 on immunocompetent cells (1. 2). After 

bindingg of the LBP-LPS complex to CD 14. intracellular activation proceeds via Toll-lik e 

receptorr (TLR) 4 by a mechanism that requires an additional extracellular protein, MD-2 (3-

5).. In the absence oi' LBP. animals demonstrate a markedly diminished responsiveness to 

LPS.. Indeed, rabbits or mice treated with anti-LBP Abs and LBP gene deficient (LBP-/-) 

micee were protected against LPS-induced lethality in association with inhibition of systemic 

TNFF release (6-9). Evidence exists that the absence of a strong and rapid inflammatory 

responsee to LPS makes LBP- - mice more susceptible to at least some intraperitoneal and 

intravenouss Gram-negative infections. LBP- - mice were unable to clear low doses of 

SalmonellaSalmonella typhimunum (V-12), resulting in increased lethality when compared to normal 

LBPw++ wild type mice. Furthermore, mice pretreated with a neutralizing mAb to LBP died 

fromm overwhelming infection within 24 h after intravenous injection of a low dose of a 

virulentt Klebsiella pneumoniae strain (13). However, anti-LBP treatment did not influence 

lethalityy induced by a higher intravenous inoculum of the same Klebsiella strain and did not 

affectt outcome following injection with a low or high dose of an avirulent Escherichia coli 

strainn (13). 

Gram-positivee bacteria do not contain LPS in their bacterial cell wall. Important 

proinflammatoryy cell wall components of Gram-positive bacteria are lipoteichoic acid (LTA ) 

andd peptidoglycan (PGN) (14. 15). Like LPS, these Gram-positive bacterial antigens are 

recognizedd by CD 14 (16-21). and their presentation to CD 14 can be enhanced by LBP (22-

25).. Knowledge of the role of LBP in immune stimulation by Gram-positive bacteria in vivo 

iss limited. One study has reported an unaltered influx of neutrophils into the peritoneal cavity 

afterr intraperitoneal administration of Staphylococcus aureus (12). 

Pneumoniaa is a common and serious illness and is the leading cause of death due to infectious 

diseasess in the United States (26). Common respiratory pathogens include the Giani-negative 

bacteriumm A', pneumoniae and the Gram-positive bacterium Streptococcus pneumoniae. 

Whereass A*, pneumoniae is a causative organism in both community-acquired and nosocomial 

pneumonia.. .S'. pneumoniae is the most commonly isolated pathogen in patients with 
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community-acquiredd pneumonia (27. 28). Littl e is known about the role of LBP in 

antibacteriall  defense in the pulmonary compartment in vivo. Several lines of evidence 

indicatee that LBP may be involved in the induction of an innate immune response in the lung 

duringg pneumonia. LBP is a product of alveolar epithelial cells of which the release is 

regulatedd by proinflammatory cytokines (29). and LBP can enhance the responsiveness of 

alveolarr macrophages to LPS (30). In addition. LBP concentrations were elevated in 

bronchoalveolarr lavage fluid of patients with acute lung injury or allergic lung inflammation 

(31,, 32). suggesting that LBP behaves as an acute phase protein in the lung. Therefore, in the 

presentt study we sought to determine the role of LBP in the host response to Gram-negative 

andd Gram-positive pneumonia. For this purpose, LBP- - and LBP+/+ WT mice were 

intranasallyy inoculated with either S pneumoniae or K. pneumoniae, and the course of the 

infectionss was followed by monitoring survival, bacterial outgrowth and host inflammatory 

responses. . 

Material ss and Methods 

Animals. Animals. 

LBP-/-- mice, backcrossed 11 times to a C57B1/6 background, were generated as described 

previouslyy (33). Normal LBP+/+ C57B1/6 wild type (WT) mice were purchased from Harlan 

Spraguee Dawley Inc. (Horst, the Netherlands). Male mice, aged 8-9 weeks, were used. All 

experimentss were approved by the Animal Care and Use Committee of the University of 

Amsterdamm (Amsterdam, the Netherlands). 

InductionInduction of pneumonia 

Pneumoniaa was induced as described before (34-36). Streptococcus pneumoniae serotype 3 

(ATCCC 6303; Rockville, MD) was used for Gram-positive infection. Pneumococci were 

culturedd for 16 h at 37°C in 5% CO; in Todd-Hewitt broth (Difco. Detroit. MI). This 

suspensionn was diluted 1:100 in fresh medium and grown for 5 h to midlogantmic phase. 

KlebsiellaKlebsiella pneumoniae serotype 2 (ATCC 43X16; Rockville. MD) was used for Gram-

negativee infection. Klebsiella bacteria were cultured for 16 h at 37rjC in 5% CO; in Tryptic 

Soyy broth (Difco. Detroit. Ml). This suspension was diluted 1:100 in fresh medium and 

grownn for 3 h to midlogaritmic phase. .S'. pneumoniae and A', pneumoniae were harvested by 

centrifugationn at 1500 x g for 15 min and washed twice in sterile 0.9% saline. Bacteria were 
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resuspendedd in saline at different concentrations, as determined by plating 10-fold dilutions 

off  the suspensions on blood agar plates. After preparation of the bacterial inocula. mice were 

lightlyy anesthesized by inhalation of isoflurane (Upjohn. Ede. the Netherlands) and 50 u.1 of 

thee bacterial suspension (containing 10" Colony Forming Units (CFU) S. pneumoniae or 10"' 

CFUU A', pneumoniae) was inoculated intranasally. Control mice received 50 u.1 saline. 

LBPLBP measurement 

LBPP concentrations in plasma and bronchoalveolar lavage (BAL ) fluid of WT mice were 

measured.. EDTA anticoagulated blood was spun at 1000 * g at 4"C for 10 min, after which 

plasmaa was stored at -20°C until further use. For BAL , the trachea was exposed through a 

midlinee incision and cannulated with a sterile 22-gauge Abbocath-T catheter (Abbott, Sligo, 

Ireland).. BAL was performed by instilling two 0.5 ml aliquots of sterile isotonic saline. 0.9-

1.00 ml of lavage fluid was retrieved per mouse. BAL F was spun at 250 * g at 4°C for 10 mm; 

thee supernatant was frozen at -20°C until further use. LBP was measured by EL1SA according 

too the manufacturer's instructions (HyCult Biotechnology B.V., Uden, the Netherlands). 

DeterminationDetermination of bacterial outgrowth 

Att 6, 24 or 48 h after infection, mice were anesthesized by FFM (fentanyl citrate 0.079 

mg/ml.. fluanisone 2.5 mg/ml. midazolam 1.25 mg/ml in EUO; of this mixture 7.0 ml/kg 

intraperitoneaily).. and sacrificed by bleeding out the vena cava inferior. Blood was collected 

inn EDTA containing microtubes (Becton Dickinson, Meylan, France). Both lungs were 

harvestedd and the right lung was homogenized at 4°C in 4 volumes of sterile saline using a 

tissuee homogenizer (Biospec Products. Bartlesville. OK). Serial 10-fold dilutions were made 

inn sterile saline and 10 u.1 volumes were plated on blood agar plates. In addition, 20 ul 

volumess of blood were plated. Plates were incubated at 37°C in 5°o CO;, and CFU were 

countedd after 16 h. 

CellCell counts in the lungs 

Inn the same experiment, pulmonary cell suspensions were obtained from the left lung using 

ann automated disaggregation device (Medimachine-system. Dako. Glostrtip, Denmark) as 

describedd (37). After erythrocytes had been lysed with ice-cold isotonic NH4CI solution (155 

mMM NH4CI. 10 mM KHCO,, 100 mM EDTA. pH 7.4). pulmonary cells were suspended in 

RPMII  medium (Bio Whittaker. Verviers. Belgium). Total cell numbers in each sample were 
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countedd using a hemacytometer (Beckmann Coulter, Fullerton. CA). Granulocyte counts in 

thee celt suspensions were assessed using cytospin preparations stained with a modified 

Giemsaa stain (Diff-Quiek. Baxter. McGraw Park. IL). 

CytokineCytokine and chemokine measurements 

Forr cytokine measurements, lung homogenates were diluted 1:2 in lysis butter (150 mM 

NaCl.. 15 mM Tris. ImM MgCl.H;0. 1 mM CaCk 1% Triton X-100. 100 jig ml Pepstatin A. 

Leupeptinn and Aprotinin, pH 7.4) and incubated at 4°C for 30 min. Homogenates were 

centrifugedd at 1500 x g for 15 min after which the supernatants were stored at -20°C until 

furtherr use. Cytokine and chemokine levels in lung homogenates were measured by ELISA 

accordingg to the manufacturer's instructions: TNFa. IL-6. M1P-2 and KC assays were all 

obtainedd from R&D (Minneapolis. MN). 

HistologicHistologic'' examination 

Lungss for histologic examination were harvested at 24 h (K. pneumoniae pneumonia) and at 

488 h (S. pneumoniae pneumonia) after inoculation, fixed in 10% formaline and embedded in 

paraffin.. Four u.m sections were stained with haematoxylin and eosin, and analyzed by a 

pathologistt who was blinded for groups. 

StatisticalStatistical analysis 

Alll  data are expressed as mean  SFM. Differences between groups were analyzed by Mann-

Whitneyy U test. Survival studies were analyzed using Kaplan-Meier. P< 0.05 was considered 

too represent a statistically significant difference. 

Results s 

LBPLBP concentrations 

Too obtain insight into local LBP concentrations in the bronchoalveolar compartment, we 

measuredd LBP protein levels in BALF of uninfected mice, and in mice with respiratory tract 

infectionn with either .S'. pneumoniae or A', pneumoniae (Figure 1). LBP was detected at levels 

off  15-53 ng ml in BALF of uninfected mice. Pneumococcal pneumonia was associated with a 

significantt 7-fold increase in BALF LBP levels relative to controls, as measured 48 h after 

infectionn (/*  < 0.05 vs. controls). Klebsiella pneumonia resulted in a more modest 2-fold rise 
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inn LBP BALF levels (non significant (NS) vs. controls). As expected. LBP was not detectable 

inn BALF or plasma obtained from LBP- - mice. 

3ÖC C 
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*P<< 0.05 
Figuree 1: Bronchoalveolar LBP 
concentrations.. LBP levels in 
bronchoalveolarr lavage Huid obtained from 
uninfectedd wild type mice (A), and obtained 
fromm mice 48 h after intranasal infection 
withh S. pneumoniae (B) or 24 h after 
infectionn with K. pneumoniae (C). Data are 
meann  SEM (6-10 mice per group). *P < 
0.055 vs. control. 

Survival Survival 

Inn Gram-positive pneumonia induced by S. pneumoniae, survival did not differ between 

LBP-/-- and WT mice (Figure 2A). In contrast, in Gram-negative pneumonia, survival was 

significantlyy impaired in LBP-/- mice compared to WT mice (P < 0.05). All LBP- - mice died 

withinn 3 days while 37.5% of the WT mice were permanent survivors (Figure 2B). These 

dataa suggest that LBP is important for protection against mortality induced by K. 

pneumoniae,pneumoniae, while LBP does not seem to be of importance in pneumococcal pneumonia. 
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Figuree I, LBP deficiency does not influence the outcome of pneumococcal pneumonia but results 
inn an increased lethality during Klebsiella pneumonia. Survival in LBP- - and WT mice after 
intranasall  inoculation with 10 CFU S. pneumoniae (A) or 10" CFU K. pneumoniae (B). N = 8-12 
micee per group. P value indicates difference between groups. 
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BacterialBacterial outgrowth 

Too obtain more insight into the role of LBP in early host defense against Gram-positive and 

Gram-negativee pneumonia, bacterial outgrowth in the lungs of LBP- - and WT mice was 

compared.. After infection with 5. pneumoniae, bacteria were counted at 24 and 48 hours. At 

244 h post-infection. LBP- - lungs contained slightly but significantly less CFU compared to 

WTT lungs (P < 0.05). This difference however, had disappeared at 48 h (Figure 3A). The 

percentagee of positive blood cultures in LBP-/- and WT mice was similar, respectively 57 

andd 63 % at 24 h and 57 and 75% at 48 h. 

Inn Gram-negative pneumonia, the bacterial load in the lungs was assessed 6 h and 24 h after 

inoculationn with K. pneumoniae. These time points were chosen earlier than in the 

pneumococcall  model considering the early mortality of LBP-/- mice during Klebsiella 

pneumonia.. Although bacterial counts were similar in both mouse strains at the 6 h time-

point,, LBP-/- mouse lungs contained 3 logs more bacteria at the 24 h time point compared to 

WTT mice [P < 0.05; Figure 3B). In Klebsiella pneumonia, at 6 h, all blood cultures were 

negative,, whereas at 24 h, blood cultures were positive in the majority of mice (88% of 

LBP-/-- and 63% of WT mice). Of note, blood derived from LBP-/- mice contained - 2 logs 

moree bacteria than blood from WT mice (data not shown). This finding is in concordance 

withh the bacterial outgrowth in the lungs at the same time point. 
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Figuree 3. LBP deficiency results in an enhanced outgrowth of K. pneumoniae. Bacterial outgrowth 
inn lungs in LBP- - and WT mice at 24 and 48 h after intranasal inoculation with 10' CFU 
S.S. pneumoniae (A) and at 6 and 24 h after intranasal inoculation with 10' CFU A', pneumoniae (B). 
Dataa are mean  SHM of 7-8 mice. * P < 0.05 vs. WT mice. 
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GranulocyteGranulocyte influx in the lungs 

Thee rapid influx of granulocytes to the site of infection is an important characteristic of the 

innatee immune response during pneumonia (38). We therefore determined granulocyte 

numberss in whole lung cell suspensions at 6. 24 and 48 h after induction of respiratory tract 

infection.. In S. pneumoniae pneumonia. LBP- - mouse lungs contained similar numbers of 

granulocytess compared to WT mouse lungs at both 24 h and 48 h post inoculation (Table I). 

Likewise,, in pneumonia induced by K. pneumoniae, no difference in granulocyte counts in 

lungss of LBP-/- and WT mice was seen after either 6 or 24 h (Table I). 

LBP-- - WT 

xx 10' x lu ! 

S.S. pneumoniae 24~h 518.8  120.4 545.1  134.2 

488 h 748.9+ 160 2 I 1049+ 115 2 

KK pneumoniae 6 h 144.2  23.0 93.8  19.0 

244 h 628.11182.0 909.2  300.6 

Tablee I. Granulocyte numbers in lungs. Granulocyte counts 
inn lungs of LBP- - and WT mice at 24 and 48 h alter 
intranasall  inoculation with 10"" CFU 5, pneumoniae and at 6 
andd 24 h after intranasal inoculation with 10' CFU 
K.K. pneumoniae. Data arc mean i SLM of 7-8 mice. 

CytokineCytokine and chenwkine response to pneumonia 

Inn pulmonary infections, local cytokine and chemokine production is an important factor in 

thee host immune response (38, 39). We determined the influence of LBP on pulmonary 

cytokinee concentrations during pneumococcal and Klebsiella pneumonia. Cytokine (TNFa, 

IL-6)) and chemokine (MIP-2. KC) levels measured in lung homogenates measured 24 and 48 

hh after induction of pneumococcal pneumonia did not differ between LBP-'- and WT mice 

(dataa not shown). In K. pneumoniae infection. TNFa. IL-6. MIP-2 and KC concentrations 

weree similar in LBP- - and WT mice 6 h after infection (data not shown). In contrast, after 24 

h.. all cytokine and chemokine levels measured were significantly elevated in LBP- - mice 

comparedd to WT mice (P< 0.05; Table II). 
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LBP-- - \VT 

ngg ml ng ml 

TNFuu 16.3 - 1.2*  12.0 = 0.9 

IL-66 32.9 *  X.ftt l . 1 

MIP-22 77.9=16.2*  21.7 = 3.8 

K.CC 90.3 *  18.5 0 

Tablee II . Cytokine and chemokine concentrations. 
Cytokinee and chemokine concentrations in lung 
homogenatess 24 hours after induction of 
K.K. pneumoniae pneumonia in LBP- - and WT mice. 
Dataa are mean = SEM of 8 mice per group. 
*P*P  < 0.05 vs. WT mice. 

Histopathology Histopathology 

Att 48 h after induction of S. pneumoniae infection, lungs of both WT (Figure 4A) and LBP-/-

(Figuree 4B) mice displayed dense granulocytic infiltrates around vessels, edema, 

endothelialitiss and pleuritis. The distribution and intensity of the inflammatory infiltrates 

weree comparable in WT and LBP-/- mice. 

Infectionn with K. pneumoniae was characterized by a predominantly interstitial inflammation 

inn the lungs as shown in Figure 4 (C and D) at 24 h after inoculation. No significant 

differencee could be detected between WT (C) and LBP-/- (D) mice. 

Discussion n 

LBPP has been implicated to play an important role in the host immune response against 

Gram-negativee infections by enhancing the presentation of LPS to the pattern recognition 

receptorr CD14 on immunocompetent cells (1. 2. 9. 13). The presentation of components of 

Gram-positivee bacteria such as LTA and PGN to CD14 is also facilitated by LBP (22-25). To 

determinee the relevance of LBP in inducing an innate host response to pulmonary infection, 

wee induced pneumonia caused by two common respiratory pathogens (Gram-positive, 

S.S. pneumoniae, and Gram-negative. K. pneumoniae) in LBP-/- and WT mice. The outcome of 

S.S. pneumoniae pneumonia was not influenced by the absence of LBP, as reflected by similar 

survivall  curves and similar bacterial outgrowth after 48 h in LBP- - and WT mice. In 

contrast,, in K. pneumoniae pneumonia, the protective role of LBP was evident as shown by 

ann increased mortality rate and an increased number of bacteria in lungs of LBP-/- mice 

comparedd to WT mice. 
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Figur ee 4. Histopathology. Representative histology of lungs 48 h after S. pneumoniae infection in WT (A) 
andd LBP-/- mice (B). 24 h after K. pneumoniae infection in WT (C) and LBP-/- (D) mice showing no 
significantt difference. Data are representative of 6 mice per group. H&E staining, magnification « 10. 

Evidencee indicates that LBP can be produced not only in the liver, but also in a variety of 

tissuess including the lungs (29. 30. 40-42). Elevated levels of LBP in BALF of patients with 

acutee respiratory distress syndrome and in asthma patients after allergen challenge (30-32) 

suggestt that local production of LBP may contribute to host defense against bacterial 

challengess in the lung. We here demonstrate that mice have detectable LBP concentrations in 

theirr BALF. which increase upon bacterial respiratory tract infection, in particular during 

pneumococcall  pneumonia. 

Severall  in vitro studies have attributed an important role to LBP in activating cells upon 

stimulationn with components of Gram-positive bacteria. It was shown that TNFct production 

byy monocytes in response to pneumococcal and staphylococcal LTA (25) and group B 

streptococcii  cell walls (24) was dose-dependently enhanced by the presence of LBP. LBP 

wass also shown to play a stimulating role in the recognition and phagocytosis of the Gram-

positivee bacterium Bacillus subtilis by CD14 expressing Chinese Hamster Ovary (CHO) and 
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L'9377 cells (23). Others, however, were unable to show a modulating effect of LBP on TNFo. 

productionn by PBMC in response to B. subtilis and S. aureus LTA (21). Data on the effect of 

LBPP in cell activation induced by PGN. another important immunostimulatory component of 

Gram-positivee bacteria, remain controversial. Binding of PGN to the CD14-reccptor was 

enhancedd by the presence of LBP in in vitro experiments (22). In two earlier reports however. 

LBPP failed to augment PGN induced cell activation (43. 44). So far. data on the role of LBP 

inn Gram-positive infections in vivo were not available. We are the first to show that the 

absencee of LBP in a murine model of pneumococcal pneumonia does not affect innate host 

defensee mechanisms. LBP deficient mice were able to mount an inflammatory response 

comparablee to WT mice as shown by similar survival curves, bacterial numbers and 

neutrophill  influx in the pulmonary compartment as well as cytokine production and 

histopathologyy scores. At 24 h post infection. LBP- - mice even displayed slightly less 

pneumococcii  in their lungs than WT mice. A recent study has implicated TLR4 in the early 

recognitionn of S. pneumoniae in the respiratory tract via a specific interaction with 

pneumolysiss a cytolytic toxin expressed by the pneumococcus (45). The current data suggest 

thatt LBP does not play a role herein. 

Sincee its discovery in 1986 (46). LBP has been shown to be important in the induction of an 

inflammatoryy response against LPS (1. 6-9, 47. 48) and Gram-negative bacteria (9-11, 13. 

49).. In our experiments. LBP clearly played a protective role in Klebsiella pneumoniae 

pneumonia.. While our studies were in progress. Fan et al. (50) reported similar data on 

survivall  and bacterial outgrowth during Klebsiella pneumonia in LBP- - mice. Of note, 

whereass Fan et al. showed a reduced influx of granulocytes into the pulmonary compartment 

off  LBP- - mice, we found similar granulocyte numbers in LBP- - and WT mice. In addition, 

wee detected a profound increase in cytokine and chemokine concentrations in lung 

homogenatess of LBP-/- mice compared to WT mice, while Fan et al. found either similar or 

lowerr cytokine and chemokine levels in LBP- - vs. WT mice. In our opinion, the impressive 

differencee in pulmonary bacterial load (3 logs) in LBP- - vs. WT mice, providing a more 

potentt proinflammatory stimulus, is responsible for our findings. Furthermore, a reduced 

capacityy of phagocytes to phagocytose and kill bacteria in the absence of LBP may also play 

aa role, since in vitro studies showed enhanced phagocytosis and killing of bacteria by alveolar 

macrophagess in the presence of LBP (51. 52). 

Wee conclude that LBP plays an essential role in innate immunity during pneumonia caused 

byy A', pneumoniae but does not contribute to host defense in pneumococcal pneumonia. 
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Furtherr research is warranted to establish the role of LBP in the pulmonary immune response 

too other respiratory pathogens. 

Acknowledgements s 

Thee authors thank J. Daalhuisen and I. Kop for excellent technical assistance. 

References s 

1.. Wright SD. Ramos RA. Tobias PS. Ulevitch RJ and Mathison JC. CD14. a receptor for 
complexess of lipopolysaceharide (LPS) and LPS binding protein. Science 1490:249:1431-3. 

2.. Ulevitch RJ. Tobias PS. Recognition of gram-negative bacteria and endotoxin by the innate 
immunee system. Curr Opin Immunol 1999:11:19-22. 

3.. Aderem A. Ulevitch RJ. Toll-lik e receptors in the induction of the innate immune response. 
Naturee 2000;406:782-7. 

4.. Shimazu R. Akashi S. Ogata H. Nagai Y. Fukudome K. Miyake K ;md Kimoto M MD-2. a 
moleculee that confers lipopolysaceharide responsiveness on Toll-lik e receptor 4. J Exp Med 
1999;189:1777-82. . 

5.. Hoshino K, Takeuchi O. Kauai T, Sanjo H, Ogavva T, Takeda Y. Takeda K and Akira S. 
Cuttingg edge: Toll-lik e receptor 4 (TLR4)-deficient mice are hyporesponsive to 
lipopolysaceharide:: evidence for TLR4 as the Lps gene product. J Immunol 1999:162:3749-
52. . 

6.. Gallay P. Heumann D, Le Roy D. Barras C' and Glauser MP. Lipopolysaccharide-binding 
proteinn as a major plasma protein responsible for endotoxemic shock. Proc Natl Acad Sci U S 
AA 1993:90:9935-8. 

77 Gallay P. Heumann D. Le Roy D, Barras C and Glauser MP. Mode of action of anti-
lipopolysaccharide-bindingg protein antibodies for prevention of endotoxemic shock in mice. 
Procc Natl Acad Sci U S A 1994;91:7922-6. 

8.. Le Roy D. Di Padova F. Tees R. Lengacher S. Landmann R. Glauser MP. Calandra T and 
Heumannn D. Monoclonal antibodies to murine lipopolysaceharide (LPS)-binding protein 
(LBP)) protect mice from lethal endotoxemia by blocking either the binding of LPS to LBP or 
thee presentation of LPS LBP complexes to CD14. J Immunol 1999:162:7454-60. 

9.. Jack RS. Fan X. Bernheiden M. Rune G. Ehlers M. Weber A. Kirsch G. Mentel R. Kuril B. 
Freudenbergg M. Schmitz G. Stelter F and Schutt C. Lipopolysaccharide-binding protein is 
requiredd to combat a murine gram-negative bacterial infection. Nature 1997:389:742-5. 

10.. Bernheiden M, Heinrich JM. Minigo G, Schutt C. Stelter F. Freeman M, Golenbock D and 
Jackk RS. LBP. CD 14. TLR4 and the murine innate immune response to a peritoneal 
Salmonellaa infection. J Endotoxin Res 2001:7:447-50. 

11 1. Heinrich JM. Bernheiden M. Minigo G. Yang KK. Schutt C. Mannel DN and Jack RS. The 
essentiall  role of lipopolysaccharide-binding protein in protection of mice against a peritoneal 
Salmonellaa infection involves the rapid induction of an inflammatory response. J Immunol 
2001:167:1624-8. . 

12.. Fierer J. Swancutt MA. Heumann D and Golenbock D. The role of lipopolysaceharide 
bindingg protein in resistance to Salmonella infections in mice. J Immunol 2002:168:6396-403. 

13.. Lc Roy D. Di Padova F. Adachi Y. Glauser MP. Calandra T and Heumann D. Critical role of 
lipopolysaccharide-bindingg protein and CD 14 in immune responses against gram-negative 
bacteria.. J Immunol 2001:ll67:2759-65. 

121 1 



CHAPTTRR 8 

14.. De Kimpe SJ. Kengatharan M. Thiemermann C' and Vane JR. The cell wall components 
peptidoglycann and lipoteichoic acid from Staphylococcus aureus act in synergy to cause shock 
andd multiple organ failure. Proc Natl Acad Sci L ' S Al 995:92:10359-63. 

15.. Kengatharan KM. De Kimpe S. Robson C'. Foster SJ and Thiemennann C. Mechanism of 
gram-positivee shock: identification of peptidoglycan and lipoteichoic acid moieties essential 
inn the induction of nitrtc oxide synthase, shock, and multiple organ failure. J Exp Med 
1998:188:305-15. . 

16.. Gupta D. Kirkland TN. Viriyakosol S and Dziarski R. CD14 is a cell-activating receptor for 
bacteriall  peptidoglycan. J Biol C'hem 1996:271:23310-6. 

17.. Pugin J. Heumann ID. Tomasz A. Kravchenko VY. Akamatsu V. Nishijima M. Glauser MP. 
Tobiass PS and Ulevitch RJ. CD 14 is a pattern recognition receptor. Immunity 1994;1:509-16. 

18.. Cleveland MG. Gorham JD. Murphy TL. Tuomanen E and Murphy KM. Lipoteichoic acid 
preparationss of gram-positive bacteria induce interleukin-12 through a CD14-dependent 
pathway.. Infect Immun 1996:64:1906-12. 

19.. Kusunoki T. Hailman E, Juan TS. Lichenstein HS and Wright SD. Molecules from 
Staphylococcuss aureus that bind CD 14 and stimulate innate immune responses. J Exp Med 
1995:!!  82:1673-82. 

20.. Landmann R. Muller B and Zimmerli W. CD 14. new aspects of ligand and signal diversity. 
Microbess Infect 2000:2:295-304. 

21.. Hermann C. Spreitzer I. Schroder NW. Morath S. Lehner MD. Fischer W. Schutt C, 
Schumannn RR and Hartung T. Cytokine induction by purified lipoteichoic acids from various 
bacteriall  species-role of LBP. sCD14. CD14 and failure to induce IL-12 and subsequent IFN-
gaminaa release. Eur J Immunol 2002:32:541-51. 

22.. Dziarski R, Tapping RI and Tobias PS. Binding of bacterial peptidoglycan to CD14. J Biol 
Chemm 1998:273:8680-90. 

23.. Fan X. Stelter F. Menzel R. Jack R. Spreitzer I. Hartung T and Schutt C. Structures in 
Bacilluss subtilis are recognized by CD 14 in a lipopolysaccharidc binding protein-dependent 
reaction.. Infect Immun 1999:67:2964-8. 

24.. Medvedev AE. Flo T. Ingalls RR. Golenbock DT, Teti G, Vogel SN and Espevik T. 
Involvementt of CD14 and complement receptors CR3 and CR4 in nuclear factor-kappaB 
activationn and TNF production induced by lipopolysaccharide and group B streptococcal cell 
walls.. J Immunol 1998;160:4535-42. 

25.. Schroder NW. Morath S, Alexander C. Hamann L. Hartung T, Zahringer U. Gobel UB. 
Weberr JR and Schumann RR. Lipoteichoic acid (LTA) of Streptococcus pneumoniae and 
Staphylococcuss aureus activates immune cells via Toll-lik e receptor (TLR)-2. 
lipopolysaccharide-bindingg protein (LBP). and CD 14. whereas TLR-4 and MD-2 are not 
involved.. J Biol Chem 2003:278:15587-94. 

26.. Pinner RW. Teutsch SM. Simonsen L. Klug LA. Graber JM. Clarke M,I and Berkelman RL. 
Trendss in infectious diseases mortality in the United States. Jama 1996:275:189-93. 

27.. Bartlett JG. Mundy LM. Community-acquired pneumonia. N Engl J Med 1995:333:1618-24. 
28.. Brown PD, Lerner SA. Community-acquired pneumonia. Lancet 1998;352:1295-302. 
29.. Dentencr MA. Vreugdenhil AC. Hoet PH. Vernooy JH. Nieman FH. Heumann D, Janssen 

YM,, Buurman WA and Wouters EF. Production of the acute-phase protein 
lipopolysaccharide-bindingg protein by respiratory type II epithelial cells: implications for 
locall  defense to bacterial endotoxins. Am J Respir Cell Mol Biol 2000:23:146-53. 

30.. Martin TR. Mathison JC. Tobias PS. Leturcq DJ. Monarty AM. Maunder RJ and Ulevitch RJ. 
Lipopolysaccharidee binding protein enhances the responsiveness of alveolar macrophages to 
bacteriall  lipopolysaccharide. Implications for cytokine production in norma! and injured 
lungs.. J Clin Inve'st 1992;90:2209-19. 

31.. Martin TR. Rubenfeld GD. Ruzinski .IT. Goodman RB. Steinberg KP. Leturcq DJ. Moriarty 
AM.. Raghu G. Baughman RP and Hudson LD. Relationship between soluble CD 14. 
lipopolysaccharidcc binding protein, and the alveolar inflammatory response in patients with 
acutee respiratory distress syndrome. Am J Respir Cnt Care Med 1997:155:937-44. 

122 2 



Rolee of LBP in pneumonia 

32.. Dubin W. Martin TR, Swoveland P, Leturcq DJ, Moriartv AM. Tobias PS. Bleecker FR. 
Goldblumm SE and Hasday JD. Asthma and endotoxin: lipopolysacchande-binding protein and 
solublee CD14 in bronchoalveolar compartment. Am J Physiol 1996;270:L736-44. 

33.. Wurfel MM. Monks BG. Ingalls RR. Dedrick RL. Delude R. Zhou D. Lampmg N. Schumann 
RR.. Thiennger R, Fenton MJ, Wright SD and Golenbock D. Targeted deletion of the 
lipopolysaccharidee (LPS(-binding protein gene leads to profound suppression of LPS 
responsess ex vivo, whereas in vivo responses remain intact. J Exp Med 1997;186:2051-6. 

34.. Lauw FN, Branger J. Florquin S. Speelman P. van Deventer SJ. Akira S and van der Poll T. 
IL-188 improves the early antimicrobial host response to pneumococcal pneumonia. J Immunol 
2002:168:372-8. . 

35.. Rijneveld AW, Weijer S, Florquin S, Esmon CT, Meijers JC, Speelman P, Reitsma PH, Ten 
Catee H and Van Der Poll T. Thrombomodulin mutant mice with a strongly reduced capacity 
too generate Activated Protein C have an unaltered pulmonary immune response to respiratory 
pathogenss and lipopolysaccharide. Blood 2003 

36.. Rijneveld AW. Lauw FN, Schultz MJ, Florquin S, Te Velde AA, Speelman P, Van Deventer 
SJJ and Van Der Poll T. The role of interferon-gamma in murine pneumococcal pneumonia. J 
Infectt Dis 2002;185:91-7. 

37.. Leemans JC. Juffennans NP, Florquin S. van Rooijen N. Vervoordeldonk MJ. Verbon A. van 
Deventerr SJ and van der Poll T. Depletion of alveolar macrophages exerts protective effects 
inn pulmonary tuberculosis in mice. J Immunol 2001;166:4604-11. 

38.. Zhang P. Summer WR, Bagby GJ and Nelson S. Innate immunity and pulmonary host 
defensee Immunol Rev 2000;!73:39-51. 

39.. Stricter RM, Belperio JA and Keane MP. Cytokines in innate host defense in the lung. J Clin 
Investt 2002;109:699-705. 

40.. Lee PT, Holt PG and McWilliam AS. Role of Alveolar Macrophages in Innate Immunity in 
Neonatess . Evidence for Selective Lipopolysaccharide Binding Protein Production by Rat 
Neonatall  Alveolar Macrophages. Am. J. Respir. Cell Mol. Biol. 2000;23:652-661. 

41.. Wang SC, Klein RD, Wahl WL. Alarcon WH. Garg RJ. Rcmick DG and Su GL. Tissue 
Coexpressionn of LBP and CD 14 mRNA in a Mouse Model of Sepsis. Journal of Surgical 
Researchh 1998;76:67-73. 

42.. Su G, Freesvvick P. Geiler D, Wang Q. Shapiro R, Wan Y, Billiar T, Tweardy D, Simmons R 
andd Wang S. Molecular cloning, characterization, and tissue distribution of rat 
lipopolysaccharidee binding protein. Evidence for extrahepatic expression. J Immunol 
1994;153:743-752. . 

43.. Mathison JC. Tobias PS. Wolfson E and Ulevitch RJ. Plasma lipopolysaccharide (LPS)-
bindingg protein. A key component in macrophage recognition of gram-negative LPS. J 
Immunoll  1992:149:200-6. 

44.. Weidemann B, Brade H. Rietschel ET. Dziarski R. Bazil V. Kusumoto S. Flad HD and Ulmer 
AJ.. Soluble peptidoglycan-induced monokine production can be blocked by anti-CD14 
monoclonall  antibodies and by lipid A partial structures. Infect lmmun 1994;62:4709-15. 

45.. Malley R. Henneke P. Morse SC. Cieslewicz MJ. Lipsitch M, Thompson CM, Kurt-Jones E. 
Patonn JC. Wessels MR and Golenbock DT. Recognition of pneumolysin by Toll-lik e receptor 
44 confers resistance to pneumococcal infection. Proc Natl Acad Sci U SA 2003;100:1966-71. 

46.. Tobias PS, Soldau K and Ulevitch RJ. Isolation of a lipopolysaccharide-binding acute phase 
reactantt from rabbit serum. J Exp Med 1986;164:777-93. 

47.. Schumann RR. Leong SR. Flaggs GW. Gray PW, Wright SD, Mathison JC. Tobias PS and 
Ulevitchh RJ. Structure and function of lipopolysaccharide binding protein. Science 
1990;249:1429-31. . 

48.. Tobias PS. Ulevitch R.I. I ipopolysaccharide binding protein and CD!4 in LPS dependent 
macrophagee activation. Immunobiology 1993;187:227-32. 

49.. Yang KK. Dorner BG. Merkel U. Ryffel B. Schutt C. Golenbock D. Freeman MW and Jack 
RS.. Neutrophil influx in response to a peritoneal infection with Salmonella is delayed in 
lipopolysacchande-bindingg protein or CD14-deficient mice. J Immunol 2002:169:4475-80. 

123 3 



CHAPTERR 8 

50.. Fan MH. Klein RD. Steinstraesser L. Merry AC. Nemzek JA. Remick DG. Wang SC and Su 
GL.. An essential role for lipopolysaccharide-binding protein in pulmonary innate immune 
responses.. Shock 2002:18:248-54. ' 

51.. Klein RD. Su GL. Schmidt C. Aminlari A. Steinstraesscr L. Alarcon \VH, Zhang HY and 
Wangg SC. Lipopolysaccharide-Binding Protein Accelerates and Augments Escherichia coli 
Phagocytosiss by Alveolar Macrophages.. Journal of Surgical Research 2000:94:159-166. 

52.. Wright S. Tobias P. Ulevitch R and Ramos R. Lipopolysaccharide (LPS) binding protein 
opsonizess LPS-bearing particles for recognition by a novel receptor on macrophages. J. Lxp. 
Med.. 19*9:170:1231-^41. 

124 4 



CHAPTERR 9 

Thee role of Toll-lik e receptor 4 in Gram-positive and 

Gram-negativee pneumonia in mice 

Judithh Branger. Sylvia Knapp Sebastiaan Wcijcr. Jaklien C. Leemans, 

Jenniee M. Pater, Peter Speelman, Sandrine Florquin, and Tom van der Poll 

InfectionInfection and Immunity 2004; 72: 7XH-794 



CHAPTI-RR 9 

Abstract t 

Too determine the role of Toll-like receptor (TLR) 4 in the immune response to pneumonia, 

C3HH HeJ mice (which display a mutant non-functional TLR4), and C3H HeN wild type mice 

weree intranasally infected with either Streptococcus pneumoniae or Klebsiella pneumoniae. 

commonn Gram-positive and Gram-negative respirator) pathogens respectively. In 

pneumococcall  pneumonia. TLR4 mutant mice showed a reduced survival only after infection 

withh low bacterial doses, which was associated with a higher bacterial burden in their lungs 

488 hours post infection. In Klebsiella pneumonia, TLR4 mutant mice demonstrated a 

shortenedd survival after infection with either a low or a high bacterial dose, together with an 

enhancedd bacterial outgrowth in their lungs. These data suggest that TLR4 contributes to a 

protectivee immune response in both pneumococcal and Klebsiella pneumonia, and that its 

rolee is more important in respiratory tract infection caused by the latter - Gram-negative -

pathogen. . 
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Introductio n n 

Pneumoniaa is a common and serious illness that is a major cause of morbidity and mortality 

inn humans. Streptococcus pneumoniae and Klebsiella pneumoniae are frequently isolated 

causativee pathogens of pneumonia (1-5). Because of the high incidence of pneumonia and the 

increasingg resistance of several bacterial strains to antimicrobial agents (4, 6, 7), it is vital to 

gainn more insight into the pathogenesis of pneumonia. 

Thee innate immune system is important for the elimination of bacteria from the pulmonary 

compartment.. One o\' the first steps in activating host defense mechanisms is recognition of 

pathogenss by phagocytic cells. Phagocytes recognize highly conserved motifs (pathogen-

associatedd molecular patterns; PAMPs) shared by large groups of microorganisms, leading to 

intracellularr signaling and ultimately resulting in the production of cytokines and chemokines 

andd activation of the adaptive immune system (8). One of the best-known PAMPs is 

endotoxinn (iipopoiysaccharide, LPS), part of the outer membrane of Gram-negative bacteria 

andd responsible for activating innate host defense mechanisms in Gram-negative infections 

(9).. Gram-positive bacteria do not contain LPS in their cell wall, but express other PAMPs 

suchh as lipoteichoic acid (LTA), peptidoglycan (PGN) and lipoproteins. 

Recognitionn of and responses to PAMPs are controlled by several pattern recognition 

receptorss (PRRs). CD 14 has been widely accepted as a PRR for a variety of bacterial cell 

walll  components among which LPS (9), LTA (10. 11) and PGN (12). However. CD 14 does 

nott contain a cytoplasmic domain and therefore cannot transduce activating signals across the 

celll  membrane. Since a few years. Toll-like receptors (TLRs) are emerging as the key 

regulatorss of innate immune responses to infection in mammals (for review, see refs (8. 13. 

14)).. By now. 10 different members of the TLR family have been identified and for most of 

themm one or more PAMPs have been described (X, 15). TLR4. in complex with CD 14 and 

MD-2.. a secreted cell bound protein (16-18). has been shown to mediate LPS responsiveness, 

implyingg that TLR4 is the pattern recognition receptor for LPS (16. 19-23). In contrast, cell 

walll  components of Gram-positive bacteria (PGN. LTA) induce inflammatory responses 

predominantlyy through TLR2 (24-28). However, in vitro studies done by Takeuchi et al. (26) 

showw that LTA can also signal via TLR4. Recent investigations studied the role of TLR4 in 

hostt defense against respiratory tract infection by Gram-negative bacteria in vivo, revealing 

thatt this receptor contributes to a protective innate immune response against Haemophilus 

influenzaeinfluenzae (29) and Pasteurella pneumotropica (30. 31). but not against Legionella 

pneumophilapneumophila (32). In the present study, we conducted experiments in which Gram-positive 
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(Streptococcus(Streptococcus pneumoniae) and Gram-negative (Klebsiella pneumoniae) pneumonia was 

inducedd in C3H HeJ mice, which have non-functional TLR4. and normal wild type (WT) 

C3HH HeN mice. With these experiments, we sought to determine the role of TLR4 in host 

defensee mechanisms in Gram-positive and Gram-negative pneumonia in mice. 

Material ss and Methods 

Animals Animals 

Pathogen-freee 8-10 week old. sex-matched. C3H HeJ (TLR4 mutant) and C3H HeN (WT) 

micee were purchased from Charles River (Someren. the Netherlands). C3H/HeJ mice have 

beenn demonstrated to have a mis-sense mutation in the third exon of TLR4 resulting in a 

Pro712—>Hiss substitution, yielding a nonfunctional TLR4 (19, 33, 34) All experiments were 

approvedd by the Animal Care and Use Committee of the University of Amsterdam 

(Amsterdam,, the Netherlands). 

InductionInduction of pneumonia 

Pneumoniaa was induced as described before (35-37). Streptococcus pneumoniae serotype 3 

(ATCCC 6303; Rockville. MD) was used for Gram-positive infection. Pneumococci were 

culturedd for 16 h at 37°C in 5% C02 in Todd-Hewitt broth (Difco. Detroit, MI). This 

suspensionn was diluted 1:100 in fresh medium and grown for 5 h to midlogaritmic phase. 

KlebsiellaKlebsiella pneumoniae serotype 2 (ATCC 43816; Rockville. MD) was used for Gram-

negativee infection. Klebsiella bacteria were cultured for 16 h at 37°C in 5% CO: in Tryptic 

Soyy broth (Difco. Detroit, MI). This suspension was diluted 1:100 in fresh medium and 

grownn for 3 h to midlogaritmic phase. S. pneumoniae and A', pneumoniae were harvested by 

ccntrifugationn at 1500 x g for 15 min and washed twice in sterile 0.9% saline. Bacteria were 

resuspendedd in saline at different concentrations (see results), as determined by plating 10-

foldd dilutions of the suspensions on blood agar plates. After preparation of the bacterial 

inocula.. mice were lightly anesthesized by inhalation of isotlurane (Upjohn, Ede, the 

Netherlands)) and 50 \x\ of the bacterial suspension was inoculated intranasally. Control mice 

receivedd 50 \x\ saline. 
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DeterminationDetermination of bacterial outgrowth 

Att 6. 24 and 48 h after infection, mice were anesthesized by FFM (fentanyl citrate 0.079 

mgg ml. fluanisone 2.5 mg ml, midazolam 1.25 mg ml in FLO; of this mixture 7.0 ml kg 

intraperitoneal^),, and sacrificed by bleeding out the vena cava inferior. Blood was collected 

inn EDTA containing tubes. Whole lungs were harvested and homogenized at 4°C in 4 

volumess of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, OK). 

Seriall  10-fold dilutions were made in sterile saline and 10 u.1 volumes were plated on blood 

agarr plates. In addition, 20 \x\ volumes of blood were plated. Plates were incubated at 37°C in 

5%% CO;, and Colony Forming Units (CFU) were counted after 16 h. 

CellCell counts in the lungs 

Inn separate experiments, whole lungs were harvested at 6, 24 and 48 h after induction of 

infection.. Lungs were crushed and filtered through a 40 u.m cell strainer (Becton Dickinson, 

Franklinn Lakes. NJ); and pulmonary cells were suspended in RPMI (Bio Whittaker, Verviers, 

Belgium).. Erythrocytes were lysed with ice-cold isotonic NH4C1 solution (155 mM NH4CI, 

100 mM KHCO;?, 100 mM EDTA, pH 7.4); the remaining cells were resuspended in RPMI 

medium.. Total cell numbers in each sample were counted using a hemacytometer (Emergo). 

Differentiall  counts (macrophages, granulocytes, lymphocytes) in the cell suspensions were 

assessedd using cytospin preparations stained with a modified Giemsa stain (Diff-Quick, 

Baxter.. McGraw Park. IL) . 

CytokineCytokine and chemokine measurements in lung tissue 

Forr cytokine measurements, lung homogenates were diluted 1:2 in lysis buffer (150 mM 

NaCl.. 15 mM Tris. ImM MgCl.FLO. I mM CaCk 1% Triton X-100. 100 ug ml Pepstatin A. 

Leupeptinn and Aprotinin, pH 7.4) and incubated at 4°C for 30 min. Homogenates were 

centrifugedd at 1500 x g for 15 min after which the supernatants were stored at -20QC until 

furtherr use. Cytokine and chemokine levels in lung homogenates were measured by ELISA 

accordingg to the manufacturer's instructions: TNF. IL-6, MIP-2 and KC assays were all 

obtainedd from R&D (Minneapolis. MN). 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 6 and 24 h (K. pneumoniae pneumonia) 

andd at 24 and 48 h (S. pneumoniae pneumonia) after inoculation, fixed in 10"o formaline and 
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embeddedd in paraffin. Four (Am sections were stained with haematoxylin and eosin. and 

analyzedd by a pathologist who was blinded for groups. 

StatisticalStatistical analysis 

Alll  data are expressed as mean  SHM. Differences between groups were analyzed by Mann-

Whitneyy L' test. Survival studies were analyzed using Kaplan-Meier. P < 0.05 was considered 

too represent a statistically significant difference. 

Results s 

Survival Survival 

Inn Gram-positive pneumonia induced by S. pneumoniae, survival did not consistently differ 

betweenn TLR.4 mutant and WT mice. At low infectious doses. 4 and 6 x 10' CFL'. survival 

wass reduced in TLR4 mutant mice, significantly so after inoculation with 6 x 10' CFU (P < 

0.05).. However, a higher bacterial dose. 6 x 104 CFU. caused a similarly high mortality with 

aa similar time course in TLR4 mutant and WT mice (Figure 1). In contrast, in Gram-negative 

pneumoniaa induced by A', pneumoniae, survival was consistently and significantly shortened 

inn TLR4 mutant mice, both after infection with a low (50 CFU) and a high (600 CFU) 

bacteriall  dose (Figure 2). Hence, these data suggest that TLR4 may play a modest protective 

rolee against mortality during pneumococcal pneumonia induced by relatively low bacterial 

inocula.. whereas TLR4 has a more important role in the protective immune response to A'. 

pneumoniaepneumoniae pneumonia. Subsequent experiments were done with 104 CFU S. pneumoniae 

andd 200 CFU A', pneumoniae. 
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Figuree 1. Survival of TLR4 mutant and WT mice after intranasal inoculation with (A) 
44 x 103 CFU. (B) 6 x 103 CFU or (C) 6 x 104 CFU S. pneumoniae. Twelve mice per 
groupp were studied. Survival in TLR4 mutant mice was significantly decreased 
comparedd to WT mice when inoculated with 6.5 x 10' CFU (P < 0.05). 
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Figuree 2. Survival of TLR4 mutant and WT mice after intranasal inoculation with (A) 50 

orr (B) 600 CFU A", pneumoniae. 8-16 mice per group were studied. Survival in TLR4 

mutantt mice was significantly decreased compared to WT mice in both experiments (P 

<0.05>. . 
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BacterialBacterial outgrowth 

Too obtain more insight into the role of TLR4 in early host defense against Gram-positive and 

Gram-negativee pneumonia, bacterial outgrowth in the lungs and blood of TLR4 mutant and 

WTT mice was compared. After infection with 10 CFU S. pneumoniae, bacteria were counted 

att 24 and 48 hours. Although, at 24 h. the number of CFU was similar in both mouse strains, 

att 48 h post infection TLR4 mutant mice had significantly more bacteria in their lungs than 

WTT mice (P < 0.05: Figure 3A). The percentage of positive blood cultures in TLR4 mutant 

andd WT mice was similar (24 h: 0% of TLR4 mutant and 12.5% of WT mice: 48 h: 50% of 

TLR44 mutant and 37.5% of WT mice). In Gram-negative pneumonia, the bacterial load in the 

lungss was assessed 6 h and 24 h after inoculation with 200 CFU K. pneumoniae. These time 

pointss were chosen earlier than in the pneumococcal model considering the early mortality of 

TLR44 mutant mice during Klebsiella pneumonia. At both time points, lungs of TLR4 mutant 

micee contained more bacteria, although significance was reached only at 24 h (P < 0.05; 

Figuree 3B). The percentages of positive blood cultures were equal in both mouse strains, 0 % 

att 6 hand 12.5% at 24 h. 
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Figuree 3. Bacterial outgrowth in lungs in TI.R4 mutant and WT mice (A) at 24 and 48 h after 
intranasall  inoculation with 10 CFU S. pneumoniae and (B) at 6 and 24 h after intranasal 
inoculationn with 200 CFU K. pneumoniae. Data are mean  SEM of 8 mice. * P < 0.05 vs. WT 
mice. . 

GranulocyteGranulocyte influx in the lungs 

Thee influx of granulocytes to the site of inflammation early in infection is an important 

characteristicc of innate host defense mechanisms (38). We therefore determined leukocyte 

countss and differentials in the lungs at 6 and 24 h after induction of infection. Induction of 

bothh Gram-positive and Gram-negative pneumonia caused an increase of granulocyte 
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numberss in TLR4 mutant and WT mouse lungs compared to saline controls (data not shown). 

Inn Gram-positive pneumonia. TLR4 mutant mouse lungs contained similar numbers of 

granulocytess compared to WT mouse lungs at 24 h (Table I). Similarly, in pneumonia 

inducedd by A', pneumoniae, no difference in granulocyte influx in lungs of TLR4 mutant and 

WTT mice was seen after 6 and 24 h (Table I). 

5""  pneumoniae 
T1.R44 mutant 

WT T 

K.K. pneumoniae 

TLR44 mutant 

WT T 

TLR44 niuluiii 

WT T 

244 h 

6h h 

244 h 

Cells s 
xl()4 4 

45.66 2 

46.22  6.4 

63.55 7 

77.66 4 

«233 + j i ; 

90.55  13.7 

Granulocytes s 
0 0 

3!.11 7 

34.00  4.9 

30.22 1 

37.22 1 

11 "*  ^ + *  6 

41.6+3.7 7 

Macrophages s 
0 0 

61.33  3.7 

57.33  5.0 

44.11 1 

55.00 8 

35.44 8 

23.33 3 

Lymphocytes s 
G° ° 

7.66  1.7 

8.66  1.1 

25.66 * 

7.88  1.1 

22.. i  2.5* 

35.11  1.5 

Tablee I. Cellular composition of lungs during pneumonia Total leukocyte counts and differential counts 
(ass percentage) in lungs of TLR4 mutant and WT mice infected with S pneumoniae or K. pneumoniae. 
66 and or 24 h after infection. Data are mean  SEM of 6 mice per group at each time-point. *P < 0.05 
vs.. WT at the same time-point. 

CytokineCytokine and chemokine response to pneumonia 

Locall  production of cytokines and chemokines plays a role in the protective immune 

responsee to respiratory tract infection (38, 39). Therefore, we determined the influence of 

TLR44 deficiency on pulmonary cytokine concentration during Gram-positive and Gram-

negativee pneumonia. Cytokine (TNFtt. IL-6) and chemokine (MIP-2. KC) levels measured in 

lungg homogenates 24 and 48 h after induction of pneumococcal pneumonia {Table II). and 6 

andd 24 h after infection with A', pneumoniae (Table III) , did not differ between TLR4 mutant 

andd WT mice. 

Histopatiwlogy Histopatiwlogy 

Afterr infection with .S'. pneumoniae, the lungs of WT mice showed a mild interstitial 

inflammationn composed of monocytes and lymphocytes (Figure 4A). The inflammation was 

slightlyy more pronounced in TLR4 mutant mice with more perivascular infiltrates (Figure 

4B).. In A', pneumoniae infection, lungs from WT mice had thickened alveolar septae due to 
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mildd interstitial inflammation with infiltration of lymphocytes and monocytes (Figure 4C>. In 

TLR44 mutant mice, the interstitial inflammation was also slightly more pronounced (Figure 

4D). . 

ngg g lung 

TNF F 

IL-6 6 

KC C 

MIP-2 2 

244 h post-

TLR44 mutani 

4.XX 8 

9.66 1 

35.8++ 1.1 

5.11  1.7 

infection n 

\VT T 

3.11 3 

9.77 6 

32.3+0.7 7 

6.22  1.7 

488 h posi 

TLR44 mutant 

8.11 6 

66.77 1 

110.6+33.5 5 

20.55 1 

infection n 

WT T 

4.66  2.1 

40.11 9 

71.22 8 

10.00 4 

Tablee II . Cytokine and chemokine concentrations in the lung during S. pneumoniae pneumonia. 
Dataa are mean  SEM of 8 mice per group. 

ngg g lung 

TNF F 

IL-6 6 

KC C 

MIP-2 2 

66 h post 

TLR44 mutant 

22 7  0.1 

4.66  1.4 

38.66  1.0 

33.88  2.7 

infection n 

WT T 

2.77  0.1 

2.88 2 

38.55  2.5 

32.11 5 

244 h post 

TLR44 mutant 

1.99 1 

33 3 4 

32.33  0.7 

33.33 2 

-infe e ction n 

WT T 

2.22 + 0.3 

3.33 3 

34.22  0.6 

36.99  2.3 

Tablee III . Cytokine and chemokine concentrations in the lung during A' pneumoniae pneumonia. 
Dataa are mean  SEM of 8 mice per group. 

Discussion n 

TLR44 has been implicated to play an essential role in host defense against Gram-negative 

bacteriaa by virtue of its capacity to signal LPS-induced inflammatory responses (16. 19-23). 

Inn contrast, components of Gram-positive bacteria have been demonstrated to signal 

predominantlyy via TLR2 (24. 25). although TLR4 may also play a role herein (24-28. 40). To 

determinee the relevance of TLR4 in inducing an innate host response to pulmonary infection, 

wee induced pneumonia caused by two common respiratory pathogens (Gram-positive. 5. 

pneumoniae,pneumoniae, and Gram-negative. A', pneumoniae) in TLR4 mutant and WT mice. The 

outcomee of 5. pneumoniae pneumonia was modestly influenced by TLR4 deficiency, as 
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Figur ee 4. Representative lung histology of WT (A and C) and TLR4 mutant mice (B and D) 24 hours alter S. 
pneumoniaepneumoniae (A. B) and after K. pneumoniae (C, D) inoculation. Data are representative of 5 mice per group, 
H&EE staining, magnification x 10. 

reflectedd by a reduced survival of TLR4 mutant mice after inoculation with a relatively low 

infectiouss dose, and an increased bacterial outgrowth in lungs. In K. pneumoniae pneumonia, 

thee protective role of TLR4 was clearer, i.e. TLR4 mutant mice displayed an impaired host 

responsee compared to WT mice as illustrated by a consistently and significantly shortened 

survivall  and an increased number of bacteria in their lungs. 

Severall  studies have attributed an important role to TLR2 in activating cells upon stimulation 

withh components of S. pneumoniae. In CD14-expressing Chinese Hamster Ovary (CHO) 

cells,, heat killed S. pneumoniae stimulated NF-KB-translocation, a response that was greatly 

enhancedd in cells co-expressing TLR2 and CD14. suggesting that the pneumococcus activates 

bothh TLR2 dependent and a TLR2 independent signaling pathways. Activation of the TLR2 

pathwayy by S. pneumoniae can be attributed to several PAMPs expressed within the 

pneumococcall  cell wall, including PGN and LTA (24. 25. 27. 28. 41). The role of TLR2 in 

pneumococcall  infection in vivo was investigated in a model of meningitis, in which S. 

pneumoniaepneumoniae was injected intracerebrally in TLR2 deficient (TLR2-/-) and WT mice (42. 43). 
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Bothh studies showed an increased susceptibility of TLR2- - compared to WT mice in the 

earlyy phase of infection as expressed by increased bacterial counts in the brain (42. 43) and 

bloodd (42), while one study also reported a reduced survival time in TLR2- - mice (43). 

However,, in preliminary experiments our laboratory did not observe major differences in 

antibacteriall  defense and survival between TLR2-- and WT mice in pneumococcal 

pneumoniaa (S. Knapp. S. Florquin, O Takeuchi. S, Akira and T. van der Poll. Abstr. 42nd 

Intersc.. Conf. Antimicrob. Agents Chemother., abstr B-693. 2002). Interestingly, in the 

previouss meningitis studies TLR2- - mice displayed a virtually unchanged inflammatory 

responsee to S. pneumoniae (42. 43). Together, these data suggest that although TLR2 may 

playy a role in the innate immune response to pneumococcal infection in some organs (like the 

brain),, other PRRs likely are involved. 

Whilee our studies were in progress. Malley et al. reported a role for TLR4 in host defense 

againstt nasopharyngeal colonization by 5. pneumoniae (40). In that study. TLR4 mutant and 

WTT mice were intranasal̂ inoculated with S. pneumoniae without the use oï anesthesia, 

whichh resulted in nasopharyngeal colonization rather than in lower respiratory tract infection 

suchh as in our present investigation (40). Using a bioluminescent pneumococcal strain, these 

authorss demonstrated a much higher bacterial nasopharyngeal burden (as determined by 

photonn emission) in TLR4 mutant mice in the first 3 days after intranasal infection, which 

wass associated with the subsequent development of bacteremia and increased lethality. In a 

seriess of elegant experiments it was further shown that pneumolysin, a pore-forming 

cytolysinn toxin secreted by pneumococci (44), interacts with TLR4 and that pneumolysin 

deficientt pneumococci are unable to induce invasive disease after nasopharyngeal 

colonizationn in either TLR4 mutant or WT mice (40). Together these data suggest that in the 

nasopharynxx the interaction between pneumolysin and TLR4 is critically involved in the 

innatee immune response to S. pneumoniae. Our experiments, using a pneumolysin producing 

S.S. pneumoniae, indicate that once pneumococci have reached the lower respiratory tract. 

TLR44 plays a limited role in pulmonary defense against infection. Although we found that 

TLR44 mutant mice had an increased mortality at low infectious doses and, after 48 h. 

increasedd bacterial counts in the lungs compared to WT mice, survival rates were similar at a 

higherr inoculum. Malley et al. used only one bacterial dose, which resulted in a 12.5% 

lethalityy rate in WT mice without evidence of lower respiratory tract infection (40). In that 

study,, the absolute difference in mortality rates between TLR4 mutant and WT mice was 

similarr to the difference between these mouse strains observed in our current study using low 

infectiouss doses causing 17% lethality in WT mice. Together, these findings point to distinct 
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roless for TLR4 in the upper and lower respiratory' tract in innate immunity against 

pneumococcall  infection. Notably, another report showed no difference in outcome between 

TLR44 mutant and WT mice in a peritoneal infection model induced by pneumococci (45). 

Itt should be noted that in the two survival studies using low S. pneumoniae doses of 4 and 6 x 

10'' CFU mortality was 2 12 and 0 12 respectively in wild type mice (i.e. only mortality after 

thee lowest dose). In this respect it is important to realize that these studies were done several 

monthss apart using different shipments of mice, and that some variation is not uncommon 

whenn studying the outcome of live infections in this setting. These data suggest that these 

bacteriall  challenges are at or just over the edge of what can be handled by the normal innate 

immunee system. Importantly, however, all comparisons between wild type and TLR4 mutant 

micee were done in experiments in which all mice were inoculated at the same time with 

exactlyy the same inoculum. Hence, comparisons between the two mouse strains were always 

donee in an adequate and valid way. Thus based on the slightly reduced antibacterial defense 

andd the modestly ieduced survival of TLR4 mutant mice in our pneumococcal pneumonia 

modell  using low doses, together with the recent findings of Mai ley et al. discussed above 

(40),(40), we feel that the conclusion that TLR4 plays a modest role in host defense against 

respiratoryy tract infection by S. pneumoniae is justified. 

C3H/HeJJ mice have long been known to be hypo-responsive to LPS. A mutation in the Tlr4 

genee proved responsible for this hypo-responsiveness (33. 34). in vitro studies also identified 

TLR44 as an essential receptor for LPS (16. 19-23). In addition to TLR4. recognition of LPS 

requiress other molecules such as LPS-binding protein. CD 14 and MD-2 (16. 46). Since LPS 

iss an important antigen in Gram-negative bacteria, capable of inducing a strong immune 

response,, it was expected that the lack of functional TLR4 would render mice susceptible to 

Gram-negativee infections (47) Indeed. TLR4 seems to be important in host defense against 

somee Gram-negative bacteria, as shown by an impaired defense of TLR4 mutant mice during 

urinaryy tract infection with E. coli (48). intraperitoneal infection with Seisseria (49). 

KlebsiellaKlebsiella (50) and Salmonella species (51). However, host defense was not impaired in 

TLR44 mutant mice with E. coli peritonitis (52. 53). Our results obtained in the Klebsiella 

modell  corroborate earlier studies that reported a protective role of TLR4 in Gram-negative 

respiratoryy tract infection caused by Haemophilus influenzae (29) or Pasteurella 

pneumotropuapneumotropua (30, 31). Of note, in a previous study our laboratory documented an 

unimpairedd host defense in TLR4 mutant mice infected with Legionella pneumophila, which 

mayy have been caused by the unique structure of Legionella LPS that also fails to interact 

withCD14(32.. 54). 
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TLR44 mutant mice displayed an unaltered inflammatory response to pneumococcal and 

KlebsiellaKlebsiella pneumonia. It remains to be established which PRRs play a role in the induction of 

lungg inflammation during infection by the pathogens used here. In this respect the recent 

descriptionn of receptor clusters recognizing LPS is of considerable interest, i.e. accumulating 

evidencee suggests that following LPS stimulation a signaling complex of receptors is formed 

whichh comprises heat shock protein (HSP)70. HSP90. CXC chemokine receptor 4 (CXCR4) 

andd growth differentiation factor 5 (55). Although it is absolutely clear that TLR4 is 

importantt for LPS signaling, it is tempting to speculate that receptor clusters like described 

abovee can in part compensate for a lack of TLR4 during Gram-negative infection in vivo. 

Wee conclude that TLR4 is involved in innate immunity during pneumonia caused by either S. 

pneumoniaepneumoniae or K. pneumoniae. The role of TLR4 in pneumococcal pneumonia is relatively 

limited,, providing protection only after infection of the lower respiratory tract with low 

bacteriall  doses causing littl e if any mortality in WT mice. In Klebsiella pneumonia, TLR4 is 

aa more important part of an effective immune response in the lungs. 
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Abstract t 

Too determine the role of endogenous IL-18 during pneumonia. 1L-18 gene deficient (IL-18') 

micee and wild-type (WT) mice were intranasally inoculated with Streptococcus pneumoniae. 

thee most common causative agent of community-acquired pneumonia. Infection with 

S.S. pneumoniae increased the expression of IL-18 mRNA and was associated with elevated 

concentrationss of both precursor and mature IL-18 protein within the lungs. IL-18 mice had 

significantlyy more bacteria in their lungs and were more susceptible for progressing to 

systemicc infection at 24 h and 48 h post inoculation. Similarly, treatment of WT mice with 

anti-IL-188 was associated with enhanced outgrowth of pneumococci. In contrast, the 

clearancee of pneumococci from lungs of 1L-12" mice was unaltered when compared with 

WTT mice. Furthermore, anti-IL-12 did not influence bacterial clearance in either IL-18 or 

WTT mice. These data suggest that endogenous IL-18. but not IL-12. plays an important role 

inn the early antibacterial host response during pneumococcal pneumonia. 
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Introduction n 

StreptococcusStreptococcus pneumoniae is the most common causative microorganism in community-

acquiredd pneumonia (1. 2). Despite the availability of potent antimicrobial agents, 

pneumococcall  pneumonia remains an important cause of hospitalization and death. In 

addition,, emergence and spread of penicillin-resistant S. pneumoniae have become a 

worldwidee problem (3). Because of the high incidence of pneumococcal pneumonia and the 

increasingg occurrence of resistance of S. pneumoniae to penicillin and other antimicrobial 

agents,, it is important to obtain insight into the pathogenesis of pneumococcal pneumonia. 

Antibacteriall  host defense in the pulmonary compartment is regulated by a complex 

interactionn between immunocompetent cells and a network of cytokines and chemokines (4). 

Interleukinn (IL)-18 is a proinflammatory cytokine which was originally identified in mice 

duringg endotoxin shock as a costimulatory factor for the production of interferon (IFN)-y (5-

8).. IL-18 is mainly produced by activated macrophages, and is first synthesized as a precursor 

proteinn (pro-lL-18, 24 kD), which requires splicing by IL-l(3-converting enzyme (ICE) to 

liberatee the 18 kD mature active protein (9, 10). Although IL-18 alone is not a potent 

stimulatorr of IFN-y production, it synergistically enhances IL-12-induced IFN-y production 

(11).. Besides its IFN-y-inducing effect, IL-18 has many proinflammatory effects on T and 

naturall  killer (NK) cells, enhancing proliferation and cytotoxicity, and stimulating the 

productionn of cytokines, including TNF, IL-1, IL-2, IL-6 and GM-CSF (11-15). In addition. 

IL-188 enhances Fas ligand-mediated cytotoxicity of NK and T cells and possesses potent 

anti-tumorr activity (16-18). 

Recentt studies have investigated the role of IL-18 in the host response to infection. During 

experimentall  endotoxemia in mice, neutralization of IL-18 protected against LPS-induced 

liverr injury and lethality (19, 20). In contrast, IL-18 was protective during infections with 

YersiniaYersinia enterocolitica. and intracellular pathogens like Leishmania major and Salmonella 

tvphimiiriumtvphimiirium (21-23). The role of IL-18 in the pathogenesis of bacterial pneumonia is 

unknown.. Therefore, in the present study wc sought to determine the importance of IL-18 in 

hostt defense against pneumonia caused by S. pneumoniae. For this purpose, we compared 

survivall  and several components of the host response in IL-18 gene deficient (IL-18 ') and 

wildd type (WT) mice. Considering that IL-18 and IL-12 can synergistically activate 
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immunocompetentt cells (7. 8). we also determined the role of 1L-12 in the innate immune 

responsee to pneumococcal pneumonia using 1L-I2p40 gene deficient ( IL-12" mice). Finally, 

thee possible interaction between endogenous IL-12 and IL-18 during pneumococcal 

pneumoniaa was studied by treatment of IL-18 and WT mice with an anti-IL-12 antibody 

(Ab). . 

Material ss and methods 

Mice Mice 

Al ll  experiments were approved by the Institutional Animal Care and Use Committee of the 

Academicc Medical Center. IL-18" mice were generated as described previously (13). IL-18" 

micee were on the C57BL6 background. IL-12 BALBc mice were purchased from the 

Jacksonn Laboratory (Bar Harbor, ME). Normal C57BL/6 and BALBc WT mice, used as 

controlss for IL-18" and IL-12" mice respectively, were obtained from Harlan Spague 

Dawieyy Inc. (Horst, the Netherlands). Sex- and age-matched (8-12 weeks old mice) were 

usedd in all experiments. 

InductionInduction of pneumonic/. 

Pneumoniaa was induced as described before (24-26). S. pneumoniae serotype 3 was obtained 

fromm American Type Culture Collection (ATCC 6303; Rockville, MD). Pneumococci were 

culturedd for 16 h at 37°C in 5% CO: in Todd-Hewitt broth. This suspension was diluted 

1:1000 in fresh medium and grown for 5 h to midlogantmic phase. Pneumococci were 

harvestedd by centrifugation at 1500 x g for 15 min. and washed twice in sterile 0.9% saline. 

Bacteriaa were rcsuspended in saline at different concentrations (see results), as determined by 

platingg 10-fold dilutions of the suspensions on blood agar plates. Mice were lightly 

anesthesizedd by inhalation of isoflurane (Upjohn. Ede. the Netherlands), and 50 |al of 

bacteriall  suspension was inoculated intranasally. Control mice received 50 \x\ saline. 

ReverseReverse transcription PCR IRT-PCR) 

Lungss were harvested at 24 h and 48 h after inoculation with „S'. pneumoniae and 24 h after 

inoculationn with saline, snap-fro/en in liquid nitrogen and stored at -70°C. To extract total 

cellularr RNA. lungs from 3 mice per time point were pooled and homogenised in 1 ml of 

Trizoll  Reagent (GibcoBRL. Lif e Technologies. Grand Island. NY). Then, total RNA was 
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isolatedd using chloroform extraction and ïsopropanol precipitation. The RNA pellet was 

dissolvedd in 100 |il diethylpyrocarbonate (DEPC(-treated water and quantified by 

spectrophotometry.. Reverse transcription (RT) was performed by mixing 2 [xg of total 

cellularr RNA with 0.5 u.g oligo(dT) (GibcoBRL) in a total volume of 12 JLAI. The mixture was 

incubatedd at 72T for 10 min. Thereafter, 8 ju.1 of a solution containing 4 |al 5x First Strand 

Bufferr (GibcoBRL). 10 mM dithiothreitol (DTT; GibcoBRL), 1.25 mM dNTP's (Amersham 

Pharmacia.. Biotech. UK), and 100 U Superscript Reverse Transcriptase (GibcoBRL), was 

added,, and incubated at 42°C for 1 h. Finally, the tubes were heated to 72°C for 10 min after 

whichh 180 uJ FLO was added to the reaction mixture. Samples were stored at -20°C until 

furtherr use. For PCR. 5 uJ of cDNA solution was mixed with 20 u.1 of a solution containing, 

lxx PCR buffer (67 mM Tris-HCl (pH 8.8), 6.7 mM MgCL, 10 mM B-mercaptoethanol. 0.67 

\xg\xg EDTA, 16.6 mM (NH^hSOj). 2% DMSO (Merck, Miinchen. Germany). 1.25 (ag BSA 

(Biolabss Inc., New England). 0.5 U AmpliTaq DNA polymerase (Perkin Elmer Corp.. 

Branchburg,, NJ, USA) and 75 ng sense- and anti-sense oligonucleotide primers specific for 

IL-188 and (3-actin (internal standard). The PCR reactions were performed in a thennocycler 

(Genee Amp. PCR System 9700. Perkin-Elmer Corp.) using the following conditions: 94°C 

forr 5 min (1 cycle), followed immediately by 95°C for 1 min, 58"C for 1 min, 72°C for 1 min 

(withh variable numbers of cycles) and a final extension phase of 72CC for 10 min. For 

semiquantitativee assessment of IL-18 mRNA. variable numbers of cycles were used to ensure 

thatt amplification occurred in the linear phase. To exclude the possibility of finding 

differencess between tubes due to unequal concentrations of cDNA in the PCR-reaction, a 

PCRR using [3-actin as the internal standard was performed on each sample. (3-aetin was found 

too be linear at 27 amplification cycles. IL-18 at 29 amplification cycles. The primers used for 

IL-188 (433 bp) were 5"-ACTGTACAACCGCAGTAATACGG-3" (sense) and 5'-

AGTGAACATTACAGATTTATCCC-33 (anti-sense), and for (3-actin (617 bp) 5'-

GTCAGAAGGACTCCTATGTG-3""  (sense) and 5"-GCTCGTTGCCAATAGTGATG-3" 

(anti-sense).. PCR products were visualized by agarose gel electrophoresis. 

DeterminationDetermination of bacterial outgrowth 

Att 24 h and 48 h after infection, mice were anesthesized by FFM (fentanyl citrate 0.079 

mgg ml. fluanisone 2.5 mg.ml. midazolam 1.25 mg ml in H :0; of this mixture 7.0 ml kg 

intraperitoneally).. and sacrificed by bleeding out the vena cava inferior. Blood was collected 

inn EDTA containing tubes. Whole lungs were harvested and homogenized at 4°C in 4 

147 7 



CHAPTERR 10 

volumess of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville. OK). 

Seriall  10-fold dilutions were made in sterile saline and 50 \JL\ volumes were plated onto blood 

agarr plates. In addition. 20 |j.l volumes of blood were plated. Plates were incubated at 37°C at 

5%% CO;, and CFUs were counted after 16 h. 

PreparationPreparation of lung tissue for cytokine measurements and Western blot analysis 

Lungg homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl. 30 mM Tris. 2 

mMM MgCl;, 2 mM CaCL. 1% Triton X-100, and Pepstatin A, Leupeptin and Aprotinin (all 20 

ngg ml; pH 7.4) and incubated at 4°C for 30 min. Homogenates were centrifuged at 1500 x g 

att 4°C for 15 minutes, and supernatants were stored at -20°C until assays were performed. 

ElectrophoresisElectrophoresis and Western blotting 

Forr Western blots, 5 \xg total protein was reduced with SDS sample buffer containing 20% (3-

mercaptoethanoll  and denatured for 5 min at 95°C. SDS-polyacrylamide gel electrophoresis 

usingg a 15 % polyacrylamide gel was done according to Laemmli (27) at a constant voltage 

off  200 V. The proteins were transferred to Immobilon membrane using Tris-glycine buffer 

containingg 20% methanol. The transfer was performed at a constant amperage of 0.33 A for 

600 min. Non-specific binding sites on the membrane were blocked by incubation in PBST 

bufferr (PBS with 0.05% Tween 20 (v/v)) containing 2% nonfat dry milk (w/v) at 4°C 

overnightt followed by incubation with primary Ab, i.e. 3 \xg of purified rat anti-mouse IL-18 

mAbb (R&D Systems, Abingdon, United Kingdom) for 1 h at room temperature. After three 

washess with PBST buffer containing 0.2% nonfat dry milk (w/v), the membrane was 

incubatedd with peroxidase-conjugated rabbit anti-rat IgG Abs (P0450, DAKO, Glostrup, 

Denmark)) in a 1:2000 dilution at room temperature. After washing, the IL-18 bands were 

visualizedd using the enhanced chemiluminescence (ECL) Western blotting detection system 

(Boehringerr Ingelheim GmbH, Germany). Recombinant mouse (rm) pro-lL-18 and mature 

IL-188 (both 2 (ig) were used as standards. Rm IL-18 was obtained from R&D Systems: rm 

pro-IL-188 was kindly provided by Dr. C. A. Dinarello (University of Colorado Health 

Sciencess Center. Denver. CO) (28). 

BronchoalveolarBronchoalveolar lavage 

Thee trachea was exposed through a midline incision and canulated with a sterile 22-gauge 

Abbocath-TT catheter (Abott. Sligo. Ireland). Bronchoalveolare lavage (BAL) was performed 
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bvv instilling 0.5 ml aliquots of sterile saline Approximately 1 ml of lavage Huid (BALF) was 

retrievedd per mouse. Total cell numbers were counted from each sample, and BAL F 

differentiall  cell counts were done on cytospin preparations stained with a modified Giemsa 

stainn (Diff-Quick; Baxter. McGraw Park. IL) . 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 24 h and 48 h after infection, fixed in 

10%% formaline and embedded in paraffin. 4 ^m sections were stained with hematoxylin and 

eosin,, and analyzed by a pathologist who was blinded for groups. 

Reagents Reagents 

Rabbitt anti-murine IL-18 antiserum, kindly donated by Dr. Charles Dinarello. was prepared 

ass described previously (29). The anti-lL-18 serum contained < 10 pg/mL endotoxin as 

determinedd by Limulus assay. Anti-IL-18 antiserum (200 jul) was given intraperitoneal̂ 1 h 

beforee and 24 h after intranasal administration of bacteria. This dose significantly reduced 

endotoxin-inducedd IFN-y release and lethality in mice (20). Rabbit serum (Sigma, St. Louis, 

MO)) was used as control. Polyclonal sheep anti-murine IL-1 2 was administered at a dose of 

2000 u.g intraperitoneally 1 h prior to infection with S. pneumoniae. Anti-IL-12 was prepared 

ass described previously (30), and was kindly supplied by the Bioanalytical Sciences 

Departmentt of Genetics Institute, Inc. (Cambridge. Mass.). Sheep IgG (Sigma) was used as a 

control. . 

Assays Assays 

IL-18.. TNF. IL-12, IFN-y. macrophage inflammatory protein-2 (MIP-2) and KC were 

measuredd by ELISA's according to the instructions of the manufacturer (R&D Systems). 

StatisticalStatistical analysis 

Al ll  data are expressed as mean  SEM. Differences between groups were analyzed by Mann-

Whitneyy U test. Survival was analyzed with Kaplan-Meier. P < 0.05 was considered to 

representt a statistical significant difference. 
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Results s 

InductionInduction of IL-18 in lungs 

Too determine whether IL-18 is produced within the pulmonary compartment during 

pneumococcall  pneumonia. RT-PCR was performed on lung samples obtained from mice 

inoculatedd with saline or at 24 and 48 h after infection with pneumococci. A faint band of IL-

188 mRNA was found in lungs of mice receiving saline, indicating that some IL-18 mRNA is 

constitutivelyy expressed (Figure 1A). Intranasal infection with S. pneumoniae induced 

enhancedd expression of IL-18 mRNA. as indicated by equal intensity of (3 actin bands and 

clearr differences in band intensity between control and pneumonia samples for IL-18 RT-

PCRR products. 

Too study whether IL-18 protein is produced during pneumococcal pneumonia. IL-18 

concentrationss were measured in lung homogenates by LL1SA. Control mice had high levels 

off  IL-18 concentrations in their lungs (Figure IB). Infection with S. pneumoniae slightly 

increasedd IL-18 concentrations in lung homogenates although this difference was not 

significant.. Recently, it has been demonstrated that pro-IL-18 is expressed constitutively in 

thee liver and spleen of mice (28). Since the ELISA used to detect IL-18 binds both pro-IL-18 

andd mature IL-18 (data not shown), we performed Western blot analysis to determine 

whetherr IL-18 detected in control lungs and after infection with S pneumoniae consists of 

pro-- or mature IL-18. As shown in Figure 1C. the majority of constitutive IL-18 in the lung 

consistss of pro-IL-18. but also mature IL-18 is present. Infection with S. pneumoniae resulted 

inn increases in the amounts of both pro- and mature IL-18 at 24 h and 48 h after infection. 

IL-IXIL-IX mice have increased bacterial outgrowth. 

Too determine the role of IL-18 in early host defense against pneumonia, we compared the 

bacteriall  outgrowth in the lungs of WT and IL-18" mice at 24 and 48 hours after intranasal 

inoculationn with 1 x 10" CFL' 5. pneumoniae. At both 24 h and 48 h post-infection. IL-18 

micee had significantly more bacteria in their lungs than WT mice (Figure 2A). In addition, 

thee number of IL-18"' mice that developed bacteremia was markedly higher compared to WT 

mice.. At 24 h after infection. 67% of the IL-18 " mice had positive blood cultures for .S'. 

pneumoniae,pneumoniae, while none of the WT mice had bacteria in their blood. At 48 h. all IL-18 mice 

andd only 50°o of WT mice were bacteremic. Despite these differences in early antibacterial 
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defense,, survival did not consistently differ among IL-18 and WT mice. Inoculation of 10 

CFUU pneumococci resulted in lethality between days 2 and 5 in both strains and an overall 

survivall  of 1 of 14 IL-18"" mice and 3 of 14 WT mice (nonsignificant). In addition, in another 

experimentt with a lower bacterial inoculum (5 x 104 CFU). mortality also tended to be higher 

inn IL-18 ' mice than in WT mice (survival: 2 of 8 IL-18- - mice and 3 of 8 WT mice; 

nonsignificant). . 

B B lung g 

IL-18 8 

P-actin n 

salinee 24 h 4S h 

Figuree 1. IL-18 mRNA and IL-18 protein expression in lungs of control mice or during pneumococcal 
pneumonia.. Mice (8 per group) were inoculated intranasally with sterile saline (controls) or 1x10" CFU 
5.. pneumonia and sacrificed at the indicated time points. (A). IL-18 mRNA and (j-actin mRNA 
expressionn in lungs as determined by reverse transcription I'C'R. Lungs from 3 mice were pooled for 
eachh time point. (B) Concentrations of IL-18 in lung homogenates as measured by ELISA. Data are 
expressedd as mean  SE of 4-8 mice. (C) Expression of pro- and mature IL-18 in lung homogenates as 
assessedd by Western blot analysis in individual mice with a specific rat anti-mouse IL-18 Ab. Each lane 
showss a representative result of a total of 4-8 mice for each group. Recombinant mouse (rm) pro-IL-18 
andd mature IL-18 (both 2 (Tg) were used as standards. 

Too further confirm the early protective role of endogenous IL-18 in pneumonia, we treated 

WTT mice with a neutralizing anti-IL-18 polyclonal Ab before and 24 h after intranasal 

inoculationn with 103 CFL' S. pneumoniae. In accordance with the results obtained in IL-18 " 

mice.. anti-IL-18 treated WT mice demonstrated an enhanced outgrowth of pneumococci in 

lungss when compared to WT mice treated with a control Ab (Figure 2B). 

CellCell influx in BALI' 

AA marked increase in cell numbers in BALF was found at 24 h and 48 h after infection of WT 

micee with .S'. pneumoniae as compared with controls, which was mainly the result of 

granulocytee influx (Figure 3). The number of recruited granulocytes in the lungs was 

markedlyy increased in IL-18"" mice compared to WT mice at 24 h after infection (Figure 3). 

Att 48 h. the number of granulocytes in BALF did not differ betw een the two groups. 
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Kigur ee 2. (A) Bacterial outgrowth in lungs of IL-18" and C57B1/6 WT 
micee at 24 and 48 h after intranasal inoculation with I x I05 CFU S. 
pneumoniae.pneumoniae. Data are mean  SEM of 8 mice. *P < 0.05 vs. WT mice. (B) 
Bacteriall  outgrowth in lungs of C57B1 6 WT mice at 48 h. treated 
intraperitoneallyy with anti-IL-18 Ab or rabbit serum (control) 1 h before 
andd 24 h after intranasal inoculation with 3.5 x 105 CFU S. pneumoniae. 
Dataa are mean  SEM of 8 mice. *P < 0.05 vs. WT mice receiving control 
serum. . 

Histopathology Histopathology 

Inn accordance with the cell count in BALF. the lungs of IL-18"'" mice showed significantly 

moree inflammatory infiltrates than WT mice at 24 h after inoculation. As illustrated in Figure 

4A.. a massive inflammatory infiltrate was present in IL-18" mice with vasculitis. Neutrophils 

weree dominant and filled bronchi, bronchioles and adjacent alveolar spaces. In WT mice, the 

inflammationn clearly was more discrete (Figure 4B). At 48 h after inoculation, the degree of 

inflammationn was reduced in IL-18 mice (Figure 4C) compared to 24 h but remained higher 

thann in WT animals (Figure 4D). 

Figuree 3. Numbers of granulocytes in BALF of IL-18 " 
andd WT mice after intranasal administration of 1 x 10" 
CFUU 5. pneumoniae. Data are mean  SEM of 4 mice per 
groupp at each time point. 'P < 0.05 vs. WT mice. 

salinee 24 h 48 h 
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CytokineCytokine unci chemokine response to pneumococcal pneumonia 

Too determine whether alterations in the expression of cytokines and or chemokines 

contributedd to the impaired host defense in IL-18"" mice, their concentrations were measured 

inn lung homogenates. As expected, the lung concentrations of IFN-y were lower in IL-18" 

micee than in WT mice (Table I). In contrast. CXC chemokines MIP-2 and KC were higher in 

IL-18""  than in WT mice. Concentrations of TNF and IL-12 were similar in both groups. 

Thee effect of anti-IL-18 on cytokine levels in lungs was also measured; remarkably. anti-IL-

188 did not reduce IFN-y concentrations (3.3  0.2 ng/g lung versus 3.0  0.2 ng/g in mice 

treatedd with pre-immune serum). Anti-IL-18 did reduce IL-12 levels (18.9  1.6 versus 68.7

14.66 ng/g, P< 0.05). 

Figuree 4. Representative histologic sections of lungs of IL-18" mice (A and C) and WT mice (B and D) 24 h 
(AA and B) and 48 li (C and D) respectively after inoculation with 1 x 10s C'FU S. pneumoniae. Haematoxylin 
andd eosin staining, original magnification x 25 (24 h) and x 50 (48 h). 
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1FN-7 7 

MIP-2 2 

KC C 

IL-12 2 

TNF F 

lung] ] WT T 

8.55 6 

ii  5.0 1 

21.33 3 

26.55 6 

9.22 8 

244 h 

IL-IX" --

6.010.6* * 

34.77 + 6.3' 

47.511 11.1' 

31.817.6 6 

14.44 12.7 

WT T 

5.22 10.4 

48.55  23.9 

26.99  3.5 

88.88 1 14.7 

11.55 2 

488 h 

IL-18 ' ' 

3.44 10.4* 

100.99 121.7 

45.66  10.2' 

44.11 4 

14.44 3 

Tablee 1 Cytokine and chemokine concentrations in lung homogenates of IL-1 S and VVT mice a! 24 and 48 h 
alterr intranasal inoculation with 1 x 10' CFL 5. pneumoniae. Data are mean  SEV1 of' 8 mice. P  0.05 vs. WT 
mice e 

IL-1S-mediatedIL-1S-mediated effects are independent of endogenous IL-12 

Thee combined action of IL-1 X and IL-12 can result in synergistic effects on host immune 

cellss (7. 8). To study whether IL-12 contributes to host defense against 5". pneumoniae, we 

inducedd pneumonia in IL-12' and WT mice. Bacterial outgrowth in lungs (Figure 5) and 

bloodd (data not shown) appeared indistinguishable between both mouse strains. Furthermore, 

survivall  did not differ between IL-12" mice (5 of 16) and WT mice (2 of 16; non-

significant).. To determine whether IL-18 exerts its protective effect through interaction with 

IL-12,, WT and IL-18" mice were injected with a neutralizing Ab against IL-12 or control Ab 

11 h prior to infection with pneumococci, and mice were sacrificed after 48 h. Injection of 

anti-IL-122 in WT mice did not significantly influence bactenal outgrowth in the lung 

comparedd with control, confirming the results obtained with IL-12 mice (Figure 6). Again, 

IL-18"""  mice had more bacterial outgrowth in the lungs compared to WT mice after infection 

withh S. pneumoniae. Administration of anti-IL-12 to IL-18" mice did not influence bacterial 

outgrowthh in comparison with IL-18" mice that received a control Ab. These data indicate 

thatt IL-18 has IL-12 independent effects in host defense to pneumococcal pneumonia. IL-12 

didd interact to enhance IFN-y production in lungs, i.e. IL-12 " mice had lower IFN-y 

concentrationss in their lungs than did WT mice after induction of pneumonia, and anti-IL-12 

treatmentt reduced IFN-y levels in lungs of both WT and IL-18 mice (Table II). 
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"igur cc 5. Bacterial outgrowth in lungs of II.-
2"'' and WT mice at 24 and 48 h after 
ntranasall  inoculation with 2.5 x 10 CFU S. 
'neumoniae.'neumoniae. Data are mean  SEM of 8 mice. 

Figuree 6. Bacterial outgrowth in lungs of IL-
18-/-- and WT mice at 48 h after intranasal 
inoculationn with 1 \ 105 CFU S. pneumoniae 
inn combination with anti-lL-12 Ab or control 
IgGG injected i.p. 1 h prior to infection with S. 
pneumoniae.. Data are mean  SEM of 8 mice. 
*PP < 0.05 vs. WT mice receiving control IgG. 

Discussion n 

IL-188 was originally described as an important cofactor for IFN-y production from T and NK 

cellss in the presence of costimulatory signals, especially together with IL-12 (12). Recent 

studiess have demonstrated that IL-18 has many other biologic activities, including stimulation 

off  proliferation and cytotoxicity of T and NK cells, induction of Fas ligand expression, 

potentiationn of IL-12-induced activation of Thl cells, and the induction of cytokine 

productionn (7, 8. 11-17). IL-18 is produced during clinical infection and in various animal 

modelss of infection (5. 6. 20. 21. 23. 3 1). Importantly, endogenous IL-18 has a protective role 

inn mice during infection with >'. enterolitica, and the intracellular pathogens L. major and 5. 

typhimuriumtyphimurium (21 -23). 

Inn the present study we demonstrate the important role of IL-18 during Gram-positive 

bacteriall  infection in the lung. IL-18 mRNA and IL-18 protein, mainly consisting of pro-lL-

18.. were found to be constitutively expressed within the lung. This is in agreement with 
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Experimentt 1 Experiment 2 

WTT IE-I2 control anti-IL-12 

1 .5 " -0 .5 99 0.73 - 0.14* WT 2.6?  0.26 1.93 ' 

IL-188 1.61+0.96 1.30 ' 

Tablee II . IE-12 contributes to IFN-y production during pneumococcal pneumonia in mice.IFN-y (ng g 
lung)) was measured in lung homogenates of IL-12' and W'T mice (experiment 1) and in lung 
homogenatess of II.-18"" and W'T mice treated with anti-IL-12 Ab or control Igü (experiment 2) 4S h after 
intranasall  inoculation with \(f C'FL' .S'. pneumoniae. Data are mean  SEM of 8 mice. P - 0.05 vs. W'T 
micee or vs. control. 

earlierr studies, which showed that IL-18 mRNA is expressed in lungs and other organs of 

normall  mice (21. 28. 32-34), Alveolar maerophages. the resident phagocytes within the 

airways,, are likely important producers of IL-18 within the lung, because IL-18 is known to 

bee mainly produced by activated macrophages (19). Cameron et al. (32) reported that the 

majorityy of IL-18 mRNA within lung tissue of mice was localized to airway epithelium cells, 

althoughh inflammatory cells, mostly lymphocytes, within the airway wall and parenchyma 

alsoo expressed IL-18 mRNA. In addition, IL-18 mRNA expression was also found in 

granulocytess present in the lungs of LPS-treated mice. As demonstrated by Western blot 

analysis,, constitutively expressed IL-18 mainly consisted of biologically inactive pro-IL-18, 

althoughh also low concentrations of mature IL-18 were present. Intranasal infection with S. 

pneumoniaepneumoniae induced the upregulation of IL-18 mRNA expression, and a modest increase in 

thee concentrations of both pro- and mature IL-18 protein in the lung. Importantly, bacterial 

outgrowthh in both lungs and blood was significantly increased in the early phase of infection 

inn IL-18" mice compared to WT mice. Furthermore, the role of endogenous IL-18 was 

confirmedd by the finding that anti-lL-18 treatment was associated with an enhanced 

outgrowthh of pneumococci in lungs of WT mice when compared with WT mice treated with 

aa control Ab. These data suggest that, although the release of IL-18 locally within the lung is 

nott strongly upregulated during pneumococcal pneumonia. IL-18 plays an important 

regulatoryy role in the early localized antimicrobial host defense against S. pneumoniae. 

Pneumoniaa is characterized by the recruitment of phagocytic cells, mainly granulocytes, to 

thee site of infection (35). Granulocyte influx in the lung was markedly increased in IL-18 

micee at 24 h after S. pneumoniae inoculation. Accordingly, a severe bronchopneumonia with 

signss of vasculitis was observed in the lungs of IL-18 mice at this time point. The 

inflammatoryy infiltrate was much more discrete in the lungs of WT mice. At 48 h. the number 

off  granulocytes in BAL F and the degree of inflammation were reduced in IL-18" mice 
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comparedd with 24 h but remained higher than in WT animals. The increased recruitment of 

granulocytess to the alveolar compartment of IL-18"" mice may at least in part have been 

mediatedd by the elevated lung concentrations of the CXC chemokines MIP-2 and KC. which 

aree known to contribute to granulocyte attraction to sites of bacterial infection in the lung (36. 

37).. Normally, granulocytes serve a protective role in the defense against pneumonia, as 

indicatedd by studies in which Ab against either MIP-2 or the type 2 CXC chemokine receptor 

diminishedd granulocyte recruitment and bacterial clearance during Klebsiella and 

PseudomonusPseudomonus pneumonia respectively (36, 38), and conversely by an investigation in which 

transgenicc overexpression of KC in the lungs resulted in an enhanced granulocyte recruitment 

too lungs and an improved bacterial clearance (37). We consider it likely, however, that the 

increasedd lung inflammation observed in IL-18-.'- mice is a reflection of an increased 

proinflammatoryy stimulus provided by the higher bacterial load. Indeed, in systemic sterile 

inflammation,, induced by intraperitoneal injection of Escherichia coli endotoxin in mice, 

anti-IL-188 reduced neutrophil accumulation in various tissues including the lungs, which was 

associatedd with reduced lung concentrations of MIP-2 (20). Furthermore, IL-18 has been 

reportedd to increase rather than to inhibit the production of 1L-8, the human prototypic CXC 

chemokine,, in vitro (14). 

Previouss studies have demonstrated that locally produced cytokines play an important role in 

thee regulation of host defense against bacterial pneumonia (4). In murine pneumonia caused 

byy S. pneumoniae or Klebsiella pneumoniae, the absence of the proinflammatory cytokine 

TNFF was associated with enhanced bacterial outgrowth in the lung and increased mortality 

(25.. 39, 40). Neutralization of the anti-inflammatory cytokine IL-10. however, impaired 

bacteriall  clearance from the lung in these models (24, 41). Hence, a local proinflammatory 

milieuu seems required for an adequate antibacterial defense at the site of the infection. Our 

presentt findings are in line with the documented proinflammatory properties of IL-18. 

revealingg that this cytokine, like TNF. plays a protective role in host defense against bacterial 

respiratoryy tract infection. 

IL-18,, originally named IFN-y-indueing factor (IGIF). has traditionally been viewed as an 

importantt stimulator, together with IL-12, of IFN-y production (19). In accordance. IL-18" 

micee had lower IFN-y concentrations in their lungs than did WT mice during pneumonia. 

Previouss studies have suggested that IL-12 and IFN-y are invoked in protective immunity 

duringg pneumonia (42. 43). However, data from the present and previous studies indicate that 
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thee protective role of endogenous IL-18 is mediated via IL-12 and IFN-y independent 

mechanisms.. Indeed. IL-12 mice demonstrated a normal defense to pneumococcal 

pneumonia,, which is in line with earlier investigations with IL-12p35" mice in this model 

(44).. Furthermore, injection of anti-IL-12 did not influence pneumococcal outgrowth in either 

WTT or IL-18-- mice. These findings contrast with an earlier report in which anti-IL-12 

treatmentt was found to hamper host defense in Klebsiella pneumonia (42). Possibly, the role 

off  IL-12 is more prominent during Gram-negative (A', pneumoniae) pneumonia than in Gram-

positivee (5. pneumoniae) pneumonia. Recent data generated in our laboratory indicate that the 

rolee of endogenous IFN-y is opposite to the role of endogenous IL-18 in this pneumonia 

modell  (45). Indeed, both IFN-y receptor deficient and IFN-y deficient mice demonstrated a 

reducedd outgrowth of pneumococci when compared to their respective WT strains in 

associationn with a diminished influx of neutrophils to BALF. Survival was not influenced by 

IFN-yy deficiency. These results in mice lacking IFN-y activity, which were repeatedly 

confirmedd in many experiments, contrast with a previous study by Rubins et al. (43) reporting 

ann increased mortality of IFN-y" mice. These authors, who did not evaluate the effect of 

IFN-yy deficiency on bacterial outgrowth, used much larger inocula of 5. pneumoniae (up to 

10ss CFU), associated with rapid mortality, which may have less relevance for clinical 

pneumonia.. It should be noted that in the current studies anti-IL-18 treatment of WT mice 

wass not associated with reduced IFN-y concentrations, contrasting with results obtained in 

IL-188 " mice. Although a clear explanation for this is not available, all in all these data 

stronglyy favor a role for IL-1 K during pneumococcal pneumonia that is unrelated to effects of 

IL-122 or 1 FN -y. 

Despitee the availability of potent anti-microbial agents, pneumonia remains an important 

causee of illness and mortality worldwide. The Gram-positive bacterium S. pneumoniae is the 

mostt frequently isolated pathogen in patients with community-acquired pneumonia (1. 2). 

Therefore,, insight into the immune response against S. pneumoniae may contribute to 

potentiall  adjuvant immunomodulatory therapies. In this study we demonstrate that 

endogenouss IL-18 has a protective role in the early immune response during murine 

pneumococcall  pneumonia by promoting bacterial clearance from the lung and delaying the 

progressionn to systemic infection. This is in line with previous studies which demonstrated 

thatt local inflammation, in which pro-inflammatory cytokines play a pivotal role, is essential 

forr local host defense against respiratory pathogens (4). 
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Abstract t 

Platelet-activatingg factor (PAF), a glycerophospholipid with proinflammatory properties, 

exertss its biological effects by interacting with the PAF receptor (PAFR) expressed on many 

differentt cell types. The PAFR specifically binds phosphorylcholine (ChoP). the biologically 

activee component of PAF. ChoP however is also a component of the cell wall of non-typeable 

HaemophilusHaemophilus influenzae (NTHi). In in vitro experiments, the invasion of respiratory epithelial 

cellss by NTHi was mediated by the PAFR. To determine the role of the PAFR in host defense 

againstt pneumonia induced by NTHi, PAFR deficient (PAFR-.-) and normal wild type mice 

weree intranasally inoculated with NTHi. The absence of a functional PAFR was associated 

withh a normal innate immune response as indicated by similar bacterial counts, 

myeloperoxidasee activity, cytokine and chemokine production and inflammation within the 

pulmonaryy compartment of PAFR- - and wild type mice. These data indicate that the PAFR 

iss not important for host defense in NTHi induced pneumonia. 

164 4 



Rolee of PAFR in non-typeable H. influenzae pneumonia 

Introductio n n 

Platelet-activatingg factor (PAF) is a glycerophospholipid produced by several cell types 

includingg platelets, endothelial cells, macrophages and neutrophils, and plays an important 

rolee in the regulation of different inflammatory reactions (1-3). The biological activity of 

PAFF is mediated through a specific G-protein-linked receptor, the PAF receptor (PAFR), 

whichh is expressed on different cell types including neutrophils, monocytes, macrophages, 

endotheliall  and epithelial cells. By binding to the PAFR, PAF induces several 

proinflammatoryy responses against bacterial infections, among which stimulation of 

migrationn and degranulation of granulocytes, monocytes and macrophages, and the release of 

cytokiness and toxic oxygen metabolites (1-3). 

Phosphorylcholinee (ChoP). the biological active component of PAF, binds specifically to the 

PAFRR (1-3). ChoP is also a prominent part of the cell wall of several bacteria, including 

StreptococcusStreptococcus pneumoniae (4). and non-typeabie Haemophilus influenzae (NTHi) (5. 6). In in 

vitroo experiments, bacterial cell wall ChoP has been shown to increase the adherence of 

NTHii  to bronchial epithelial cells by binding to the PAFR (7). Furthermore, the PAFR 

facilitatedd the invasion of epithelial cells by NTHi, while both adhesion and invasion of 

epitheliall  cells by NTHi could be blocked by a PAFR antagonist (7-9). In a chinchilla model 

off  otitis media, the expression of ChoP in NTHi was associated with an increased virulence 

(10). . 

PAFRR has also been implicated in cell invasion by other bacteria including Streptococcus 

pneumoniaepneumoniae (11-13) and Actinobacillus actinomycetecomitans (14). The relevance of the 

PAFRR was evident in several in vivo models of pneumococcal infection showing an 

attenuatedd inflammatory response, reduced bacterial numbers and an improved outcome 

usingg PAFR gene deficient (PAFR--) mice or PAFR antagonists (15-17). 

NTHii  is a Gram-negative bacterium that lacks a polysaccharide capsule ('non-typeable') in 

contrastt to other //. influenzae isolates. NTHi is a commensal organism in the human 

respiratoryy tract and an important cause of localized infections such as middle ear infection, 

sinusitiss and conjunctivitis. Furthermore, it is frequently implicated in exacerbations of 

underlyingg chronic obstructive pulmonary disease and an important cause of community-

acquiredd pneumonia (18-21). The role of the PAFR in pulmonary infections induced by NTHi 

iss unknown. Therefore, in the present study, we sought to determine the role of the PAFR in 

pneumoniaa induced by NTHi. PAFR- - and PAFR* - wild type (WT) mice were intranasally 
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inoculatedd with NTHi. and bacterial outgrowth and host inflammatory responses during the 

coursee of the infection were assessed. 

Material ss and Methods 

Mice Mice 

PAFR-/-- mice were generated as described previously (22), backcrossed seven times to a 

C57BL66 background, and bred in the animal facility of the AMC. WT C57BL/6 mice were 

obtainedd from Harlan Sprague Dawley Ine (Horst, the Netherlands). All experiments were 

conductedd with 9-10 week old female mice. All experiments were approved by the 

Institutionall  Animal Care and Use Committee of the Academic Medical Center. Amsterdam, 

thee Netherlands. 

InductionInduction of pneumonia 

HaemophilusHaemophilus influenzae strain 12 (kindly donated by S.J. Barenkamp, St. Louis, MO) is a 

clinicall  isolate that was originally retrieved from the middle ear fluid of a patient with acute 

otitiss media. The strain was classified as nontypeable based on the absence of agglutination 

withh typing antisera for H. influenzae types a-f (Burroughs Wellcome) and the failure to 

hybridizee with pU038, a plasmid that contains the entire cap b locus (23, 24). The NTHi 

strainn was stored at -80°C in brain heart infusion (BH1) broth with 20% glycerol. For 

preparationn of the inoculum, bacteria were streaked from frozen aliquots onto a chocolate 

agarr plate and incubated overnight at 37°C in a 5% CO: incubator. Next, bacteria obtained 

fromm the chocolate agar plate, were grown for 3 hours to midlogarithmic phase in BHI broth 

supplementedd with 10 jug/ml hemin and 3.5 jig/ml NAD at 37°C (all reagents from Difco. 

Detroit.. Ml) . Bacteria were harvested by centrifugation at 1500 x g for 15 minutes and 

resuspendedd in a buffer containing 10 mM Na;HPOj. 10 mM KG. 100 mM NaG. 2 % w v 

casaminoo acids (Becton Dickinson. Sparks. MD) and 1.75 mM glucose (pH 7.4) at a 

concentrationn of approximately 2x10 colony forming units (CFU) per ml, as determined by 

platingg serial 10-fold dilutions on chocolate agar plates. Mice were lightly anesthesized by 

inhalationn of isoflurane (Upjohn, Ede, the Netherlands), and pneumonia was induced by 

intranasall  inoculation of 50 \x\ of the bacterial suspension corresponding with 10 CFU of 

non-typeablee //. influenzae. 
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DeterminationDetermination of bacterial outgrowth 

Att 24 or 48 h after infection, mice were anesthesized by FFM (fentanyl citrate 0.079 mg/ml. 

fluanisonee 2.5 mg/ml, midazolam 1.25 mg/ml in H20; of this mixture 7.0 ml/kg 

mtraperitoneally),, and sacrificed by bleeding out the vena cava inferior. Blood was collected 

inn EDTA containing microtubes (Becton Dickinson. Meylan. France). Both lungs were 

harvestedd and the right lung was homogenized at 4°C in 4 volumes of sterile saline using a 

tissuee homogenizer (Biospec Products, Bartlesville, OK). Serial 10-fold dilutions were made 

inn sterile saline and 10 ul volumes were plated on chocolate agar plates. In addition, 20 ^1 

volumess of blood were plated. Plates were incubated at 37°C in 5% CO:, and CFU were 

countedd after 20 h. 

MyeloperoxidaseMyeloperoxidase (MPO) assay 

MPOO activity was measured as described previously (25, 26). Briefly, lung tissue was 

homogenizedd in potassium phosphate buffer, pH 7.4. After centrifugation (4500 x g for 20 

minutess at 4°C), pelleted cells were lysed in potassium phosphate buffer pH 6.0 containing 

0.5%% hexadecyltrimethyl ammoniumbromide (HETAB) and 10 mM EDTA. MPO activity 

wass determined by measuring the H202 dependent oxidation of S^'S^'tetramethylbensidine 

(TMB) .. The reaction was stopped with Glacial Acetic Acid followed by reading the 

absorbancee at 655 nm using a spectophotometer. MPO activity was expressed as units of 

MPOO activity per gram lung tissue per reaction time. Al l reagents for the MPO assay were 

purchasedd from Sigma (St. Louis, MO). 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 24 h and 48 h after inoculation, fixed in 

10%% formaline and embedded in paraffin. Four \xm sections were stained with haematoxylin 

andd eosin. and analyzed by a pathologist who was blinded for groups. To score lung 

inflammationn and damage, the entire lung surface was analyzed with respect to the following 

parameters:: interstitial inflammation, edema, endothelialitis. bronchitis, pleuritis and 

thrombuss formation. Each parameter was graded on a scale of 0 to 3. with 0: absent, I: mild. 

2:: moderate and 3: severe The total "lung inflammation score" was expressed as the sum of 

thee scores for each parameter, the maximum being 21. 
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CytokineCytokine and chemokine measurements 

Forr cytokine measurements, lung homogenates were diluted 1:2 in lysis buffer (150 mM 

NaCl,, 15 mM Tris. ImM MgCT.IFO, 1 mM CaCl2, 1% Triton X-100. 100 ug ml Pepstatin A, 

Leupeptinn and Aprotinin. pH 7.4) and incubated at 4DC for 30 min. Homogenates were 

centrifugedd at 1500 x g for 15 min after which the supernatants were stored at -20°C' until 

furtherr use. Cytokine and chemokine levels in lung homogenates were measured by ELISA 

accordingg to the manufacturer's instructions: TNFa. IL-6, MIP-2 and K.C assays were all 

obtainedd from R&D (Minneapolis, MN). 

StatisticalStatistical analysis 

Alll  data are expressed as mean  SEM. Differences between groups were analyzed by Mann-

Whitneyy U test. P < 0.05 was considered to represent a statistically significant difference. 

Results s 

BacterialBacterial outgrowth 

Intranasall  inoculation of 10 CFU NTHi did not result in lethality, and bacteria were cleared 

fromm the pulmonary compartment of WT mice within 8-10 days (data not shown). Therefore, 

time-pointss early in infection were chosen for all experiments described. To gain insight into 

thee role of the PAFR in early host defense against pneumonia induced by NTHi, bacterial 

outgrowthh in the lungs of PAFR-/- and WT mice was compared. Bacteria were counted at 24 

andd 48 hours after infection with NTHi. At 24 and 48 h post-infection, lungs of PAFR- - and 

WTT mice contained similar numbers of bacteria. At 48 h. the bacterial load in the lungs had 

decreasedd significantly in both mouse strains (Figure I). None of the mice had positive blood 

culturess at either time-point. 

en n 
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Figuree 1. PAFR deficiency does not influence 
thee outgrowth of non-typeable H. influenzae. 
Bacteriall  outgrowth in lungs in PAFR- - and 
WTT mice at 24 and 4X h after intranasal 
inoculationn with 10 CFU non-typeable II 
influenzae.influenzae. Data are mean  SEM of 7-8 mice. 
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MPOMPO activity 

Thee rapid influx of neutrophilic granulocytes to the site of infection is regarded as an 

essentiall  host defense mechanism during bacterial pneumonia (27). We therefore determined 

MPOO activity as an indicator of granulocyte numbers in lung tissue 24 and 48 h after bacterial 

challenge.. At both time-points, MPO activity was elevated in comparison with saline controls 

(dataa not shown). No difference in MPO activity in lungs of PAFR- - and WT mice could be 

detectedd at either 24 or 48 h post-infection (Figure 2). 

Figuree 2. Similar myeloperoxidase activity in 
lungss of PAFR- - and WT mice 24 and 48 h 
afterr bacterial challenge. Data are mean
SEMM of 7-8 mice. 

Histopathology Histopathology 

Att 24 h after induction of NTHi infection, lungs of both WT (Figure 3A) and PAFR-/-

(Figuree 3B) mice displayed dense interstitial infiltrates, pleuritis and infiltrates around vessels 

andd bronchi. The infiltrates consisted predominantly of granulocytes. The distribution and 

intensityy of the inflammatory infiltrates were comparable in WT and PAFR- - mice: the lung 

inflammationn score was 7.6 and 7.7 in WT and PAFR-/- mice respectively. Although 

bacteriall  numbers in the lungs had diminished after 48 h. inflammation in the lungs had 

increasedd at this time-point in comparison with the 24 h time-point while the presence of 

granulocytess was less prominent and more lymphocytes were seen. No difference in the 

degreee of inflammation or inflammatory cell types involved between WT (Figure 3C) and 

PAFR-'-- mice (Figure 3D) was seen as shown by similar inflammation scores (9.1 and 9.0 

respectively). . 

4U U 

55 30 
O) ) 
c c 
_3 3 

.O)) 20 

3 3 
o o 
CL L 
5 5 

11 PAFR-/-
IWT T 

• • 
244 h 48 h 

169 9 



CHAPTERR 11 

Figuree 3. Histopathology. Representative lung histology of WT (A. C) and - mice (B. D) 24 (A. B) 
andd 48 h (C, D) after inoculation with 10 CPU non-typeable H. influenzae. Data are representative of 7-8 
micee per group. H&E staining, magnification x 10. 

CytokineCytokine and chemokine response 

Inn pulmonary infections, local cytokine and chemokine production is an important factor in 

thee host immune response (27. 28). We determined the role of the PAFR in pulmonary 

cytokinee and chemokine production in NTHi pneumonia. Cytokine (TNFa, IL-6) and 

chemokinee (MIP-2. K.C) levels in lung tissue measured 24 h after induction of pneumonia did 

nott differ between PAFR- - and WT mice. After 48 h, all cytokine and chemokine 

concentrationss had declined except for TNFa in PAFR-/- mice (*ƒ> < 0.05 vs. WT mice at the 

samee time-point; Table 1). 

Discussion n 

NTHii  is a commensal inhabitant of the human nasopharynx and is a frequent cause of 

infectionss including otitis media and pneumonia (18-21). In vitro experiments have 

elucidatedd an important mechanism by which NTHi interacts with respiratory epithelial cells. 

ChoP.. an important epitope of the NTHi cell wall, specifically binds to the PAFR expressed 

170 0 



Rolee of PAFR in non-typeable //. influenzae pneumonia 

PAFR-- - WT PAFR- - WT 

ngg ml 24 h 48 h 

TNFuu 16.7  2.0 15.9 + 2.6 16.912.0* 8 

IL-66 P.9 1 14.0  2.6 9.0 8 6.4+1.6 

MIP-22 55.2  3.K 48.7  7.8 40.3 + 3.1 28.0 + 4.2 

K.CC 30.8+4.0 29.5 5 18.4 7 17.9 7 

Tablee I. Cytokines and ehemokines. Cytokine and ehemokine concentrations in 
lungg tissue 24 and 48 h after induction ot'NTHi pneumonia in PAFR- - and WT 
mice.. Data are mean * SHM of 7-8 mice per group at each time point. *P  0.05 
vs.. WT mice. 

onn respiratory epithelial cells facilitating bacterial adherence and invasion into these cells (7. 

9).. This finding raised the question as to whether the absence of the PAFR would alter the 

coursee of infection caused by NTHi. Using mice with a targeted deletion of the PAFR gene, 

wee here demonstrate that the PAFR is not important for host defense against pulmonary 

infectionn with NTHi. as reflected by similar lung bacterial counts, MPO activity and 

histopathoiogy. . 

Thee influx of granulocytes, as measured by MPO activity, into the pulmonary compartment, 

ass well as lung cytokine and ehemokine concentrations were similar or even elevated in 

PAFR-/-- mice compared to WT mice, suggesting that the initiation of an early inflammatory 

responsee in NTHi pneumonia does not require an interaction between NTHi ChoP and the 

PAFR.. These results are in contrast with a recent study from our laboratory showing a 

favourablee outcome of PAFR-'- mice in pneumonia caused by - ChoP expressing -

S.S. pneumoniae (15). In this study, infected PAFR-/- mice showed a reduced bacterial 

outgrowthh and reduced cytokine and ehemokine concentrations in the lungs as well as an 

increasedd survival compared to WT mice. Analogous results were obtained in a rabbit model 

off  experimental meningitis where intracisternal administration of a specific PAFR antagonist 

attenuatedd protein influx into the CSF elicited by intracisternal inoculation of 5. pneumoniae 

butt had no effect on inflammation induced by H. influenzae (16). 

Ourr findings suggest that in NTHi pneumonia the role of the PAFR is limited and that other 

receptorss are responsible for the regulation of innate host responses. This hypothesis is 

supportedd by several studies (29-31). Toll-like receptors (TLR) function as important pattern-

recognitionn receptors in recognizing pathogen-associated molecular patterns and are pivotal 

forr the induction of host inflammatory responses in infection (32). To date, ten members of 

thee TLR family have been identified of which two have been implicated in the regulation of 

thee innate immune response against //. influenzae infection. TLR4 has emerged as the key 
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receptorr in infection caused by Gram-negative bacteria by virtue of its capacity to signal 

LPS-inducedd inflammatory responses (33-37). Wang et al. (29) evaluated the role of Toll-like 

receptorr (TLR) 4 in pneumonia induced by H. influenzae type-b in mice. In H. influenzae 

type-bb induced pneumonia, the absence of a functional TLR4 was associated with enhanced 

bacteriall  numbers, a reduced influx of neutrophils and attenuated cytokine and chemokine 

levelss in the lung (29). These findings were supported by experiments conducted in our 

laboratoryy showing an impaired host response in TLR4 deficient mice after intranasal 

inoculationn with NTHi (unpublished results). Furthermore, in in vitro experiments using 

epitheliall  cells, the expression of TLR2 was shown to stimulate the induction of 

inflammatoryy responses induced by NTHi (30. 3 1). 

Thee relevance of endogenous PAF in bacterial pneumonia has been described in a model of 

murinee pneumonia induced by Klebsiella pneumoniae, a bacterium that does not express 

ChoPP (38). In this study, infected PAFR- - mice or mice treated with a PAFR antagonist had 

reducedd pulmonary TNF levels and increased bacterial counts compared with WT mice. In 

addition,, survival was impaired in PAFR-/- and PAFR antagonist treated mice. These data 

underlinee the protective, proinflammatory effect of PAF in pneumonia and corroborate the 

findingss of other studies using different models of lung injury (39-42). In vitro studies have 

establishedd that the PAFR enhances adherence and invasion of NTHi by binding to the ChoP 

epitopee on the bacterial cell wall (7. 9). The present study is the first to examine the role of 

thee PAFR in NTHi pneumonia in vivo. Our data, showing an unaltered host defense in 

PAFR--- mice compared with WT mice, argue against an important role of the PAFR in the 

pathogenesiss of pneumonia caused by NTHi. 
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CHAPTERR 12 

Summary y 

Infectiouss diseases are a major cause of morbidity and mortality worldwide. Pneumonia and 

tuberculosiss are still accountable for a great number of deaths each year, despite antibiotic 

treatment.. In addition, the emergence of resistance against antimicrobial agents has become a 

seriouss problem for the medical community. Therefore, in order to develop new therapeutic 

options,, it is essential to obtain more knowledge of the mechanisms important for the 

pathogenesiss of infectious diseases and the immune response against (mycobacterial 

pathogens.. In this thesis, several components considered important for the host immune 

responsee against (mycobacterial infections, were studied. 

Chapterr  1 is a general introduction discussing the background of our studies and the 

experimentall  models used. The recognition of pathogens or pathogen-associated molecular 

patternss (PAMPs) is of pivotal importance for induction of an innate immune response 

duringg infection. CD 14 and Toll-like receptors (TLRs) are pattern recognition receptors 

(PRRs)) that can bind PAMPs and subsequently induce intracellular signaling cascades 

resultingg in activation of the immune system. The presentation of microbial PAMPs to CD 14 

iss enhanced in the presence of lipopolysaccharide (LPS) binding protein (LBP). 

Mitogenn Activated Protein Kinases (MAPKs) have been identified as an indispensable link in 

inflammation-inducedd signal transduction, transmitting signals from the cell membrane 

towardss the nucleus of the cell resulting in cell activation and induction of immune 

responses.. Three MAPK pathways have been involved in cellular responses during 

inflammation:: p3X MAPK, p42/44 MAPK (ERK) and JNK. So far. littl e is known about the 

functionn of MAPKs in inflammation in vivo. 

Afterr recognition of pathogens and the activation of intracellular signaling pathways, 

immunee cells release a range of inflammatory mediators including cytokines. Cytokines are 

importantt immunomodulators and act in a complex and dynamic network in which they 

influencee each other's production and activity. 

Severall  models of infection and inflammation were used in this thesis: low-grade 

endotoxemia.. a model for acute systemic inflammation induced by intravenous LPS infusion 

inn humans, and pulmonary tuberculosis or bacterial pneumonia, induced by intranasal 

inoculationn of pathogens in mice. 
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Humann endotoxemia is characterized by a typical cytokine and chemokine response, 

neutrophill  activation, and activation of coagulation and fibrinolysis cascades. In chapter  2, 

thiss model was used to study the kinetics of the three major MAPK pathways. During a 24-

hourr time period after intravenous administration of LPS. peripheral blood leukocytes were 

obtainedd and assessed for their phosphorylation status and enzymatic activity of p38 MAPK. 

p42/444 MAPK and JNK. LPS induced a strong but transient phosphorylation and enzymatic 

activationn of p38 MAPK and p42/44 MAPK, with a maximum activity 1 hour after LPS 

infusion,, followed by dephosphorylation. However, no enhanced JNK phosphorylation or 

activityy was seen in this model. This is in contrast with many in vitro studies showing an 

involvementt of all three MAPK pathways in LPS-induced cell activation. 

Inn chapter  3. the effect of an oral p38 MAPK inhibitor. BIRB 796 BS. on several 

inflammatoryy responses during human endotoxemia was evaluated. BIRB 796 BS, both low 

andd high dose, inhibited p38 MAPK phosphorylation and enzymatic activity. Furthermore, 

BIRBB 796 BS dose-dependentiy inhibited LPS-induced cytokine production (TNF, IL-6, 1L-

10.. IL-1 receptor antagonist) and leukocyte responses including neutrophilia, release of 

elastase-al-antitrypsinn complexes and upregulation of CD l i b with concurrent 

downregulationn of L-selectin. Finally, LPS-induced C-reactive protein release was attenuated 

byy BIRB 796 BS. These results identify p38 MAPK as a principal mediator of the 

inflammatoryy response to LPS in humans. 

Chapterr  4 describes the effect of p38 MAPK inhibition on the LPS-induced procoagulant 

responsee in humans. p38 MAPK inhibition, using a high dose of BIRB 796 BS. resulted in a 

stronglyy attenuated coagulation activation, as measured by the plasma concentrations of 

prothrombinn fragment F1+2. In addition, activation of the fibrinolytic system (plasma tPA. 

PAPc,, PAI-1) was dose-dependently diminished by BIRB 796 BS. as well as endothelial cell 

activationn (plasma soluble E-selectin and von Willebrand factor). So, p38 MAPK plays an 

importantt role in the activation of coagulation, fibrinolysis and the vascular endothelium 

duringg human endotoxemia. 

Thee effect of p38 MAPK inhibition on neutrophil migration and activation was studied in 

chapterr  5. Endotoxemia-induced downmodulation of neutrophil CXC receptor 1 and 2 

expressionn was inhibited by a high dose of BIRB 796 BS. as determined by FACS analysis. 

Thee release of the chemokines IL-8 and GRO-oc during human endotoxemia was dose-

dependentlyy inhibited by the kinase inhibitor. These results indicate a principal role for p38 

MAPKK in regulating essential factors for neutrophil activation and chemotaxis in vivo. 
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Chapterr  6 and 7 describe the role of LBP and TLR4 respectively in a model of murine 

tuberculosis.. In vitro studies have shown that LBP facilitates the binding of 

lipoarabinomannann (LAM) , a major cell wall component of mycobacteria, to the pattern 

recognitionn receptor CD 14 on immune cells. However, as shown in chapter  6. LBP does not 

influencee the immune response against in vivo infection with M. tuberculosis, as reflected by 

similarr survival curves and mycobacterial outgrowth in lungs and liver in LBP-deficient and 

normall  wild type mice. Therefore. LBP does not contribute to an effective host response in 

M.M. tuberculosis infection. 

Inn vitro studies have implicated TLR2 and TLR4 in the innate recognition of M. tuberculosis. 

Inn chapter  7. we investigated the role of TLR4 in the host defense against pulmonary 

tuberculosiss in vivo. TLR4 mutant mice were more susceptible to pulmonary tuberculosis, as 

indicatedd by a reduced survival and an enhanced mycobacterial outgrowth. Furthermore. 

TLR44 mutant mice displayed an impaired T helper 1 immune response. These data imply that 

TLR44 does contribute to the immune response against M. tuberculosis infection in vivo. 

StreptococcusStreptococcus pneumoniae is the most frequent cause of community acquired pneumonia. In 

nosocomiall  pneumonia. Klebsiella pneumoniae is a commonly isolated pathogen. We 

employedd Streptococcus pneumoniae and Klebsiella pneumoniae to induce Gram-positive 

andd Gram-negative pneumonia respectively in mice. Using these pneumonia models, the role 

off  LBP (chapter  8) and TLR4 (chapter  9) in the host immune response was evaluated. 

Manyy in vitro studies have shown that LBP greatly enhances the presentation of LPS, a cell 

walll  component of Gram-negative bacteria, to host inflammatory cells. In addition, evidence 

existss that LBP facilitates the transfer of Gram-positive cell wall components to 

inflammatoryy cells. In line with in vitro experiments, in pneumonia induced by 

A',, pneumoniae. LBP deficient mice demonstrated a diminished survival together with an 

enhancedd bacterial outgrowth in their lungs. In contrast. LBP did not alter the host immune 

responsee in pneumococcal pneumonia. Thus, LBP is important for a protective immune 

responsee in Klebsiella pneumonia, but does not contribute to an effective host response in 

pneumococcall  pneumonia (chapter  8). 

TLR44 has been widely accepted as a PPR for LPS. TLR4 has also been implicated in the 

recogntionn and signal transduction of cell wall components of Gram-positive bacteria. 

Chapterr  9 shows that TLR4 is a factor of importance in the induction of an effective 

immunee response in A', pneumoniae pneumonia, as shown by a shortened survival in 

combinationn with increased bacterial numbers in the lunns of TLR4 mutant mice. In 
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S.S. pneumoniae pneumonia, the protective effect of TI R4 was limited to respirator) tract 

infectionss induced by low bacterial doses. Our results suggest that other PRRs or receptor 

clusterss also contribute to host defense mechanisms during bacterial pneumonia. 

Antibacteriall  host defense in the pulmonary' compartment is regulated by a complex 

interactionn between immunocompetent cells and a network of cytokines and ehemokines. In 

chapterr  10, the role of the proinflammatory cytokines 1L-18 and IL-12 was studied during 

pneumoniaa induced by S. pneumoniae in mice. IL-18 synergistically enhances IL-12-induced 

IFN-yy production. Endogenous IL-18 promoted bacterial clearance from the lungs and 

delayedd the progression to systemic infection. In contrast, endogenous IL-12 did not affect 

thee immune response during pneumococcal pneumonia. Our data indicate that IL-18 exerts 

itss protective effect via IL-12- and IFN-y-independent mechanisms. 

Platelet-activatingg factor (PAF), a lipid with proinflammatory properties, exerts its biological 

effectss by interacting with the PAF receptor (PAFR). The PAFR specifically binds 

phosphorylcholine,, which is the biologically active component of PAF but also a component 

off  the cell wall of non-typeable Haemophilus influenzae (NTHi). In vitro, the PAFR 

mediatedd the invasion of respiratory epithelial cells by NTHi. However, in chapter  11, we 

showw that absence of the PAFR does not alter the innate immune response in pneumonia 

inducedd by NTHi, as indicated by similar bacterial counts and several other host 

inflammatoryy responses in PAFR- - and wild type mice. Our findings suggest that in NTHi 

pneumonia,, the role of the PAFR is limited and that other receptors are responsible for the 

regulationn of the innate immune response. 

Discussion n 

Thee data in this thesis have been obtained by the use of human and animal models of 

inflammationn and infection. The human endotoxemia model is a well established and 

reproduciblee model of acute systemic inflammation induced by intravenous administration of 

loww dose LPS. It enables us to study the effect of an intervention in a controlled setting. The 

endotoxemiaa model has been used as a simplified version of bacteremia and sepsis. However, 

thee model has several limitations. First, infection with live bacteria has different dynamics in 

thee host compared to LPS. Bacteria multiply and die within the host, shedding bacterial 
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components.. In contrast. LPS is a purified, nonvital agent that is cleared from the body in a 

relativelyy short period of time. Second, systemic infection or sepsis usually starts with an 

originallyy localized infection, while intravenous administration of LPS results in an acute and 

fulminantt response. Third, in the human endotoxemia model, the intervention takes place in a 

controlledd setting, i.e.. before or a known period of time after LPS infusion, which is not the 

casee in the clinical setting. These differences are illustrated by several studies showing an 

importantt role for proinflammatory cytokines for the development of experimental sepsis, 

whilee treatment with anti-inflammatory agents in clinical trials did not demonstrate any 

positivee effect. 

Lxpcrimentall  mouse models have been used for a long time. The underlying rationale is 

basedd on the high degree of evolutionary homology between species, making cautious 

extrapolationn of data derived from mice to humans an acceptable scientific method. Using 

mousee models, we are able to study in vivo infections. Furthermore, manipulation of the 

mousee genome resulting in the overexpression or deletion of a potential mediator of the host 

response,, enables us to isolate and study the role of this particular component in the complex 

networkk of the immune system. However, one must keep in mind that the deleted or 

dysfunctionall  gene may not only result in the absence of the gene related product but may 

alsoo cause compensatory changes. 

Inn this thesis, we demonstrated the involvement of p3N MAPK in inflammation during 

humann endotoxemia. Furthermore, inhibition of this signaling pathway resulted in attenuation 

off  virtually all host inflammatory responses. This makes p38 MAPK inhibition a promising 

therapeuticc modality for many disease states caused by activation of the immune system. 

Crohn'ss disease, caused by chronic inflammation of the gastrointestinal tract, and rheumatoid 

arthritiss are examples of diseases for which p38 MAPK inhibition can be a novel treatment 

option.. However, drugs suppressing the immune system, especially when used for longer 

periodss of time, create an enhanced risk of infectious diseases. This phenomenon has been 

welll  described in patients using corticosteroids, but also in patients treated with anti-TNF-

antibodies.. To date, several p3X MAPK inhibitors have entered clinical trials. These trials 

wil ll  have to prove the clinical relevance of this treatment in combination with an acceptable 

riskk of unwanted side-effects. 

1X2 2 



Summeryy & discussion 

Thee clinical implications of the mouse studies described in this thesis may he less evident. 

Extrapolationn of the described results to the clinical setting should be done with the greatest 

caution.. However, these studies invoking the pathophysiology of pulmonary infections in 

micee increased our knowledge of the host immune response. A thorough understanding of the 

hostt inflammatory response during infection is vital for the development of new 

immunomodulatoryy therapies for infectious diseases. Therefore, the continuation of research 

inn this field is highly required. 
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Infectieziektenn zijn wereldwijd de belangrijkste oorzaak van ziekte en sterfte van de mens. 

Luchtwegg infecties komen het meest frequent voor. gevolgd door infectieuze diarree, malaria 

enn tuberculose. De luchtwegen en longen zijn extra gevoelig voor het ontstaan van infecties, 

aangezienn zij continu zijn blootgesteld aan de buitenlucht. Longontsteking (pneumonie) en 

longtuberculosee zijn ziektebeelden van de long die vaak voorkomen. Ook in de westerse 

wereld,, waar adequate behandeling met antibiotica voorhanden is. vormen deze ziekten een 

aanzienlijkee belasting van het medische zorgstelsel. Daar komt bij, dat er steeds vaker 

bacteriee stammen worden geïsoleerd die ongevoelig (resistent) zijn voor bestaande 

antibiotica.. Om deze redenen is het belangrijk onze kennis over de ziekteverwekkende micro-

organismen,, alsmede de mechanismen waarmee ons afweersysteem deze pathogenen 

bestrijdt,, te vergroten. 

Hett onderzoek beschreven in dit proefschrift had dan ook als doel meer inzicht te krijgen in 

afweermechanismenn (de immuunrespons) van de gastheer die bijdragen aan een adequate 

reactiee op (myco)bacteriële infecties. 

ExperimenteleExperimentele modellen 

Inn dit proefschrift werden verschillende onderzoeksmodellen gebruikt, namelijk het humane 

endotoxinee model, waarbij intraveneuze toediening van cndotoxinc LPS leidt tot een 

kortdurendee systemische activatie van het afweersysteem, en muizenmodellen voor 

longtuberculosee of bacteriele longonsteking. waarbij infectie geïnduceerd werd door 

intranasalee toediening van micro-organismen. In de muizenstudies werden genetisch 

gemanipuleerdee muizen, deficiënt voor een bepaald eiwit of een bepaalde receptor, 

vergelekenn met normale wild type muizen. De hier genoemde methoden betreffen in vivo 

modellen;; in in vitro studies wordt gebruikt gemaakt van gekweekte cellen. 

LipopohsaccharideLipopohsaccharide binding protein en Toll-like receptor 4 

Wanneerr micro-organismen het lichaam binnendringen, worden zij in de regel onmiddellijk 

herkendd door cellen van het afweersysteem, waarna een aspecifieke afweer- of 

onstekingsresponss (innate immune response) ontstaat. Deze snelle reactie kan plaats vinden 

doordatt afvveereellen (meestal betreft het één of meerdere subpopulaties van de witte 

bloedlichaampjes)) bacteriën herkennen aan bepaalde moleculen in hun celwand. Hoewel er 

velee soorten bacteriën bestaan die zich onderling verschillend gedragen, kan men bacteriën 
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grofwegg opdelen in twee groepen: Gram-negatieve en Gram-positieve bacteriën. De celwand 

vann Gram-negatieve bacteriën bevat lipopolysaecharide. ook LPS of endotoxine genoemd, 

terwijll  de celwand van Gram-positieve bacteriën andere belangrijke moleculen bevat, zoals 

lipoteichoinee zuur (lipoteichoic acid. LTA) en peptidoglycaan. Mycobacteriën. veroorzakers 

vann onder andere tuberculose, bevatten het molecuul lipoarabinomannan (LAM) in hun 

celwand. . 

Afweercellenn kunnen de hierboven beschreven bacteriële moleculen, ook wel pathogen-

associatedd molecular patterns (PAMPs) genoemd, herkennen middels receptoren die zich op 

hett oppervlak van de afweercel bevinden (pattern recognition receptors; PRRs). Een 

belangrijkee rol in dit proces van herkenning is weggelegd voor de receptor CD 14. Echter, 

dezee receptor is. na herkenning van een bacterie, niet in staat een signaal naar de kern van de 

immuunn cel te sturen en een immuun respons te induceren; met andere woorden, naar alle 

waarschijnlijkheidd zijn hier ook andere receptoren bij betrokken. Een mogelijke kandidaat 

hiervoorr is Toü-üke receptor (TLR) 4. TLR4 maakt deel uit van de familie van Toll-like 

receptoren,, van welke er inmiddels 10 verschillende leden bekend zijn. Over de functies van 

dezee receptoren is het laatste decennium veel bekend geworden. Zo weten we uit in vitro 

studiess dat TLR4, in een complex met CD 14, LPS herkent waarna intracellulaire signaal 

transductiee cascades in gang worden gezet resulterend in cel activatie. Hoewel TLR4 wordt 

beschouwdd als DE PRR voor LPS. kan hij ook andere PAMPs herkennen zoals bijvoorbeeld 

LTAA of LAM. 

Wijj  onderzochten in dit proefschrift of TLR4 bijdraagt aan de immuun respons tijdens 

pneumoniee veroorzaakt door de Gram-positieve bacterie Streptococcus pneumoniae of door 

dee Gram-negatieve bacterie Klebsiella pneumoniae. Ook bestudeerden wij de rol van TLR4. 

tijdenss longtuberculose. Gebruikmakend van dezelfde experimentele muizenmodellen. 

onderzochtenn wij de rol van lipopolysaecharide binding protein (LBP). een plasma eiwit dat 

inn vitro de herkenning van LPS maar ook andere PAMPs door CD14 vergemakkelijkt, tijdens 

inn vivo infectie. 

Inn ons muizenmodel voor tuberculose bleek LBP de immuunrespons niet te beïnvloeden. 

TLR44 droeg wel bij aan de afweerrespons tijdens XI. tuberculosis infectie: muizen met een 

niet-functionelee TLR4 receptor waren gevoeliger voor pulmonale tuberculose dan normale 

wildd type muizen, geïllustreerd door een toegenomen sterfte, grotere aantallen mycobacteriën 

inn de longen en een minder sterke T helper 1 immuun respons. 
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LBP-deficiëntee muizen waren gevoeliger voor longontsteking veroorzaakt door A'. 

pneumoniaepneumoniae dan wild type muizen. Zij stierven eerder en hadden meer bacteriën in hun 

longen.. Fr was daarentegen geen verschil tussen LBP-deficiënte en wild type muizen tijdens 

infectiee met S. pneumoniae. In conclusie. LBP speelt een beschermende rol in pneumonie 

geindueeerdd door A', pneumoniae, maar draagt niet bij aan de afweerreactie tegen 

pneumokokkenn pneumonie. 

Ookk TLR4 bleek een beschermend effect te hebben tijdens A', pneumoniae pneumonie. In 

pneumokokkenn pneumonie werd dit effect echter alleen gezien wanneer muizen met een lage 

dosiss bacteriën werden geïnfecteerd. Deze resultaten suggereren dat andere (clusters van) 

receptorenn ook bijdragen aan de afweerrespons tijdens bactenële longontsteking. 

MiMi  togen-act i i a ted protein kinases 

Naa herkenning van een infectieuze indringer door cellen van het afweersysteem, wordt een 

signaall  van de celmembraan richting celkern gestuurd. In de celkern worden dan genen 

geactiveerd,, die leiden tot celactivatie en de productie van onstekingsmediatoren. Het 

doorgevenn van deze signalen wordt signaal transductie genoemd. Mitogen-activated protein 

kinasess (MAPKs) behoren tot een familie van eiwitten die een onmisbare schakel vormen bij 

dee transductie van onstekingssignalen van de celmembraan naar de celkern. De voor 

onstekingg belangrijke MAPKs zijn p38 MAPK, p42,44 MAPK en JNK. Blokkering van die 

MAPK-padenn zou een ontstekingsremmend effect kunnen hebben. Onderzoek hiernaar kan 

uiteindelijkk leiden tot de ontwikkeling van nieuwe onstekingsremmende medicijnen die 

toegepastt zouden kunnen worden bij mensen met chronische ontstekingsziekten, bijvoorbeeld 

rheumatoïdee arthritis of de ziekte van Crohn, een inflammatoire ziekte van de darm. 

Wijj  onderzochten de rol van MAPKs en het effect van remming van p38 MAPK tijdens 

onstekingg in mensen. Hiervoor gebruikten wij het humane endotoxine model, waarbij 

intraveneuzee toediening van endotoxine (LPS) een kortdurende maar heftige systemische 

onstekingsreactiee veroorzaakt. Deze onstekingsreactie gaat gepaard met koorts, hoofdpijn en 

algeheell  onwelbevinden. In het bloed worden verhoogde concentraties ontstckingseiwitten 

gevonden,, zoals cytokmen. chemokinen en ('-reactive protein. Bovendien worden stollings-

enn fibrinolyse cascades geactiveerd. Allereerst zagen wij. dat. na toediening van LPS aan 

vrijwilligers,, twee van de drie MAPK-paden werden geactiveerd, te weten p3X MAPK en 

p422 44 MAPK (LRK). Het MAPK-pad JNK werd in dit model niet geactiveerd. 
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Samenvatting g 

Blokkeringg van p38 MAPK door middel van een specifiek p38 MAPK remmer, leidde tot een 

duidelijkee afname van de door LPS geïnduceerde symptomen. Bovendien was er sprake van 

eenn sterke vermindering van de productie van pro- en anti-inflammatoire cytokinen. zoals 

TNFa,, IL-6 en IL-10. van chemokines en de expressie van hun receptoren, van LPS-

geïnduceerdee activatie van granulocyte!! en endotlieelcellen, alsmede van de 

stollingsactivatie.. Hieruit blijk t dat p 38 MAPK een belangrijke rol speelt bij de inductie van 

ontstekingsreactiess in vivo. p38 MAPK remmers zijn dan ook een veelbelovende kandidaat 

voorr de behandeling van chronische inflammatoire ziekten. Men moet er overigens wel 

rekeningg mee houden, dat de vermindering van de afweerreactie het risico op infecties toe 

kann doen nemen. Klinische studies zullen de toepasbaarheid van deze nieuwe middelen in de 

toekomstt moeten bewijzen. 

Cxtokinen Cxtokinen 

Dee afwoei respons legen bacteriële infecties bestaat uit een complex netwerk van 

immunocompetentee cellen (onder andere macrofagen. granulocyten en T-lymfocyten). Door 

middell  van geproduceerde boodschappereiwitten zoals cytokinen en chemokinen kunnen zij 

elkaarr activeren en nieuwe immuun cellen aantrekken. Wij onderzochten de rol van de pro-

inflammatoiree cytokinen IL-18 en IL-12 in pneumokokken pneumonie bij muizen. Wij 

vondenn dat de door IL-12 geinduceerde produktie van het cytokine IFN-y door IL-18 werd 

vergroot.. Verder stimuleerde endogeen IL-18 de klaring van bacteriën uit de longen en 

verminderdee IL-18 de kans op verspreiding van bacteriën in de bloedbaan. Endogeen IL-12 

daarentegen,, beïnvloedde de immuun respons van de gastheer tegen pneumokokken 

pneumoniee niet. Deze resultaten suggeren dat het beschermende effect van IL-18 niet 

afhankelijkk is van IL-12 en IFN-y . 

PlateletPlatelet activating factor receptor 

Platelett activating factor (PAF) is een lipide met pro-inflammatoire eigenschappen. PAF 

wordtt door de PAF receptor (PAFR) herkend aan phosphorylcholine (C'hoP). ChoP is ook 

eenn bestanddeel van de celwand van de non-typable Haemophilus influenzae (NTFIi) 

bacterie.. In in vitro experimenten vergemakkelijkt binding van dit bacteriële ChoP aan de 

PAFRR het binnendringen en infecteren van respiratoire epitheelcellen door NTHi. Wij 

hebbenn echter laten zien dat de PAFR geen invloed heeft op het verloop van longontsteking 

veroorzaaktt door NTHi. 
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Conclusie Conclusie 

Dee studies gebundeld in dit proefschrift hadden allen betrekking de afweer tijdens ontsteking 

enn infectie. Het is verleidelijk te denken, dat zij een heel klein stukje van de puzzle genaamd 

'immuunn respons' hebben opgelost. Echter, diepgaand inzicht in deze mechanismen is 

cruciaall  voor de ontwikkeling van nieuwe behandelingsmethoden voor infeetieuze en 

inflammatoiree ziekten. Voortzetting van onderzoek op dit gebied is dan ook van groot 

belang. . 
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Stellingenn behorende bij het proefschrift 

Mechanismss of Immune Activation during Infection 

1.. Het sterk ontstekingsremmende effect van p38 MAPK remmers 
biedtt nieuwe perspectieven voor de behandeling van inflammatoire 
aandoeningenn (ditproefschrift). 

2.. Gezien de betrokkenheid van MAPKs bij vele fysiologische 
processenn moet men voorzichtigheid betrachten bij het chronisch 
toedienenn van MAPK remmers aan patiënten (dit proefschrift). 

3.. Hoewel Toll-like receptor 4 als DE LPS receptor wordt 
beschouwd,, is de rol van TLR4 in longontsteking veroorzaakt door 
Gram-negatievee bacteriën beperkt (dit proefschrift). 

4.. (Myco)bacterièn zijn niet door één Toll-like receptor te vangen 
(dit(dit proefschrift). 

5.. Gezien de rol die de fruitvlieg (Drosophila melanogaster) heeft 
gespeeldd bij de ontdekking van de humane Toll-like receptor 
familie,, zou hij op wat meer respect mogen rekenen in het 
dagelijkss leven. 

6.. Over het fenomeen hoofddoekjes wordt tegenwoordig in 
onbedektee termen gesproken. 

7.. Om diepte te zien in een n-dimensionaal universum heb je 
n-11 ogen nodig. 

8.. Het verbod op roken in cafe's noopt tot nieuwe openingszinnen. 
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