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Generall  Introduction and Outline of this Thesis 



INTRODUCTION N 

1.. INTRODUCTION 

Jnfectiouss diseases are by far the greatest cause of morbidity and mortality world-

widee (World Bank 1993). Indeed, respiratory infections and gastrointestinal 

infectionss cause more deaths than all other diseases added together. Microorganisms that 

causee these infections could thus be considered as the greatest threat to our survival. 

Althoughh the epidemic spread of certain diseases suggested that some sort of agent was 

beingg transmitted, it was extremely difficult for people to imagine the existence of 

microorganimss that were too small to see, or to believe that they could harm large hosts. 

However,, in 1674 a cloth merchant in Delft, Antonie van Leeuwenhoek, for the first 

timetime saw and described microorganisms with a 

simplee one-lens microscope. In letters published 

byy the Royal Society in London, he reported a 

whollyy new previously invisible world of 

'animalcules'' (Fig. 1). Later on these animalcules 

appearedd to be protozoa and bacteria. Although 

bacteriaa are far simpler than eukaryotic cells, 

theyy are extremely efficient in their ability to 

causee human infections. Improved hygienics, 

antibioticc treatments, and immunization have 

howeverr significantly reduced morbidity and 

mortalityy of bacterial infections nowadays. Then 

again,, in the past few decades many new 

bacteriaa have been identified and many "old" 

bacteriall  pathogens, such as Mycobacterium tuberculosis and Staphylococcus aureus, have 

emergedd with new virulence determinants in addition to new resistance patterns to 

antimicrobiall  therapy. This implies that a profound understanding of the basic 

mechanismss contributing to antibacterial host defense and pathogenesis of bacterial 

infectionss is important. The pathogenicity of bacteria is critically dependent on the 

outcomee of the interaction between the macrophage and bacterium. Therefore, we 

focusedd the present thesis mainly on macrophages and their role in pulmonary bacterial 

infectionss in order to get more insight into these mechanisms. 

Figur ee 1 In letters to the Royal Society, 
Antoniee van Leeuwenhoek for the first 
timee described the sizes, shapes, and even 
thee motility of these bacteria. These are 
drawingss from bacteria from the human 
mouth. . 
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CHAPTERR 1 

2.. GENERAL ASPECTS OF PULMONAR Y IMMUNOLOG Y 

Lungss are exposed to a continuous flow of air and to aspiration of minor amounts of 

nasopharyngeall  secretions throughout sleep (1). As a consequence infections occur more 

frequendyy in the lungs than in any other organ. An appropriate defense mechanism is 

thereforee crucial to prevent and combat pulmonary infections and starts with innate 

immunity.. In the upper and central respiratory tract mechanical defense mechanisms like 

filtration,, sneezing, coughing and mucociliary clearance remove inhaled infectious agents. 

Whenn microorganisms escape this mucociliair apparatus and reach the lower respiratory 

tractt (distal airways and alveoli) they first encounter macrophages. Initially, these cells try 

too eliminate pathogens without amplifying the immune response by phagocytosis and 

severall  complex microbial activities. However, when mucociliary clearance and resident 

macrophagess are over-powered, polymorphonuclear cells (PMNs) and monocytes are 

rapidlyy recruited to the lungs. PMNs phagocytose pathogens and degrade them using 

theirr powerful enzymes. The complement system enforces the function of these 

phagocytess by triggering a multicomponent enzyme cascade to increase the attraction of 

phagocytess to pathogens in preparation for phagocytosis. 

Sincee microorganisms have evolved many ways to circumvent these innate immune 

defenses,, specific acquired immunity is critical in the battle against pathogens in the 

lungs.. Plasma cells derived from B-lymphocytes make antibodies that defend us against 

pulmonaryy infections by inactivating viruses and bacterial toxins and by recruiting the 

complementt system and various cells to kill and ingest invading pathogens. Since many 

infectiouss agents like M. tuberculosis live inside host cells, it is impossible for antibodies to 

reachh them. Therefore, another acquired immune system (cell-mediated immunity (CMT)) 

basedd on T-lymphocytes is critical to deal with threatening pathogens. A subpopulation 

off  T cells, the T-helper cells, recognize and bind to antigen presented by dendritic cells 

andd macrophages in a major histocompatibility complex (MHQ-restricted fashion. As a 

consequencee they produce soluble regulatory proteins called cytokines that can activate 

macrophagess to kill intracellular pathogens. Most current evidence indicates that 

dendriticc cells are the most efficient antigen-presenting cells in the lungs stimulating 

naïvee T cells (2). They are located within the pulmonary interstitium, and migrate to 

regionall  lymph nodes when they have acquired antigen, to interact with antigen-specific 

TT cells. 

11 1 



INTRODUCTION N 

Thee innate defense system is closely linked to die acquired defense system as depicted in 

Fig.. 2. PMNs, complement and antibodies combat most extracellular pathogens while 

cytokines,, macrophages, NK cells, dendritic cells (DCs) and T cells eliminate intracellular 

pathogens.. The defense mechanisms depicted in Fig. 2 may be the most important for 

dealingg with bacterial infection. However, inflammation is also an important aspect of 

bacteriall  pathogenesis since the inflammatory response induced by a pathogen can result 

inn considerable damage to the host, and therefore be part of the pathology of bacterial 

disease. . 

'' ff  '

Cytokines s 
Innate e 

Humorall  immunit y 

Extracellularr organisms 

Cell-mediatedd immunit y Acquired 

Intracellularr organisms 

Figur ee 2 Two pathways that link innate immunity with acquired immunity thereby providing the basis 
forr humoral and cell-mediated immunity. 

3.. TOLL LIK E RECEPTORS 

Forr the survival of an animal it is important that it detects infectious microorganisms in 

orderr to eliminate them without destroying its own tissues. The tremendous molecular 

diversityy of pathogens makes detection a complex task for the host. To deal with this 

complexity,, animals have evolved several distinct immune-recognition systems. Toll-like 

receptorss (TLRs) take part in this recognition system since they recognize several 

conservedd products unique to microbial metabolism (3). In this way TLRs can detect an 

infectionn and subsequendy induce activation of antimicrobial innate immune responses 

(3).. In addition, recognition of microbial products by TLRs of DCs triggers maturation 

off  these cells and leads to the initiation of antigen-specific adaptive immune responses 
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(3).. To date, ten TLRs (TLRs 1-10) have been reported (4). Here, we will focus on those 

thatt are most important for this thesis. 

TLK4 TLK4 

TLR44 is expressed on a variety of cell types, most predominantly on immune cells, 

includingg macrophages and DCs (3). TLR4 functions as the signal-transducing receptor 

forfor lipopolysaccharide (LPS) (5). In addition to LPS, TLR4 is also involved in the 

recognitionn of several other ligands, including lipoteichoic acid from Gram-positive 

bacteriaa (6), and a heat-sensitive cell-associated factor derived from M. tuberculosis (7). In 

chapterr  8, we determined the role of this receptor in host defense against pulmonary 

tuberculosis. . 

TLR2 TLR2 

TLR22 is involved in the recognition of many different microbial products. Peptidoglycan 

fromm Gram-positive bacteria (6), bacterial lipoproteins (8-10), mycobacterial cell-wall 

lipoarabinomannann (7,11) a phenol-soluble modulin produced by Staphylococcus epidermidis 

(12),, and yeast cell walls (13) are all recognized by this receptor. This uncommonly wide 

rangee of microbial products that are recognized by this receptor is partly explained by 

cooperationn between TLR2 and at least two other TLRs: TLR1 and TLR6 (3). The 

formationn of heterodimers between TLR2 and either TLR1 or TLR6 determines the 

specificityy of ligand recognition (14,15). 

TLR9TLR9 and CpG motifs 

Bacteriall  DNA differs structurally from vertebrate DNA since it has a higher frequency 

off  CpG dinucleotides and lacks cytosine methylation. These unmethylated DNA 

sequencess are called CpG motifs and are immunostimulatory (16). Because of the 

differencess between eukaryotic and bacterial DNA, CpG motifs might be a signal for the 

presencee of pathogenic agents. Indeed, in mice and humans, innate immune cells appear 

too recognize CpG motifs via TLR9 (17). CpG motifs are in particular recognized by DCs 

therebyy activating these cells to upregulate co-stimulatory molecules and to produce Thl-

polarizingg cytokines, such as interleukin (IL)-12 and IL-18 (18). In this way, innate and 

acquiredd immunity is bridged by the interaction between TLR9 and CpG motifs. In 

chapterr  7, we evaluated treatment with CpG motifs in a mouse model of tuberculosis. 
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4.. MACROPHAGE S I N TH E LUNGS 

Lungg macrophages are resident phagocytes of the alveoli, originating from blood 

monocytess and intrapulmonary proliferation (19). Macrophages keep the lungs sterile by 

eradicatingg particles and microorganims through phagocytosis and the production of 

radicalss and proteases. Phagocytosis is enhanced by molecules called opsonins that 

increasee recognition and endocytosis through their binding to specific receptors. The 

mononuclearr phagocyte system of the lung is comprised of cells in three compartments; 

airwayy and alveolar macrophages, interstitial macrophages, and in some species, 

intravascularr macrophages (20). The alveolar macrophage is located in the alveolar space 

andd is the best characterized macrophage because it can be readily recovered using the 

bronchoalveolarr lavage technique. Interstitial macrophages are resident in the connective 

tissuee of the lung and are not directly exposed to airborne pathogens like alveolar 

macrophagess are. In intravascular structures there are also pulmonary macrophages 

presentt in several mammals, but not in rodents (21). Finally, airway macrophages are 

locatedd in large and small airways. Few studies are currendy available regarding the roles 

off  interstitial, airway and intravascular macrophages. For convenience sake, we will 

thereforee refer to alveolar macrophages when discussing lung macrophages since most 

informationn is available on this subpopulation. It should however be kept in mind that 

thee pulmonary compartment harbors interstitial, intravascular, and airway macrophages 

thatt may differ from alveolar macrophages. 

4.14.1 The alveolar macrophage 

Alveolarr macrophages (AM) are resident and predominant cells in the airway. They 

defendd the lungs by phagocytosing and killing pathogens, and by their participation in the 

immunee response by secreting cytokines. When AMs have engulfed bacteria they 

generallyy become activated to deliver hydrolytic enzymes, and produce toxic effector 

moleculess like reactive nitrogen and oxygen intermediates in order to kill pathogens. 

Bacteriaa like S. pyogenes are fully susceptible for phagocytosis and the antimicrobial 

functionss of AMs (22). However, intracellular bacteria like M. tuberculosis have AMs as 

primaryy host cells and are far more resistant to antibacterial activities. AMs are generally 

regardedd as rather poor antigen-presenting cells (APQ (23-25). Their primary task is to 

acquiree and eliminate pathogens to keep the alveoli sterile widaout amplifying the 

inflammatoryy response. It is even suggested that AMs inhibit amplification of immune 
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pathwayss (26-28). By inhibiting the inflammatory response, AMs are able to clear normal 

amountss of particles and pathogens from the lung without initiating an inflammatory 

responsee with subsequent damaging the delicate alveolar capillary membrane. However, 

whenn the infectious or antigenic load in the pulmonary compartment becomes too great 

forr a quiescent elimination, other leukocytes are needed and recruited to the lungs. 

4.24.2 Monocyte migration into the lungs 

Thee recruitment of leukocytes is extremely essential during inflammatory processes. The 

processs of monocyte migration to the lungs requires that cells adhere and migrate 

duoughh the vascular endothelium, the extracellular matrix (ECM) of endothelial and 

epitheliall  cells, and finally the alveolar epidielial barrier. The interactions involved in the 

multistepp process of leukocyte migration toward die lungs are well characterized for 

PMNs,, but are only poorly defined for monocytes. To migrate across endothelium, 

monocytess utilize the sequential interaction of monocyte adhesion molecules selectins, B2 

(CD11/CD18)) and B, integrins (very late Ag (VLA)-4 and VLA-5) (29) and platelet-

endotheliall  cell adhesion molecule-1 (PECAM-1) with endothelial selectins, intercellular 

adhesionn molecule-1 (ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1), and 

PECAM-11 (30, 31) (32). However, in die pulmonary microcirculation, monocytes may 

alsoo use B, and B2 integrin-independent pathways during emigration from the vasculature 

(33).. CD44 is a member of the hyaluronate receptor family of cell adhesion molecules 

thatt is linked to cytoskeletal elements. In chapter 5 we studied the role of the adhesion 

moleculee CD44 in monocyte migration to the M. tuberculosis infected lung. 

5.. TUBERCULOSI S 

5.11ntroduction 5.11ntroduction 

Tuberculosis,, caused by the intracellular pathogen M. tuberculosis, is one of the main 

threatss to human civilization. Each year 2.2 million persons die from tuberculosis 

worldwide,, which means that one person dies from this disease every 10 seconds (34, 

35).. As a consequence, M. tuberculosis causes more deaths annually than any other single 

infectiouss agent (36, 37). In addition, 8 million new cases of tuberculosis are identified 

yearlyy (34). The tubercle bacillus is a slow-growing acid-fast pathogen that is primarily 

transmittedd from person to person via the respiratory route by inhaling aerosolized 

droplets,, which arise during coughing, sneezing and talking of infected individuals. 
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Althoughh M. tuberculosis can infect any organ, the lungs are the prime target. Even though 

thee risk of infection has been significantly reduced in developed countries, it remains 

highh for malnourished individuals in impoverished areas and for patients infected with 

humann immunodeficiency virus (HIV). In addition, ethnic and racial differences make 

onee person more susceptible for tuberculosis than others. Africans, Native Americans, 

andd Eskimos for example have a lower resistance against infection than Jews, other 

whitess and Mongolians (38). 

5.25.2 Infection with M. tuberculosis 

Thee primary route of entry of M. tuberculosis is via the airways through the inhalation of 

respiratoryy droplets that are so small that they can easily reach the lower respiratory tract 

(39).. Once tubercle bacilli have reached this site, they have several destinies (40). They 

cann be eliminated by an effective initial host defense through which the host has no 

chancee of developing tuberculosis; they can start replicating direcdy after the infection so 

thatt clinical disease (primary tuberculosis) develops; they can become dormant, with 

resultantt latent infection that is only manifest by a positive tuberculin skin test; or latent 

bacillii  can ultimately start growing, so that clinical disease develops, known as reactivation 

tuberculosis.. Despite the enormous numbers of people infected with this organism, it is 

generallyy believed that persons infected with M. tuberculosis without HIV infection have a 

55 percent to 10 percent lifetime risk of developing active disease. The follow-up of a 

placeboo group of a therapy trial even indicated that the chance of reactivation was as low 

ass 1% over a 7-yr period (41). In severely immune compromised hosts such as HIV 

patients,, there might be a chance of 7% to reactivate tuberculosis every year after latent 

infectionn is recognized (42). 

6.. T H E INTERACTIO N BETWEE N MACROPHAGE S A N D M. 

TUBERCULOSIS TUBERCULOSIS 

6.16.1 Binding and phagocytosis ofM. tuberculosis by macrophages 

Afterr M. tuberculosis bacilli have reached the lower respiratory tract they first will 

encounterr AMs. AMs bind and then engulf tubercle bacilli via receptor-assisted 

phagocytosiss involving several different cell-surface molecules (43, 44) (Fig 3). It is 

suggestedd that the receptor that is used by the macrophage to phagocytose tubercle 
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bacillii  influences the cellular response of the host (44). While phagocytosis of bacilli via 

thee Fc receptors induce reactive oxygen intermediates (ROI) and allows phagosome-

lysosomee fusion (45), complement receptor 3-mediated phagocytosis prevents the 

activationn of the respiratoty burst (46), and holds maturation of phagosomes (47). The 

latterr would suggest that bacilli abuse this receptor in order to get inside their primary 

host.. Recently, it was shown that in addition to receptors, mycobacteria also interact with 

cholesteroll  on the macrophage membrane to enter macrophages (48). In chapter  5, we 

studiedd whether the adhesion receptor CD44 on macrophages is involved in binding and 

phagocytosiss of M. tuberculosis. 

6.26.2 The interaction between macrophages and mycobacteria 

Tuberclee bacilli are intracellular pathogens that have macrophages as their primary host 

cell.. Inside this cell, they can replicate and are protected from extracellular host defense 

mechanismss such as complement and specific antibodies (49). However, next to being 

hostt cells, macrophages are also the first line of defense. They phagocytose and kill this 

pathogenn by displaying several complex antimicrobial defense mechanisms. 

Oncee bacilli are inside the macrophage through phagocytosis, an interaction between the 

pathogenn and the macrophage is initiated of which the outcome determines the 

pathogenicityy of M. tuberculosis. One mechanism of macrophages to degrade bacilli is by 

phagolysosomee fusion. Phagosomes that arise during phagocytosis of viable bacilli are 

beingg delivered to lysosomes that contain potent hydrolyti c enzymes (Fig. 3). The 

antimicrobiall  activity of the fused phagolysosome is mediated by these degrading 

enzymess and/or direct and indirect effect of acidification (49). Mycobacteria however, try 

too escape these antimycobacterial mechanisms by inhibiting the fusion of phagosomes 

withh lysosomes. The TACO (tryptophan aspartate-contaning coat) protein seems to be 

involvedd in this inhibition (50). TACO has been shown to be present in phagosomes that 

harborr viable bacilli, while it was absent in phagosomes containing killed bacilli. It was 

shownn that TACO is actively preserved in the mycobacterial phagosome and in this way 

mycobacteriaa prevent maturation into or fusion with lysosomes, leading to enhanced 

mycobacteriall  survival. 

Anotherr antimycobacterial defense mechanism of macrophages is the production of 

ROII  and reactive nitrogen intermediates (RNI) (Fig. 3). When macrophages become 

activatedd by the appropriate signals like IFNy and TNFa, they generate ROIs such as 

H 2022 and 02" and RNIs such as nitric oxide (NO) and N02 ' . These compounds are 
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foundd within phagolysosomes and are derived from L-arginine via an enzymatic pathway 

controlledd by the enzyme inducible nitric oxide synthase (51). Whereas RNI are major 

killerr molecules of the tubercle bacillus, ROI are regarded as less important (52). In 

answerr to these highly toxic compounds, mycobacteria have acquired several 

mechanismss to resist ROIs and RNIs and to detoxificate them (52). 

Mycobacteriaa need iron for their intracellular survival. In order to gain access to this 

essentiall  nutrient, they have developed siderophores, iron-binding molecules, that 

transferr iron from host proteins to molecules in the cell wall of mycobacteria (53). 

However,, iron is also an important cofactor for macrophages exerting their microbicidal 

effectorr functions (54). The outcome of the competition between the macrophage and 

thee tubercle bacillus for the acquisition of this nutrient is therefore critical for clinical 

outcome. . 

Inn chapter  2 and 3 we studied the in vivo role of (activated) AMs in the pathogenesis of 

pulmonaryy tuberculosis in mice. 

Figuree 3 The immune response to M. tuberculosis 

6.36.3 Macrophage apoptosis 

Apoptosiss is a highly regulated process of cell death that is found in response to 

infectionss with many pathogens, including M. tuberculosis (55). In vitro experiments 
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demonstratedd that infection of human AMs with M. tuberculosis induced apoptosis in 

thesee cells (Fig. 3) (56). In addition, lungs from tuberculosis patients displayed an 

extensivee apoptosis (50-70%) in tuberculous granulomas (56). Also, a significant increase 

inn the number of apoptotic AMs was observed in bronchoalveolar lavage fluid from 

patientss with active pulmonary tuberculosis (57, 58). Despite these clear observations, it 

iss much less clear which role AM apoptosis plays in the pathobiology of this disease and 

whetherr it increases or decreases the mycobacterial load in vivo. Since macrophages are 

thee primary host cell for mycobacteria but also the predominant inducers of protection, 

apoptosiss of infected macrophages could respectively be a host defense mechanism or a 

pathogen-encodedd virulence determinant. Several studies suggest that apoptosis may be a 

hostt defense mechanism to infection by mycobacteria. It has been anticipated mat 

macrophagess that go into apoptosis destroy the environment for intracellular replication 

andd hiding (59). Furthermore, apoptotic bodies might contain mycobacteria from the 

extracellularr environment because they maintain their plasma membrane integrity, and 

cann later on be engulfed by newly recruited AMs (60). Apoptosis of human monocytes 

hass indeed been shown to limit the growth of M. avium (60), M. bovis bacillus Calmette-

Guérinn (61) and M. tuberculosis (62) in vitro. However, in vitro data are not sufficient to 

determinee the net effect of macrophage apoptosis in vivo. We therefore studied the role of 

(activated)) macrophage apoptosis in vim during M. tuberculosis infection in chapter  2 and 

3.. Since the role of AMs in respiratory infections by extracellularly growing pathogens 

couldd be different, we evaluated in chapter  4 the role of AMs during pneumococcal 

pneumonia. . 

7.. T CELLS 

Thee establishment of a protective immune response during the course of M. tuberculosis 

infectionn requires recruitment of T lymphocytes (63). T cells can be divided into a group 

off  T helper cells (Th) that are CD4+ and a group of cytotoxic T cells (Tc), which are 

generallyy CD8+. These subsets of cells have similar and distinct functions during 

mycobacteriall  infections. 

7.17.1 T helper cells 

CD4++ T cells, provide T-cell help to other immune cells, and thereby regulate the 

immunee response. Mycobacterial antigens are readily accessible to MHC class II 
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moleculess on antigen presenting cells (APCs), leading to the activation of antigen-specific 

CD4++ T cells. The importance of CD4+ T cells in controlling an acute M. tuberculosis 

challengee is demonstrated in studies in mouse models using antibody depletion (64-66), 

adoptivee transfer (67), and transgenic mouse strains deficient in either MHC class II (68, 

69)) or CD4 (69). The principal mechanism by which CD4+ T cells mediate mycobacterial 

resistancee is the production of cytokines (§8.1). 

Inn humans Th cells can display at least two phenotypes - Thl and Th2 - which can be 

describedd mainly by the pattern of cytokines they secrete (§8.1). All Th cells begin as 

naivee Th cells that, after being activated, are capable of differentiating, into either Thl or 

Th22 effector cells. Thl cells are the principal regulators of type 1 immunity. Characteristic 

off  Thl cells is the production of interferon-y (IFN-v), which is the key effector cytokine 

inn the host response to tuberculosis (Fig. 3). IFNy gene-disrupted mice have been shown 

too succumb to tuberculosis, and the administration of this cytokine prolongs their 

survivall  (70, 71). Th2 cells stimulate high titers of antibody production and the cytokines 

theyy produce have been implicated in allergic and atopic reactions, as well as in airway 

inflammationn (72). 

7.27.2 CDS* Tails 

Ass already mentioned, CD4+ T cells are critical for the development of protective 

immunityy during tuberculosis. However, a protective immune response to M. tuberculosis 

infectionn has also been shown to include CD8+ T cells. CD8+ T cells recognize peptide 

fragmentss that are processed and presented on cell surfaces in a MHC class I- restricted 

fashion,, which then bind to the T-cell receptor. The mechanism by which mycobacterial 

proteinss are processed and presented by MHC I molecules is not fully understood. That 

iss MHC class I presentation is most efficient with cytoplasmic antigens while 

mycobacteriaa are captured into vacuoles. CD8+ T cells can also bind the CD1 molecule, 

anotherr mode of antigen presentation, which is present on the surface of professional 

APCss (73). A protective role of MHC class I-restricted CD8+ T cells against tuberculosis, 

iss demonstrated by studies showing that mice deficient for CD8+ T cells as a result of 

disruptionss in the fi2-microglobulin or TAP1 genes were more susceptible to infection 

withh M. tuberculosis than wild-type mice (74, 75). CD8+ T cells probably contribute to 

immunee protection against intracellular pathogens by producing cytokines and by 

exertingg cytotoxic effects. Considerable numbers of activated CD8+ T cells with both 

cytokine-secretingg and cytotoxic functions are found in the pulmonary compartment 
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duringg tuberculosis infection in mice (69, 76-79). CD8+ cells can cause lysis of infected 

monocytess and macrophages (Fig. 3) by two pathways: Fas-FasL interaction and granule 

exocytosiss (80, 81). After infected macrophages are lysed, mycobacteria are released and 

cann be engulfed by freshly activated macrophages that then can efficiently kill the 

pathogenn (82). When granules are released, perforin makes pores in the target cell 

therebyy allowing other granule proteins to enter the cell and to induce lysis and apoptosis 

(83,, 84). The contribution of this pathway to resistance against mycobacterial infection is 

howeverr controversial since studies in mice with defects in perforin or granzymes 

indicatee mat these granule constituents are not needed for an effective immune response 

duringg the initial stages of infection (85, 86). In addition to lysis of infected macrophages, 

CD8++ T cells have also been shown to have microbicidal functions since they can directly 

kil ll  mycobacteria by granulysin, a granule-associated protein (87). Granulysin itself was 

nott capable of killing M. tuberculosis but needed perforin in order to get access to the 

targett cell (87). Finally, CD8+ T cells contribute to host defense by being a source of 

IFN-yy and tumor necrosis-a (TNF-a) following antigen presentation (Fig. 3) (44). As 

alreadyy mentioned these cytokines are critical for the activation of macrophages to kill 

mycobacteria. . 

8.. CYTOKIN E CIRCUIT S 

Cytokiness are a group of intercellular regulatory proteins that play an important role in 

immunee defense mechanisms. They are produced by many different cell types and 

interactt in complex ways with one another. They can activate and deactivate leukocytes, 

increasee or decrease the functions of leukocytes, and promote or inhibit a variety of 

defensee mechanisms. The same cytokine often has several functions that overlap with 

otherr cytokines. 

8.18.1 Th1 and Th2 cytokines 

Thee type 1 (Thl; including IFN-y and IL-2) and type 2 (Th2; including IL-4, IL-5, and 

IL-10)) cytokine patterns of immune response in mice were at first recognized by a panel 

off  T helper cell clones; Thl and Th2 cells. Since we understand that Thl and Th2 

cytokiness are expressed by a variety of cells and that the functions of these cytokines are 

differentt it is suggested that an imbalance between Thl and Th2 cytokines may be 

importantt in human disease (88). Indeed, patients with active tuberculosis have 
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diminishedd IFN-y production in response to purified protein derivative (PPD) in 

comparisonn with PPD-positive, uninfected case control subjects (89). Moreover, infected 

patientss produced higher levels of IL-4 (90). These data are consistent with the notion 

thatt active M. tuberculosis infection is related to dominant type 2 immunity, whereas 

protectedd patients mount type 1 immune responses to die organism. In general, Thl-type 

cytokiness stimulate CMI and activate leukocytes capable of inhibiting die growth of 

bacteria.. IFN-y is the protective Thl key cytokine during mycobacterial infection since it 

stimulatess bacterial phagocytosis, oxidative burst, intracellular killing, and MH O and 

MHCIII  molecule expression that on their turn stimulate antigen presentation to T cells 

(91).. Wherreas Thl immune responses are protective for mycobacterial infections, Th2 

responsess facilitate humoral immunity (92) and help to resolute the cell-mediated 

inflammationn (72). It is believed diat type 1 responses are used to protect the host against 

acutee infection and are switched to type 2 responses later in the infection when the danger 

hass disappeared, in order to reestablish homeostasis and protect the host from 

autoinflammatoryy destruction (72). 

Althoughh several factors are involved in Th differentiation, the local cytokine milieu is 

mostt important in this (72). IL-12 is a key regulatory cytokine produced by APCs, such 

ass macrophages and DCs, that is involved in the differentiation of naïve T cells into Thl 

cellss (Fig.4). IL-12 plays a pivotal role in promoting Thl while suppressing Th2 

responses,, and hence promotes CMI against intracellular pathogens like M. tuberculosis 

(93).. On the other hand, IL-4 stimulates the differentiation into Th2 cells. Interestingly, 

Thll  and Th2 cells cross-regulate one another. IFN-y directly suppresses IL-4 secretion 

andd thus inhibits differentiation of naive T cells into Th2 cells (72). On the other hand, 

IL-44 and IL-10 inhibit the secretion of IL-12 and IFN-y, thereby inhibiting the 

differentiationn of naïve T cells into Thl cells (72). 

Butt what triggers die host to preferentially produce IL-12 or IL-4 at the beginning of the 

immunee response? Pathogens contain information within them that can direcdy trigger 

thee secretion of IL-12 byphagocytic cells (Fig. 4), of which unmethylated CpG motifs are 

onee good example (72). Despite the many conserved microbial constituents that induce 

IL-122 secretion, only few examples exist of the development of Th2 cells (94). This 

wouldd suggest that a Th2 response might develop through a default pathway, when 

microbiall  structures are not available to stimulate the production of IL-12 and other 

Thl-inducingg cytokines (94). The cellular sources of the initial production of IL-4, and 

22 2 



CHAPTERR 1 

thee mechanism for its induction, are still not clearly understood. In chapter 6, we 

evaluatedd the role of IL-12p40 overexpression in resistance against pulmonary M. 

tuberculosistuberculosis infection. 

naivee T cell 

bacteria a 

<mM)<mM) "~"~-"v m3* : f oPhage 

suppressedd CM I 
strongg humoral immunit y 

Strongg CMI 
weakk humoral immunit y 

Figur ee 4 Model of induction of 
Thll  and Th2 cells. At the beginning 
off  an infection naïve T cells can 
differentiatee into Thl or Th2 cells 
dependingg primarily on the cytokine 
milieuu provided by macrophages 
andd dendritic cells (DC1 or DC2). 
IL-122 promotes Thl cells, whereas 
IL- 44 drives Th2 cells. IFN-y and 
IL- 44 can act as autocrine growth 
factorss and can inhibit the opposite 
Thh subset. Thl cells mediate the 
eliminationn of intracellular patho-
genss by inducing a strong CMI. Th2 
cellss are anti-helminthic and 
suppresss CMI. 

8.28.2 Pro-inflammatory and anti-inflammatory cytokines 

Pro-inflammatoryy cytokines, like IL-1, IL-6, and tumor necrosis-alpha (TNF-a), promote 

thee inflammatory response and lead to the synthesis of acute phase proteins. Other 

cytokines,, such as IL-4, IL-10, IL-13, IFN-a and transforming-growth factor-P are 

recognizedd as anti-inflammatory cytokines that inhibit the release of pro-inflammatory 

cytokiness and limit some pro-inflammatory activities. Although, this commonly used 

classificationn of pro- versus anti-inflammatory cytokines is straightforward, it is greatly 

simplified.. Indeed, the cytokine concentration, the nature of the target cell, the nature of 

thee activating signal, the nature of the produced cytokines, the timing, and the sequence 

off  cytokine action greatly influence the anti- or pro-inflammatory properties of cytokines 

(95).. IL-6 is a good example of the simplification of anti- versus pro-inflammatory since 

itt has been reported to have both pro-inflammatory and anti-inflammatory effects (96, 

97).. In chapter 9 we studied the role of IL-6 during lipoteichoic acid- (LTA) and 

peptidoglycann (PepG) -induced pulmonary inflammation. 
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9.. MODELS FOR PULMONARY INFLAMMATIO N USED IN 

THI SS THESIS 

Ann enormous amount of literature exists describing individual elements of 

(mycobacteriall  mechanisms and host immune responses to (myco)bacteria. However, 

stilll  littl e is known about the combined interactions or the balance between these 

processes.. To face the enormous complexity of the networks involved we used animal 

modelss since they display this enormous complexity. Mice were chosen because of the 

easinesss in housing and handling, and the availability of well characterized strains and 

manyy immunological reagents. 

9.19.1 Tuberculosis 

Theree are numerous animal models of tuberculosis involving guinea pigs, rabbits and 

mice.. In this thesis we chose the mouse model since this animal is able to generate a 

strongg immune response to M. tuberculosis like most healthy humans. Within this model 

differentt routes of infection are possible. The most commonly used are the intravenous 

andd aerogenic routes. Obviously the local administration of M. tuberculosis in the 

pulmonaryy compartment most closely mimics the reality of infection in humans. Since 

aerosoll  infection has the hazardous risk of contamination we chose to administer M. 

tuberculosistuberculosis intranasally. Therefore we put droplets of M. tuberculosis suspension on the 

naress of mice which they inhale, causing pulmonary tuberculosis. We used the virulent 

andd well-defined laboratory strain H37Rv which is also pathogenic in humans (chapters 

2,, 3, 5, 6, 7 and 8). 

9.29.2 Pneumococcal pneumonia 

StreptococcusStreptococcus pneumoniae is a leading causative pathogen of community acquired pneumonia 

(98)) (99). Despite adequate antimicrobial therapy, pneumococcal pneumonia remains a 

majorr cause of morbidity and mortality worldwide. To study the role of AMs in S. 

pneumoniae-inducedpneumoniae-induced pneumonia we intransally administered the Gram-positive bacterium 

S.S. pneumoniae serotype 3 to mice (chapter  4). 

9.39.3 Pulmonary inflammation induced by bacterial cell wall components 

S.S. aureus is the most frequently isolated Gram-positive pathogen in nosocomial infections 
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associatedd with severe complications (100). In addition, S. aureus accounts for 6-33% of 

bacteriall  isolates from patients with hospital-acquired pneumonia (101)(102). Gram-

positivee inflammation is presumed to be due to bacterial cell wall components, such as 

LTAA and PepG. In chapter  9 and 10, we studied the inflammatory responses of LTA 

andd PepG after intranasal administration of these compounds. 

10.. AIM AND OUTLIN E OF THI S THESIS 

Thee general aim of this thesis was to obtain more insight into host defense mechanisms 

matt contribute to an adequate response to microorganisms invading the pulmonary 

compartment.. The specific objectives of each individual investigation is delineated in the 

respectivee chapters. 

Tuberclee bacilli are intracellular pathogens that have macrophages as their primary host 

cell.. However, next to being host cells, macrophages are also the first line of defense. 

Thiss raises questions as to the exact role of macrophages and macrophage apoptosis 

duringg mycobacterial infection. Hence, we studied the in vivo role of (activated) AMs and 

apoptosiss of these cells in the pulmonary host response to M. tuberculosis in chapters 2 

andd 3. Since the in vivo role of AMs in pneumonia with extracellularly living pathogens 

hass not been elucidated and could be quite different from pulmonary infection with 

intracellularr pathogens, we investigated the contribution of AMs in host defense against 

S.S. pneumoniae in chapter  4. Phagocytosis of mycobacteria by macrophages and leukocyte 

migrationn are both important for controlling M. tuberculosis infection and are critically 

dependentt on the reorganization of the cytoskeleton. Since CD44 is an adhesion 

moleculee connected wim the actin cytoskeleton and involved in inflammatory responses, 

wee investigated the role of CD44 in bom these processes in chapter  5. CMI is critical to 

hostt defense during tuberculosis and is regulated by a Thl /Th2 balance. IL-12 is a key 

regulatoryy cytokine composed of p35 and p40 mat is involved in regulating this balance. 

Inn chapter  6, we studied the effect of p40 during tuberculosis by generating transgenic 

micee that overexpress p40 in lungs. Unmethylated CpG motifs from eukaryotic DNA 

cann also regulate the Thl/Th2 balance by inducing the production of type-1 inducing 

cytokines.. Since a type 1 response is protective during mycobacterial infection we 

evaluatedd in chapter  7 the influence of CpG motifs on pulmonary tuberculosis in mice. 

TLRss play an essential role in the innnate recognition of microorganisms by the host. In 

chapterr  8, we studied the role of TLR4 in host defense against lung tuberculosis. The 
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prevalencee of Gram-positive infections has increased significantly in the past few 

decades.. Since there are limited data available how Gram-positive bacteria like S. aureus 

cann induce pulmonary infections, we studied the effect of two bacterial cell wall 

components,, LTA and PepG in mouse lung in chapter  9 and 10, and assessed the role 

off  IL-6 herein (chapter  9). 

REFERENCES S 

1.. Kikuchi, R., N. Watabe, T. Konno, N. Mishina, K. Sekizawa, and H. Sasaki. 1994. High incidence 
off  silent aspiration in elderly patients with community-acquired pneumonia. Am J Respir Crit Care 
MedMed 150:251-3. 

2.. Nicod, L. P., L. Cochand, and D. Dreher. 2000. Antigen presentation in the lung: dendritic cells 
andd macrophages. Sarcoidosis Vase Diffuse Lung Dis 17:246-55. 

3.. Medzhitov, R. 2001. Toll-lik e receptors and innate immunity. Nature Rev Immunol 1:135-45. 
4.. Rock, F. L., G. Hardiman, J. C. Timans, R. A, Kastelein, and J. F. Bazan. 1998. A family of 

humann receptors structurally related to Drosophila Toll. Proc Natl Acad Sci USA 95:588-93. 
5.. Poltorak, A., X. He, I. Smirnova, M. Y. Liu, C. V. Huffel, X. Du, D. Birdwell, E. Alejos, M. Suva, 

C.. Galanos, M. Freudenberg, P. Ricciardi-Castagnoli, B. Layton, and B. Beuder. 1998. Defective 
LPSS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282:2085-8. 

6.. Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K. Takeda, and S. Akira. 
1999.. Differential roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive 
bacteriall  cell wall components. Immunity 11:443-51. 

7.. Means, T. ÏC, S. Wang, E. Lien, A. Yoshimura, D. T. Golenbock, and M. J. Fenton. 1999. Human 
toll-lik ee receptors mediate cellular activation by Mycobacterium tuberculosis. J Immunol 163:3920-
7. 7. 

8.. Takeuchi, O., A. Kaufmann, K. Grote, T. Kawai, K. Hoshino, M. Morr, P. F. Muhlradt, and S. 
Akira.. 2000. Cutting edge: preferentially the R-stereoisomer of the mycoplasmal lipopeptide 
macrophage-activatingg lipopeptide-2 activates immune cells through a toll-lik e receptor 2- and 
MyD88-dependentt signaling pathway. J Immunol 164:554-7. 

9.. Aliprantis, A. O., R. B. Yang, M. R. Mark, S. Suggett, B. Devaux, J. D. Radolf, G. R Klimpel, P. 
Godowski,, and A. Zychlinsky. 1999. Cell activation and apoptosis by bacterial lipoproteins 
throughh toll-lik e receptor-2. Science 285:736-9. 

10.. Brightbill, H. D., D. H. Library, S. R. Krutzik, R. B. Yang, J. T. Belisle, J. R. Bleharski, M. 
Maitland,, M. V. Norgard, S. E. Plevy, S. T. Smale, P. J. Brennan, B. R. Bloom, P. J. Godowski, 
andd R. L. Modlin. 1999. Host defense mechanisms triggered by microbial lipoproteins through 
toll-lik ee receptors. Science 285:732-6. 

11.. Underhill, D. M., A. Ozinsky, K D. Smith, and A. Aderem. 1999. Toll-lik e receptor-2 mediates 
mycobacteria-inducedd proinflammatory signaling in macrophages. Proc Natl Acad Sci U S A 
96:14459-63. 96:14459-63. 

12.. Hajjar, A. M., D. S. O'Mahony, A. Ozinsky, D. M. Underhill, A. Aderem, S. J. Klebanoff, and C. 
B.. Wilson. 2001. Cutting edge: functional interactions between toll-lik e receptor (TLR) 2 and 
TLR11 or TLR66 in response to phenol-soluble modulin. ] Immunol 166:15-9. 

13.. Underhill, D. M., A. Ozinsky, A. M. Hajjar, A. Stevens, C. B. Wilson, M. Bassetti, and A. Aderem. 
1999.. The Toll-lik e receptor 2 is recruited to macrophage phagosomes and discriminates between 
pathogens.. Nature 401:811-5. 

14.. Ozinsky, A., D. M. Underhill, J. D. Fontenot, A. M. Hajjar, K. D. Smith, C. B. Wilson, L. 
Schroeder,, and A. Aderem. 2000. The repertoire for pattern recognition of pathogens by the 
innatee immune system is defined by cooperation between toll-lik e receptors. Proc Natl Acad Sci U 
SASA 97:13766-71. 

15.. Takeuchi, O., T. Kawai, P. F. Muhlradt, M. Morr, J. D. Radolf, A. Zychlinsky, K. Takeda, and S. 
Akira.. 2001. Discrimination of bacterial lipoproteins by Toll-lik e receptor 6. Int Immunol 13:933-
40. 40. 

16.. Krieg, A. M., A. K. Yi , S. Matson, T. J. Waldschmidt, G. A. Bishop, R. Teasdale, G. A. Koretzky, 
andd D. M. Klinman. 1995. CpG motifs in bacterial DNA trigger direct B-cell activation. Nature 
374:546-9. 374:546-9. 

26 6 



CHAPTERR 1 

17.. Hemmi, H., O. Takeuchi, T. KawaL T. Kaisho, S. Sato, H. Sanjo, M. Matsumoto, K. Hoshino, H. 
Wagner,, K. Takeda, and S. Akira. 2000. A Toll-like receptor recognizes bacterial DNA. Nature 
408:740-5. 408:740-5. 

18.. Wagner, H. 2002. Interactions between bacterial CpG-DNA and TLR9 bridge innate and 
adaptivee immunity. Curr Opin Microbiol 5:62-9. 

19.. Sibille, Y., and H. Y. Reynolds. 1990. Macrophages and polymorphonuclear neutrophils in lung 
defensee and injury. Am Rev RtspirDis 141.471-501. 

20.. Lehnert, B. E. 1992. Pulmonary and thoracic macrophage subpopulations and clearance of 
particless from the lung. Environ Health Persped 97:17-46. 

21.. Warner, A. E., B. E. Barry, and J. D. Brain. 1986. Pulmonary intravascular macrophages in sheep. 
Morphologyy and function of a novel constituent of the mononuclear phagocyte system. Lab Invest 
55:276-88. 55:276-88. 

22.. GemmelL C. G., P. K. Peterson, W. Regelman, D. Schmeling, J. R. Hoidal, and P. G. Quie. 1981. 
Phagocytosiss and killing of Streptococcus pyogenes by human alveolar macrophages. Infect Immun 
32:1298-300. 32:1298-300. 

23.. Toews, G. B., W. C. Vial, M. M. Dunn, P. Guzzetta, G. Nunez, P. Stastny, and M. F. Lipscomb. 
1984.. The accessory cell function of human alveolar macrophages in specific T cell proliferation, ƒ 
ImmunolImmunol 132:181-6. 

24.. Lipscomb, M. R, C. R. Lyons, G. Nunez, E. J. Ball, P. Stastny, W. Vial, V. Lem, J. Weissler, and 
L.. M. Miller. 1986. Human alveolar macrophages: HLA-DR-positive macrophages that are poor 
stimulatorss of a primary mixed leukocyte reaction. J Immunol 136.497-504. 

25.. Lyons, C. R., E. J. Ball, G. B. Toews, J. C. Weissler, P. Stastny, and M. F. Lipscomb. 1986. 
Inabilityy of human alveolar macrophages to stimulate resting T cells correlates with decreased 
antigen-specificc T cell-macrophage binding. J Immunol 137:1173-80. 

26.. Holt, P. G. 1979. Alveolar macrophages. II . Inhibition of lymphocyte proliferation by purified 
macrophagess from rat lung. Immunology 37A29-36. 

27.. McCombs, C. C, J. P. Michalski, B. T. Westerfield, and R. W. Light. 1982. Human alveolar 
macrophagess suppress the proliferative response of peripheral blood lymphocytes. Chest 82:266-
71. 71. 

28.. Bilyk, N., and P. G. Holt 1995. Cytokine modulation of the immunosuppressive phenotype of 
pulmonaryy alveolar macrophage populations. Immunology 86:231-7. 

29.. Kiemle-Kallee, J., H. Kreipe, H. J. Radzun, M. R. Parwaresch, U. Auerswald, H. Magnussen, and 
J.. Barth. 1991. Alveolar macrophages in idiopathic pulmonary fibrosis display a more monocyte-
likee immunophenotype and an increased release of free oxygen radicals. Eur RespirJ 4.400-6. 

30.. Spertini, O., F. W. Luscinskas, M. A. Gimbrone, Jr., and T. F. Tedder. 1992. Monocyte 
attachmentt to activated human vascular endothelium in vitro is mediated by leukocyte adhesion 
molecule-11 (L-selectin) under nonstatic conditions, J Exp Med 175:1789-92. 

31.. Meerschaert, J., and M. B. Furie. 1994. Monocytes use either CD11/CD18 or VLA-4 to migrate 
acrosss human endothelium in vitro, ƒ Immunol 152:1915-26. 

32.. Muller, W. A., S. A. WeigL X. Deng, and D. M. Phillips. 1993. PECAM-1 is required for 
transendotheliall  migration of leukocytes, J Exp Med 178.449-60. 

33.. I i , X. C, M. Miyasaka, and T. B. Issekutz. 1998. Blood monocyte migration to acute lung 
inflammationn involves both CD11/CD18 and very late activation antigen-4-dependent and 
independentt pathways. J Immunol 161:6258-64. 

34.. Kaufmann, S. H. E. 2001. How can immunology contribute to the control of tuberculosis? Nature 
RevRev Immunol 1:20-30. 

35.. Organization, W. H. 2001. Global tuberculosis control. WHO report 2001, Geneva, Switzerland, 
1-42. . 

36.. Snider, D., M. Raviglione, and A. Kochi. 1994. Global burden of of tuberculosis. ASM Press, Washington 
DC. . 

37.. Murray, C. J. L. and A. D. Lopez. 1994. Disease Burden, Expenditures and Intervention Packages. 
Murray,, C. J. L. and Lopez, A. D. 

38.. Merlin, T., D. Gibson, and D. Connor. 1994. Pathology. Lippincott company, Philadelphia. 
39.. Riley, R. L,, C. C. Mills, W. Nyka, N. Weinstock, P. B. Storey, L. U. Sultan, M. C. Riley, and W. F. 

Wells.. 1995. Aerial dissemination of pulmonary tuberculosis. A two-year study of contagion in a 
tuberculosiss ward. 1959. Am J Epidemiol 142:3-14. 

40.. Dannenberg, A. M., Jr. 1994. Roles of cytotoxic delayed-type hypersensitivity and macrophage-
activatingg cell-mediated immunity in the pathogenesis of tuberculosis. Immunobiology 191:461-73. 

41.. Falk, A., and G. F. Fuchs. 1978. Prophylaxis with isoniazid in inactive tuberculosis. A Veterans 
Administrationn Cooperative Study XII . Chest 73.44-8. 

27 7 



INTRODUCTION N 

56 6 

42.. Selwyn, P. A., D. Hartel, V. A. Lewis, E. E. Schoenbaum, S. H. Vermund, R. S. Klein, A. T. 
Walker,, and G. H. Friedland. 1989. A prospective study of the risk of tuberculosis among 
intravenouss drug users with human immunodeficiency virus infection. N Engl J Med 320:545-50. 

43.. Fenton, M. J. 1998. Macrophages and tuberculosis. Curr Opin Hematol 5:72-8. 
44.. Collins, H. L., and S. H. Kaufmann. 2001. The many faces of host responses to tuberculosis. 

ImmunologyImmunology 103:1-9. 
45.. Armstrong, J. A., and P. D. Hart. 1975. Phagosome-lysosome interactions in cultured 

macrophagess infected with virulent tubercle bacilli. Reversal of the usual nonfusion pattern and 
observationss on bacterial survival. J Exp Med 142:1-16. 

46.. Le Cabec, V., C. Cols, and I. Maridonneau-Parini. 2000. Nonopsonic phagocytosis of zymosan 
andd Mycobacterium kansasii by CR3 (CDUb/CD18) involves distinct molecular determinants 
andd is or is not coupled with NADPH oxidase activation. Infect Immun 68:473645. 

47.. Sturgill-Koszycki, S., U. E. Schaible, and D. G. Russell. 1996. Mycobacterium-containing 
phagosomess are accessible to early endosomes and reflect a transitional state in normal 
phagosomee biogenesis. EmboJ 15:6960-8. 

48.. Gatfield, J., and J. Pieters. 2000. Essential role for cholesterol in entry of mycobacteria into 
macrophages.. Science 288:1647-50. 

49.. Flynn, J. L., and J. Chan. 2001. Immunology of tuberculosis. Annu Rep Immunol 19:93-129. 
50.. Ferrari, G., H. Langen, M. Naito, and J. Pieters. 1999. A coat protein on phagosomes involved in 

thee intracellular survival of mycobacteria. Cell 97:435-47. 
51.. Nathan, C, and Q. W. Xie. 1994. Nitri c oxide synthases: roles, tolls, and controls. Cell 78:915-8. 
52.. Raupach, B., and S. H. Kaufmann. 2001. Immune responses to intracellular bacteria. Curr Opin 

ImmunolImmunol 13:417-28. 
53.. Gobin, J., and M. A. Horwitz. 1996. Exochelins of Mycobacterium tuberculosis remove iron from 

humann iron-binding proteins and donate iron to mycobactins in the M. tuberculosis cell wall. / 
ExpExp Med 183:1527-32. 

54.. Touati, D. 2000. Iron and oxidative stress in bacteria. Arch Biocbem Biophys 373:1-6. 
55.. Weinrauch, H., and A. Zychlinsky. 1999. The induction of apoptosis by bacterial pathogens. An 

RevRev Microbiol 53:155-87. 
Keane,J.,, M. K. Balcewicz-Sablinska, H. G. Remold, G. L. Chupp, B. B. Meek, M.J. Fenton, and 
H.. Kornfeld. 1997. Infection by Mycobacterium tuberculosis promotes human alveolar 
macrophagee apoptosis. Infect Immuny 65:298-304. 

57.. Klingler, K., K. M. Tchou-Wong, O. Brandli, C. Aston, R. Kim, C. Chi, and W. N. Rom. 1997. 
Effectss of mycobacteria on regulation of apoptosis in mononuclear phagocytes. Infect Immun 
65:5272-8. 65:5272-8. 

58.. Placido, R., G. Mancino, A. Amendola, F. Mariani, S. Vendetti, M. Piacentini, A. Sanduzzi, M. L. 
Bocchino,, M. Zembala, and V. Colizzi. 1997. Apoptosis of human monocytes/macrophages in 
Mycobacteriumm tuberculosis infection. J Patbol 181:31-8. 

59.. Ottenhoff, T. H., and T. Mutis. 1995. Role of cytotoxic cells in the protective immunity against 
andd immunopathology of intracellular infections. Eur J Clin Invest 25:371-7. 
Fratazzi,, C, R. D. Arbeit, C. Carini, and H. G. Remold. 1997. Programmed cell death of 
Mycobacteriumm avium serovar 4-infected human macrophages prevents the mycobacteria from 
spreadingg and induces mycobacterial growth inhibition by freshly added, uninfected macrophages. 
JImmunol158:4320-7. JImmunol158:4320-7. 

Molloy,, A., P. Laochumroonvorapong, and G. Kaplan. 1994. Apoptosis, but not necrosis, of 
infectedd monocytes is coupled with killin g of intracellular bacillus Calmette-Guerin. J Exp Med 
180:1499-509. 180:1499-509. 

62.. Oddo, M., T. Renno, A. Attinger, T. Bakker, H. R. MacDonald, and P. R. Meylan. 1998. Fas 
ligand-inducedd apoptosis of infected human macrophages reduces the viability of intracellular 
Mycobacteriumm tuberculosis.} Immunol 160:5448-54. 

63.. Orme, I. M., and F. M. Collins. 1984. Adoptive protection of the Mycobacterium tuberculosis-
infectedd lung. Dissociation between cells that passively transfer protective immunity and those 
thatt transfer delayed-type hypersensitivity to tuberculin. Cell Immunol 84:113-20. 
Leveton,, C, S. Barnass, B. Champion, S. Lucas, B. De Souza, M. Nicol, D. Banerjee, and G. 
Rook.. 1989. T-cell-mediated protection of mice against virulent Mycobacterium tuberculosis. 
InfectInfect Immun 57:390-5. 

Fiory,, C. M., R. D. Hubbard, and F. M. Collins. 1992. Effects of in vivo T lymphocyte subset 
depletionn on mycobacterial infections in mice. / Leukoc Biol 51:225-9. 

66.. Muller, I., S. P. Cobbold, H. Waldmann, and S. H. Kaufmann. 1987. Impaired resistance to 
Mycobacteriumm tuberculosis infection after selective in vivo depletion of L3T4+ and Lyt-2+ T 
cells.. Infect Immun 55:2037-41. 

60. . 

61 1 

64 4 

65 5 

28 8 



CHAPTERR 1 

67.. Ormc, I. M. 1988. Characteristics and specificity of acquired immunologic memory to 
Mycobacteriumm tuberculosis infection. J Immunol 140:3589-93. 

68.. Tascon, R. E., E. Stavropoulos, K. V. Lukacs, and M. J. Colston. 1998. Protection against 
Mycobacteriumm tuberculosis infection by CD8+ T cells requires the production of gamma 
interferon.. Infect Immun 66:830-4. 

69.. Caruso, A. M., N. Serbina, E. Klein, K. Triebold, B. R Bloom, and J. L. Flynn. 1999. Mice 
deficientt in CD4 T cells have only transiendy diminished levels of IFN-gamma, yet succumb to 
tuberculosis,, ] Immunol 162:5407-16. 

70.. Cooper, A. M., D. K. Dalton, T. A. Stewart, J. P. Griffin, D. G. Russell, and I. M. Orme. 1993. 
Disseminatedd tuberculosis in interferon gamma gene-disrupted mice. ]  Exp Med 178:2243-7. 

71.. Flynn, J. L,, J. Chan, K. J. Triebold, D. K. Dalton, T. A. Stewart, and B. R. Bloom. 1993. An 
essentiall  role for interferon gamma in resistance to Mycobacterium tuberculosis infection. J Exp 
MedMed 178:2249-54. 

72.. Spellberg, B., and J. E. Edwards, Jr. 2001. Type 1/Type 2 immunity in infectious diseases. CUn 
InfectInfect Dis 32:76-102. 

73.. Porcelli, S. A., and R. L. Modlin. 1999. The CD1 system: antigen-presenting molecules for T cell 
recognitionn of lipids and glycolipids. Annu Rev Immunol 17:297-329. 

74.. Flynn, J. L., M. M. Goldstein, K. J. Triebold, B. Koller, and B. R. Bloom. 1992. Major 
histocompatibilityy complex class I-restricted T cells are required for resistance to Mycobacterium 
tuberculosiss infection. Pmc Natl'Acad Set U SA 89:12013-7. 

75.. Behar, S. M., C. C. Dascher, M. J. Grusby, C. R Wang, and M. B. Brenner. 1999. Susceptibility of 
micee deficient in CD1D or TAP1 to infection with Mycobacterium tuberculosis. ]  Exp Med 
189:1973-80. 189:1973-80. 

76.. Feng, C. G., A. G. Bean, H. Hooi, H. Briscoe, and W. J. Britton. 1999. Increase in gamma 
interferon-secretingg CD8(+), as well as CD4(+), T cells in lungs following aerosol infection with 
Mycobacteriumm tuberculosis. Infect Immun 67:3242-7. 

77.. Serbina, N. V., C. C. Iiu, C. A. Scanga, and J. L. Flynn. 2000. CD8+ CTL from lungs of 
Mycobacteriumm tuberculosis-infected mice express perforin in vivo and lyse infected 
macrophages,, J Immunol 165:353-63. 

78.. Serbina, N. V., and J. L. Flynn. 1999. Early emergence of CD8{+) T cells primed for production 
off  type 1 cytokines in the lungs of Mycobacterium tuberculosis-infected mice. Infect Immun 
67:3980-8. 67:3980-8. 

79.. Suva, C. L., and D. B. Lowrie. 2000. Identification and characterization of murine cytotoxic T 
cellss that kill Mycobacterium tuberculosis. Infect Immun 68:3269-74. 

80.. Kagi, D., F. Vignaux, B. Ledermann, K. Burki, V. Depraetere, S. Nagata, H. Hengartner, and P. 
Golstein.. 1994. Fas and perforin pathways as major mechanisms of T cell-mediated cytotoxicity. 
ScienceScience 265:528-30. 

81.. Lowin, B., M. Hahne, C. Mattmann, and J. Tschopp. 1994. Cytolytic T-cell cytotoxicity is 
mediatedd through perforin and Fas lytic pathways. Nature 370:650-2. 

82.. De libero, G., I. Flesch, and S. H. Kaufmann. 1988. Mycobacteria-reactive Lyt-2+ T cell lines. 
Eur]Eur]  Immunol 18:59-66. 

83.. Nakajima, H., and P. A. Henkart. 1994. Cytotoxic lymphocyte granzymes trigger a target cell 
internall  disintegration pathway leading to cytolysis and DNA breakdown, J Immunol 152:1057-63. 

84.. Talanian, R V., X. Yang, J. Turbov, P. Seth, T. Ghayur, C. A. Casiano, K. Orth, and C. J. 
Froelich.. 1997. Granule-mediated killing: pathways for granzyme B-initiated apoptosis. J Exp Med 
186:1323-31. 186:1323-31. 

85.. Laochumroonvorapong, P., J. Wang, C. C. Liu, W. Ye, A. L. Moreira, K. B. Elkon, V. H. 
Freedman,, and G. Kaplan. 1997. Perforin, a cytotoxic molecule which mediates cell necrosis, is 
nott required for the early control of mycobacterial infection in mice. Infect Immun 65:127-32. 

86.. Cooper, A. M., C. D'Souza, A. A. Frank, and I. M. Orme. 1997. The course of Mycobacterium 
tuberculosiss infection in the lungs of mice lacking expression of either perforin- or granzyme-
mediatedd cytolytic mechanisms. Infect Immun 65:1317-20. 

87.. Stenger, S., D. A. Hanson, R. Teitelbaum, P. Dewan, K. R. Niazi, C. J. Froelich, T. Ganz, S. 
Thoma-Uszynski,, A. Melian, C. Bogdan, S. A. Porcelli, B. R. Bloom, A. M. Krensky, and R L. 
Modlin.. 1998. An antimicrobial activity of cytolytic T cells mediated by granulysin. Science 282:121-
5. 5. 

88.. Romagnani, S. 1999. Thl /Th2 cells. Inflamm howelDis 5:285-94. 
89.. Sanchez, F. O., J. I. Rodriguez, G. Agudelo, and L. F. Garcia. 1994. Immune responsiveness and 

lymphokinee production in patients with tuberculosis and healthy controls. Infect Immun 62:5673-8. 
90.. Sean, G. T, G. M. Scott, and G. A. Rook. 2000. Type 2 cytokine gene activation and its 

relationshipp to extent of disease in patients with tuberculosis, J Infect Dis 181:385-9. 

29 9 



INTRODUCTION N 

91.. Boehm, U., T. Klamp, M. Groot, and J. C. Howard. 1997. Cellular responses to interferon-
gamma.. An Rev Immunol 15:749-95. 

92.. Mosmann, T. R., and S. Sad. 1996. The expanding universe of T-cell subsets: Th l , Th2 and more. 
ImmunolTodayImmunolToday 17:138-46. 

93.. Gately, M. K., L. M. Renzetti, J. Magram, A. S. Stern, L. Adorini, U. Gubler, and D. H. Presky. 
1998.. The interleukin-12/interleukin-12-receptor system: role in normal and pathologic immune 
responses.. Annu Rev Immunol 16A95-521. 

94.. Jankovic, D., Z. Liu, and W. C. Gause. 2001. Th l- and Th2-cell commitment during infectious 
disease:: asymmetry in divergent pathways. Trends Immunol'22A50-7. 

95.. Cavaillon, J. M. 2001. Pro- versus anti-inflammatory cytokines: myth or reality. Cell Mol Biol 
(Noisy-le-grand)(Noisy-le-grand) 47:695-702. 

96.. Akira, S., T. Taga, and T. Kishimoto. 1993. Interleukin-6 in biology and medicine. Advances in 
ImmunologyImmunology 54:1-78. 

97.. van der Poll, T., and S. J. H. van Deventer. 1999. Interleukin-6 in bacterial infection and sepsis: 
innocentt bystander or essential mediator? Yearbook of Intensive Care and Emergency Medicine. J.L. 
Vincentt (ed.), Springer-Verlag. 

98.. Campbell, G. D., Jr., and R. Silberman. 1998. Drug-resistant Streptococcus pneumoniae. Clin 
InfectInfect Dis 26:1188-95. 

99.. Bernstein, J. M. 1999. Treatment of community-acquired pneumonia—IDS A guidelines. 
Infectiouss Diseases Society of America. Chest 115:9S-13S. 

100.. Anonymous. 1996. National Nosocomial Infections Surveillance (NNIS) report, data summary 
fromm October 1986-April 1996, issued May 1996. A report from the National Nosocomial 
Infectionss Surveillance (NNIS) System. Am] Infect Ctrl24:380-8. 

101.. Wiblin, R. T., and R. P. Wenzel. 1996. Hospital-acquired pneumonia. Cur Clin Top Infect Diss 
16:194-214. 16:194-214. 

102.. Craven, D. E., and K. A. Steger. 1995. Epidemiology of nosocomial pneumonia. New 
perspectivess on an old disease. Chest 108:1 S-16S. 

30 0 



CHAPTERR £\ 

Depletionn of Alveolar Macrophages Exerts Protective Effects in 

Pulmonaryy Tuberculosis in Mice 

Jaklienn C. Leemans, Nicole P. Juffermans, Sandrine Florquin, Nico van Rooijen, 

Margriett J. Vervoordeldonk, Annelies Verbon, Sander J. H. van Deventer, Tom van der Poll 

JImmuno/2001JImmuno/2001 166:4604-4611 



AMM APOPTOSIS IN TB 

ABSTRACT T 

MycobacteriumMycobacterium tuberculosis bacilli are intracellular organisms that reside in phagosomes of 

alveolarr macrophages (AMs). To determine die in vivo role of AM depletion in host 

defensee against M. tuberculosis infection, mice with pulmonary tuberculosis induced by 

intranasall  administration of virulent M. tuberculosis, were treated intranasally with either 

liposome-encapsulatedd dichloromethylene bisphosphonate (AM- mice), liposomes or 

salinee (AM+ mice). AM- mice were completely protected against lethality, which was 

associatedd widi a reduced outgrowth of mycobacteria in lungs and liver, and a polarized 

productionn of type 1 cytokines in lung tissue and by splenocytes stimulated ex vim. AM-

micee displayed deficient granuloma formation, but were more capable of attraction and 

activationn of T cells into die lung and had increased numbers of pulmonary polymorpho 

nuclearr cells. These data demonstrate that depletion of AMs is protective during 

pulmonaryy tuberculosis. 
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INTRODUCTIO N N 

ycobacteriumycobacterium tuberculosis is responsible for much morbidity and mortality 

worldwidee (1). The increasing incidence of antibiotic resistance, together 

withh synergism between infection with human immunodeficiency virus and tuberculosis, 

hass heightened our interest in this important infectious disease and in mechanisms 

contributingg to antimicrobial host defence. 

Mycobacteriaa are intracellular pathogens that are taken up by host alveolar 

macrophagess (AMs), in which they either are killed or survive. Surviving bacilli start to 

proliferatee and are released leading to infection of additional host cells. Apoptosis of 

AMss could be an effective weapon to kill or inhibit the growth of intracellular 

mycobacteria.. Several findings suggest that AM apoptosis plays an important role in 

tuberculosis.. Infection of human AMs with M. tuberculosis has been shown to induce 

apoptosiss in vitro (2). Furthermore, extensive apoptosis (50-70%) was found within 

tuberculouss granulomas in lungs of tuberculosis patients (2), and a significant increase in 

thee number of apoptotic AMs was observed in bronchoalveolar lavage fluid (BALF) 

fromm patients with active pulmonary tuberculosis (3, 4). Despite these observations it is 

nott clear which role AM apoptosis plays in the pathobiology of this disease and whether 

itt increases or decreases the mycobacterial load in vivo. In vitro studies suggest that 

apoptosiss may be a macrophage defense mechanism to infection by mycobacteria. 

Indeed,, apoptosis of human monocytes limited the growth of M. avium (5), M. bovis 

bacilluss Calmette-Guérin (6) and M. tuberculosis (7). However in vitro studies are not 

adequatee to determine the net effect of AM depletion on the host response to 

tuberculosis.. AMs have important phagocytic and immune functions that could be 

disturbedd by the apoptotic process. Clearance of microorganisms that reach the alveolar 

spacee relies partly on phagocytic AMs. Furthermore, macrophages present mycobacterial 

antigenss to CD4+ T lymphocytes that are central in the acquired resistance to M. 

tuberculosis.tuberculosis. Macrophages are a significant source of type 1 cytokines during mycobacterial 

infectionn (8), which are known to be important for the development of protective 

immunityy (9). In addition, AMs produce IFN-y in response to M. tuberculosis (10), which 

iss a pivotal mediator in host resistance to tuberculosis (11,12). Finally, mononuclear cells 

aree involved in the formation of granulomas, which are critical in restricting 

mycobacteriall  growth and dissemination (13). Hence, theoretically AM depletion could 

havee beneficial and detrimental effects during tuberculosis in vivo. 

M M 
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Inn the present study we determined the role of AM depletion in M. tuberculosis 

infectionn in mice, using die well-validated method of intrapulmonary delivery of 

liposome-encapsulatedd dichloromethylene bisphosphonate (clodronic-acid disodium salt 

tetrahydrate;; CL2MBP). Intratracheal administration of liposome-encapsulated CL2MBP 

selectivelyy depletes AMs (14) by apoptosis (15, 16) without damaging other cell types in 

diee lung (17). In diis report we present the first evidence that AM depletion in vivo leads 

too improved clearance of M. tuberculosis bacilli. 

MATERIA LL  &  METHOD S 

Mice Mice 

Padiogen-freee 6-week-old female BALB/c mice were obtained from Harlan Sprague 

Dawleyy Inc. (Horst, die Nedierlands) and were maintained in biosafety level 3 facilities. 

Thee Animal Care and Use Committee of the University of Amsterdam, the Netherlands, 

approvedd all experiments. 

ExperimentalExperimental infection 

AA virulent 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, 

harvestedd at mid-log phase and stored in aliquots at -70°C. For each experiment, a vial 

wass thawed and washed twice widi sterile 0.9% NaCl. Mice were anaesdietized by 

inhalationn with isoflurane (Abbott Laboratories Ltd., Kent, U.K.) and infected with 

lxlO 55 live bacilli in 50 ul saline, as determined by viable counts on 7H11 Middlebrook 

agarr plates. Bacterial administration was performed intranasally (i.n.) as described 

previouslyy (18-20). Groups of eight mice per time point were sacrificed 2 or 5 weeks 

post-infection,, and lungs and one lobus of the liver were removed asepticaliy. Organs 

weree homogenized with a tissue homogenizer (Biospec Products, Bardesville, OK) in 5 

volumess of sterile 0.9% NaCl, and 10-fold serial dilutions were plated on Middlebrook 

7H111 agar plates to determine bacterial loads. Colonies were counted after 21-day 

incubationn at 37°C. Numbers of CPUs are provided as total in the lungs or as total per 

gramm liver. For cytokine measurements, lung homogenates were diluted 1:1 in lysis buffer 

(150mMM NaCl, 15mM Tris, ImM MgCl.H20, ImM CaCl2, 1% Triton, lOO^g/ml 

pepstatinn A, leupeptin and aprotinin), and incubated on ice for 30 min. Supernatants 
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weree sterilized using a 0.22 jam filter (Corning Incorporated, Corning, NY) and frozen at 

-20°CC until assays were performed. 

InIn vivo AM depletion 

CL2MBPP was a gift from Roche Diagnostics (Mannheim, Germany). Preparation of 

liposomess containing CL2MBP was done as described previously (17). For assessment of 

AMM depletion, 5 uninfected mice per group were i.n. inoculated with 100 |il of 0.9% 

NaCl,, PBS-liposomes or CLaMBP-liposomes. Two days later AMs were quantified in the 

BALF.. For the tuberculosis experiments, 100 (ol saline, PBS-liposomes or CL2MBP-

liposomess were instilled 2 days before and 6, 14, and 25 days after M. tuberculosis 

challenge. . 

DetectionDetection ofapoptotic cells 

Inn order to confirm apoptotic cell death induced by CL2MBP-liposomes, a cleavage of 

poly-ADPP ribose polymerase (PARP) was determined as described previously (21). 

Briefly,, 7 h after i.n. instillation of CLzMBP-liposomes, tissue Tek OTC compound 

(Miless Scientific, Naperville, IL) was instilled intratracheally into lungs, which were then 

snap-frozenn and stored at -70°C. Cryostat sections (7-um) of frozen lungs were fixed in 

coldd acetone for 10 min, incubated with 0.3% H2O2 in methanol for 15 min, blocked for 

nonspecificc Ig binding by incubation for 30 min with a 1:10 dilution of normal goat 

serum,, and incubated overnight with rabbit anti-PARP cleavage site (214/215) specific 

Abb (Biosource International, Camarillo, CA) (5 ug/ml). This was followed by a 30-min 

incubationn with poly-HRP-goat and rabbit IgG (Immunovision, Inc., Springdale, AR). 

Thee peroxidase activity was revealed by adding AEC substrate (3~amino-9-ethyl-

carbazole;; Sigma, Buchs, Switzerland) and H2O2. Sections were counterstained with 

hematoxylin.. Negative controls were established by adding nonspecific isotype controls 

ass primary Abs. 

AssessmentAssessment of in vitro effect cfCL^iDP-Üposomes on M. tuberculosis 

2.5x1033 colony forming units (CFUs) were incubated in octuplicate in 96-well round 

bottomm culture plates in the presence of Lowenstein-Jensen medium (Becton Dickinson, 

Franklinn Lakes, NJ) with either 0.9% NaCl, PBS-liposomes or CL2MBP-liposomes. After 

48-hh incubation at 37°C in 5% CO2, colonies were counted. 

35 5 



AMM APOPTOSIS IN TB 

LungLung lavage 

Bronchoalveolarr lavage was performed to obtain intra-alveolar cells. Briefly, mice were 

anesthetized,, and the trachea was exposed through a midline incision and cannulated 

withh a sterile 22-gange Abbocath-T catheter (Abbott, Sligo, Ireland). The lungs were then 

Iavagedd with two 0.5 ml aliquots of sterile 0.9% NaCl. 0.9-1.0 ml of lavage fluid was 

retrievedd per mouse, and total leukocyte count was determined using a hemacytometer 

andd TÜRK's solution (Merck, Gibbstown, N.J.). BALFs from infected mice were fixed 

withh 2% paraformaldehyde. The number of AMs, PMNs and lymphocytes were 

calculatedd from these totals, using cytospin preparations stained with modified Giemsa 

stainn (Diff-Quick, Baxter, McGraw Perk, IL). 

HistologicalHistological analyses 

Thee left lungs were removed 2 or 5 weeks after inoculation with M. tuberculosis and fixed 

inn 4% paraformaldehyde in PBS for 24 hours. One lobus of the liver of non-infected 

micee was removed 2 days after CL,2MBP-liposome treatment. After embedding in 

paraffin,, 4-um-thick sections were stained with eosin hematoxylin-eosin or the Ziehl-

Neelsenn (ZN) stain for acid fast bacilli. All slides were coded and semi-quantitatively 

scoredd for the total area of inflammation (% of surface of the slide) and granuloma 

formatt by a pathologist 

FACSFACS analysis 

Lungg cells from mice 2 and 5 weeks post-infection (8 mice per group) were analyzed by 

FACSS (Becton Dickinson, Franklin Lakes, NJ). Pulmonary cell suspension was obtained 

usingg an automated disaggregation device (Medimachine System; Dako, Glostrup, 

Denmark)) and resuspended in medium (RPMI 1640 (Bio Whittaker, Belgium), 10% fetal 

calff  serum, 1% antibiotic-antimycotic (GibcoBRL, Life Technologies, Rockville, MD)). 

Cellss from 2 mice per group were pooled for each time point (yielding 4 samples for 

FACSS analysis per group) and were brought to a concentration of 4x106 cells/ml FACS 

bufferr (PBS supplement with 0.5% BSA, 0.01% NaN3 and 100 mM EDTA). 

Immunostainingg for cell surface molecules was performed for 30 min at 4°C using 

direcdyy labeled Abs against CD3 (anti-CD3-phycoerythrin), CD4 (anti-CD4-CyChrome), 

CD88 (anti-CD8-FITC, anti-CD8-PerCP), CD25 (anti-CD25-HTC), CD69 (anti-CD69-

FITQQ and Gr-1 (anti-Gr-l-FITQ. All Abs were used in concentrations recommended 

byy the manufacturer (Pharmingen, San Diego, CA). To correct for aspecific staining an 
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appropriatee control antibody (rat IgG2, Pharmingen) was used. Cells were fixed with 2% 

paraformaldehyde,, T cells were analyzed by gating die CD3+ population and granulocytes 

byy gating die forward and side angle scatter-gated PMN population. The number of 

positivee cells was obtained by setting a quadrant marker for nonspecific staining. 

SpknocyteSpknocyte stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 njn cell strainer 

(Bectonn Dickinson). Erythrocytes were lysed with ice-cold isotonic NH4CI solution (155 

mMM NH4CI, 10 mM KHCO3, 100 mM EDTA, pH 7.4), and the remaining cells were 

washedd twice. Splenocytes were suspended in medium (RPMI 1640 (Bio Whittaker, 

Belgium),, 10% fetal calf serum, 1% antibiotic-antimycotic (GibcoBRL, Life 

Technologies,, Rockville, MD)), seeded in 96-weIl round bottom culture plates at a cell 

densityy of 5xl05 cells in triplicate, and stimulated with 20 ug/ml tuberculin purified 

proteinn derivative (PPD, Statens Seruminstitut, Copenhagen, Denmark). Supernatants 

weree harvested after a 48-h incubation at 37°C in 5% CO2, and cytokine levels were 

analyzedd by ELISA. 

SpknocyteSpknocyte proliferation assay 

Proliferationn of splenocytes was measured by the MTT assay, which measures reduction 

off  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide to formasan in 

mitochondriaa of viable cells (22). Splenocytes were seeded in triplicate at a density of 5 x 

1055 cells per well in flat-bottom 96-well plates and stimulated with 20 ug/ml PPD. After 

422 h at 37°C in 5% CO2, cells were incubated with 5 mg/ml MTT (Sigma, St. Louis, Mo) 

inn PBS (pH 7.2) for a further 6 h. Supernatants were decanted, and the formazan 

precipitatess were solubilized by the addition of 0.04 N HC1 in isopropanol and placed on 

aa plate shaker for 10 min after which cells were dissolved in 2% paraformaldehyde. Cell 

proliferationn was quantified using an ELISA reader at 570 nm. The absorbance of die 

untreatedd cultures was set at 100%. 

CytokineCytokine measurements 

Cytokiness were measured in lung homogenates and spleen cell supernatants by specific 

ELISA'ss using matched Ab pairs according to die manufacturer's instructions: IFN-y, IL-

2,, IL-4, (R&D Systems, Minneapolis, MN) and IL-10 (Pharmingen). 
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StatisticalStatistical analysis 

Alll  values are expressed as mean  SEM. Comparisons were done with Mann-Whitney U 

tests.. For comparison of survival curves Kaplan-Meier analysis with a log rank test was 

used.. Values of P< 0.05 were considered statistically significant. 

RESULTS S 

EffectsEffects of AM depletion on the course of infection 

Intranasall  administration of liposome-encapsulated CL2MBP resulted in >70% AM 

depletionn in BALF of uninfected mice after 2 days (Fig. la). Liposome treatment showed 

noo effect on macrophage numbers. Lungs of CL2MBP-liposome-treated mice presented 

largee areas of degenerated macrophages with cell debris and apoptotic bodies in the 

alveolarr spaces. This result is in line with previous reports on the capacity of 

intratracheallyy administered CLzMBP-liposomes or CL2MBP-liposomes given by aerosol 

too deplete AMs (23, 24). Induction of AM apoptosis by CL2MBP-liposome-treatment 

waswas confirmed by the detection of cleaved poly(ADP-ribose)polymerase (PARP) in lung 

tissuee (Fig. lb). 

Too investigate the role of AMs in the outcome of tuberculosis, CL2MBP-liposomes were 

givenn i.n. 2 days before, and 6, 14 and 25 days after induction of tuberculosis (AM- mice). 

Micee given saline or liposomes served as controls (AM+ mice). Survival and bacterial 

loadd in lung and liver were analyzed to determine resistance to tuberculosis. As shown in 
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Fig.. 2, survival in AM+ (saline) mice decreased extensively from day 35 onward, resulting 

inn 90% mortality after 5 months. In sharp contrast, all AM- mice controlled the same 

infectiouss dose and survived the 5-month follow-up (P < 0.0001). In addition, a 

significantt decrease in survival was found in the AM+ (liposomes) mice compared with 

AM-- animals (P = 0.029). 

—O-AM+(saline)) -A-AM+(liposomes) —•—AM-

-m -m 

*tt  Figur e 2. Effect of AM depletion on survival of 
micee following M. tuberculosis infection. BALB/c 
micee (n=10 per group) were i.n. administered with 

-AA either saline, liposomes or CLzMBP-liposomes prior 
JJ and after bacterial challenge of lxlO5 M. tuberculosis 

H37Rvv (*P < 0.05 AM- mice vs AM+ (saline) mice, 
andd tp < 0.05 AM- mice vs AM+ (liposomes) mice 
andd *P < 0.05 AM+ (saline) mice vs AM+ 
(liposomes)) mice). 

00 25 50 75 100 125 150 

dayss post-infection 

Becausee of the impressive differences in survival, we determined whether differences 

existedd in mycobacterial load during earlier phases of the infection. The number of 

bacteriaa deposited in the lungs, and liver was determined 1 d after infection. Bacterial 

countss in the lungs were comparable to the numbers of bacteria that were given 

intranasallyy and did not differ between the groups. The numbers of M. tuberculosis CFUs 

recoveredd from lungs were not significantly different between AM+ (Valine/liposomes) 

andd AM- mice 2 weeks post-infection (Fig. 3a). At 5 weeks post-infection, significant 

differencess in tissue content of M. tuberculosis bacilli were observed between AM+ and 

AM-- mice. The lungs of AM- mice contained 9.7 fold-less viable mycobacteria than those 

off AM+ (saline) animals (P = 0.021, Fig. 3a) and 7.1 fold-less than of AM+ (liposomes) 

micee (P= 0.035). 

Too give more clarity on the residing place of mycobacteria in AM- animals, lavage fluids 

off these mice were analyzed with a Ziehl-Neelsen (ZN) stain for acid fast bacilli. In 

BALFss of AM+ mice mycobacteria were present within the cytoplasm of 39  4 % (2 

weekss post-infection) and 47+10 % (5 weeks post-infection) of the macrophages and in 

feww PMNs. In the BALFs of AM- mice we found extracellular mycobacteria, but 

mycobacteriaa were especially present in cell debris. At 2 weeks post-infection the 

mycobacteriall load in the liver of AM- mice was increased in comparison with AM+ 

(saline)) mice (P = 0.02) and AM+ (liposomes) mice (P =0.004, Fig. 3b). 
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Att 5 weeks post-infection, the number of organisms in the liver of AM- mice was 3.6 

timestimes lower than that in AM+ (saline) mice (P = 0.011, Fig. 3b) and 2.7 times lower than 

inn AM+ (liposomes) animals (not significantly different). Bacterial counts in lungs and 

liverr of the control groups treated with either saline or liposomes mice were not 

significantlyy different at either time point. 

Too exclude the possibility that liposome encapsulated CL2MBP had a direct effect on 

mycobacteria,, M. tuberculosis was incubated in vitro in the presence or absence of this agent 

forr 2 days. Bacterial counting demonstrated no direct antimycobacterial effect of 

liposomee encapsulated CL2MBP (data not shown). 

Togetherr these findings suggest that AM depletion by apoptosis can play an important 

rolee in controlling M. tuberculosis infection. 

Histology Histology 

Twoo weeks after M. tuberculosis inoculation lungs of AM+ (saline/lipsomes) mice 

exhibitedd more or less well-defined granulomas comprising a majority of epithelioid and 

foamyy cells and a small number of lymphocytes throughout the parenchyma (Fig. 4a). 

Densee lymphocytic infiltrates were also present around small vessels. Lungs of AM- mice 

showedd a relatively diffuse infiltrate of granulocytes with prominent perivascular 

lymphocyticc infiltrates. Well-defined granulomas were not present (Fig. 4b). The 

percentagee of inflamed parenchyma was similar in all groups (AM+ (saline) mice : 21.3

3.5%;; AM+ (liposomes) mice: 16.9 + 3.5%; AM- mice: 18.8  2.9%) 
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Afterr 5 weeks the inflammatory infiltrates in lungs of all mice became more diffuse and 

intensee with a cellular composition comparable in AM+ (saline/liposomes) and AM-

mice.. However, the percentage of inflamed parenchyma was less in AM- mice (45.0

4.8%)) than in AM+ mice (saline: 61.9  4.9%, liposomes: 62.9  7.1%) (Fig 4c and d). 

CellCell subsets 

CD4++ T cells have an established role in protective immunity against M. tuberculosis 

infectionn (25-27), and must be stimulated with specific ligands on the surface of APCs. 

Too study whether AMs are important for the induction of CD4+ T cell-mediated 

immunityy we investigated the phenotypes of immune cells in total lungs by FACS 

analysis.. As shown in Table I the percentages of CD4+ T cells did not differ between 

AM ++ and AM- mice 5 wks post infection and was slightly reduced 2 wks post-infection. 

Twoo weeks after infection, CD4+ lymphocytes of AM- mice were demonstrated to be 
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moree activated than CD4+ lymphocytes of AM+ mice as assessed by the activation 

markerss CD69 and CD25. 

Besidee CD4+ T cells, CD8+ T cells have also been suggested to participate in host 

defensee against mycobacterial infections (25). The percentage of CD8+ T cells in lung 

homogenatess was not changed in AM- mice as compared with AM+ (saline/liposomes) 

micee 5 weeks post-infection and slighdy increased 2 weeks post infection. The expression 

off  the activation marker CD69 on diese cells was slighdy increased. CD25 expression on 

CD8++ cells could not be detected. The absolute number of PMNs was higher in AM-

micee than in AM+ control animals 2 weeks post-infection. At 5 weeks, numbers of total 

leukocytess were decreased in AM- mice compared to AM+ (saline/liposomes) mice 

probablyy reflecting disease severity. 

Tablee I . Effect of AM depletion on cell subsets in total lungs during tuberculosis" 

22 weeks p.i. 
AM+ + 
(saline) ) 
AM+ + 
(liposomes) ) 
AM--

55 weeks pa. 
AM+ + 
(saline) ) 
AM+ + 
(liposomes) ) 
AM--

Cells s 
xlOVml l 

3566
63.9 9 

265.77
50.4 4 

444.55
111.6 6 

22500
260 0 

20788
115 5 

13655
1511 * t 

CD4+ + 

69.99  1 

65.66 * 

633  5.3* 

53.33  2.4 

522 3 

53.99  1 

CD8+ + 

31.11 6 

33.33 1 

34,1  2.0 *t 

42.99  1.7 

39.11 9 

38.11 6 

CD4+ + 

CD69--

2.88 1 

3.44 1 

t t 

4.22  0.6 

8.44  1* 

6.88  0.3 * 

CD4+ + 

CD25+ + 

6.66  0.9 

6.33  0.6 

13.11 * 

2.66  0.6 

2.33  0.4 

1.66  0.4 

CD8+ + 

CD69+ + 

1.22 5 

5 5 

5.44  0.2** 

2.66 1 

9.66 * 

7.88  0.7 * 

Gr-1+ + 

577  5.4 

633  3.9 

58.33  3.1 

56.66  5.2 

64.55  4.1 

54.88  7.4 

""  Cell subsets in the lungs of mice infected with M. tuberculosis, 2 and 5 weeks post-infection (p.i.). FACS 
analysiss was performed on pooled cells from two mice for each analysis from a total of eight mice per 
groupp for each time point as descibed in the methods section. FACS results are expressed as % CD4+, 
CD8+,, CD25+, and CD69+ within the CD3+ population or % Gr-1+ within the PMN population. *P < 
0.055 AM- mice vs AM+ (saline) mice, tP < 0.05 AM- mice vs AM+ (liposomes) mice, and *P < 0.05 AM+ 
(saline)) vs AM+ mice (liposomes). 

Too obtain more insight into the leukocyte influx into the alveolar compartment, lungs 

weree lavaged, cells were counted, and cytospin preparations were stained with eosin 

hematoxylin-eosinn (Table II) . Two weeks post-infection, the number of leukocytes was 

higherr in AM- mice than in AM+ (saline/liposomes) mice. In line with the numbers of 

leukocytess in total lungs at 5 weeks post-infection, cell numbers in BALFs were lower in 

AM-- mice than in AM+ (saline/liposomes) mice. As could be expected, CL2MBP-

liposomee treated animals had 2 times less AMs in dieir BALFs than AM+ 

(saline/liposomes)) mice. The amount of PMNs and lymphocytes in AM- mice were 

howeverr increased 2 weeks post-infection in comparison with AM+ (saline/liposomes) 
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mice.. As a consequence of lower leukocyte numbers in AM- mice 5 weeks post-infection, 

numberss of PMNs and lymphocytes were decreased in this group compared to AM+ 

(saline/liposomes)) mice. 

Tablee II . Effect of AM depletion on cellular composition on BALFs during tuberculosis* 

22 weeks pi. 
AM++ (saline) 
AM++ (liposomes) 
AM--
55 weeks pa. 

AM++ (saline) 
AM++ (liposomes) 
AM--

Cellss xlO*/ml 

799  7.2 
63.88  7.5 

1111 3 * t 

3088 0 
1966  27.61 
1666  16.7 * 

AMxlOVml l 

32.99  5.7 
31.88 7 

16.33  2.9 * t 

444 4 
27.22  6.1 * 
14.66  1,5 * 

PMNN xlOVml 

28.88  6.1 
19.55 4 

53.66  4.2 * t 

1822  14 
1200 4 

132.55  13.9 * 

Lymphocytess xlOVml 

17.22  1 
144 4 

411  5 * t 

82.88  16.7 
54.66  10.5 
433  5.5 * 

**  Leukocytes in BALFs of mice infected with M. tuberculosis, 2 and 5 weeks pi.. Cells from 4 mice were 
countedd and HE stained. *P < 0.05 AM- mice vs AM+ (saline) mice, tP < 0.05 AM- mice vs AM+ 
(bposomes)) mice, and *P < < 0.05 AM+ (saline) vs AM+ mice (liposomes). 

CytokineCytokine expression patterns in lung 

Sincee development of early T-helper 1 (Thl) cellular immunity is essential for the 

eliminationn of M. tuberculosis (9), we investigated whether the improved outcome of 

tuberculosiss seen in the AM- mice was associated with a shift in cytokine production 

earlyy in the infection. We therefore measured the concentrations of Thl (IFN-y, and IL-

2)) and Th2 (IL-4, IL-10) cytokines in the lung. As shown in Fig. 5, all cytokines were 

reducedd in AM- mice compared to AM+ (saline/liposomes) mice 2 weeks post-infection. 

Importantly,, when compared to AM+ (saline/liposomes) mice, Th2 cytokine 

concentrationss were relatively more reduced than the levels of Thl cytokines in AM-

mice.. As a consequence, a more profound Thl response was found in lungs of AM-

mice. . 

CytokineCytokine and proliferative response o/"ex vivo stimulated spleen cells 

Thee ability of spleen cells, harvested 2 weeks post-infection with M. tuberculosis to 

producee cytokines ex vivo upon stimulation with PPD was investigated as another 

measuree of Thl versus Th2 response. Spleen cells from AM- mice secreted 3.5 fold 

higherr levels of IFN-y, than splenocytes from AM+ (saline) mice and 2 fold higher levels 

thann splenocytes from AM+ (liposomes) mice (Fig. 6). IL-4 was not detectable in 

supernatantss of PPD-stimulated splenocytes in all groups. When stimulated with coated 

anti-CD33 and anti-CD28 Abs, splenocytes from AM- mice secreted higher levels of IFN-

yy and significantly lower levels of IL-4 compared to AM+ (saline) animals. In addition, 

thee proliferation responses of splenocytes to PPD were estimated using the 
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MTTT incorporation assay. We found that splenocytes from AM- mice induced the 

strongestt proliferative response to PPD although not statistically significant (AM+ 

(saline)) mice: 155  17 %; AM+ (liposomes) mice: 158  6 %; and AM- mice 195  31 

%). . 

DISCUSSION N 

AMss may have a dual role during infection with M. tuberculosis. On the one hand, AMs 

havee several tools to combat intracellular pathogens, such as the production of IFN-y, 

andd toxic effector molecules (reactive oxygen intermediates and reactive nitrogen 

intermediates),, and the deprivation of the intracellular iron availability. On the other 

hand,, mycobacteria may in part rely on the intracellular environment of AMs for their 

multiplication.. We demonstrate here that depletion of AMs in vivo improves the outcome 

off  pulmonary tuberculosis, as indicated by a total protection against lethality and an 

attenuatedd outgrowth of mycobacteria in lungs. These results suggest that AMs facilitate 

thee growth of M. tuberculosis in the pulmonary compartment, and that AM apoptosis may 

bee part of the host defense mechanisms during tuberculosis. Interestingly, AMs do seem 

too have a significant role in the initial capturing of mycobacteria, as indicated by the 

observationn that 2 weeks post-infection AM- mice had more mycobacteria in their livers. 
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Figur ee 6. Splenocytes from 
infectedd AM - mice (H) release 
moree IFN-y in response to PPD 
andd anri-CD3/28 Abs and less IL-
44 in response to anti-CD3/28 Abs 
thenn splenocytes from infected 
AM ++ mice (D sal inê  liposomes). 
Splenocytess were harvested 2 
weekss after i.n. inoculation with M. 
tuberculosis,tuberculosis, and stimulated for 48 h. 
Dataa are mean and SEM of eight 
micee per group (*P < 0.05 AM-
micee vs AM + (saline) mice, and 
tPP < 0.05 AM - mice vs AM + 
(liposomes)) mice and *P < 0.05 
AM ++ (saline) mice vs AM + 
(liposomes)) mice). 

Hostt cell apoptosis has already been demonstrated to be a defense strategy to 

limi tt the growth of viruses, which like mycobacteria live intracellularly (28-30). The fact 

thatt AM apoptosis might contribute to host defense is further supported by observations 

off  an inverse relationship between apoptosis and virulence, i.e. the virulent M. tuberculosis 

strainn H37Rv induced less apoptosis upon human AM infection than the attenuated 

H37Raa strain (2). Hence, mycobacteria seem to have developed ways to modulate the 

protectivee apoptotic process of AMs, and pathogen-induced suppression of the host cell-

deathh pathway may serve to evade host defenses that can act to limit the infection. It 

shouldd be noted that the role of AMs in respiratory infections by extracellularly growing 

pathogenss is opposite. Indeed, induction of AM apoptosis during Klebsiella pneumonia 

impairedd host defense mechanisms (31). 

Thee most straightforward interpretation of the improved tuberculosis outcome in AM-

micee is that AM depletion reduces the viability of M. tuberculosis because the environment 

forr intracellular replication and hiding is destroyed (32). Furthermore, apoptotic bodies 

maintainn their plasma membrane integrity so that bacilli are contained from the 

extracellularr environment and can be engulfed by newly recruited AMs (5). A further 

explanationn for the protection observed with AM depletion may be that the early 

immunee response was dominated by a Thl-type profile that is essential for resistance to 

mycobacteriaa (9). The predominance of Thl type cytokines in AM- mice existed both in 

lungg tissue, in which especially the concentrations of Th2 cytokines were decreased, and 

inn supernatants of PPD-stimulated splenocytes. Wang et al. (8) recently reported that lung 
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macrophagess harvested during mycobacterial infection release significant amounts of 

typee 1 cytokines. In line with these observations, we found lower levels of IFN-y, and IL-

22 in lung homogenates 2 weeks post-infection. However, the net in vivo effect of AM 

depletionn was a relative type 1 dominance in the lung. It is unlikely that this type 1 shift 

waswas the consequence of a milder inflammatory response in AM- mice which, if anything 

showedd slightly more evidence of inflammation {Tables I and II) . It is conceivable that 

thee depletion of AMs was involved in this shift. AMs are typical macrophage 

populations,, which are known to induce differentiation of naïve T cells into Th2 type 

cells,, and to exert Th2-associated effector functions (33, 34). It is furthermore reasonable 

thatt the reduced IL-10 levels in AM- mice were involved in this shift, considering that 

IL-100 is derived from AMs (35, 36) and that this cytokine downregulates type 1 cytokine 

productionn (37). Another reason for the better outcome in AM- mice could be the 

enhancedd influx of PMNs and activated lymphocytes into the lung of AM- mice (Tables I 

andd II) . T cells have a prominent role in the protective immunity against M. tuberculosis 

(38),, and therefore increased numbers of these cells likely contribute to resistance. In 

supportt of a role for PMNs in mycobacterial infections, a protective function of a 

neutrophilicc response was demonstrated by increased susceptibility of mice depleted of 

neutrophilss to M. tuberculosis (39). It is conceivable that with die lack of phagocytosing 

AMss in AM- mice, PMNs get more signals to migrate to the lung to ingest and eliminate 

thee apoptotic bodies derived from AMs. 

AM-- mice were fully or even more capable of attraction and activation of T cells 

inn the pulmonary compartment. In this context, it should be noted that AMs are poor 

APCss (40-43) and that dendritic cells (44, 45) and interstitial macrophages (46) are 

consideredd the most efficient APCs in the lung. In vitro experiments even point out that 

AMss are highly T cell suppressive (47-49). It is conceivable that die suppressive effects of 

AMss on the pulmonary immune response may serve to limit damage caused by severe 

immunee responses in lung tissue, but at the same time may impair host defense during 

tuberculosis. . 

Twoo weeks postinfection, more M. tuberculosis CFUs were recovered from livers 

off  AM- mice than from AM+ mice. Our study does not elucidate the mechanisms 

contributingg to this observation. Possibly, bacilli diat remain extracellularly (such as in 

AM-- mice) gain access to the blood and lymphatic circulation more easily. It is unlikely 

thatt CL2MBP-liposome inhalation influenced the number and/or function of Kupffer 

cellss in the liver, considering that liposomes are not able to cross capillary walls and other 
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vascularr barriers (17). The absence of an effect of inhaled CLzMBP-liposomes on 

Kupfferr cells is supported by the fact that liver histology did not differ between different 

treatmentt groups (data not shown). 

liposomess were used to encapsulate CbMBP, because these phospholipid 

spheress are eagerly taken up by macrophages. Liposomes can reduce the phagocytic and 

migratoryy behavior of AMs (50) and may therefore influence host defense against M. 

tuberculosis.tuberculosis. In accordance, animals treated i.n. with liposomes only (i.e. without CL2MBP), 

displayedd an enhanced survival and a slight (not significant) reduction in M. tuberculosis 

CFUU in lungs and liver compared to AM+ (saline) mice. Since we sought to determine 

thee role of AMs in pulmonary tuberculosis, control mice should have normal, non-

suppressedd AMs (17) and in this way we consider AM+ (saline) animals better controls 

thann AM+ (liposome) mice. Physical depletion of AMs with CL2MBP-liposomes ensures 

thatt all functions of the macrophages that have ingested this compound are abrogated. 

AMss that phagocytosed the liposomes alone are expected to have some functional 

disabilities.. Nonetheless, AM+ liposome-treated mice differed significandy from AM-

micee wim respect to all responses measured. 

Thiss study is the first to show that AM depletion in vivo is protective in M. 

tuberculosistuberculosis infection and that it is associated with an enhanced Thl mediated immune 

response.. AM apoptosis as observed in patients with, tuberculosis could therefore be an 

importantt antimycobacterial defense process. The present results not only provide new 

insightss into possible macrophage antimicrobial defense mechanisms, but also reveal 

potentiallyy new therapeutic strategies to manage intracellular bacterial diseases. 
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DUALL  ROLE OF MCpS DURING TB 

ABSTRACT T 

Pulmonaryy macrophages (Mcps) provide the preferred hiding and replication site for 

MycobacteriumMycobacterium tuberculosis bacilli. Paradoxally, Mcps display several very potent antimicrobial 

effectorr functions to eliminate mycobacteria. This raises questions as to the exact role of 

Mipss and M<p apoptosis during mycobacterial infection. We therefore depleted lungs of 

activatedd Mtps by treating Af. tuberculosis-infected transgenic mice expressing human FcyRI 

(CD64),, which is upregulated upon activation, intranasally with an apoptosis-inducing 

antibodyy directed against FcyRI conjugated to Ricin-A (activated M<p- mice). For 

comparisonn with unselective Mcp depletion, mice were intranasally inoculated with 

liposome-encapsulatedd dichloromethylene bisphosphonate (Mcp- mice). Whereas, a non-

selectivee depletion of Mcps after infection with M. tuberculosis improved the clinical 

outcomee of disease, a depletion of activated Mcps led to an impaired resistance as 

reflectedd by an enhanced mycobacterial outgrowth. Both Mcp- and activated Mcp- mice 

hadd a polarized production of the type 1 cytokine IFNy by splenocytes and lymph node 

cellss stimulated ex vivo and were fully capable of attraction and activation of T cells into 

diee lung. These data demonstrate that the dual role of macrophages in vivo is associated 

withh the activation state of Mcps and that the extensive Mcp apoptosis found in 

tuberculosiss patients could be part of a host defense strategy, as long as these cells are 

nott activated. 
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INTRODUCTIO N N 

mm ungs are subjected to constant environmental exposure to microorganisms and 

^ ^ ^  ̂ particles. As a consequence, infections arise more frequendy in die lungs than in 

anyy other organ, which implies that an appropriate pulmonary defense mechanism is 

essential.. An important causative agent of pulmonary lung infections is the intracellular 

pathogenn Mycobacterium tuberculosis, which causes more deaths annually than any other 

singlee infectious agent (1). Since M. tuberculosis replicates predominandy in M<ps, its 

pathogenicityy is critically dependent on the outcome of the interaction between the M(p 

andd bacterium. There is evidence that M(ps can destroy M. tuberculosis by different 

mechanisms.. They can deliver lysosomal enzymes to phagosomes, produce toxic effector 

moleculess like reactive nitrogen intermediates, limit the iron availability for mycobacteria 

andd undergo apoptosis. Paradoxically, M<ps are also the main host cells for M. tuberculosis. 

Insidee the macrophage tubercle bacilli can replicate and are protected from extracellular 

hostt defense mechanisms such as complement and specific antibodies. 

Inn accordance with the possibility that Mips may facilitate the growth of 

mycobacteriaa in the lung, we recendy found that ~70% depletion of alveolar M(ps before 

infectionn with M. tuberculosis completely protected mice against lethality and led to an 

attenuatedd mycobacterial outgrowth (2). Together this led us to hypothesize that M<ps 

playy a dual role during M. tuberculosis infection. It can be anticipated that the activation 

statee of M(ps is important in determining whether these cells facilitate or inhibit the 

growthh of mycobacteria. Indeed, M(ps activated in vitro by cytokine treatment have been 

demonstratedd to inhibit the growth of mycobacteria (3), although others reported that 

thiss might be an artefact (4). To study the in vivo correlation of M<p activation with 

antimicrobiall  functions, Mtp activating and inactivating cytokines are often used (5). 

Sincee the exact timing, combination and sequence of signals needed for sufficient 

M(pp activation are not identified, we used a different approach to determine the influence 

off  the activation state of Mtps on their role in tuberculosis in vivo. We depleted mice of 

activatedd pulmonary Mcps by inducing apoptosis in these cells. For this purpose we used 

transgenicc mice expressing human FcyRI (CD64), which is upregulated upon activation 

(6,, 7), and treated them with anti-human FcyRI mAb conjugated to Ricin-A after M. 

tuberculosistuberculosis infection. In a previous study Thepen et a/, demonstrated that this 
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immunotoxinn (IT) targeted only activated inflammatory Mcps, leaving non-activated, low 

FcyRI-expressingg cells unaffected (8). Additionally, it was demonstrated that this IT 

depletess activated Mcps and leukemia cells by inducing apoptosis (8, 9). For comparison, 

wee as well determined the role of non-selective Mtp depletion after M. tuberculosis 

infectionn in mice, using the well-validated method of intrapulmonary delivery of 

liposome-encapsulatedd dichloromethylene bisphosphonate (C12MBP). 

Consideringg this we studied the in vivo role of activated M<ps in the host defense 

againstt M, tuberculosis and determined whether die (mycobactericidal) effects of non-

selectivee depletion of Mcps by apoptosis are distinct from those of apoptosis induction in 

activatedd Mcps. 

MATERIA LL  &  METHOD S 

Mice Mice 

Forr IT experiments pathogen-free 10-12 week old male and female transgenic FVB/N 

micee expressing human FcyRI mice (10) and non-transgenic littermates were used and 

maintainedd in biosafety level 3 facilities. For CL^MBP-liposome experiments padiogen-

freee 10-week-old female FVB/N mice were obtained from Harlan Sprague Dawley Inc. 

(Horst,, the Netherlands). In all experiments, sex and age matched controls were used. 

Thee Animal Care and Use Committee of the University of Amsterdam, the Netherlands, 

approvedd all experiments. 

ImmunotoxinImmunotoxin (IT) and Cl^ABP-liposomes 

Thee CD64 monoclonal antibody (Mab) H22 (11) was conjugated to deglycosylated Ricin-

AA (Sigma, St. Louis, MO), using the heterobifunctional, cleavable N-succinimidyl 3-(2-

pyrydyldithio)) propionate (SPDP) (Pierce, Rockford, IL) according to the manufacturers' 

instructions.. Conjugates were purified using size exclusion chromotography and purity 

wass checked on SDS-PAGE gradient gel. This IT was shown to result in a complete 

clearancee of high CD64 expressing M<ps (activated Mips) when injected intradermally in 

micee with a chronic cutaneous inflammation (8). Depletion of activated Mcps and 

leukemiaa cells by this IT has been shown to be accomplished by the induction of 

apoptosiss (8, 9). Intratracheal aclrninistration of liposome-encapsulated CLjMBP non-
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selectivelyy depletes alveolar Mcps (12). CL>MBP was a gift from Roche Diagnostics 

(Mannheim,, Germany). Preparation of liposomes containing Cl^MBP was done as 

describedd previously (13). We and others (2, 14, 15) have demonstrated that intranasal 

administrationn of liposome-encapsulated CLjMBP resulted in >70% alveolar Mcp 

depletionn in BALF of mice after 2 days. This depletion has been shown to be induced by 

apoptosiss (2,16,17). 

EfficiencyEfficiency of IT treatment/CD64 staining 

Too verify die cytotoxic efficacy of the IT, FVB/N mice (n=10) received 0.8x10s U 

recombinantt murine IFNy (Central Laboratory of The Netherlands Red Cross Blood 

Transfusionn Service, CLB, Amsterdam, The Netherlands) intranasally (i.n.) twice at -24 h 

andd 0 h relative to IT treatment to upregulate FcyRI expression on Mtps. At t=0, 25 ul 

ITT (2 x 107 M referring to the Ricin-A moiety, in saline; n=5) or saline (controls; n=5) 

weree i.n. administered. After 7 h mice were sacrificed, lungs were removed, snap frozen 

inn liquid nitrogen, and stored at -70°C prior to use. For histologic examination, lungs 

weree cut into 6-(xm sections and fixed for 10 min with ice-cold aceton and air-dried. 

Endogenouss peroxidase activity was quenched by a solution of 10% NaN3/0.03% H202 

(Merck,, Darmstadt, Germany) in PBS. The sections were incubated in 10% normal goat 

serumm (Dako, Glostrup, Denmark) for 10 min and then exposed for 45 h to FITC-

labeledd mouse anti-human CD64 10.1 (Instruchemie, Delfzijl, The Netherlands; 1:40) in 

PBSS with 10% normal goat serum. Slides were incubated with a rabbit anti-FITC 

antibodyy (Dako) followed by a further incubation with a goat anti-rabbit HRP antibody 

(Dako),, rinsed again, and developed using 1% H2Oz and AEC. The sections were slightly 

counterstainedd with hematoxylin. The amount of hCD64+ cells was counted in 3 mm2 (5 

fieldss of x40). 

DetectionDetection of apoptosis 

Tissuee sections of left lungs were deparaffinized and boiled 2 x 5 min in citrate buffer 

(pHH 6.0). Non-specific binding and endogenous peroxidase activity were blocked as 

described,, followed by an incubation with rabbit anti-human active caspase 3 polyclonal 

antibodyy (Cell Signaling, Beverly, MA) followed by a further incubation with a 

biotinylatedd swine anti-rabbit antibody (Dako). The slides were then incubated in a 

streptavidin-ABCC solution (Dako) and further processed as described above. 
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ExperimentalExperimental infection and in vivo depletion of (activated) Mq>s 

Tuberculosiss was induced as described previously (2, 18). Briefly, a virulent laboratory 

strainn of M. tuberculosis H37Rv was grown in liquid Dubos medium containing 0.01% 

Tweenn 80 for 4 days. A replicate culture was incubated at 37°C, harvested at mid-log 

phasee and stored in aliquots at -70°C. For each experiment, a vial was thawed and 

washedd twice with sterile 0.9% NaCl. Mice were anaesthetized by inhalation with 

isofluranee (Abbott Laboratories Ltd., Kent, U.K.) and i.n. infected with 7X105 (IT 

experiments)) or 25x105 (Cl2MBP-liposome experiments) live bacilli in 50 ul saline, as 

determinedd by viable counts on 7H11 Middlebrook agar plates. To deplete activated 

Mtps,, IT (25 ul) or saline (control) was given i.n. twice a week for five weeks, starting 2 

dayss after mycobacterial challenge. As a control for IT-treated hFcyRI mice (activated 

Mtp-- mice), transgenic hFcyRI mice were treated with saline and non-transgenic 

littermatess were treated with either saline or IT (activated M<p+ mice). For non-selective 

Mcpp depletion, Cl2MBP-lipsomes (100 ul) was administered i.n. 4, 11, 21, 29 days after M. 

tuberculosistuberculosis challenge (Mp- mice). Control mice received i.n. lOOul PBS-liposomes {Mp+ 

(liposomes)) mice) or saline (Mtp+ (saline) mice). Groups of eight mice per time point 

weree sacrificed 5 weeks post-infection, and lungs, and spleen were removed aseptically. 

Organss were homogenized with a tissue homogenizer (Biospec Products, Bartlesville, 

OK)) in 5 volumes of sterile 0.9% NaCl, and 10-fold serial dilutions were plated on 

Middlebrookk 7H11 agar plates to determine bacterial loads. Colonies were counted after 

21-dayy incubation at 37°C. Numbers of colony forming units (CFUs) are provided as 

totall  in the lungs or as total per gram spleen. For cytokine measurements, lung 

homogenatess were diluted 1:1 in lysis buffer (150mM NaCl, 15mM Tris, ImM 

MgCl.H20,, ImM CaCl2 1% Triton, 100ug/ml pepstatin A, leupeptin and aprotinin), and 

incubatedd for 30 min. on ice. Supernatants were sterilized using a 0.22 urn filter (Corning 

Incorporated,, Corning. NY) and frozen at -20°C until assays were performed. 

FACSFACS analysis 

Lungg cells obtained from infected mice were analyzed by FACS (Becton Dickinson, 

Franklinn Lakes, NJ). Pulmonary cell suspension was obtained using an automated 

disaggregationn device (Medimachine System; Dako, Glostrup, Denmark) and 

resuspendedd in medium (RPMI1640 (Bio Whittaker, Belgium), 10% fetal calf serum, 1% 
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anribiotic-antimycoticc (GibcoBRL, Life Technologies, Rockville, MD)) as described 

previouslyy (2). Erythrocytes were lysed with ice-cold isotonic NH4C1 solution (155 mM 

NH4C1,, 10 mM KHC03,100 mM EDTA, pH 7.4), and the remaining cells were washed 

twicee with RPMI. For each analysis lung cells from 2 mice from a group (n=8 per group) 

weree pooled, yielding 4 separate measurements per group at each time point. Cells were 

broughtt to a concentration of 4x106 cells/ml FACS buffer (PBS supplement with 0.5% 

BSA,, 0.01% NaN3 and 100 mM EDTA). Immunostaining for cell surface molecules was 

performedd for 30 min at 4°C using Abs against CD3 (anti-mCD3-phycoerythrin), CD4 

(anti-mCD4-CyChrome)}}  CD8 (anti-mCD8-FITC, anti-mCD8-PerCP), CD69 (anti-

mCD69-FITQ.. All Abs were used in concentrations recommended by the manufacturer 

(Pharmingen,, San Diego, CA). To correct for aspecific staining an appropriate control 

antibodyy (rat IgG2, Pharmingen) was used. Cells were fixed with 2% paraformaldehyde, 

andd surface molecules were analyzed by gating the CD3+ population. The number of 

positivee cells was obtained by setting a quadrant marker for nonspecific staining. 

SplenocyteSplenocyte and lymph node cell stimulation 

Singlee cell suspensions were obtained by crushing spleens or tracheobronchial lymph 

nodess through a 40 Jim cell strainer (Merck). Erythrocytes were lysed with ice-cold 

isotonicc NH4C1 solution, and the remaining cells were washed twice. Cells were 

suspendedd in medium, seeded in 96-well round bottom culture plates at a cell density of 

lxlO 66 cells in triplicate, and stimulated with tuberculin-purified protein derivative (PPD) 

(Statenss Seruminstitut, Copenhagen, Denmark). Supernatants were harvested after a 48-h 

incubationn at 37°C in 5% C02, and cytokine levels were analyzed by ELISA. 

CytokineCytokine measurements 

IFNyy and IL-4 were measured in lung homogenates, spleen and lymph node cell 

supernatantss by specific ELISA's using matched Ab pairs according to the 

manufacturer'ss instructions (R&D Systems, Minneapolis, MN). 

DataData statistical analysis 

Alll  values are expressed as mean  SEM. Comparisons were done widi Mann-Whitney U 

tests.. Values of P < 0.05 were considered statistically significant. 

57 7 



DUALL ROLE OF M(pS DURING TB 

RESULTS S 

DepletionDepletion ofhFcyRT Mips 

Too confirm the capability of the IT to deplete activated pulmonary Mips in vivo we treated 

micee i.n. with IFNy to upregulate FcyRJ on M(ps and administered either IT or saline. A 

singlee i.n. administration of IT resulted in >34% depletion of hCD64+ cells in lungs after 

7hh when compared to IFNy- saline-treated animals (Fig. 1A, P<.05). Depletion of 

activatedd Mips was accomplished by the induction of apoptosis, as demonstrated by the 

detectionn of active caspase-3 in lung tissue (Fig. IB). This is in line with previous findings 

onn the capability of IT to deplete activated Mcps by inducing apoptosis (8). 

33 50 

B B 

44 . \ 

XJ |̂S% * * 

// 9 

•••

**-.' **-.' 

Figur ee 1 A. Effect of a single IT treatment on pulmonary activated Mips. hFcyRI transgenic mice 
weree i.n. treated with IFNy to activate Mips as indicated by an upregulation of FcyRI (CD64) or with 
salinee as a control. Additionally, IFNy-treated mice were i.n. treated with IT to deplete activated 
pulmonaryy Mips or with saline as a control. CD64+ cells were identified 7 h later in frozen lung 
tissuee sections by immunohistochemistry. Data are mean number of cells/3mm2  SEM of five mice 
perr group, t, P<.05 vs saline-treated mice; *, P<.05 vs IFNy- saline-treated mice. B. Apoptotic M(ps 
weree visualized by immunostaining lung tissue from IFNy-treated mice that received IT for active 
caspase-33 (original magnification x80). 

FcyRIFcyRI expression during tuberculosis 

Too study the FcyRI expression in lungs during M. tuberculosis infection we stained lung 

tissuetissue sections of hFcyRI mice. This revealed a 3-fold increase in the amount of FcyRI-

expressingg in transgenic mice infected for 5 wk with M. tuberculosis when compared to 

uninfectedd transgenic mice (109.4  5.9 vs 36.0  13.8 CD64+cells/3 mm2 respectively, 

P<.05). . 

BacterialBacterial burden 

Too investigate the role of (activated) M<ps in the outcome of tuberculosis, CL2MBP-
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liposomess or IT were given after induction of tuberculosis to respectively deplete Mcp in a 

non-selectivee manner (Mcp-) or to deplete activated M(ps (activated M(p-). The ability of 

micee to limit the mycobacterial growth was studied 5 wks post-infection (p.i.). Significant 

differencess in tissue content of M. tuberculosis bacilli were found between 

saline/liposome-treatedd (M(p+) and CL2MBP-liposome-treated animals (M(p-). The lungs 

off  Mcp- mice contained 6-fold less viable mycobacteria than those of Mcp+ (saline) 

animalss (P <.05) and 3.4-fold less than of Mcp+ (liposomes) mice (Fig. 2, P<.05). The 

spleenss of Mcp- mice contained 40% less disseminated bacilli than in Mcp+ (liposomes) 

micee (P <.05). In contrast, when activated Mcps were selectively depleted, the number of 

mycobacteriaa isolated from the lungs of IT-treated hFcyRI mice (activated Mcp-) was 7-

foldd higher compared to their IT-treated Wt mice (activated-Mcp+) (Fig. 2, P<.05). In 

addition,, significantly more mycobacteria were recovered from lungs of IT-treated 

hFcyRII  mice (activated Mcp-) than from saline-treated hFcyRI mice (activated Mcp+) 

(P<.05).. Furthermore, IT-treated hFcyRI mice (activated Mcp-) had 2 and 3 times more 

mycobacteriaa in their spleens when compared to respectively IT-treated Wt mice 

(activatedd Mcp+) and saline-treated hFcyRI mice (activated Mip+) (P<.05). The enhanced 

outgrowthh of M. tuberculosis in IT-treated hFcyRI mice (activated Mcp-) was confirmed in a 

secondd independent experiment (data not shown). 
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Figur ee 2 Mycobacterial growth 
inn lungs and spleens of mice 
unselectivelyy depleted from Mcps 
(A)) and of mice depleted from 
activatedd Mcps (B) 5 wk after 
infectionn with H37Rv M. 
tuberculosis.tuberculosis. Data are mean and 
SEMM of eight mice per group. 
Unselectivee Mcp depletion: *, 
P<.055 vs Mcp+ (saline) mice; t, 
P<.055 vs Mcp+ (liposomes) 
mice;; % P<.05 vs Mcp+ (saline) 
mice.. Activated Mcp depletion: 
* ,, P<.05 vs activated Mcp+ (IT-
treatedd Wt) mice; * P<.05 vs 
activatedd M<p+ (saline-treated 
hFcyRI)) mice; t P<.05 vs 
activatedd Mcp+ (saline-treated 
Wt)) mice. 
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CellCell subsets 

Bothh M(ps and lymphocytes are crucial for the resolution of pulmonary M. tuberculosis 

infectionn (19). Therefore, the cell number and phenotype of the cells in lungs of 8 mice 

perr group were assessed. A small but non significant reduction in cell numbers in lungs 

waswas found in both M(p- mice and activated Mcp- mice (IT-treated hFcyRI) as compared 

too their respective control mice. As expected the percentage of M(p in the lungs of 

Cl2MBP-liposome-treatedd mice and IT-treated hFcyRI transgenic mice was lower when 

comparedd to their controls (Table I, only significant for the non-selective M<p depletion). 

Noo significant differences were found in PMN and lymphocyte percentages between 

groups.. Throughout the course of the infection, similar percentages CD4+ and CD8+ T 

cellss were present in lungs of both M(p- mice and Mcp+ (saline/liposomes) mice and 

activatedd M(p- and activated M(p+ mice (Table II) . To investigate their activation state, T 

cellss were stained for the activation marker CD69. CD4+ lymphocytes of M<p- mice and 

CD4++ and CD8+ lymphocytes of activated M<p- mice were demonstrated to be more 

activatedd than lymphocytes of (activated) M(p+ mice. 

Tablee I . Effect of (activated) Mq> depletion on cellular composition in lungs during tuberculosis" 

nonselectivenonselective M(p depletion Cells M(p PMN Lymphocytes 
xlOVmll  % % % 

Mcp++ (saline) 
Mcp++ (liposomes) 
M(p-- (Cl2MBP-liposomes) 

activatedactivated M<p depletion 
activatedd M(p+ (saline-treated Wt mice) 
activatedd M(p+ (saline-treated hFcyRI mice) 
activatedd M<p+ (IT-treated Wt mice) 
activatedd M(p- (IT-treated hFcyRI mice) 

'' Leukocytes in lungs of mice infected with M. tuberculosis 5 weeks p.L Total cells from 2 mice were pooled 
(collectedd from eight mice per group per time point) and HE stained. *P < 0.05 vs Mip+ (saline) mice ; t 
P<.055 vs activated M(p+ (saline-treated Wt) mice. 

CytokinesCytokines in lungs 

Too assess the effect of (activated) M(p depletion on cytokine profiles in the local 

inflammatoryy environment, we measured IFNy as the typical type 1 cytokine and IL-4 as 

thee typical type 2 cytokine in lungs by ELISA. Cytokine levels were not significantly 

affectedd by either non-selective M(p or activated M9 depletion (data not shown). 
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Tab l ee II . Effect of M(p depletion on cell subsets in lungs during tuberculosis" 

non-selectivenon-selective M(P depletion CD4+ + CD8+ + CD4+ /CD69++ CD8VCD69+ 

Mcp++ (saline) 

Mip++ (liposomes) 

Mip-- (CbMBP-liposomes) 

activatedactivated Mcp depletion 

activatedd M(p+ (saline-treated Wt mice) 

activatedd M(p+ (saline-treated hFcyRI mice) 

activatedd M<p+ (IT-treated Wt mice) 

activatedd Mtp- (IT-treated hFcyRI mice) 

61.00 + 2.6 
61.22 + 1.7 
60.11 + 1.9 

68.55  3.1 
69.66 + 1.0 
73.33 5 
67.00 + 4.6 

30.33 1 
31.33 0 
32.55 8 

32.99  3.4 
31.33 1 
33.77  4.0 
38.00 + 3.6 

27.66 4 
32.44  3.4 
36.33  5.0* 

23.00  0.5 
33.88  2.3 
27.99  1.1 t 

33.00  3.3 * t 

22.00 9 
21.33 1 
23.77 1 

13.88 5 
16.33  4.9 
8.99  2.9 

22.33  3.4 * t 

""  Cell subsets in lungs of mice infected with M. tuberculosis 5 weeks post-infection. Total cells from 2 mice 
weree pooled (collected from eight mice per group per time point) and immunostained. FACS analysis was 
performedd as described in the methods section. Results are expressed as % CD4+, CD8+, and CD69+ within 
thee CD3+ population. Non-selective Mcp depletion; * P<.05 vs Mip+ (saline) mice. Activated M(p depletion; * 
P<.055 vs activated Mcp+ (IT-treated Wt mice), t P<.05 vs activated Mtp+ (saline-treated Wt) mice. 

ExEx vivo stimulated splenocytes and lymph node cells 

Too determine if the effect of M(p depletion extended to lymphoid tissue, T cell cytokine 

releasee in infected mice was examined. Since IFNy is crucial to the protective response to 

M.M. tuberculosis infection (19), we stimulated splenocytes and draining lymph node cells 

fromm infected animals with a recall antigen PPD, and measured this cytokine. Cells from 

thee tracheobronchial draining lymph nodes of Mtp- mice secreted over two-fold more 

IFNyy than those of Mcp+ (saline/liposomes) mice (Fig. 3, P<.05). A similar tend was 

foundd when splenocytes were PPD-stimulated. IL-4 was undetectable in supernatants of 

Figur ee 3 Levels of IFNy 
andd IL-4 in supernatants of 
splenocytess and tracheo-
bronchiall  lymph node cells 
fromm M<p+ (saline) mice, 
Mcp++ (liposomes) mice, and 
Mcp-- mice in response to 
PPDD and aCD3/28 Abs. 
Splenocytess were harvested 
55 wk after i.n. inoculation of 
M.M. tuberculosis, and stim-
ulatedd for 48 h. Data are 
meann  SEM of eight mice 
perr group. *, P<.05 vs 
M<p++ (saline) mice; t, P<.05 
vss Mtp+ (liposomes) mice. 
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cellss stimulated with PPD. When stimulated with O.CD3/28 splenocytes of Mcp- mice 

secretedd 2 times less IL-4 than Mcp+ (liposomes) mice (Fig. 3, P<.05). Although activated 

Mcp-- mice were less able to control M. tuberculosis infection as their controls and Mcp-

micee they were still able to produce IFNy in an Ag-specific recall response (Fig. 4). 

Tracheobronchiall  lymph node cells and splenocytes of activated Mcp- mice produced 

respectivelyy 53% and 88% more IFNy than activated Mcp+ (IT-treated Wt) mice. IL-4 

productionn of lymph node cells in response to OCCD3/28 was lower in activated Mcp-

micee when compared to activated Mcp+ (IT-treated Wt) mice. Hence, overall both Mtp-

andd activated Mcp- mice displayed a polarized type 1 (IFNy) cytokine response upon 

stimulationn of either bronchotracheal draining lymph node cells or splenocytes. 
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lymphh node cells 

ii activated M<&+ (saline-treated Wt mice) 

'' activated M<>+ {saline-treated hFcyRI mice) 

activatedd M^+ (IT-treated Wt mice) 

activatedd M41- (IT-treated hFcyRi mice) 

Figur ee 4 Levels of IFNy 
andd IL-4 in super-
natantss of splenocytes 
andd tracheobronchial 
lymphh node cells from 
micee in response to PPD 
andd aCD3/28 Abs. 
Splenocytess were har-
vestedd 5 wk after i.n. 
inoculationn of M. tuber-
culosis,culosis, and stimulated for 
488 h. Data are mean
SEMM of eight mice per 
group.. *, P<.05 vs 
activatedd M(p+ (IT-
treatedd Wt) mice; t 
P<.055 vs activated Mcp+ 
(saline-treatedd hFcyRI) 
mice;; t P<.05 vs 
activatedd Mcp + (saline-
treatedd Wt) mice. 

DISCUSSION N 

Ann effective host defense against pulmonary mycobacterial infection relies on a 

fastt clearance of microorganisms from the lungs. M(ps have been implicated as the 

predominantt inducers of protection by phagocytosing and killing mycobacteria and by 

initiatingg the inflammatory response. However, Mcps are also the primary host cells for 

mycobacteria.. The present study clearly demonstrates that the dual role of Mcps in vivo is 
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relatedd to the activation state of these cells. While a non-selective depletion of M<ps after 

infectionn with M tuberculosis improved die clinical outcome of disease, a depletion of 

activatedd Mcps led to an impaired resistance as reflected by an enhanced mycobacterial 

outgrowth.. These results suggest that M(ps facilitate the growth of mycobacteria until 

theyy are activated. Apparendy, resting M(ps provide a save sanctuary for intracellular 

replicationn and hiding, whereas activated Mcps inhibit mycobacterial growth. 

Thee protective role of M<f s during tuberculosis is supported by observations of 

ann inverse correlation between virulence and the early events of Mcp activation. The 

majorr component of mycobacterial cell walls lipoarabinomannan (LAM) from a virulent 

M.M. tuberculosis strain failed to stimulate the early events in macrophage activation where 

LAMM from an avirulant strain increased die expression of genes and cytokines which are 

involvedd in early Mep activation (20). By avoiding M(p activation, LAM from virulent M. 

tuberculosistuberculosis may act as a virulence factor that reduces growth inhibition by the host. In 

addition,, M(p deactivation has been shown to contribute to the pathogenesis of 

mycobacteriall  infection (21). Activated M(ps can inhibit mycobacterial growth by 

displayingg several direct antimicrobial mechanisms, like the delivery of lysosomal 

enzymess to phagosomes, the production of toxic effector molecules, and the deprivation 

off  the intracellular iron availability. Furthermore, activated Mcps are important for the 

productionn of cytokines, M(p-lymphocyte contacts, die formation of granulomas, and the 

attractionn of PMNs. Indeed, despite the higher mycobacterial load a trend was seen of 

reducedd absolute numbers of PMNs and lymphocytes in lungs of mice depleted from 

activatedd M(ps compared to lungs of their controls. Additionally, activated Mcps are 

involvedd in a tissue damaging immune response diat limits the growth of M. tuberculosis by 

destroyingg non-activated Mcps and by forming nonliquefied caseous foci (22, 23). In these 

solidd foci tubercle bacilli do not replicate significandy because of anoxic conditions, the 

presencee of inhibitory fatty acids and a reduced pH (24, 25). The opposite effects of 

unselectivee and activated Mcp depletion indicate that activated Mtps have a surplus value 

abovee the provision of a sanctuary for mycobacteria. 

Inn agreement with our previous study (2), we found that a non-selective 

inductionn of Mcp apoptosis during tuberculosis was beneficial for the host. Since we 

inducedd Mcp apoptosis after instead of before the infection as in our previous study, a better 

reflectionn of the in vivo situation is achieved. In contrast, the induction of apoptosis of 
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activatedactivated Mcps during M. tuberculosis infection was detrimental for the host and beneficial 

forr the pathogen. This raises questions as to the exact role of Mcp apoptosis during 

mycobacteriall  infection. The tremendous Mtp apoptosis found in tuberculosis patients 

(26-28)) could work in two totally different ways. On the one hand it could be a host 

defensee mechanism to destroy and restrict the growth of intracellular mycobacteria (29) 

byy depriving mycobacteria from host cells (30) and by constraining of mycobacteria in 

apoptoticc bodies (29). Indeed, apoptosis of human monocytes has been shown to limit 

thee growth of M. avium (30), M. bovis bacillus Calmette-Guérin (31) and M. tuberculosis (32) 

inin vitro and led to a reduced outgrowth of Af. tuberculosis in vivo (2) (this study). However, 

Mtpp apoptosis could also be a weapon of M. tuberculosis to deprive the host of 

antimicrobiall  phagocytes and impair with cell-mediated immunity as long as it concerns 

activatedd Mq>s. In this way activated M(ps apoptosis seems an improbable strategy for 

hostt defense and could be rather a pathogen-encoded virulence determinant. 

Interestingly,, activated M(ps showed a higher level of apoptosis after infection with 

SalmonellaSalmonella typhimurium, a bacterium that also invades Mcps (33). This could mean mat 

apoptosiss of activated Mcp is indeed associated with pathogen-encoded virulence 

determinantss and that the capability to induce apoptosis in activated Mcps may be 

importantt for the survival of the bacterium and escape of the host immune response. 

Otherr major effector cells in cell-mediated immunity to tuberculosis are 

lymphocytes.. Mcps have been 'classically' recognized as important antigen-presenting cells 

forr CD4+ lymphocytes. However, neither non-selective Mcp nor activated Mcps depletion 

duringg tuberculosis lowered die percentages of activated T cells. (Activated) Mcp 

depletionn even led to a slightly increased percentage of activated T cells as assessed by 

thee activation marker CD69. This suggests that Mcps residing in the pulmonary 

compartmentt have poor antigen-presenting capabilities, which is underlined by several 

otherr reports (34-37). Apparently, pulmonary Mcps are more important for the 

phagocytosiss and clearance of mycobacteria without signaling for an amplification of the 

hostt inflammatory response. Alveolar Mcps are even suggested to inhibit the local 

augmentationn of the inflammatory response (38) and to suppress T cell proliferation to 

mycobacteriall  antigens (39-41). In this way Mcps can clear antigens without activating a 

hostt immune response that can result in damaged alveolar capillary membranes (42). 

Duringg M. tuberculosis infection CD8+ T cells have as main effector function the 

lysiss of infected cells and the production of cytokines, in particular IFNy (19). 
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Interestinglyy we found relatively more activated CD8+ T cells in activated Mcp- mice 

comparedd to activated Mcp+ mice. Since CD8+ T cells can be activated by secreted 

cytokiness of activated CD4+ T cells, one could imagine that the relative increase in 

activatedd CD4+ T cells in activated Mcp- animals finally will lead to an increase in CD8+ 

TT cell activity. Indeed, during HIV infections the reduced numbers of CD4+ T cells may 

alsoo result in an incomplete activation of CD8+ T cells (43). In addition, CD8+ T cells can 

bee activated by dendritic cells (DCs). A further explanation for the increase in activated 

CD8++ T cells could therefore be found in an enhancement of the antigen presenting 

capabilitiess of DCs in activated Mcp- mice, i.e. the antigen presenting function of 

pulmonaryy DCs can be downregulated by alveolar Mcps (44, 45). 

Inn line with our previous study (2), we found that the immune response of 

splenocytess and lymph node cells of (activated) Mcp- mice in response to PPD and anti-

CD3/288 was predominated by a type 1 response when compared to (activated) Mcp+ 

mice.. It could be that alveolar Mtps exert Th2-associated effector functions and induce 

thee differentiation of naïve T cells into Th2 type cells (46, 47). Although the differences 

inn pulmonary leukocyte subsets and the polarized production of type 1 cytokines by 

splenocytess and lymph node cells of (activated) M<p- mice compared to (activated) M(p+ 

micee are interesting, the relative contribution of this in the mycobacterial resistance is 

unknown.. That is both Mcp- and activated Mcp- mice displayed increased (activated) 

lymphocytee numbers and type 1 responses in lymphoid tissue while Mcp- mice had a 

decreasedd mycobacterial load and activated Mcp- mice had an increased mycobacterial 

outgrowthh in their lungs when compared to their respective control mice. 

Inn summary, we here demonstrate diat whereas resting Mtps provide a save 

sanctuaryy for replicating mycobacteria, activated Mtps are important for the control of 

pulmonaryy tuberculosis infection. In addition, we found that the antimicrobial effect of 

Mcpss going into apoptosis depends on the activation state of this cell. The presence of 

Mcpp apoptosis could be part of a host defense strategy against mycobacteria, as long as 

thesee cells are not activated. 

Acknowledgments Acknowledgments 

Thee authors wish to thank J. Daalhuisen, I. Hoedemakers, and Dr. AJ. van Vuuren for 

expertt technical assistance and advise. We are grateful to Dr. J. Langermans for giving us 

thee opportunity to process our lung tissues. 

65 5 



DUALL ROLE OF M(pS DURING TB 

REFERENCES S 

1.. Snider, D., M. Raviglione, and A. Kochi. 1994. Global burden of tuberculosis. ASM Press, Washington n 
DC. . 

2.. Leemans, J. C, N. P. Juffermans, S. Florquin, N. van Rooijen, M. J. Vervoordeldonk, A. Verbon, 
S.. J. van Deventer, and T. van der Poll. 2001. Depletion of alveolar macrophages exerts protective 
effectss in pulmonary tuberculosis in mice, ƒ Immunol 166:4604-11. 

3.. Denis, M. 1991. KUling of Mycobacterium tuberculosis within human monocytes: activation by 
cytokiness and calcitriol. Clin Exp Exp Immunol 84:200-6. 

4.. Warwick-Davies, J., J. Dhillon, L. O'Brien, P. W. Andrew, and D. B. Lowrie. 1994. Apparent 
killingg of Mycobacterium tuberculosis by cytokine-activated human monocytes can be an artefact 
off  a cytotoxic effect on the monocytes. Clin Exp Immunol 96:214-7. 

5.. O'Brien, L., B. Roberts, and P. W. Andrew. 1996. In vitro interaction of Mycobacterium 
tuberculosiss and macrophages: activation of anti-mycobacterial activity of macrophages and 
mechanismss of anti-mycobacterial activity. CurrTopMicrobiol'Immunol215:97-130. 

6.. Perussia, B., E. T. Dayton, R. Lazarus, V. Fanning, and G. Trinchieri. 1983. Immune interferon 
inducess the receptor for monomelic IgGl on human monocytic and myeloid cells. / Exp Med 
158:1092-113. 158:1092-113. 

7.. Wiener, E., D. Allen, R. J. Porter, S. N. Wickramasinghe, J. B. Porter, S. Chinprasertsuk, U. 
Siripanyaphinyo,, K. Pattanapanyasat, S. Fucharoen, and W. Wanachiwanawin. 1999. Role of 
FcgammaRII  (CD64) in erythrocyte elimination and its up-regulation in thalassaemia. Br] Haematol 
106:923-30. 106:923-30. 

8.. Thepen, T., A. J. van Vuuren, R. C. Kiekens, C. A. Damen, W. C. Vooijs, and J. G. van De 
Winkel.. 2000. Resolution of cutaneous inflammation after local elimination of macrophages. Nat 
BiotechnolBiotechnol 18:48-51. 

9.. Zhong, R. K., J. G. van de Winkel, T. Thepen, L. D. Schultz, and E. D. Ball. 2001. Cytotoxicity of 
antd-CD64-ricinn a chain immunotoxin against human acute myeloid leukemia cells in vitro and in 
SCIDD mice. ]  Hematother Stem Cell Res 10:95-105. 

10.. Heijnen, I. A., and J. G. Van de Winkel. 1995. A human Fc gamma RI/CD64 transgenic model 
forfor in vivo analysis of (bispecific) antibody therapeutics, ƒ Hematother 4:351-6. 

11.. Graziano, R. F., P. R. Tempest, P. White, T. Keler, Y. Deo, H. Ghebremariam, K. Coleman, L. C. 
Pfefferkorn,, M. W. Fanger, and P. M. Guyre. 1995. Construction and characterization of a 
humanizedd anti-gamma-Ig receptor type I (Fc gamma RI) monoclonal antibody, ] Immunol 
155.4996-5002. 155.4996-5002. 

12.. Thepen, T., N. Van Rooijen, and G. Kraal. 1989. Alveolar macrophage elimination in vivo is 
associatedd with an increase in pulmonary immune response in mice, J Exp Med 170:499-509. 

13.. Van Rooijen, N., and A. Sanders. 1994. Liposome mediated depletion of macrophages: 
mechanismm of action, preparation of liposomes and applications. J Immunol Methods 174:83-93. 

14.. Berg, J. T., S. T. Lee, T. Thepen, C. Y. Lee, and M. F. Tsan. 1993. Depletion of alveolar 
macrophagess by liposome-encapsulated dichloromethylene diphosphonate. J Appl Physiol 74:2812-
9. 9. 

15.. Kooguchi, K., S. Hashimoto, A. Kobayashi, Y. Kitamura, I. Kudoh, j . Wiener-Kronish, and T. 
Sawa.. 1998. Role of alveolar macrophages in initiation and regulation of inflammation in 
Pseudomonass aeruginosa pneumonia. Infect Immun 66:3164-9. 

16.. Naito, M., H. Nagai, S. Kawano, H. Umezu, H. Zhu, H. Moriyama, T. Yamamoto, H. Takatsuka, 
andd Y. Takei. 1996. Liposome-encapsulated dichloromethylene diphosphonate induces 
macrophagee apoptosis in vivo and in vitro. J Leuk Biol 60:337-44. 

17.. van Rooijen, N., A. Sanders, and T. K. van den Berg. 1996. Apoptosis of macrophages induced 
byy liposome-mediated intracellular delivery of clodronate and propamidine, ] Immunol Methods 
193:93-9. 193:93-9. 

18.. Juffermans, N. P., J. C. Leemans, S. Florquin, A. Verbon, A. H. Kolk, P. Speelman, S. J. van 
Deventer,, and T. van der Poll. 2002. CpG oligodeoxynucleotides enhance host defense during 
murinee tuberculosis. Infect Immun 70:147-52. 

19.. Flynn, J. L., and J. Chan. 2001. Immunology of tuberculosis. Annu Rev Immunol 19:93-129. 
20.. Roach, T. L, C. H. Barton, D. Chatterjee, and J. M. Blackwell. 1993. Macrophage activation: 

lipoarabinomannann from avirulent and virulent strains of Mycobacterium tuberculosis 
differentiallyy induces the early genes c-fos, KC, JE, and tumor necrosis factor-alpha, ] Immunol 
150:1886-96. 150:1886-96. 

21.. Reiner, N. E. 1994. Altered cell signaling and mononuclear phagocyte deactivation during 
intracellularr infection. Immunol Today 15:374-81. 

66 6 



CHAPTERR 3 

22.. Dannenberg, A. M., Jr. 1991. Dekyed-type hypersensitivify and cdl-mediatcd immunity in the 
pathogenesiss of tuberculosis. Immunol Today 12:228-33. 

23.. Dannenberg, A. 1994. Pathogenesis of pulmonary tuberculosis: host-parasite interactions, cell-
mediatedd immunity, and delayed-type hypersensitivity: basic principles. Springer Verlag, New 
York. . 

24.. Poole, J., and H. Florey. 1970. Chronic inflammation and tuberculosis. General Pathology. H.W. 
Floreyy (ed.) The W. B. Saunders Co, Philadelphia. 

25.. Hemsworth, G. R., and I. Kochan. 1978. Secretion of antimycobacterial fatty acids by normal and 
activatedd macrophages. Infect Imrnun 19:170-7. 

26.. Keane, J., M. K. Balcewicz-Sablinska, H. G. Remold, G. L. Chupp, B. B. Meek, M. J. Fenton, and 
H.. Kornfeld. 1997. Infection by Mycobacterium tuberculosis promotes human alveolar 
macrophagee apoptosis. Infection & Immunity 65:298-304. 

27.. Klingler, K., K. M. Tchou-Wong, O. Brandli, C. Aston, R. Kim, C. Chi, and W. N. Rom. 1997. 
Effectss of mycobacteria on regulation of apoptosis in mononuclear phagocytes. Infect Immun 
65:5272-8. 65:5272-8. 

28.. Placido, R., G. Mancino, A. Amendola, F. Mariani, S. Vendetti, M. Piacentini, A. Sanduzzi, M. L. 
Bocchino,, M. Zembala, and V. Colizzi. 1997. Apoptosis of human monocytes/macrophages in 
Mycobacteriumm tuberculosis infection, J Pathol 181:31-8. 

29.. Ottenhoff, T. H., and T. Muds. 1995. Role of cytotoxic cells in the protective immunity against 
andd immunopathology of intracellular infections. Eur J CUn Invest 25:371-7. 

30.. Fratazzi, C, R. D. Arbeit, C. Carini, and H. G. Remold. 1997. Programmed cell death of 
Mycobacteriumm avium serovar 4-infected human macrophages prevents the mycobacteria from 
spreadingg and induces mycobacterial growth inhibition by freshly added, uninfected macrophages. 
]]  Immunol 158:4320-7. 

31.. Moiloy, A., P. Laochumroonvorapong, and G. Kaplan. 1994. Apoptosis, but not necrosis, of 
infectedd monocytes is coupled with killing of intracellular bacillus Calmette-Guerin. J Exp Med 
180:1499-509. 180:1499-509. 

32.. Oddo, M., T. Renno, A. Attinger, T. Bakker, H. R. MacDonald, and P. R. Meylan. 1998. Fas 
Hgand-inducedd apoptosis of infected human macrophages reduces the viability of intracellular 
Mycobacteriumm tuberculosis, ƒ Immunol 160:5448-54. 

33.. Monack, D. M., B. Raupach, A. E. Hromockyj, and S. Falkow. 1996. Salmonella typhimurium 
invasionn induces apoptosis in infected macrophages. Proc Natl Acad SciVSA 93:9833-8. 

34.. Toews, G. B., W. C. Vial, M. M. Dunn, P. Guzzetta, G. Nunez, P. Stastny, and M. F. Lipscomb. 
1984.. The accessory cell function of human alveolar macrophages in specific T cell proliferation, ƒ 
ImmunolImmunol 132:181-6. 

35.. Lipscomb, M. F., C. R. Lyons, G. Nunez, E. J. Ball, P. Stastny, W. Vial, V. Lem, J. Weissler, and 
L.. M. Miller. 1986. Human alveolar macrophages: HLA-DR-positive macrophages that are poor 
stimulatorss of a primary mixed leukocyte reaction. J Immunol 136:497-504. 

36.. Lyons, C. R., E. J. Ball, G. B. Toews, J. C. Weissler, P. Stastny, and M. F. Lipscomb. 1986. 
Inabilityy of human alveolar macrophages to stimulate resting T cells correlates with decreased 
antigen-specificc T cell-macrophage binding. J Immunol 137:1173-80. 

37.. Kradin, R. L., K M. McCarthy, C. I. Dailey, A. Burdeshaw, J. T. Kurnick, and E. E. 
Schneeberger.. 1987. The poor accessory cell function of macrophages in the rat may reflect their 
inabilityy to form clusters with T cells. Can Immunol Immunopathol44:348-63. 

38.. Barnes, P., M. RL, and E. JJ. 1994. T-cell responses and cytokines. ASM press, Washington. 
39.. Holt, P. G. 1979. Alveolar macrophages. II . Inhibition of lymphocyte proliferation by purified 

macrophagess from rat lung. Immunology 37:429-36. 
40.. McCombs, C. C, J. P. Michalski, B. T. Westerfield, and R. W. light 1982. Human alveolar 

macrophagess suppress the proliferative response of peripheral blood lymphocytes. Chest 82:266-
71. 71. 

41.. Bilyk, N., and P. G. Holt 1995. Cytokine modulation of the immunosuppressive phenotype of 
pulmonaryy alveolar macrophage populations. Immunology 86:231-7. 

42.. Crapo, J. D., A. G. Harmsen, M. P. Sherman, and R. A. Musson. 2000. Pulmonary 
immunobiologyy and inflammation in pulmonary diseases. Am] Am] Respir Crit Care Med 162:1983-6. 

43.. McMichael, A. J., and S. L. Rowland-Jones. 2001. Cellular immune responses to HIV. Nature 
410:980-7. 410:980-7. 

44.. Holt, P. G., J. Oliver, N. Bilyk, C. McMenamin, P. G. McMenamin, G. Kraal, and T. Thepen. 
1993.. Downregulation of the antigen presenting cell function(s) of pulmonary dendritic cells in 
vivoo by resident alveolar macrophages. J Exp Med 177:397-407. 

45.. MacLean, J. A., W. Xia, C. E. Pinto, L. Zhao, H. W. Iiu, and R. L. Kradin. 1996. Sequestration of 
inhaledd particulate antigens by lung phagocytes. A mechanism for the effective inhibition of 
pulmonaryy cell-mediated immunity. Am J Pathol 148:657-66. 

67 7 



DUALL ROLE OF M(pS DURING TB 

46.. Cua, D. J., and S. A. Stohlman. 1997. In vivo effects of T helper cell type 2 cytokines on 
macrophagee antigen- presenting cell induction of T helper subsets. J Immunol 159:583440. 

47.. Goerdt, S., and C. E. Orfanos. 1999. Other functions, other genes: alternative activation of 
antigen-- presenting cells. Immunity 10:137-42. 

68 8 



CHAPTER R 4 4 

Alveolarr Macrophages have a Protective Anti-Inflammatory Role 

duringg Murine Pneumococcal Pneumonia by Phagocytosing 

Apoptoticc Neutrophils 

Sylviaa Knapp, Jaklien C. Leemans, Sandrine Florquin, Judith Branger, Nico A. Maris, 

Jenniee Pater, Nico van Rooijen and Tom van der Poll 



ANTI-INFLAMMATOR YY ROLE OF AM 

ABSTRACT T 

Alveolarr macrophages (AM) are considered major effector cells in host defense against 

respiratoryy tract infections by virtue of their potent phagocytic properties. In addition, 

AMM may regulate the host inflammatory response to infection by production of cytokines 

andd by their capacity to phagocytose apoptotic polymorphonuclear cells (PMN). To 

elucidatee the in vivo contribution of AM to host defense against pneumococcal 

pneumoniaa we depleted mice of AM via intrapulmonal application of liposomal 

dichloromediylene-bisphosphonatee (AMmice) before inoculation with Streptococcus 

pneumoniae;pneumoniae; controls received saline (AM+sal) or liposomal PBS (AM+lip) before bacterial 

inoculation.. AMmice displayed a significantly higher mortality compared to AM+controls 

whereass bacterial clearance did not differ. Detrimental outcome of AMmice was 

accompaniedd by a pronounced increase of local pro-inflammatory cytokine production as 

welll  as strongly elevated and prolonged pulmonary PMN accumulation. Closer 

examinationn of infiltrating PMN in AMmice disclosed high proportions of apoptotic and 

secondaryy necrotic cells reflecting the lack of efficient clearance mechanisms in the 

absencee of AM. Furthermore, caspase-3 staining showed only slighdy higher activity in 

AMM mice, arguing against accelerated apoptosis per se. These data suggest that AM are 

indispensablee in the host response to pneumococcal pneumonia by means of their 

capacityy to terminate inflammation via elimination of apoptotic PMN. 

70 0 



CHAPTERR 4 

INTRODUCTIO N N 

treptococcustreptococcus pneumoniae is a leading causative pathogen in community acquired 

pneumoniaa (1-3). Despite adequate antimicrobial dierapy, pneumococcal 

pneumoniaa remains a major cause of morbidity and mortality. Further fuelled by 

increasingg antibiotic resistance in this pathogen, there is urgent need to expand our 

knowledgee on pathogenetic and host defense mechanisms in S. pneumoniae pneumonia (2, 

4). . 

Alveolarr macrophages (AM), located at die interphase between air and lung tissue, 

providee the first line of cellular defense against air-borne microbials upon initial 

encounterr (5, 6). Most in vivo data about the role of AM in pulmonary host defense come 

fromm studies in which AM were depleted by administration of liposome-encapsulated 

dichloromethylenee bisphosphonate (CljMBP) to die pulmonary tract. Thereby, AMs 

traditionall  role as phagocyte has been demonstrated in mice challenged with Pseudomonas 

aeruginosaaeruginosa or Klebsiella pneumoniae. Mice lacking AM showed a delayed and impaired 

bacteriall  clearance as compared to control mice (7, 8), although conflicting data exist 

aboutt the phagocytic properties of AM in a mouse model wim unopsonized P. aeruginosa 

(9).. In sharp contrast to uncapsulated bacteria, S. pneumoniae are known to bind poorly to 

macrophagess without prior opsonization (10-12). Moreover, mouse AM show minimal 

expressionn of receptors for C3b/iC3b (CRI /CR3/CR4) (13), indicating that AM use 

other,, nonopsonic phagocytosis mechanisms. Alternatively, the contribution of AM. to 

pulmonaryy host defense in S. pneumoniae pneumonia may rely on different — so far not 

examinedd — mechanisms. 

Untill  recently, most investigations dealing widi lung inflammation concentrated on 

initiationn events. Within the past few years more effort has been made to study 

mechanismss responsible for resolution of inflammation and restitution of tissue 

homeostasis.. By this, it has become evident that persistent inflammation, leading to tissue 

injuryy and organ malfunction, may not solely rely on prolonged proinflammatory events 

butt may equally likely arise from inefficient resolution processes (14). AM have been 

implicatedd as major effector cells in this resolution process, mainly by phagocytosing 

apoptoticc PMN (15). The rapid elimination of extravasated, apoptotic PMN by AM may 

providee an injury-limiting mechanism since the membrane of PMN remains intact, 

preventingg potential injurious granule contents to become released. As such AM can be 

regardedd as major modulators of pulmonary host defense: upon encounter they readily 

5 5 
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phagocytosee and eliminate certain inhaled pathogens, whereas later AM represent 

importantt effector cells in the equally important resolution process (14, 15). 

Too our knowledge, the putative dual function of AM, facilitating both the clearance of 

bacteriaa from and the resolution of die ensuing inflammatory response in the pulmonary 

compartment,, has never been investigated direcdy in a model of bacterial pneumonia. 

Wee therefore sought to obtain insight into die in vivo contribution of AM to die host 

responsee to pneumococcal pneumonia in a well established animal model. For this 

purpose,, mice were depleted of AM by administration of liposomal C12MBP prior to 

intranasall  (i.n.) infection with S. pneumoniae. Intranasal C12MBP administration selectively 

depletess AM without damaging other cells (16). We diereby investigated ANTs traditional 

rolee as phagocytes as well as their contribution to resolution processes. In this study we 

showw for the first time, that the major role of AM in host defense in pneumococcal 

pneumoniaa relies on their ability to eliminate apoptotic PMN and to restore tissue 

homeostasis. . 

MATERIA LL  &  METHOD S 

Mice Mice 

Pathogen-freee 6-8 wk-old female BALB/c mice were obtained from Harlan Sprague-

Dawleyy (Horst, The Netherlands). The Animal Care and Use Committee of die 

Universityy of Amsterdam (Amsterdam, The Netherlands) approved all experiments. 

InIn vivo AM AM depletion 

C12MBPP was a gift from Roche Diagnostics (Mannheim, Germany). Preparation of 

liposomess containing C12MBP was performed as described previously (16). lOOuJ C12MBP 

waswas administered intranasally (i.n.) (AM" mice) 48 hrs prior to bacterial inoculation. Our 

laboratoryy previously showed that this dose results in >70% AM depletion within 2 days 

(17).. Control-mice received lOOul liposomal PBS (AM+ lip) or saline i.n. (AM+ sal mice), 

respectively. . 

InductionInduction of pneumonia 

Pneumoniaa was induced as described previously (18, 19). Briefly, S. pneumoniae serotype 3 

waswas obtained from American Type Culture Collection (ATCC 6303; Rockville, MD). 

Pneumococcii  were grown for 6 hours to midlogarithmic phase at 37°C in 5% C02 using 
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Todd-Hewittt broth (Difco, Detroit, MI) , harvested by centrifugation at 1500 x^ for 15 

min,, and washed twice in sterile isotonic saline. Bacteria were then resuspended in sterile 

isotonicc saline at a concentration of approximately 5x104 CFUs/50ul, as determined by 

platingg serial 10-fold dilutions on sheep-blood agar plates. Mice were lightly anesthesized 

byy inhalation of isoflurane (Upjohn, Ede, The Netherlands) and 50 \d (approximately 

5x1044 CFU) were inoculated intranasally. 

DeterminationDetermination of bacterial outgrowth 

Att 20 h and 44 h after infection, mice were anesthetized with Hypnorm® (Janssen 

Pharmaceutica,, Beerse, Belgium) and midazolam (Roche, Meidrecht, the Netherlands) 

andd sacrificed by bleeding out the vena cava inferior. Blood was collected in EDTA 

containingg tubes. Whole lungs were harvested and homogenized at 4°C in 4 volumes of 

sterilee saline using a tissue homogenizer (Biospec Products, Bardesville, OK). CFUs were 

determinedd from serial dilutions of lung homogenates and blood, plated on blood agar 

platess and incubated at 37°C at 5% C02 for 16 h before colonies were counted. 

PreparationPreparation of lung tissue for cytokine measurements or ¥ ACS 

Forr cytokine measurements, lung homogenates were diluted 1:2 in lysis buffer containing 

3000 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2 1% Triton X-100, and Pepstatin 

A,, Leupeptin and Aprotiriin (all 20 ng/ml; pH 7.4) and incubated at 4°C for 30 min. 

Homogenatess were centrifuged at 1500 x^ at 4°C for 15 minutes, and supernatants were 

storedd at -20°C until assays were performed. For FACS analysis, pulmonary cell 

suspensionss were obtained using an automated disaggregation device (Medimachine 

System;; Dako, Glostrup, Denmark) and resuspended in FACS buffer (PBS 

supplementedd with 0.5% BSA, 0.01% NaN3, and lOOmM EDTA) exactly as described 

previouslyy (17). 

BronchoalveolarBronchoalveolar lavage 

Thee trachea was exposed through a midline incision and canulated with a sterile 22-gauge 

Abbocath-TT catheter (Abott, Sligo, Ireland). Bronchoalveolar lavage (BAL) was 

performedd by instilling two 0.5 ml aliquots of sterile saline. Approximately 1 ml of lavage 

fluidd (BALF) was retrieved per mouse. Total cell numbers were counted from each 

samplee using a hemocytometer (Türck chamber), BALF differential cell counts were 

donee on cytospin preparations stained with Giemsa. 
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FACSFACS analysis 

Forr analysis of apoptotic PMN, BALF and lung cells were gated for PMN by forward 

andd side scatter and stained with Annexin-V PE and 7-Amino-Actinomycin D (7-AAD). 

Bindingg to Annexin-V in Hepes buffer containing calcium was carried out to assess the 

exposuree of phosphatidylserine. To assess plasma membrane permeability cells were 

exposedd to 7-AAD. Annexin V positive and 7-AAD negative cells were considered 

apoptotic;; Annexin V positive and 7-AAD positive PMN were considered necrotic (20). 

Too correct for aspecific staining, an appropriate isoype control Ab was used. Staining was 

performedd in the presence of 20% normal mouse serum to block nonspecific binding to 

FcyR.. All reagents were purchased from Pharrningen (San Diego, CA) and used in 

concentrationss recommended by the manufacturer. Samples were analyzed by flow 

cytometryy using a FACScan (Becton Dickinson, San Jose, CA). 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 20 h and 44 h after infection, fixed in 

4%% formaline and embedded in paraffin. 4 fJ,m sections were stained with hematoxylin 

andd eosin (H&E), and analyzed by a pathologist who was blinded for groups. 

Granulocytee staining was done as described previously (21). Briefly, slides were 

deparaffinizedd and endogenous peroxidase activity was quenched by a solution of 

methanol/0.03%% H202 (Merck, Darmstadt, Germany). After digestion with a solution of 

pepsinee 0.25% (Sigma, St Louis, MO) in 0.01 M HC1, the sections were incubated in 10% 

normall  goat serum (Dako, Glostrup, Denmark) and then exposed to FITC-labelled anti-

mousee Ly-6G mAb (Pharrningen, San Diego, CA). Slides were incubated with a rabbit 

anti-FITCC antibody (Dako) followed by a further incubation with a biotinylated swine 

anti-rabbitt antibody (Dako), rinsed again, incubated in a streptavidin-ABC solution 

(Dako)) and developed using 1% H202 and 3.3'-diaminobenzidin-tetra-hydrochloride 

(Sigma)) in Tris-HCl. The sections were mounted in glycerin gelatin without counter 

stainingg and analyzed. To detect apoptotic bodies, deparaffinized slides were boiled 2 x5 

min.. in citrate buffer (pH 6.0). Non-specific binding and endogenous peroxidase activity 

weree blocked as described, followed by an incubation with rabbit anti-human active 

caspasee 3 polyclonal antibody (Cell Signaling, Beverly, MA) followed by a further 

incubationn with a biotinylated swine anti-rabbit antibody (Dako). The slides were further 

revealedd as described above. All antibodies were used in concentrations recommended by 

thee manufacturer's. 
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Cytokines Cytokines 

Cytokiness and chemokines (TNF-a, KC, IL-10, IL-1P) were measured using specific 

ELISAss (R&D Systems, Minneapolis, MN) according to the manufacturers' instructions. 

Thee detection limits were 31 pg/ml for TNF-a and IL-10,12 pg/ml for KC and 8 pg/ml 

forIL-lp . . 

MyeloperoxidaseMyeloperoxidase (MPO) assay 

MPOO activity was measured as described previously (22). Lung tissue was homogenized 

inn potassium phosphate buffer, pelleted at 4.500 x g for 20 min. Pelleted cells were lysed 

inn potassium phosphate buffer pH 6.0 supplemented with hexadecyltrimethyl 

ammoniumbromidee (HETAB) and lOmM EDTA. MPO activity was determined by 

measuringg the H202 dependent oxidation of 3,3'5,5'tetramethylbensidine (TMB). Briefly, 

seriall  dilutions of samples in potassium phosphate buffer were mixed with 

tetramethylbensidinee substrate NjN'dimethylformamide. The reaction was stopped with 

Glaciall  Acetic Acid followed by OD reading at 655nm. MPO-activity is expressed as 

activityy per gram lung tissue per reaction time. AU reagents were purchased from Sigma 

(St.Louis,, MO). 

StatisticalStatistical analysis 

Differencess between groups were calculated by Mann-Whitney U test. For survival 

analyses,, Kaplan-Meier analysis followed by log rank test was performed. Values are 

expressedd as mean  SEM. A p-value < 0.05 was considered statistically significant 

RESULTS S 

AMAM mice are more susceptible to S. pneumoniae pneumonia 

Too determine the role of AM in host defense against pneumonia we first assessed 

survivall  of mice depleted of AM (AM) and mice pre-treated with saline (AM+sal) or 

liposomal-PBSS (AM+Up) after i.n. inoculation with 5xl04 S. pneumoniae CFU. All A M 

micee died within 5 days after the bacterial challenge, whereas 33% (4/12) of AM+li p 

(p=0.044 versus AM") and 50% (6/12) of AM+sal mice (p=0.001 versus KM) survived 

(Fig.1).. All mice surviving 5 days appeared permanent survivors. 
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7 . . 
»» AM'sal 
'' AMIip 

 AM" 

244 4 8 7 2 9 6 12 0 14 4 16 8 19 2 

hourss post-infection 

Figur ee 1 Increased mortality of AM- mice 
followingg S. pneumoniae infection. BALB/ c mice 
(n=122 per group) were i.n. administered with 
CI2MBPP (AM) , liposomes (AM+lip) or saline 
(AM +sal)) 48 hours prior to bacterial challenge 
withh 5x10" CFUs S. pneumoniae. * p < 0.05 AM~ 
micee vs AM +lip , * p < 0.05 AM- vs AM +sal. 

TheThe increased mortality of AM' mice is not related to an impaired bacterial clearance 

Sincee AM are considered an important first line phagocytic defense against inhaled 

pathogens,, we next sought to investigate whether the increased lethality of AM mice was 

relatedd to an impaired clearance of S.pneumoniae. Both at 20 and 44 hours post inoculation 

withh S. pneumoniae the number of CFUs in lungs was similar in all three groups (Fig. 2). 

Off  interest, the lowest bacterial outgrowth at 44h was found in AM" mice, although the 

differencee with the two control groups did not reach statistical significance. In addition, 

bloodd from all 3 groups contained the same amount of bacteria at 20 and 44 hours 

postinoculationn (data not shown). Hence, bacterial clearance was not impaired in the 

absencee of AM and therefore can not explain differences in survival. 

I ll l Jl l 
20hh post-inoculation 44h post-inoculation 

CTjAM'sal l 
MAM' l ip p 

Figur ee 2 AM depletion does not 
influencee the outgrowth of pneumococci. 
Similarr bacterial outgrowth in lungs of 
AMM and AM+ mice 20 and 44h after 
inoculationn with S. pneumoniae. Data are 
meann  SEM of eight mice per group at 
eachh time point. 

AM'AM' mice display an increased inflammatory response within the pulmonary compartment 

Neutrophilicc influx to the lungs as well as the production of proinflammatory cytokines 

andd CXC-chemokines are regarded as major host defense mechanisms in bacterial 

pneumoniaa (23, 24). Via their secretory capacity, AM are thought to play a key role in the 

initiall  recruitment of PMN. We therefore investigated these early host responses to 

obtainn insight in the mechanism by which AM" mice are more susceptible to 
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pneumococcall  pneumonia. The highest level of pulmonary cell recruitment was found in 

AM '' mice (Table 1). 

Tabl ee 1: Cellular  Composi t ion of Lung s 

Lung g 

20hh post-infection 
AM +sal l 
AM +li p p 
AM--

44hh post-infection 
AM+sal l 
AM +li p p 
AM M 

CeUs/mlxlO4 4 

1500 9 
3788  108 A 

4544  95 A 

6333  151 
12855  187 A 

29855 2 A. B 

PMN N 

% % 
399 5 

A A 

A -B B 

277 6 
399 4 

A B B 

Macrophage e 

% % 
355 2 
311 3 

99  1A 'B 

3 3 
422 3 

A .B B 

Lymphocyt t 

% % 
277 5 

A A 

11 A 

299 4 
199 2 

A .B B 

Dataa ate mean  SEM of 8 mice per group for each timepoint Mice received 5X104 CFUU S. pneumoniae i.n. 
att t=0, preceeded (-48h) by i.n. saline (AM+sal), liposomes (AM+lip) or CI2MBP (AM). Cell counts and 
differentialss were done on whole lung suspensions as described in the Methods. A p < 0.05 AM vs AM+sal, 
BB p < 0.05 AM-mice vs AM+lip. 

Differentiall  counts of whole lung cell suspensions displayed an impressive predominance 

off  PMN. This observation was confirmed by elevated MPO-activity in lungs of AM ' 

micee (p=0.0002 versus AM +sal and p=0.04 versus AM +lip) and a profoundly elevated 

PMNN number in BAL F of AM" mice (p=0.002 versus AM +sal and p=0.002 versus 

AM +lip)) (Fig. 3). 

Fourtyfourr hours after S. pneumoniae inoculation both groups of AM + control mice 

presentedd a predominantly interstitial inflammatory infiltrate (Fig. 4A and C), composed 

off  monocytes, lymphocytes and only few granulocytes (Fig 4 B and D) - compatible with 

thee clearance phase of the infection. In sharp contrast, lungs of AM" mice displayed 
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Figuree 4 Histopathology at 44h after infection. Both lungs of AM + mice showed a histological picture 
compatiblee with the clearance phase of the pneumonia characterized by a slight interstitial influx, mostly 
composedd of monocytes (A: AM +sal and C: AM +lip, H& E staining, x 50) with sparse granulocytes as 
shownn by immunostaining for Ly-6G (B: AM +sal and D: AM +lip , anti-Ly-6G immunostaining, x 50). In 
contrast,, lungs of AM" mice displayed diffuse and dense inflammatory infiltrates with effacement of the 
lungg parenchyma (E: AM" , H& E staining, x 50). As shown on panel F, granulocytes were the 
predominantt cell type in this process (anti-Ly-6G immunostaining, x 50). 

densee and diffuse inflammatory infiltrates with focal destruction of the lung parenchyma 

(Figg 4E). These inflammatory infiltrates mosdy composed of PMN as demonstrated by 

immunostainingg with the mouse granulocyte marker Ly-6G (Fig 4F). 

Thiss increased PMN influx in AM" mice was accompanied by an early and strong 

increasee in pulmonary TNFa, IL-i p and KC levels, whereas in both AM+ control groups 

aa less impressive and less sustained elevation in these cytokines was found (Fig. 5). Of 

interest,, lung concentrations of the anti-inflammatory cytokine IL-10 were significantly 
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lowerr in AM" mice than in AM+ mice . Hence, together these data suggest an exaggerated 

inflammatoryy response to be responsible for differences in mortality. 

AM-deficiencyAM-deficiency impedes the clearance ofapoptotic neutrophils 

Thee deleterious outcome of AM mice with pneumonia seems to result from prolonged 

andd exaggerated inflammation rather than impaired bacterial clearance. Apart from 

participatingg in the first line of defense, AM have been implicated in the termination and 

resolutionn of inflammation due to their ability to phagocytose and degradate PMN that 

aree undergoing apoptosis (14, 15). Indeed, in BALF cytospins of AM+ mice, i.e. mice 

withh intact AM and moderate but persistent pulmonary inflammation 44h post 

inculation,, we not only found apoptotic PMN but also AM with phagocytosed apoptotic 

bodiess (Fig. 6). Therefore, these data indicate that the depletion of AM may impair 

physiologicall  repair mechanisms including elimination of apoptotic PMN thereby 

promotingg prolonged inflammation. If this is the case, an increase of apoptotic and/or 

secondaryy necrotic PMN should be detectable in lungs of these mice. We therefore 

investigatedd the proportion of apoptotic and necrotic PMN in BALF and whole lung 

suspensions. . 
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Figur ee 6 AM phagocytose 
apoptoticc PMN. Cytospin pre-
parationn (Giemsa staining) of a 
BAL FF specimen of AM + 

mousee showing PMN under-
goingg apoptosis (triangle) and 
phagocytosedd apoptotic bodies 
withinn the cytoplasm of AM 
(arrows). . 

Indeed,, among the elevated number of PMN we found 

higherr proportions of apoptotic (Annexin V positive, 7-

AA DD negative) PMN in BALF and lung suspensions of 

AM"" mice (Fig. 7). Moreover, the percentage of dead 

(Annexinn V and 7-AAD double-positive) PMN in BALF 

waswas significantly higher in AM" mice as compared to 

AM +li pp and AM+sal controls. This was confirmed by 

histologicall  analysis of AM lungs, showing at higher 

magnificationn a lot of shrunken cells, cellular debris and 

pyknoticc nuclei characteristic for apoptotic bodies (Fig. 

8A).. These findings further support the hypothesis of 

deleteriouss effects of secondary necrosis of PMN, 

leadingg to exposure of potentially harmful and pro-

inflammatoryy cell contents to the surrounding 

environmentt thereby exacerbating local inflammation. 

Caspasee 3 gets activated during early stages of apoptosis and is, as an effector protease, 

involvedd in the subsequent disassembly of the cell; active caspase 3 is therefore regarded 

ass an early marker of cells undergoing apoptosis (25). In sharp contrast to the 

tremendouss amount of characteristic apoptotic bodies seen by conventional H&E 

stainingg in AM" mice, anti-active caspase 3 immunostaining of lung specimens showed 

onlyy few positive cells (Fig. 

8C).. Moreover, these mice 

displayedd only slightly 

elevatedd active caspase 3 

activityy compared to AM+ 

controll  (Fig. 8B). Therefore, 

nott enhancement of 

apoptosiss per se, but the 

dysbalancee between 

apoptosiss and rapid 

eliminationn counts for the 

absolutee increase in early and 

latee apoptotic cells in these 

animals. animals. 

apoptoticc - dead PMNs 

BALF F wholee lung 

II I AM*- saline 
KS33 AM*- liposome 
^ A M M 

apoptoticc dead apoptotic dead 

Figur ee 7 Accumulation of apoptotic and dead PMN in AM -

mice.. BAL F and lung suspension obtained 44h post bacterial 
inoculationn were analyzed for apoptotic and dead PMN by FACS 
ass described in the Methods. Annexin V/7-AA D double positive 
PMNN were considered "dead", single Annexin V positive PMN 
"apoptotic".. Data are mean  SEM of eight mice per group; + p 
<< 0.05 AMmice vs AM +lip, * p < 0.05 AM- compared to 
AM+sal. . 
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DISCUSSION N 

AMM are considered major effector cells of innate immunity, capable of participating in 

bothh the initiation and resolution process of pulmonary inflammation (14). Previous 

publicationss report the importance of AM in the rapid elimination of Gram-negative 

pathogenss like P. aeruginosa and K. pneumoniae from the respiratory tract (7, 8), whereas 

otherss emphasized the role of AM in early PMN recruitment to the alveolar space (26). 

Together,, these reports concentrated on AM's role in initiating and orchestrating the 

immediatee pulmonary host defense against invading pathogens. So far, however, 

evidencee for the equally important regulatory role of AM in the resolution process comes 

fromm in vitro experiments or in vivo studies with intact AM using oleic acid, ozone or LPS 

(15,, 27, 28). Therefore, to examine the vital contribution of AM to resolution of 

pneumoniaa we used a direct approach and depleted mice of AM before infection with S. 

pneumoniae. pneumoniae. 

Inn the present study we demonstrate the in vivo importance of AM as major effector cells 

inn the resolution process of pneumococcal pneumonia. The lack of AM led to prolonged 

andd overwhelming inflammation due to insufficient clearance of apoptotic PMN, which 

inn turn was associated with a worsened outcome. AM's classical role as phagocytes of 

invadingg S. pneumoniae seems to be of minor importance as illustrated by unaltered 

bacteriall  outgrowth in AM" mice. 

AM"" mice exhibited a pronounced and prolonged influx of PMN within the alveoli and 

interstitiall  space - a finding consistent with previous reports on Gram-negative 

pneumonia,, which apparently contributed this fact to increased bacterial loads in AM" 
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animalss (7, 8). We further examined these pulmonary infiltrates and disclosed a high 

proportionn of PMN as apoptotic or dead. Apoptosis, the process of programmed cell 

death,, is believed to play a major regulatory role in the inflammatory response as 

invadingg PMN undergo apoptosis and are readily phagocytosed by surrounding AM. 

Thiss process prevents the release of potentially toxic or immunogenic intracellular 

contentss and thereby allows an injury-limiting elimination of potentially harmful PMN 

(14).. Thus, the higher number of apoptotic and secondary necrotic PMN we found in 

AM"" mice is very likely the result of inefficiency of die normal resolution process in the 

absencee of AM, thereby tipping the balance toward persistent inflammation and tissue 

injury. . 

Noteworthy,, apoptosis of PMN is known to be delayed in both systemic and local 

inflammation,, including pneumonia and ARDS (29-31). This increased PMN longevity 

hass been attributed to factors like GM-CSF, G-CSF, IFN y and, to some degree, to 

TNF-Ctt (31-34). In accordance, despite the high number of apoptotic/necrotic PMN in 

lungss of AM" mice, we could not find signs of accelerated PMN apoptosis itself. In 

apoptosis,, caspase 3 is known as a key effector protease that, once activated by initiator 

proteasess like caspase 8 or 9, irreversibly leads to cell disassembly (25, 35). 

Immunostainingg for active caspase 3 revealed only slighdy increased numbers of positive 

cellss in AM lungs as compared to AM+ mice. This slight elevation of caspase 3 seems 

almostt neglectable compared to the enormous number of infiltrating PMN in these mice 

(Fig.. 4). 

Inn addition to the unquestionable importance of rapid elimination of aged PMN, it has 

beenn shown that the uptake of apoptotic PMN induces an anti-inflammatory phenotype 

inn macrophages, as it actively inhibits the production of ILl-p \ IL-8 and TNF-a by 

humann monocyte-derived macrophages (36-38). Local cytokine production in mice widi 

intactt AM, and therefore effective elimination of senescent PMN, relatively diminished in 

parallell  with a partial resolution of the inflammatory response. The tremendous and 

prolongedd elevation of pro-inflammatory cytokines in AM" mice is very likely to result 

fromm ongoing inflammation fuelled by intracellular contents released from necrotic 

PMN.. The potential cellular source of these mediators in the absence of AM can only be 

speculated,, but bronchial epithelial cells, alveolar epithelial cells type II as well as 

interstitiall  macrophages are well known for their secretory capacity upon stimulation with 

pro-inflammatoryy cytokines, LPS or reactive oxygen intermediates (39-42). 
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Thee exposure of AM to liposome encapsulated CljMBP leads to selective apoptosis of 

AM.. Both in vivo and in vitro experiments have demonstrated that PMN are 

morphologicallyy and functionally unaffected by this compound (16). Our observation of 

unalteredd bacterial clearance despite prior administration of liposomal C12MBP supports 

thiss notion of unaffected functional properties of PMN. The intra-alveolar inflammatory 

reactionn in response to CljMBP itself is rninimal as documented by our and other 

laboratoriess (data not shown) and (7,17, 26, 43, 44). 

Liposomess were used to encapsulate C12MBP to facilitate uptake by macrophages. As 

controls,, we used mice pretreated we saline (AM+sal) or liposomes (AM+lip) only. Of 

interest,, both outcome and inflammatory responses in AM+li p mice ranged in between 

AM +sall  and AM" mice, indicating that liposomes themselves somewhat impair or 

influencee die functional properties of AM. Indeed, liposomes can reduce the phagocytic 

andd migratory behaviour of AM (45). Similar observations have been made in earlier 

studiess (16,17). 

Pneumoniaa remains a leading cause of morbidity and mortality, and S. pneumoniae is the 

mostt frequendy isolated pathogen in community-acquired pneumonia. Using a well 

establishedd model of murine pneumococcal pneumonia, we here demonstrate that AM 

phagocytosee apoptotic PMN, and that the selective depletion of AM results in an 

accumulationn of apoptotic and necrotic PMN together with an exaggerated inflammatory 

responsee and enhanced lethality. The clearance of pneumococci from the lungs was not 

influencedd by AM depletion. These data indicate that AM play an essential role in die 

regulationn of the lung inflammatory response during pneumococcal pneumonia. 

Acknowledgment Acknowledgment 

Wee are grateful to Joost Daalhuisen and Ingvild Kop for expert technical assistance and 

too Nike Claessen for the immunohistochemical stainings. 

83 3 



ANTI-INFLAMMATOR YY ROLE OF AM 

REFERENCES S 

1.. Bernstein, J. M. 1999. Treatment of community-acquired pneumonia—IDSA guidelines. Infectious 
Diseasess Society of America. Chest 115:9S. 
2.2. Campbell, G. D., Jr., and R. Silberman. 1998. Drug-resistant Streptococcus pneumoniae. CHn Inject 
DisDis 26:1188. 
3.. Niederman, M. S., L. A. Mandell, A. Anzueto, J. B. Bass, W. A. Btoughton, G. D. Campbell, N. 
Dean,, T. File, M. J. Fine, P. A. Gross, F. Martinez, T. J. Marrie, J. F. Plouffe, J. Ramirez, G. A. Sarosi, A. 
Torres,, R. Wilson, and V. L. Yu. 2001. Guidelines for the Management of Adults with Community-
acquiredd Pneumonia. Diagnosis, assessment of severity, antimicrobial therapy, and prevention. Am J Respir 
CritCrit  Can Med 163:1730. 
4.. Campbell, G. D., Jr. 1999. Commentary on the 1993 American Thoracic Society guidelines for the 
treatmentt of community-acquired pneumonia. Chest 115:14S. 
5.. Sibille, Y., and H. Y. Reynolds. 1990. Macrophages and polymorphonuclear neutrophils in lung 
defensee and injury. Am Rev Respir Dis 141.471. 
6.. Franke-Ullmann, G., C. Pfortner, P. Walter, C. Steinmuller, M. L. Lohmann-Matthes, and L. 
Kobzik.. 1996. Characterization of murine lung interstitial macrophages in comparison with alveolar 
macrophagess in vitro. J Immunol 157:3097. 
7.. Kooguchi, K., S. Hashimoto, A. Kobayashi, Y. Kitamura, I. Kudoh, J. Wiener-Kronish, and T. 
Sawa.. 1998. Role of alveolar macrophages in initiation and regulation of inflammation in Pseudomonas 
aeruginosaa pneumonia. Infect Immun 66:3164. 
8.. Broug-Holub, E., G. B. Toews, J. F. van Iwaarden, R. M. Strieter, S. L. Kunkel, R. Paine, 3rd, and 
T.. J. Standiford. 1997. Alveolar macrophages are required for protective pulmonary defenses in murine 
Klebsiellaa pneumonia: elimination of alveolar macrophages increases neutrophil recruitment but decreases 
bacteriall  clearance and survival. Infect Immun 65:1139. 
9.. Cheung, D. O., K. Halsey, and D. P. Speert. 2000. Role of pulmonary alveolar macrophages in 
defensee of the lung against Pseudomonas aeruginosa. Infect Immun 68:4585. 
10.. Gordon, S. B., G. R. Irving, R. A. Lawson, M. E. Lee, and R. C. Read. 2000. Intracellular 
traffickingg and killin g of Streptococcus pneumoniae by human alveolar macrophages are influenced by 
opsonins.. Infect Immun 68:2286. 
11.. Jonsson, S., D. M. Musher, A. Chapman, A. Goree, and E. C. Lawrence. 1985. Phagocytosis and 
killin gg of common bacterial pathogens of the lung by human alveolar macrophages. J Infect Dis 152A. 
12.. Hof, D. G., J. E. Repine, P. K. Peterson, and J. R. Hoidal. 1980. Phagocytosis by human alveolar 
macrophagess and neutrophils: qualitative differences in the opsonic requirements for uptake of 
Staphylococcuss aureus and Streptococcus pneumoniae in vitro. Am Rev Respir Dis 121:65. 
13.. Stokes, R. W., L. M. Thorson, and D. P. Speert. 1998. Nonopsonic and opsonic association of 
Mycobacteriumm tuberculosis with resident alveolar macrophages is inefficient. J Immunol 160:5514. 
14.. Haslett, C. 1999. Granulocyte apoptosis and its role in the resolution and control of lung 
inflammation.. Am J Respir Crit Care Med 16QS5. 
15.. Cox, G., J. Crossley, and Z. Xing. 1995. Macrophage engulfment of apoptotk neutrophils 
contributess to the resolution of acute pulmonary inflammation in vivo. Am J Respir Celt Mol Biol 12:232. 
16.. Van Rooijen, N., and A. Sanders. 1994. Liposome mediated depletion of macrophages: 
mechanismm of action, preparation of liposomes and applications. J Immunol Methods 174:83. 
17.. Leemans, J. C., N. P. Juffermans, S. Florquin, N. van Rooijen, M. J. Vervoordeldonk, A. Verbon, 
S.. J. van Deventer, and T. van der Poll. 2001. Depletion of alveolar macrophages exerts protective effects 
inn pulmonary tuberculosis in mice. J Immunol 166A604. 
18.. Schultz, M. J., J. Wijnholds, M. P. Peppelenbosch, M. J. Vervoordeldonk, P. Speelman, S. J. van 
Deventer,, P. Borst, and T. van der Poll. 2001. Mice lacking the multidrug resistance protein 1 are resistant 
too Streptococcus pneumoniae-induced pneumonia, } Immunol 166.4059. 
19.. Rijneveld, A. W., S. Florquin, J. Branger, P. Speelman, S. J. Van Deventer, and T. van Der Poll 
2001.. Tnf-alpha compensates for the impaired host defense of i l l type i receptor-deficient mice during 
pneumococcall  pneumonia, J Immunol 167:5240. 
20.. Vermes, I., C. Haanen, and C. Reutelingsperger. 2000. Flow cytometry of apoptotk cell death. J 
ImmunolImmunol Methods 243:167. 
21.. Olszyna, D. P., S. Florquin, M. Sewnath, J. Branger, P. Speelman, S. J. van Deventer, R. M. 
Strieter,, and T. van der Poll. 2001. CXC chemokine receptor 2 contributes to host defense in murine 
urinaryy tract infection. J Infect Dis 184:301. 
22.. Lichtman, S. N., J. Wang, B. Hummel, S. Lacey, and R. B. Sartor. 1998. A rat model of ileal 
pouch-rectall  anastomosis. Inflamm Bowel Dis 4:187. 

84 4 



CHAPTERR 4 

23.. Zhang, P., W. R. Summer, G. J. Bagby, and S. Nelson. 2000. Innate immunity and pulmonary 
hostt defense. Immunol Rev 173:39. 
24.. Moore, T. A., and T. J. Standiford. 2001. Cytokine immunotherapy during bacterial pneumonia: 
fromm benchtop to bedside. Semin Respir Infect 16:27. 
25.. Thornberry, N. A., and Y. Lazebnik. 1998. Caspases: enemies within. Science 281:1312. 
26.. Hashimoto, S., J. F. Pittet, K. Hong, H. Folkesson, G. Bagby, L. Kobzik, C. Frcvert, K. 
Watanabe,, S. Tsurufuji, and J. Wiener-Kronish. 1996. Depletion of alveolar macrophages decreases 
neutrophill  chemotaxis to Pseudomonas airspace infections. Am} Physiol 270:U819. 
27.. Hussain, N., F. Wu, L. Zhu, R. S. Thrall, and M. J. Kresch. 1998. Neutrophil apoptosis during the 
developmentt and resolution of oleic acid-induced acute lung injury in the rat Am J Respir Ceil Mol Biol 
19:867. 19:867. 
28.. Ishii, Y., K. Hashimoto, A. Nomura, T. Sakamoto, Y. Uchida, M. Ohtsuka, S. Hasegawa, and M. 
Sagai.. 1998. Elimination of neutrophils by apoptosis during the resolution of acute pulmonary 
inflammationn in rats. Lung 176:89. 
29.. Droemann, D., S. P. Aries, F. Hansen, M. Mocllers, J. Braun, H. A. Katus, and K. Dalhoff. 2000. 
Decreasedd apoptosis and increased activation of alveolar neutrophils in bacterial pneumonia. Chest 
117:1679. 117:1679. 
30.. Matute-Bello, G., W. C. Lues, F. Radella, 2nd, K. P. Steinberg, J. T. Ruzinski, M. Jonas, E. Y. Chi, 
L.. D. Hudson, and T. R. Martin. 1997. Neutrophil apoptosis in the acute respiratory distress syndrome. 
AmAm J Respir Crit Can Med 156:1969. 
31.. Keel, M., U. Ungethum, U. Steckholzer, E. Niederer, T. Hartung, O. Trentz, and W. Ertel. 1997. 
Interleukin-100 counterregulates proinflammatory cytokine-induced inhibition of neutrophil apoptosis 
duringg severe sepsis. Blood 90:3356. 
32.. Murray, J., J. A. Barbara, S. A. Dunkley, A. F. Lopez, X. Van Ostade, A. M. Condliffe, I. 
Dransfield,, C. Haslett, and E. R. Chilvers. 1997. Regulation of neutrophil apoptosis by tumor necrosis 
factor-alpha:: requirement for TNFR55 and TNFR75 for induction of apoptosis in vitro. Blood 90:2772. 
33.. van den Berg,J. M., S. Weyer,J.J. Weening, D. Roos, and T. W. Kuijpers. 2001. Divergent effects 
off  tumor necrosis factor alpha on apoptosis of human neutrophils, J Leukoc Biol69A67. 
34.. Villunger, A., L. A. O'Reilly, N. Holler, J. Adams, and A. Strasser. 2000. Fas ligand, Bcl-2, 
granulocytee colony-stimulating factor, and p38 mitogen-activated protein kinase: Regulators of distinct cell 
deathh and survival pathways in granulocytes. J Exp Med 192.-647. 
35.. Slee, E. A., C. Adrain, and S. J. Martin. 1999. Serial killers: ordering caspase activation events in 
apoptosis.. Cell Death Differ 6:1067. 
36.. Fadok, V. A., D. L. Bratton, A. KonowaL P. W. Freed, J. Y. Westcott, and P. M. Henson. 1998. 
Macrophagess that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine production 
throughh autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J CBn Invest 101:890. 
37.. Fadok, V. A., D. L. Bratton, L. Guthrie, and P. M. Henson. 2001. Differential effects of apoptotic 
versuss lysed cells on macrophage production of cytokines: role of proteases, J Immunol 166:6847. 
38.. Ren, Y , L. Stuart, F. P. Lindberg, A. R. Rosenkranz, Y. Chen, T. N. Mayadas, and J. Savill. 2001. 
Nonphlogisticc clearance of late apoptotic neutrophils by macrophages: efficient phagocytosis independent 
off  beta 2 integrins. J Immunol 166.4743. 
39.. Warshamana, G. S., M. Corn, and A. R. Brody. 2001. Tnf-alpha, pdgf, and tgf-beta(l) expression 
byy primary mouse bronchiolar-alveolar epithelial and mesenchymal cells: tnf-alpha induces tgf-beta(l). Exp 
MolPatholMolPathol 71:13. 
40.. Pechkovsky, D. V., G. Zissel, M. W. Ziegenhagen, M. Einhaus, C. Taube, K. F. Rabe, H. 
Magnussen,, T. Papadopoulos, M. Schlaak, and J. Muller-Quernheim. 2000. Effect of proinflammatory 
cytokiness on interleukin-8 mRNA expression and protein production by isolated human alveolar epithelial 
cellss type II in primary culture. Eur Cytokine Netw 11:618. 
41.. Koyama, S., E. Sato, H. Nomura, K. Kubo, M Miura, T. Yamashita, S. Nagai, and T. Izumi. 1999. 
Monocytee chemotactic factors released from type II pneumocyte-like cells in response to TNF-alpha and 
IL-11 alpha. Eur Respir J 13:820. 
42.. DeForge, L. E., A. M. Preston, E. Takeuchi, J. Kenney, L. A. Boxer, and D. G. Remick. 1993. 
Regulationn of interleukin 8 gene expression by oxidant stress. J Biol Chem 268:25568. 
43.. Berg, J. T., S. T. Lee, T. Thepen, C. Y. Lee, and M. F. Tsan. 1993. Depletion of alveolar 
macrophagess by liposome-encapsulated dichloromethylene diphosphonate. J Appl Physiol 74:2812. 
44.. Hickman-Davis, J. M., S. M. Michalek, J. Gibbs-Erwin, and J. R. lindsey. 1997. Depletion of 
alveolarr macrophages exacerbates respiratory mycoplasmosis in mycoplasma-resistant C57BL mice but not 
mycoplasma-susceptiblee C3H mice. Infect Immun 65:2278. 
45.. de Haan, A., G. Groen, J. Prop, N. van Rooijen, and J. Wilschut. 1996. Mucosal immunoadjuvant 
activityy of liposomes: role of alveolar macrophages. Immunology 89:488. 

85 5 





CHAPTERR /*" 
O O 

CD444 is a Macrophage Binding Site for Mycobacterium tuberculosis 

thatt Mediates Macrophage Recruitment and Protective Immunity 

againstt Pulmonary Tuberculosis 

Jaklienn C. Leemans, Sandrine Florquin, Mirjam Heikens, Steven T. Pals, 

Ronaldd van der Neut, Tom van der Poll 



CD444 MEDIATES PHAGOCYTOSIS AND MIGRATION 

ABSTRACT T 

Celll  migration and phagocytosis are both important for controlling Mycobacterium 

tuberculosistuberculosis infection and are critically dependent on the reorgani2ation of the 

cytoskeleton.. Since CD44 is an adhesion molecule involved in inflammatory responses 

andd connected to the actin cytoskeleton we investigated the role of CD44 in both these 

processes.. Macrophage recruitment into M. tuberculosis-mkcted lungs and delayed-type 

hypersensitivityy sites was impaired in CD44 deficient (CD44_/~) mice. In addition, the 

numberr of T lymphocytes and the concentration of the protective key cytokine 

interferon-yy were reduced in the lungs of infected CD44"A mice. The production of 

interferon-yy by splenocytes of CD447" mice was profoundly increased upon antigen-

specificc stimulation. Flow cytometry analysis revealed that soluble CD44 can directly 

bindd to virulent M. tuberculosis. Mycobacteria also interacted with macrophage-associated 

CD44,, as reflected by a reduced binding and internalization of bacilli by CD44 

macrophages.. CD44"A mice displayed a decreased survival and an enhanced 

mycobacteriall  outgrowth in lungs and liver during pulmonary tuberculosis. Together, we 

identifiedd CD44 as a new macrophage binding site for M. tuberculosis that mediates 

mycobacteriall  phagocytosis, macrophage recruitment and protective immunity against 

pulmonaryy tuberculosis. 
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INTRODUCTIO N N 

jcobacteriumjcobacterium tuberculosis is one of the most threatening microorganisms 

causingg more deaths annually than any other single human pathogen (1). 

Eachh year, over 8 million new cases of tuberculosis and 2 million deaths from this disease 

occurr worldwide (2, 3). The increasing incidence of tuberculosis over the last decade has 

increasedd the need to define host factors that control resistance to tuberculosis. 

Effectivee host defence against M. tuberculosis is primarily dependent on the interplay 

betweenn macrophages (M(ps), T cells and dendritic cells (4, 5). This interaction requires 

migrationn and activation of leukocytes which is dependent on the ability of cells to adhere 

too each other or to the extracellular matrix via adhesion molecules. CD44 is a member of 

thee hyaluronate receptor family of cell adhesion molecules that has been shown to play a 

selectivee role in controlling lymphocyte migration (6, 7). CD44 is expressed on 

hematopoieticc cells and is linked to cytoskeletal elements like hyaluronic acid, collagen, 

fibronectin,fibronectin, and osteopontin (8). It is necessary for extravasation of activated T cells into 

inflammatoryy sites (6), but it is not required for normal leukocyte circulation (7). In vitro 

experimentss suggest that CD44 is also involved in cytoskeleton-dependent phagocytosis 

off  heat-killed Staphylococcus aureus by polymorphonuclear cells (PMNs) (9). 

Amongg mammals, CD44 is a highly conserved receptor (10), which suggests that CD44 

iss under strong evolutionary pressure, and as such is an important molecule. Data on the 

inin vivo role of CD44 during inflammatory responses are however limited. CD44 may play 

aa role in the pamogenesis of inflammatory disorders, as indicated by studies on arthritis 

(11-14),, contact hypersensitivity (7), and autoimmune encephalomyelitis (15), presumably 

byy contributing to die migration of activated leukocytes to sites of inflammation. 

Althoughh these studies reveal a role for CD44 during inflammatory responses, littl e is 

knownn about the in vivo role during infections with pathogenic microorganisms. A single 

study,, using an inactivating antibody directed against CD44 suggested that this adhesion 

moleculee is not needed for resistance against oral infection with Toxoplasma gondii (16). A 

potentiall  role for CD44 in the immune response to Af. tuberculosis is suggested by the 

observationn that CD44high-expressing T cells (memory T cells) accumulate in the lungs of 

micee during infection with this pathogen (17-19). 

Inn the present study we determined the role of CD44 in M. tuberculosis leukocyte 

migrationn and phagocytosis and investigated the significance of our findings in resistance 

againstt pulmonary tuberculosis. For this, we infected CD44'/" or CD44+/+ mice 

M M 
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intranasallyintranasally with a virulent strain of M. tuberculosis. Our results show that CD44 plays an 

importantt role in the recruitment of Mcps, and is a binding site on M(ps for uptake of M. 

tuberculosis,tuberculosis, that mediates protective immunity against lung tuberculosis in vivo. As studies 

inn mice without functional a4 or a4B7 integrin, P-selectin, ICAM-1 or complement 

receptorr 3 (18, 20-22) have shown that these adhesion molecules are not involved in 

clearancee of mycobacteria, the present study identifies a unique function for CD44 in 

resistancee against mycobacterial infection. 

MATERIA LL  &  METHOD S 

Mice Mice 

Specifiedd pathogen-free 8 to 10 week old male and female CD44 deficient (CD44'A) mice 

onn a C57BL/6 background (23) were a kind gift of Dr. A. Berns, (Netherlands Cancer 

Institute,, Amsterdam, The Netherlands). Wild type (CD44+/4) C57B1/6 mice were 

purchasedd from Iffa Credo, L'Arbresle, France. Animals were maintained in biosafety 

levell  3 facilities. In all experiments, sex and age matched controls were used. The Animal 

Caree and Use Committee of the University of Amsterdam, The Netherlands, approved 

alll  experiments. 

ExperimentalExperimental infection 

AA virulent laboratory strain of M. tuberculosis H37Rv was grown for 4 days in liquid 

Duboss medium containing 0.01% Tween 80. A replicate culture was incubated at 37°C, 

harvestedd at mid-log phase and stored in aliquots at -70°C. For each experiment, a vial 

waswas thawed and washed twice with sterile 0.9% NaCl. Tuberculosis was induced as 

describedd previously (24, 25). Briefly, mice were anaesthetized by inhalation with 

isofluranee (Abbott Laboratories Ltd., Kent, U.K.) and infected intranasally with 1x10s 

livee M. tuberculosis H37Rv bacilli in 50 ul saline, as determined by viable counts on 7H11 

Middlebrookk agar plates. Bacterial counts recovered from lungs one day postinfection 

(p.i.)) were shown previously to be similar to the number of bacteria in the inoculum (25). 

hunghung cell differentiation 

Pulmonaryy cell suspension was obtained using an automated disaggregation device 

(Medimachinee System; Dako, Glostrup, Denmark) and resuspended in medium. 
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Erythrocytess were lysed with ice-cold isotonic NH4C1 solution, and the remaining cells 

weree washed twice with RPMI. Total leukocytes in pulmonary cell suspensions were 

countedd by using a hemacytometer and TÜRK's solution (Merck, Gibbstown, N.J.). The 

percentagess of Mps, polymorphonuclear cells (PMNs) and lymphocytes were determined 

usingg cytospin preparations stained with modified Giemsa stain (Diff-Quick, Baxter, 

McGraww Perk, IL). 

FACSFACS analysis 

Pulmonaryy cell suspensions obtained from infected mice were analyzed by FACS 

(Bectonn Dickinson, Franklin Lakes, NJ) as described previously (25). Cells were brought 

too a concentration of 4x106 cells/ml FACS buffer (PBS supplemented with 0.5% BSA, 

0.01%% NaN3 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-

phycoerythrin),, CD4 (anti-CD4-CyChrome), CD8 (anti-CD8-FITC, anti-CD8-PerCP). 

Al ll  Abs were used in concentrations recommended by the manufacturer (Pharmingen, 

Sann Diego, CA). To correct for aspecific staining an appropriate control antibody (rat 

IgG2,, Pharmingen) was used. Cells were fixed with 2% paraformaldehyde, and surface 

moleculesmolecules were analyzed by gating the CD3+ population. The number of positive cells 

wass obtained by setting a quadrant marker for nonspecific staining. 

HistologyHistology and immunohistochemistry 

Lungss were removed 2 or 5 weeks after inoculation with M. tuberculosis, fixed for 24h in 

4%% paraformaldehyde in PBS for 24 hours and embedded in paraffin. For the delayed 

hypersensitivityy response experiment footpads were removed from antigen challenged 

micee following immunization with heat-killed M. tuberculosis. After formalin fixation, 

specimenss were decalcified in formic acid and embedded in paraffin. Hematoxylin-eosin 

stainedd slides were coded and semi-quantitatively scored for inflammatory infiltrates and 

lungg granuloma formation by a pathologist. The presence of CD44+ cells, granulocytes 

andd macrophages were demonstrated by immunohistochemistry. Slides were 

deparaffinizedd and endogenous peroxydase activity was quenched by a solution of 

methanol/0.03%% H202. For CD44 staining, slides were then treated with 10 mM sodium 

citratee solution (pH 6.0) for 10 minutes at 98°C in a microwave oven, incubated with rat 

anti-mousee CD44 IgGl (KM114, Pharmingen), followed by a further incubation with 

rabbitt anti-rat-biotine (Dako, Glostrup, Denmark), and streptavidin-ABC solution 
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(Dako).. For color development, 1% H202 and 3,3-di-amino-benzidine tetrachloride 

(DAB,, Sigma, St Louis, MO) in Tris-HCl was used. The sections were mounted in 

glycerinn gelatin without counter staining and analyzed. For granulocyte and macrophage 

staining,, slides were digested with respectively a solution of 0.25% pepsine (Sigma, St. 

Louis,, MO) in 0.01M HC1, or 0.1% trypsine (Sigma). Sections were then incubated in 

10%% normal goat serum (Dako) and respectively exposed to FITC-labeled anti-mouse 

Ly-6GG mAb (Pharmingen) or rat anti-mouse F4/80 IgG2b mAb (Serotec, Oxford, 

England).. For staining of granulocytes, slides were incubated with rabbit anti-FITC 

antibodyy (Dako) followed by a further incubation with a biotinylated swine anti-rabbit 

antibodyy (Dako). For macrophage staining, slides were incubated with goat anti-rat-HRP 

(Southernn Biotechnology associates, AL, USA). Slides were finally incubated in a 

streptavidin-ABCC solution (Dako) and developed using 1% H202 and DAB (Sigma) in 

Tris-HCl.. The slides were counterstained with hematoxylin. 

SplenocyteSplenocyte stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jim cell strainer 

(Bectonn Dickinson, Franklin Lakes, Nj). Erythrocytes were lysed with ice-cold isotonic 

NFLC11 solution (155 mM NH4C1, 10 mM KHC03, 100 mM EDTA, pH 7.4), and the 

remainingg cells were washed twice with RPMI  1640 (Bio Whittaker, Venders, Belgium). 

Cellss were suspended in medium (RPMI 1640, 10% FCS, 1% antibiotic-antimycotdc 

(GibcoBRL,, Life Technologies, Rockville, MD)), seeded in 96-well round bottom culture 

platess at a cell density of lxlO 6 cells per well in triplicate, and stimulated with 20 |J.g/ml 

purifiedd protein derivative (PPD) (Statens Seruminstitut, Copenhagen, Denmark). For 

stimulationn of splenocytes of uninfected CD44+/+ and CD44 7 mice, cells were stimulated 

withh 10 fig/ml Staphylococcal enterotoxin B (SEB, Sigma), 7 Hg/ml SEA (Sigma) or 

coatedd anti-CD3 (clone 145-2C11, home-made) and 1 fig/ml anti-CD28 (clone 37.51, 

Pharmingen)) Abs. Supernatants were harvested after a 48-h incubation at 37°C in 5% 

C02,, and cytokine levels were analyzed by ELISA. 

CytokineCytokine measurements 

IFN-y,, IL-2, IL-4 were measured in lung homogenates, and spleen cell supernatants by 

specificc ELISA's using matched Ab pairs according to the manufacturer's instructions 

(R&DD Systems, Minneapolis, MN). 
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BindingBinding and phagocytosis o/M. tuberculosis by CD44+/+  and CD44'1macrophages 

M<pss were isolated from CD44+/+ and CD44 v mice by washing die peritoneal cavity widi 

RPMII  1640 supplemented widi 10% FCS. Collected cells were allowed to adhere to 96 

wellss tissue culture plates (105 cells) for 1 hour at 37°C, after which nonadherent cells 

weree removed by rinsing the cell monolayer widi medium. More dian 95% of the cells 

weree M(p as identified by cytospin preparations stained widi modified Giemsa stain. 

Bindingg and phagocytosis of M, tuberculosis was determined as described previously (22, 

26).. Briefly, M(p monolayers were infected widi M. tuberculosis in RPMI 1640 and 10% 

FCSS at a bacteria/M(p ratio (multiplicity of infection, MOI) of 10, and dien incubated for 

22 h at 37°C, after which supernatants were aspirated. Each well was washed diree times 

wimm RPMI 1640 and 10% FCS to remove die remaining non-adherent mycobacteria. For 

diee assessment of mycobacterial load, cells remaining attached to the tissue culture wells 

weree incubated widi sterile distilled H20 widi 0.1% dodecyl sulfate sodium salt (Merck, 

Darmstadt,, Germany) for 10 min at 25°C. After a serial 10-fold dilution of die cell lysate, 

thee number of mycobacteria that were associated widi die M<ps was determined by 

platingg on Middlebrook 7H11, and colony forming units (CFUs) were enumerated after 

211 days. To assess whether bacilli were phagocytosed, we infected M<ps for 2 and 17 h at 

aa MOI of 2 after which cells were washed diree times widi PBS, fixed with 2% 

paraformaldehyde,, and removed from the plate. Cytospins were made and stained widi 

Ziehl-Neelsenn stain for acid-fast bacilli and counterstained widi 0.1% mediylene blue 

stain.. At least 100—200 cells were counted on each cytospin. The number of intracellular 

bacillii  in each M(pwas counted. Cell viability of Mcp cultures was assessed from duplicate 

wellss by trypan blue exclusion, and appeared similar in bodi groups. 

BindingBinding o/CD44 to M. tuberculosis 

M.M. tuberculosis H37Rv bacteria (2x10s) were incubated for 30 min at 37°C widi 1 ng 

humann soluble CD44 standard protein (Bender MedSystems, Vienna, Austria) or widi 

diluentt in octuplicate. Subsequendy, mycobacteria were centrifuged for 15 min at 2000g 

andd incubated with an FITC-labeled mouse anti-human CD44std Ab (IgGl, clone 

SFF304,, Bender MedSystems) for 30 min on ice. After incubation, mycobacteria were 

centrifuged,, washed widi FACSbuffer, and fixed widi 2% paraformaldehyde. CD44 

bindingg was analyzed on a FACScan (Becton Dickinson, Franklin Lakes, NJ). 
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EnumerationEnumeration of bacteria 

Groupss of eight mice per time point were sacrificed 2 or 5 wk postinfection (p.i.), and 

lungs,, liver and spleen were removed aseptically. Organs were homogenized with a tissue 

homogenizerr (Biospec Products, Bardesville, OK) in 5 volumes of sterile 0.9% NaCl, and 

10-foldd serial dilutions were plated on Middlebrook 7H11 agar plates to determine 

bacteriall  loads. Colonies were counted after a 21-day incubation period at 37°C. For 

cytokinee measurements, lung homogenates were diluted 1:1 in lysis buffer (150mM NaCl, 

15mMM Tris, ImM MgCl2 pH 7.4, ImM CaCl2 1% Triton, lOOug/ml pepstatin A, 

leupeptinn and aprotinin), and incubated on ice for 30 min. Supernatants were sterilized 

usingg a 0.22 (xm filter (Corning Incorporated, Corning, NY) and frozen at -20°C until 

assayss were performed. 

Delayed-typeDelayed-type hypersensitivity (DTH) response to PPD 

Too measure DTH responses, we examined the swelling responses of footpads in mice. 

Briefly,, CD44+/+ and CD44_/ mice (n=5) were immunized intradermally at the base of 

thee tail with 0.1 mg of heat killed M. tuberculosis H37Ra (Difco Laboratories, Detroit, 

USA)) in 0.1 ml of mineral oil (Sigma). Twelve days after immunization, mice were 

challengedd with 40 |Xg PPD in saline into one hind footpad and in the other with saline 

alone.. Measurements of footpad thickness were performed with a Mitutoyo model 7326 

engineer'ss micrometer (Mitutoyo MTI Corporation, Aurora, 111.) before and 24 h after 

thee PPD challenge. The increase in footpad thickness was calculated as the difference in 

swellingg between the 0 and 24h measurements. Specific DTH reactivity was calculated as 

thee difference between the swelling of the PPD-injected footpads and the swelling of the 

saline-injectedd footpads. 

StatisticalStatistical analysis 

Alll  values are expressed as mean  SEM. Comparisons were done with Mann-Whitney U 

tests.. For comparison of survival curves Kaplan-Meier analysis with a log rank test was 

used.. Values of P < 0.05 were considered statistically significant. 
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RESULTS S 

AccumulationAccumulation ofCD44+ cells in the pulmonary compartment during M. tuberculosis infection 

Previouss studies have documented that CD44high cells accumulate in mice lungs during 

M.M. tuberculosis infection (17-19). To verify this observation in our model we studied the 

expressionn of CD44 in lung tissue of wild-type mice infected i.n. with M. tuberculosis. 

Immunohistochemicall  staining of CD44 revealed a strong increase in the number of 

CD44++ cells in lung tissue of mice with M. tuberculosis (Fig. 1A versus IB). 

Figur ee 1 Expression of CD44 in lung tissue of CD44+ / + mice after intranasal infection with 1X105 M. 
tuberculosis.tuberculosis. Representative view of the lung of a non-infected mouse showing only a few CD44+ 

passengerr leukocytes (A) compared to the lung of a mouse 5 weeks after M. tuberculosis infection showing 
aa prominent influx of CD44+ leukocytes (B). Magnification x50. CD44 immunostaining 

CD44CD44 promotes the recruitment of Mips and lymphocytes to infected lungs 

Too investigate whether CD44 is involved in leukocyte recruitment, we assessed the 

numberss and phenotypes of pulmonary leukocytes from CD44+/+ and CD44~A mice 

duringg tuberculosis (Table I). For this, we i.n. infected 8 mice per group with lxlO5 CFU 

M.M. tuberculosis and sacrificed them after 2 or 5 wk. While the absolute number of 

leukocytess in lungs of CD44+/+ and CD447" mice was similar 2 wk p.i., CD447" mice had 

almostt 50% less Mcps in their pulmonary compartment than CD44+/+ mice (P<0.05). At 

55 wk p.i., lungs of CD44V" mice contained more leukocytes than lungs of CD44+/+ mice 

(P<0.05).. At this time point the percentage of M(ps was similar in both mouse strains. 

Thee percentage of pulmonary lymphocytes of CD44 mice was however significantly 

reducedd compared to CD44+/+ mice 5 wk p.i. (P<0.05). 
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Subtypingg of lymphocytes at 2 wk showed that the percentages of CD4+ and CD8+ T 

cellss was similar in both groups (data not shown). Five wk p.i. CD44"/ mice displayed a 

lowerr percentage of CD3/CD4+ cells (59  2 versus 64  0.4), whereas the percentage of 

CD3/CD8++ T cells was similar in both strains (data not shown). The percentage of 

PMNss in the lungs of CD44 v mice was increased compared to CD44+/+ mice at both 

timee points (P<0.05). 

Tablee I Effect of CD44 deficiency on cellular composition of total lung cells during tuberculosis" 

22 wk postinfection 
CD44+/+ + 

CD44/ / 
55 wk postinfection 

CD44+/+ + 
CD44-/--

Cellss xlOVml 

8700  383 
8777  273 

27544  655 
37100  415 * 

%% Mcps 

27.00  3.1 
12.55 * 

30.33  2.5 
29.55  2.1 

%% PMNs 

47.99  1.3 
66.11  0.7 * 

32.00  2.5 
45.99  2.9* 

%% Lymphocytes 

25.11  3.0 
21.44 4 

37.88  2.7 
24.55  2.1 * 

aa Leukocytes in lungs of CD44+/+ and CD44~/_ mice infected for 2 and 5 wk with M. tuberculosis. Cells from 
eightt mice per group were counted and differentiated on cytospin preparations stained with modified 
Giemsaa stain. *P < 0.05 CD44/- mice vs CD44+/+ mice. 

ReducedReduced granuloma formation in CD44 mice 

Wee next investigated the contribution of CD44 to the histopathology of lungs from M. 

tuberculosis-infectedtuberculosis-infected mice. At 2 weeks after infection, lungs of CD44+/+ mice displayed 

sharplyy demarcated granulomas generally located around small bronchi and vessels. 

Thesee granulomas were comprised of lymphocytes, and Mq>s (Fig. 2A). On the contrary, 

CD44_/""  mice were unable to form well-shaped granulomas in reaction to M. tuberculosis, 

butt displayed enlarged and disorganized lesions, containing predominandy PMNs (Fig. 

2B).. At 5 weeks after infection, the inflammation became more diffuse in CD44+/+ and 

CD447""  mice. Whereas the infiltrate in lungs from CD44+/+ mice was still predominantly 

composedd of lymphocytes and M(ps (Fig. 2C), PMNs were more dominant in lungs of 

CD444 A mice (Fig. 2D). Moreover, edema and pleuritis were more pronounced in CD44 
ff'' than in CD44+/+ mice. 

AccumulationAccumulation of type 1 cells in spleens ofCD44'/' mice 

Becausee CD44 has been implicated in migration of leukocytes to sites of inflammation 

wee determined the number of cells in the spleen during tuberculosis in CD44 " and 

CD44+/++ mice. At 2 and 5 wk p i , 35% and 54% more cells were recovered from spleens 

off  CD447" mice than from spleens of CD44+/+ mice (P<0.05) (Fig. 3A). To obtain 

insightt into the functional properties of splenocytes, we assessed their capacity to 
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producee type 1 (IFNy) and type 2 (IL-4) cytokines upon antigen specific stimulation with 

PPD.. Intriguingly, splenocytes of CD447 mice secreted 12 (P<0.05) and 7.5 (P<0.05) 

timestimes more of the protective IFNy at respectively 2 and 5 wk p.i. than splenocytes of 

CD44+/++ mice (Fig. 3B). IL-4 was undetectable in all samples. To exclude that the 

enhancedd IFNy production of CD44 splenocytes was constitutively present, we 

stimulatedd splenocytes from 5 uninfected CD447 and CD44+/+ mice with four different 

stimulatorss (aCD3/28, SEB, SEA, and PPD), and found that CD44 deficiency per se did 

nott influence IFNy release by naive splenocytes (data not shown). 

ReducedReduced cytokine concentrations in lungs of infected CD44'f mice 

Too obtain insight into the influence of CD44 in local type 1 and type 2 cytokine 

concentrationss during tuberculosis we measured IFNy, IL-2 (type 1) and IL-4 (type 2) in 

lungg homogenates at 2 and 5 wk p.i.. At both time points, the pulmonary levels of these 

cytokiness were lower in CD44 than in CD44+/+ mice (Table II) . 
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Figur ee 3 Effect of CD44 
deficiencyy on M. tubercuksis-
mediatedd on the cellularity 
andd IFNy response of 
splenocytess of CD44+ /+ 

(D)) and CD44-/- ( • ) mice 2 
andd 5 wk p.i.. Splenocytes 
weree dissociated into single-
celll suspension, counted 
andd stimulated (lxlO6 

cells/well)) for 48 h with 
PPD.. A. CD44-/- mice 
havee increased cellularity of 
spleenss compared to 
CD44+ / ++ mice. 

B.. Stimulated splenocytes from infected CD44'- mice release more IFN-y in response to PPD than 
splenocytess from infected CD44+ / + mice. Data are mean and SEM of eight mice per group, *P < 0,05. 

M(p-associatedM(p-associated CD44 mediates binding and phagocytosis ofM. tuberculosis 

Adhesionn molecules can play a role in the pathogenesis of microbial infection by 

mediatingg phagocytosis of pathogens (27). To determine whether CD44 expressed on 

M(pss mediates binding of the tubercle bacillus, we infected isolated CD44+/+ and CD44"" 

Mcpss with live M. tuberculosis for 2 h. and determined the number of CFUs by plating Mcp 

lysates.. As shown in Fig. 4A, CD44+/+ M(ps contained a large mycobacterial load. 

Interestingly,, eight-fold less M. tuberculosis was associated to CD44 M(ps than to 

CD44+/++ Mcps (P<0.05). Additionally, we identified acid-fast bacilli internalised by Mcps 

withh Ziehl-Neelsen stain to investigate whether phagocytosis of M. tuberculosis by CD447" 

Mcpss was impaired (Fig. 4B). The average number of engulfed bacilli per Mcp was 

significandyy lower in CD447 Mcps (0.18/Mcp) compared to CD44+/+Mcps (0.31/Mcp, P< 

0.05)) after 2 h. After 17h almost 3 times less bacilli were phagocytosed by CD44 Mcps 

(0.23/Mcp)) than CD44+/+ Mcps (0.63/Mcp, P< 0.05). Together, these results indicate that 

inn this in vitro model, Mcp-associated CD44 contributes to the binding and subsequent 

uptakee of M. tuberculosis. 

Tablee I I  Effect of CD44 deficiency on M. tuberculosis-mediated induction of type 1 cytokines (IFNy, IL-2) 

pg/ml l 

22 wk postinfection 
CDAA+I* CDAA+I* 
CD44-/--

55 wk postinfection 
CD44+ /+ + 

CD44-/ / 

IFNy y 

165.00  10.0 
110.00 * 

212.55  16.4 
168.66  17.7 

IL-2 2 

488.99  37 
329.77  28.8 * 

681.00 7 
541.00  23.5 * 

1I.-4 4 

36999  100 
28599 * 

21155  145 
14188  165* 

"" Cytokines were measured in lung homogenates of CD44+ / + and CD44 ^ mice 2 and 5 wk p.i.. Data 
representt the mean and SEM of eight mice. *P < 0.05. 
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Figur ee 4 CD44 is involved in binding and phagocytosis of M. tuberculosis by Mips. Phagocytosis of 
CD44+ /++ (D) and CDAA> ( • ) isolated M(ps examined by counting CFUs (MOI of 10, A) or intracellular 
acid-fastt bacilli (MOI of 2, B). Data of A and B are shown as mean  SEM of 5 mice per group. *P < 
0.055 versus control. 

CD44CD44 binds to M. tuberculosis 

Thee role of CD44 in mediating mycobacterial association was further investigated by 

incubatingg human recombinant CD44std with live M. tuberculosis. Flow cytometry analysis 

off surface binding of tubercle bacilli to CD44 demonstrated a clear shift of fluorescence 

intensityy (Fig. 5). An almost 3 times higher fluorescence intensity was observed in M. 

tuberculosistuberculosis incubated with CD44std and subsequently stained with anti-CD44-FITC 

(meann channel fluorescence (MCF) of 94  8) compared with mycobacteria treated with 

onlyy anti-CD44-FITC (MCF of 34  14) (Fig. 5, P<0.05). In addition, the majority of 

mycobacteriaa stained negative when incubated with anti-CD44std-FITC (mean 15.4

4.8%),, while 50.6  1.9% of M. tuberculosis incubated with recombinant CD44std became 

FITCC positive, indicating direct binding of CD44 to mycobacteria (P<0.05). 

Figur ee 5 
Bindingg of CD44 to M. tuberculosis bacilli. 
Mycobacteriaa were incubated with (thin line) or 
withoutt (thick line) recombinant human CD44std for 
300 min at 37 °C, after which binding of CD44 was 
detectedd with FITC-labeled anti-human CD44std Ab 
andd quantitated by flow cytometry. Fluorescence 
intensityy shift was seen for the binding of human 
CD44stdd to M. tuberculosis (~3 times above the 
control,, thick line). 
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Figur ee 6 Effect of CD44 deficiency on the mycobacterial outgrowth in lungs, liver and spleen of mice 
infectedd with M. tuberculosis. Mice were i.n. administered with lxlO5 M. tuberculosis H37Rv. Data are shown 
ass mean  SEM of 8 mice. *P < 0.05 versus control. 

IncreasedIncreased bacterial load in lungs, and liver ofCD44 mice 

Wee next investigated the impact of CD44 deficiency on controlling mycobacterial 

growth.. As shown in Fig. 6, from 2 wk to 5 wk, M. tuberculosis grew more slowly in 

CD44+/++ mice than in CD447 mice. As a consequence, CD447" mice had 2.6 and 7-

foldd more mycobacteria in lungs than CD44+/+ mice did at respectively 2 wk pi. (P<0.05) 

andd 5 wk p.i. (P<0.05). In addition, livers of CD44 A mice contained more mycobacteria 

thann livers of CD44+/+ mice (P<0.05, 5 wk). In contrast, the numbers of M. tuberculosis 

CFUU recovered from spleens were similar in both mouse strains at each time point. 

ReducedReduced survival in M. tuberculosis-infected CD441' mice 

Too study whether CD44 deficiency also influenced survival, CD44 A and CD44+/+ mice 

(n=100 per group) were i.n. infected with M. tuberculosis and survival was monitored for 7 

months.. Compared to CD44+/+ mice, 

CD447'' mice showed a significant 

reductionn in survival (Fig. 7). At 210 

dayss p.i. survival of CD447 mice was 

60%,, whereas all CD44+/+ mice 

remainedd alive during this observation 

periodd (P<0.05). Thus, differences in 

bacteriall  loads in lungs and liver were 

paralleledd by differences in survival, 

supportingg a protective role for CD44 in 

thee immune response to M. tuberculosis. 
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Figur ee 7 Effect of CD44 deficiency on survival. 
CD44+ / ++ and CD44/ mice (n=10 per group) were 
i.n.. infected with lxlO5 M. tuberculosis H37Rv and 
followedd for 7 months. 
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CD44CD44 is important for mononuclear cell recruitment to DTH sites 

Thee recruitment of leukocytes into inflamed areas is critical for the development of DTH 

responses.. To study the role of CD44 in leukocyte migration more extensively we 

determinedd DTH responses in CD44v and CD44+/+ mice. Mice were immunized and 

subsequentlyy challenged in one footpad with PPD, after which the swelling of footpads 

waswas measured. Both CD44+/+ and CD44 A mice showed significant footpad thickening 

followingg the challenge. Surprisingly, swelling responses in CD447 mice were twice as 

highh as in CD44+ + mice (Fig. 8A). Histological analysis revealed a pronounced edema in 

thee footpads of CD44"A mice accompanied by a dense and diffuse inflammatory infiltrate 

(Fig.. 8E) predominantly composed of PMNs (Fig. 8F). The footpads of CD44+/+ mice, 

however,, showed the classical histological picture of a DTH reaction with a quite well-

definedd inflammatory infiltrate limited to the subcutis with slight edema (Fig. 8B) which 

waswas primarily composed of mononuclear cells (Fig. 8D). 

DISCUSSION N 

Celll  migration and phagocytosis are both critically dependent on cytoskeletal 

rearrangementss and are important for resistance against tuberculosis. Since CD44 is an 

adhesionn molecule involved in inflammatory processes and linked to the actin 

cytoskeleton,, we investigated the role of CD44 in both these processes during pulmonary 

tuberculosis.. The deficiency of CD44 led to a profound defect in die early recruitment of 

Mps,, and to a more modest reduction in the influx of lymphocytes to the pulmonary 

compartment.. In addition, CD44 was identified as a site on M(ps that is important for 

bindingg and subsequent uptake of M. tuberculosis. We further demonstrated that CD44 

playss a role in the protective immune response to pulmonary tuberculosis in vivo, as 

indicatedd by a reduced survival and an enhanced mycobacterial outgrowth in lungs and 

liverss of CD44V mice. 

Thee present study demonstrated a strong reduction of Mcp numbers in lungs of 

CD44'AA mice early in the infection, indicating that CD44 promotes Mtp recruitment to 

thee site of mycobacterial infection. In accordance with this finding, an earlier study 
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§§ E 
** Ë 

Figur ee 8 A. DTH response in footpads of 
mice.. CD44+ '+ (D) and C D 4V ( • ) mice 
weree immunized with heat-killed M. 
tuberculosistuberculosis and challenged in one hind footpad 
withh PPD and in the other one with saline. 
Footpadd swelling was measured 0, 
andd 24 hours after the Ag challenge and 
calculatedd as described in the method section. 
Dataa are shown as mean  SEM of 5 mice. 
*P*P < 0.05 versus control. 

CD44+/++ mice 

Ly-6G G 

D D 

!„i **  :-.'J: l'J 

**  F4/80*..'  * 
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^ISfc^ ^ 
B.. Representative view of the footpad of a CD44 + / + mice 48 hours after a DTH reaction showing a 
classicall picture of a DTH reaction: a demarcated inflammatory infiltrate with slight edema (H&E 
staining,, original magnification x 50). E. The histological analysis of the footpad of CD44"' -

demonstratedd a dense and diffuse inflammatory infiltrate together with a pronounced edema. 
Immunohistochemicall detection of PMNs (C, F) and mononuclear cells (D, G) in DTH footpads 
showedd that the inflammatory infiltrate of CD44 ^ mice was mostly composed of PMNs (F, original 
magnificationn x 100), whereas mononuclear cells were the predominant cell type found in CD44+ / + mice 
(D,, original magnification x 100). 
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hass shown that shedding of CD44 by antibody treatment led to a reduction of 

mononuclearr cell influx into the central nervous system during experimental allergic 

encephalomyelitiss (15). In line, migration of CD44A Mxps into atherosclerotic lesions was 

reducedd (28). In contrast, inhibition of binding of CD44 to its main ligand hyaluronate, 

didd not influence influx of monocytes and M(ps 16 h after intraperitoneal administration 

off  SEB (6). This suggests that migration of M(ps is mediated via CD44 but can be 

independentt of hyaluronate. Presumably, other GD44 Kgands like flbronectin (29), 

osteopontinn (30) or collagen types I and IV (29, 31) are more important for Mcp 

migrationn via CD44. The observation that M(p numbers were similar in CD44"A mice 

comparedd to CD44+/+ mice later in the infection may reflect a relative deficiency in Mcp 

influxx since the bacterial load was higher in CD447" mice 5 wk p.i.. CD44 could also be 

onlyy important in the early phase of migration and/or is compensated for by other 

adhesionn receptors. Apparently, this early phase is important for the outcome of the 

disease. . 

CD44-/-- macrophages not only demonstrated a reduced migration to the site of 

infection,, they also were found to be less capable of binding and phagocytosing M. 

tuberculosis.tuberculosis. Indeed, we provide for the first time evidence that soluble CD44 directly 

bindss to M. tuberculosis and that CD44 expressed on Mcps supports binding and 

subsequentt phagocytosis of mycobacteria. CD44 has already been shown to be involved 

inn phagocytosis of heat-killed Staphylococcus aureus by human PMNs (9). Furthermore, 

groupp A Streptococcus has been demonstrated to bind keratinocyte CD44 to induce 

cytoskeletonn changes that promote tissue invasion of these bacteria (32). 

Thee impaired mycobacterial clearance in CD44V" mice was also associated with a 

reducedd lymphocyte percentage in lungs late in the infection. The importance of CD44 

onn lymphocytes during mycobacterial infections is suggested by observations of 

increasedd numbers of pulmonary CD44+ T-lymphocytes during lung tuberculosis (17-19, 

33)) that adoptively transfered protection against M. tuberculosis when obtained from 

mycobacteriall  heat-shock protein 65-vaccinated mice (34-36). In line with the present 

findingss CD44 was also involved in the extravastion of activated antigen-specific T cells 

too the SEB inflamed peritoneal cavity (6). A possible explanation for the fact that CD44_/' 

micee displayed only modestly reduced lymphocyte numbers may be found in die higher 

mycobacteriall  load in the CD44_/" animals as compared to CD44+/+ mice. Furthermore, 

adoptivee transfer experiments of Suva et al suggest that protection against M. tuberculosis 
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iss IFNy dependent (36). Consistendy, we found lower IFNy levels in lungs of CD44 

infectedd animals. 

Granulomass are well-organized structures composed of aggregated M(ps, 

lymphocytess and epithelioid cells, known to wall off the infectious site and preventing 

furtherr spreading (37). We found that mice deficient for CD44 form less well-shaped 

granulomass than CD44+/+ mice. Accordingly, CD44V" mice had more mycobacteria 

disseminatedd to their livers that CD44+/+ mice. CD44 has already been shown to mediate 

celll  aggregation via inter-CD44 binding or multivalent HA binding by CD44 on 

neighboringg cells (38). Additionally, HA dependent binding has been demonstrated to 

causee aggregation of M(ps and lymphocytes (39, 40). Differentiated Mq)-epithelioid cells 

inn granulomas even produce extracellular matrix proteins like osteopontin and 

fibronectinn (41), which are natural ligands for CD44. Apparendy, cell aggregation in the 

developmentt of granulomas is partly regulated by CD44. 

Thee inability of CD44V" mononuclear cells to efficiently migrate to inflammatory 

sitess was more extensively studied in footpad DTH responses to PPD. This 

demonstratedd that infiltration of mononuclear cells at the site of antigen challenge was 

reducedd in immunized CD44_/" mice compared to CD44+/+ mice, whereas the influx of 

PMNss and swelling were increased. This further supports the concept that CD44 

participatess in the recruitment of mononuclear cells to sites of inflammation. Strikingly, 

inn both the M. tuberculosis infection experiment and the DTH experiment the number of 

PMNss in CD44V" mice was gready enhanced compared to CD44+/+ mice, suggesting that 

diee lack of Mcp and lymphocyte influx at the site of inflammation in CD44_/" mice may 

leadd to enhanced PMN migration in a CD44-independent compensatory response. 

Anotherr possibility for the PMN influx may be enhanced survival of these cells as a 

consequencee of diminished CD44-mediated apoptosis of neutrophils (42, 43). Obviously, 

furtherr experimental work is necessary to distinguish between these possibilities. 

Wee found enhanced IFNy release by PPD-stimulated splenocytes from infected 

CD4477 mice. Generally, there is a predominance of a type 1 cytokine response in the 

spleenn of mice infected with M. tuberculosis early in the infection. Later during infection 

thiss type 1 response declines, and by the time a latent infection is established a type 2 

responsee prevails (44), giving rise to speculation that protective type 1 cells migrate from 

thee spleen to the infected lungs (45). We found an increase in type 1 splenocytes of 

CD44"/""  mice both early and late in the infection. This suggests that migration and/or 

adhesionn of splenocytes to the lung of CD44"/" mice is impaired, which is in line with the 
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lowerr number of lung lymphocytes and reduced IFNy levels in the lungs of these 

animals.. The similar mycobacterial loads in the spleens of CD44_/" and CD44+/+ mice 

mayy reflect a protective function of IFNy producing splenocytes against M. tuberculosis 

(i.e.. the anticipated higher mycobacterial numbers were not found). 

Thee present report provides strong evidence that CD44 exerts protective effects 

againstt M. tuberculosis. Interestingly, in other studies blocking of adhesion molecules other 

thann CD44 did not influence the clearance of mycobacteria. ICAM-1^' mice or mice 

treatedd with mAb to a4 or a4P7 integrin infected aerogenically with M. tuberculosis, 

displayedd mycobacterial growth in lungs that was similar to the growth in their respective 

controll  mice (18, 20). In addition, P-selectin and/or ICAM-17" mice systemically infected 

withh M. bovis also showed an unaltered clearance of mycobacteria (21), and mice deficient 

forr complement receptor 3, a p2 integrin, did not differ from wild-type mice with respect 

too survival and bacterial burden during M. tuberculosis infection (22). Thus the present 

studyy identifies a unique function for CD44 as an adhesion molecule in mediating 

resistancee against mycobacterial infection presumably by promoting binding and 

phagocytosiss of M. tuberculosis by M(ps and migration of M<ps to the site of infection. 
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EFFECTSS OF IL-12P40 OVEREXPRESSION ON TB 

ABSTRACT T 

Interleukinn (IL)-12 (p70) is a heterodimeric cytokine composed of two subunks, p40 and 

p35,, that plays a major role in the induction of a protective immune response to 

MycobacteriumMycobacterium tuberculosis. p40 has been shown to have both agonistic and antagonistic 

effectss on IL-12. To define the role of p40 in the lung during pulmonary M. tuberculosis 

infectionn we generated transgenic (Tg) mice overexpressing p40 under control of the 

surfactantt protein C (SP-Q promoter. P40 Tg mice exclusively expressed the transgene 

inn their lungs, yet demonstrated markedly elevated p40 protein levels in both lung 

homogenatess and plasma. Overexpression of p40 did not result in an increase in basal 

p700 concentrations in lungs or plasma. At 2 and 5 weeks after induction of lung 

tuberculosis,, Tg mice displayed higher pulmonary p40 and p70 levels than wild type 

mice.. Interferon-y concentrations were similar in Tg and wild type mice, both in 

uninfectedd and infected animals, arguing against an agonistic effect of p40. P40 Tg mice 

demonstratedd a reduced recruitment of macrophages, lymphocytes and neutrophils to the 

lungss early after infection with M. tuberculosis. This was accompanied by reduced levels of 

tumorr necrosis factor-a, macrophage inflammatory protein (MIP)-2 and MlP-la in the 

lungs.. This suggests that elevated p40 concentrations inhibited the known chemotactic 

effectss of p70 on leukocytes. Furthermore, p40 Tg mice displayed more M. tuberculosis 

colonyy forming units in their lungs at 5 weeks after the infection than wild type mice. 

Thesee results suggest that constitutive overexpression of p40 in die lung negatively 

influencess IL-12-mediated leukocyte migration and protection against lung tuberculosis. 
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INTRODUCTIO N N 

TTuberculosis,, caused by Mycobacterium tuberculosis, is one of the main threats to 

mankindd with one-third of the world's population being infected (1). Cell-

mediatedd immunity (CMI) is known to be critical in host defense against M. tuberculosis 

infectionn and is tightly regulated by a balance between type 1 and type 2 cytokines (2). 

Interleukin-122 (IL-12) is a key regulatory cytokine produced by antigen-presenting cells, 

suchh as macrophages (M(ps) and dendritic cells, which is decisive in the regulation of the 

Thl/Th22 balance. IL-12 plays a pivotal role in promoting Thl while suppressing Th2 

responses,, and hence promotes CMI against intracellular pathogens like M. tuberculosis (3). 

IL-122 furthermore increases the cytolytic activity of CD8+ cells and NK cells, which is 

criticall  for an effective control of mycobacterial infection (3). Several in vivo studies, using 

IL-122 neutralizing antibodies or IL-12 deficient animals, showed an important role for 

IL-122 in the development of functional Thl responses and protection against 

intracellularr pathogens (4, 5). In accordance, it was demonstrated that IL-12 receptor (IL-

12R)-deficientt individuals demonstrated an increased susceptibility to intracellular 

pathogenss (6, 7). 

IL-122 is a heterodimeric protein (p70) composed of two disulfide-linked subunits, p35 

andd p40. For the generation of bioactive IL-12p70, both subunits are required although 

theirr expression is independendy regulated (8). Secreted IL-12p70 binds to and signals 

throughh the high affinity IL-12R, which consists of a constitutively expressed IL-12Rpl 

chainn and an inducible low affinity IL-12R|32 chain. The p40 subunit is responsible for 

IL-12RR binding (9) and is mainly produced as monomer and homodimer (^40)̂  in 

excesss of the p70 heterodimer (10). Although p40 monomer is neither antagonistic nor 

agonisticc with respect to IL-12 bioactivity, the homodimeric form seems to inhibit IL-12 

functionn in vitro by competing with heterodimer for the high affinity IL-12R on 

responderr T lymphocytes and NK-cells (11-13). Since secretion of IL-12p70 is associated 

withh excess production of the p40 subunit, it has been suggested that (p40)2 plays a 

criticall  role as a natural antagonist of IL-12. However, (p40)2 has also been reported to 

stimulate,, rather than to inhibit, Thl development in vitro, resulting in an increase in IFN-

yy production (14). An agonistic role for (p40)2 has also been suggested by three studies 

revealingg phenotypic differences between IL-12p35-/- and IL-12p40-/- mice in 

alloantigenn Thl responses following heart transplantation (15), in defense to infection 
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withh Crytoccoccus neoformans (16), and M. bovis (17). Since p40 has been shown to have both 

agonisticc and antagonistic effects on bioactive IL-12, we wanted to obtain more insight in 

thee role of p40 during pulmonary mycobacterial infection in vivo. Therefore, we generated 

transgenicc mice that overexpress p40 under control of the lung specific surfactant protein 

CC promoter (18) (SP-C), and studied host defense mechanisms in p40 Tg mice during 

pulmonaryy tuberculosis. 

MATERIA LL  &  METHOD S 

Animals Animals 

FVB/NN mice were obtained from Harlan Nederland (Horst, The Nemerlands). Foster 

motherss were on the BDF background (C57BL6/DBA Fl Hybride) and were bred in 

ourr central animal facility. For the experiments with M. tuberculosis, female mice between 

thee ages of 7 and 9 weeks were used. Each experimental group consisted of eight mice 

perr group. In all experiments, sex and age matched controls were used. All experiments 

weree approved by the Institutional Animal Care and Use Committee of the Academic 

Medicall  Center (University of Amsterdam, The Netherlands). 

GenerationGeneration of lung specific ÏLr12p40 transgenic mice 

Al ll  DNA manipulations were done by standard methods. A 3.7 kb fragment consisting 

off  the SP-C promoter, kindly donated by Dr. Stephan W. Glasser, was excised from the 

pUC18SP-CC plasmid (18). This promotor confers expression in bronchiolar and type II 

epitheliall  cells in the adult mouse lung (18, 19). The SP-C promoter was inserted by 

blund-endd ligation in the expression vector pCI-CMV (Promega, Leiden, the 

Netherlands)) thereby replacing the CMV promoter. The pCI/SP-C/p40 construct was 

obtainedd by introducing mouse IL-12-p40 cDNA in to the Xho I/Not I site of the pCI 

vectorr containing the SP-C promoter. The SP-C-p40 construct was released by digestion 

withh Bgl II and Nae I and purified by agarose gel electrophorese followed by dialysis 

againstt AnalaR water. A 3 ng/ml solution of the linear construct was microinjected into 

pronucleii  of fertilized FVB/N eggs. After egg transplantation into pseudo-pregnant 

fosterr mothers, transgenic offspring was identified by Southern blot analysis and PCR of 

genomicc DNA isolated from tail biopsies. 
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DNADNA isolation and Southern blot analysis 

Onee cm tail from FVB/N mice were harvested and 500 (il lysing buffer (lOOmM Tris 

buffer,, pH 8.5; 5mM EDTA; 0,2% SDS; 200mM NaCl; 100 ng/nl proteinase K) was 

addedd and incubated overnight at 55°C in a shaking disc. DNA extraction was performed 

byy means of phenol and chloroform extraction and isopropanol precipitation. Thereafter, 

DNAA was resuspended in sterile water and stored at -20°C until further use. Ten ng 

DNAA was digested by BAMHI overnight For Southern blot analysis DNA was 

separatedd on a 0.8% agarose gel. The gel was soaked for 10 min in 0.2 M HC1, thereafter 

denaturedd in 0.2 M NaOH/1.5 M NaCl for 45 min and 2x20 min neutralized in 0.5 M 

TRIS/HC11 pH7.4 containing 1.5 M NaCl. Thereafter, DNA was transferred to a Nytran 

Nylonn membrane using the turboblot system (Schleicher & Schuell, Dassel, Germany) 

andd the DNA was UV-crosslinked. The filters were pre-hybridized at 65 °C in 5xSSC, 5x 

denhardts,, 0.5% SDS containing 100 ug/ml herring sperm DNA. Thereafter, the filters 

weree hybridized with IL-12 p40 cDNA labelled with deoxycytidine 5'-[a-3ZP] 

triphosphatee ([a-32P]dCTP, 3000Ci/mmol) as described under "Northern blot analysis' 

andd the signal was detected using a Molecular Dynamics phosphor imager (Amersham 

Biosciences,, Sunnyvale, CA). 

PCRPCR analysis 

Thee PCR was performed with 100 pg genomic DNA in a reaction mixture of 1.0 mM 

deoxynucleotidee triphosphates (dNTP's), 10 mg/ml BSA, 2% DMSO, lOx Pol buffer 

(0.677 M Tris-HCl, pH 8.8; 67 mM MgCl2; 0,1 M B-mercaptoethanol; 67 ^M EDTA; 

0.1666 MfNH^SCg, 0.5 uM of the SP-C-primer (5'-GGACACATATAAGACCC-TGG-

30,, 0.5 uM of the p40 primer (S'-TTTGGTGCTTCACACTTCAGG^5) and 5 U/^il 

DNAA polymerase (AmpliTaq, Perkin Elmer, Norwalk, CT). Reactions for the p40 

transgenee were subjected to 30 cycles on a thermocycler (Perkin Elmer Applied 

Biosystems,, Norwalk, CT) consisting of 95°C for 1 min, 58°C for 1 min and 72°C for 2 

min,, respectively. All PCR mixtures were subjected to denaturation at 95°C for 5 min 

beforee the first cycle, and to final extension at 72°C for 10 min after the last cycle. The 

amplifiedd products were size fractioned by electrophoresis on a 1.0% agarose gel, 

followedd by ethidium bromide staining for UV-assisted visualization. 
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NorthernNorthern blot analysis  analysis 

RNAA was isolated using TRIZOL (Gibco BRL life technologies, Gaithersburg, Md.) 

accordingg to die manufacturers manual. Samples of 20 ]Xg of total RNA were seperated 

onn a 0.8% agarose gel containing 6.6% formaldehyde and transferred onto Nytran nylon 

membranee using the turbo-blot system (Schleicher & Schuell). The RNA was fixed to the 

membranee by 3 min treatment in a microwave oven at full setting (650W). The filters 

weree pre-hybridized for 1 hour at 42°C in 50% (v/v) formamide, 5x SSPE, 5x Denhardt, 

0.5%% (w/v) SDS and 100 JXg/ml denaturated herring sperm DNA. Thereafter, filters 

weree hybridized at 42°C overnight with mouse IL-12 p40 cDNA, labeled with [a-32P] 

dCTPP according to the random primed labeling techniques using Amersham Rediprime 

labellingg kit. The signal was detected by Molecular Dynamics phosphor Imager 

(Amershamm Bioscience). The ribosomal DNA was stained on filters with methylene blue 

inn order to assess equal RNA loading and transfer (20). 

PreparationPreparation of lung tissue andplasma forELIS"A. 

Micee were anaestesized by FFM (fentanyl citrate 0,079 mg/ml, fluanisone 2,5 mg/ml, 

midazolamm 1,25 mg/ml in H20; of this mixture 7,0 ml/kg intraperitonally). Blood was 

obtainedd from the vena cava inferior and plasma was separated by centrifugation at 3.000 

rpmm for 7 min at 4°C. Lungs, were harvested and immediately homogenized in 9 

volumess of lx lysis buffer (0,5% Triton X-100, 150mM NaCl, 15mM Tris, 1 Mm CaCl2 

andd 1 mM MgCl'H20; pH 7.40) at 4°C using a tissue homogenizer (Biospec Products, 

Bartlesville,, OK). The homogenates were first centrifuged at 4.000 rpm for 10 min and 

thenn at 14.000 rpm for 10 min to remove cell debris, after which the supernatants were 

storedd at -20°C. The following ELISA's were used according to the instructions of the 

manufacturer:: IL-12 p40, IL-12 p70 (Pharmingen, San Diego, CA) and IFN-y, TNF-a 

IL-4,, MIP-2, MIP-la, (R&D Systems, Minneapolis, MN). 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced intranasally (i.n.) as described previously (21, 22). 

Briefly,, a virulent laboratory strain of M. tuberculosis H37Rv was grown in liquid Dubos 

mediumm containing 0.01% Tween 80 for 4 days. A replicate culture was incubated at 

37°C,, harvested at mid-log phase and stored in aliquots at -70°C. For each experiment, a 

viall  was thawed and washed twice with sterile 0.9% NaCl. Mice were anaesthetized by 
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inhalationn with isoflurane (Abbott Laboratories Ltd., Kent, U.K.) and i.n. infected with 

lxlO 44 live M. tuberculosis bacilli in 50 ul sterile saline, as determined by viable counts on 

7H111 Middlebrook agar plates. Bacterial counts recovered from lungs one day 

postinfectionn (p.i.) were shown previously to be similar to the number of bacteria in the 

inoculumm (22). 

EnumerationEnumeration of bacteria 

Groupss of eight mice per time point were sacrificed 2 or 5 wk p.i., and lungs, and liver 

weree removed aseptically. Organs were homogenized with a tissue homogenizer (Biospec 

Products,, Bartlesville, OK) in 5 volumes of sterile 0.9% NaCl, and 10-fold serial dilutions 

weree plated on Middlebrook 7H11 agar plates to determine bacterial loads. Colonies were 

countedd after 21-day incubation at 37°C. 

Histology Histology 

Lungss were removed 2 or 5 weeks after inoculation with M. tuberculosis and fixed in 4% 

paraformaldehydee in PBS for 24 hours. After embedding in paraffin, 4-um-thick sections 

weree stained with hematoxylin-eosin for histology analysis. 

LungLung cell differentiation 

Pulmonaryy cell suspensions were obtained by crushing lungs through a 40 îm cell 

strainerr (Becton Dickinson, Franklin Lakes, NJ) as described previously (22). 

Erythrocytess were lysed with ice-cold isotonic NH4C1 solution (155 mM NH4C1, 10 mM 

KHC03>> 100 mM EDTA, pH 7.4), the remaining cells were washed twice with RPMI 

16400 (Bio Whittaker, Verviers, Belgium), and counted by using a hemacytometer. The 

numberr of M9S, polymorphonuclear cells (PMNs) and lymphocytes were calculated from 

thesee totals, using cytospin preparations stained with modified Giemsa stain (Diff-Quick, 

Baxter,, McGraw Perk, IL). 

SplenocyteSplenocyte stimulation  stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jxm cell strainer. 

Erythrocytess were lysed, and the remaining cells were washed and counted by using a 

hemacytometer.. Splenocytes were suspended in medium (RPMI 1640, 10% fetal calf 

serumm (PCS), 1% antibiotic-antimycotic (GibcoBRL, Life Technologies, Rockville, MD)), 

seededd in 96-weli round bottom culture plates at a cell density of lxlO 6 splenocytes in 
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triplicate,, and stimulated with 20 Hg/ml tuberculin-purified protein derivative (PPD) 

(Statenss Seruminstitut, Copenhagen, Denmark). Supernatants were harvested after a 48-h 

incubationn at 37°C in 5% C02, and cytokine levels were analyzed by enzyme-linked 

immunosorbantt assay (ELISA). 

StatisticalStatistical analysis 

Alll  values are expressed as mean + standard error of the mean (SEM). Comparisons 

weree done with Mann-Whitney U tests. Values of P < 0.05 were considered statistically 

significant. . 

RESULTS S 

EstablishmentEstablishment ofSP-C/p40 transgenic mice 

Thee SP-C/p40 construct shown in Fig. 1 

wass microinjected into fertilized eggs to 

generatee transgenic mice in which p40 

expressionn was targeted to the lungs. 

Transgenityy was confirmed by performing 

Southernn blotting, using a specific probe for 

murinee p40, and by PCR using a primer set 

specificc for the SP-C promoter and murine p40 as indicated in figure 1. A representative 

Southernn blot and PCR analysis are shown in figure 2A and B, respectively. Twelve mice 

carryingg the p40 transgene were generated. One of the mice with the highest expression, 

containingg about 11 copies of the transgene compared to endogenous p40, was mated 

withh a FVB/N mouse and transmitted the transgen to the offspring. After 5 generations 

homozygoticc transgenic mice were identified and fhese were mated to generate 

homozygoticc offspring. Upon gross necroscopy, no apparent abnormality was detected 

inn organs of the p40 Tg mice, including lung. P40 Tg mice were apparendy normal size 

andd weight, and both sexes were fully fertile. To examine tissue specificity of the p40 

transgenee expression, total RNA was prepared from various tissues of p40 Tg animals 

whenn they were 7 weeks of age and Northern blot analysis was performed. As can be 

seenn in figure 3, p40 mRNA was detected in the lung of Tg animals. No p40 mRNA was 

Figur ee 1 SP-C/p40 DNA construct. Th 
constructt contains a 3.7 kb fragment from the 
SP-CC promoter, a 1 kb murine IL-12p40 
cDNAA fragment, an intron and SV 40 
polyadenylationn sequences.Restriction sites 
andd primers used in the PCR are indicated. 
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detectedd in the lungs of control mice, nor in other tissues from control or p40 Tg mice. 

Hence,, transgenic p40 was exclusively produced in the lungs of p40 Tg animals. 

HighHigh lung andplasmap40 levels inp40 Tg mice 

Too examine p40 levels in the lungs of Tg animals and to establish whether p40 was 

circulating,, lung and plasma were assayed for p40 in a sandwich ELISA when mice were 

77 weeks of age. High concentrations of lung and plasma p40, 18.0  1.1 ng/ml and 4.7

0.244 ng/ml respectively, were found in p40 Tg animals compared to control levels (0.55 

ng/mll  and 0.15 ng/ml, respectively). Furthermore, we tried to detect lung and plasma 

IL-122 p70 in an ELISA in order to see if high 

levelss of IL-12p40 resulted in an increase of 

bioactivee IL-12 p70. The concentration of p70 

inn p40 Tg animals was around the detection 

limi tt of the ELISA (62.5 pg/ml) in both lung 

homogenatess as plasma and comparable with 

thatt in control mice, indicating that this 

enhancedd p70 production did not occur in p40 

Tgg mice. Because it was shown that p40 

homodimerr can induce IFNy production by T 

cellss (14) we wanted to investigate lung and 

plasmaa IFNy levels. No difference between 

lungg and plasma levels in Tg animals compared 

too controls was observed (data not shown). 

H H 
IL-12p400 • 

1BSS -

28SS • * 

28ss §!f,i,,l!al§*l11 
1 2 3 4 5 6 7 8 99 10 

Figur ee 3 p40 mRNA expression in the 
lungg of SP-C/p40 Tg mice. Organs were 
obtainedd from 7 weeks old Tg and Wt 
mice.. Cellular RNA (20 ug) was analyzed 
byy Northern blotting as described in the 
Methodss section. Lane 1: lung Tg, 2: liver 
Tg,, 3: heart Tg, 4: intestine Tg, 5: kidney 
Tg,, 6: lung Wt, 7: liver Wt, 8: heart Wt, 9: 
intestinee Wt, 10: kidney Wt. 
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IncreasedIncreased production ofp40 andp70 inp40 Tg mice during tuberculosis 

IL-122 has been demonstrated to play an important role in the development of protective 

immunityy against intracellular pathogens. To examine the effect of p40 overexpression 

onn p40 and p70 levels during mycobacterial infection, we i.n. inoculated p40 Tg and Wt 

micee with a virulent strain of M. tuberculosis and sacrificed them after 2 and 5 wk. As 

expected,, very high concentrations of IL-12p40 were measured in lungs of p40 Tg mice 

att both time points following infection. Lungs of p40 Tg mice contained 18-fold and 1.6-

foldd more IL-12p40 than Wt mice at respectively 2 (P=.001) and 5 wk p.i. (P=.003, Fig. 

4).. In addition, the level of IL-12p70 was 4.4 (2 wk p.i., P=.001) and 11.8 (5 wk p.i., 

P=.002)) times elevated in the lung of p40 Tgmice compared to Wt mice (Fig. 4). 
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Figur ee 4 Pulmonary p40 and p70 levels are significantly increased in p40 Tg mice compared to Wt mice 2 
andd 5 wk after infection with M. tuberculosis. Data are presented as the mean and SEM for 8 mice per 
group.. *P < 0.05. 

HistopathologyHistopathology of lung tissue 

Too examine tissue responses, histological assessment of lungs from mice sacrificed at 2 

andd 5 wk after mycobacterial infection was conducted. Two weeks after M. tuberculosis 

inoculationn lungs of Wt mice exhibited prominent lymphocytic interstitial inflammation 

withh formation of small granulomas and slight pleuritis (Fig. 5A). In contrast, lungs of 

p400 Tg mice presented only slight interstitial inflammation (Fig. 5B). After 5 weeks the 

inflammatoryy infiltrates in lungs of all mice became more diffuse and intense with 

prominentt lymphocytic perivascular inflammation and foamy macrophages in the alveoli. 

Thee degree and the cellular composition of the inflammatory infiltrates were comparable 

inn Wt (Fig. C) and p40 Tg (Fig. D) mice. 
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ImpairedImpaired leukocyte recruitment to lungs ofp40 Tg mice 

Too analyze leukocyte influx in a more quantitative way, pulmonary cells were isolated, 

countedd and differentiated by performing a modified Giemsa staining on cytospin 

preparations.. An increase in total cell numbers was observed in each group of mice 

throughoutt the course of the experiment (Fig. 6). However, p40 Tg mice had 3- (2 wk, 

P=.003)) and 1.6- (5 wk, P=.009) fold less leukocytes isolated from their lungs compared 

withh Wt controls (Fig. 6). Analysis of lung cell populations revealed that 2 times less Mips 

(P=.01),, 3 times less PMNs (P=.005) and 2.5 times less lymphocytes (P=.06) were 

presentt in p40 Tg mice compared to Wt mice 2 wk pi.. At 5 wk p.i., the absolute number 

off  Mips was similar in both groups. Although, 23% less lymphocytes were present at this 

timetime point in lungs from p40 Tg mice, this was not significantly different from Wt mice. 

Thee absolute number of PMNs were 2.3 times lower in the p40 Tg mice as compared 

withh Wt mice 5 wk p.i. (P<.001). 
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croohagess lymphocytes 

Figur ee 6 Analysis of leukocyte populations in lungs of Wt and p40 Tg mice infected i.n. for 2 or 5 wk 
withh M. tuberculosis. The number of leukocytes in lungs of p40 Tg mice was significantly lower than of Wt 
micee at both time points. Leukocyte differentiation revealed that p40 Tg mice had significantly less Mcps 
(22 wk), lymphocytes (2 wk), and PMNs (2 and 5 wk) in their lungs compared to Wt mice. Data are 
presentedd as the mean and SEM for 8 mice per group. *P < 0.05. 

ReducedReduced chemokine levels in p40 Tg mice early in the infection 

Sincee the inflammatory infiltrate was less profound in p40 Tg mice early in the infection, 

wee measured pulmonary TNFa, a potent agonist of chemokine expression, and C-X-C 

chemokinee macrophage inflammatory protein (MIP)-2 and C-C chemokine MIP-la. 

MIP-22 is predominantly chemotactic toward PMNs (23), whereas MIP-la preferentially 

augmentt monocyte/macrophage and lymphocyte recruitment (24). Interestingly, p40 Tg 

micee had respectively 1.4, 2.7, and 3 times less TNFa (P=.047), MIP-2 (P=.006), and 

MIP-l aa (P=.017) in their lungs than Wt mice 2 wk p.i. (Fig. 7). After 5 wk TNFa and 

MIP-22 levels were similar in both group of mice, whereas MIP-la was 2 times lower in 

p400 Tg.mice compared to Wt mice (P=.02) (data not shown). 

L L • • 
X X 

Wtt p40 Tg 

Figur ee 7 P40 Tg mice had decreased expression of TNFa, MIP-2, and MIP- l a in their lungs 2 wk after 
infectionn as compared with Wt mice. Data are presented as the mean and SEM for 8 mice per group. 
*P*P < 0.05. 
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Th1Th1 dominant cytokine profile in lungs from p40 Tg mice late in the infection 

Sincee the Thl/Th2 balance is critical to anti-mycobacterial host defense, we examined 

diee pulmonary concentration of type 1 cytokine IFN-y, and type 2 cytokine IL-4 2 and 5 

wkk p.i.. IFN-y, and IL-4 concentrations were similar in Wt and p40 Tg mice 2 wk p.i. 

(dataa not shown). In contrast, later in the infection (5 wk p.i.) IL-4 was 60% lower in 

lungss of p40 Tg mice compared to Wt mice (P=.002, Fig. 8). IFN-y levels were yet again 

nott different in both groups of mice at this time point (Fig. 8). 
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Figur ee 8 P40 Tg mice have an 
increasedd Th l /Th2 balance com-
paredd to Wt mice since they have 
unalteredd pulmonary IFN-y (Thl) 
levelss and reduced IL-4 (Th2) 
levelss when compared to Wt mice 
55 wk pi .. Data are presented as the 
meann and SEM for 8 mice per 
group.. *P < 0.05. 

IncreasedIncreased Ag-specific IFN-y response inp40 Tg mice following. M. tuberculosis infection 

Too more directly examine CMI responses in p40 Tg mice and their relationship with 

susceptibilityy to M. tuberculosis infection, we analyzed the Ag-specific IFNy production of 

splenocytess from p40 Tg and Wt mice following M. tuberculosis infection in response to 

thee recall-antigen PPD. We found that 2 wk p.i. IFN-y levels were similar in both groups 

off  mice. In comparison, later in the infection splenocytes from p40 Tg mice released 2.3 

timess more IFN-y upon PPD stimulation than Wt mice (P=.005, Fig. 9). These results 

suggestt that increased p70 levels in lungs from p40 Tg mice enhanced the ability of 

splenocytess to display a Ag-specific IFNy response. 

Figur ee 9 Splenocytes from p40 
Tgg mice mount an increased Ag-
specificc IFNy response to 
mycobacteriall  antigen compared 
too Wt mice 5 wk p.i.. 
Splenocytess were harvested 2 
andd 5 wk after i.n. inoculation 
withh M. tuberculosis, and 
stimulatedd for 48 h. Data are 
presentedd as the mean and SEM 
forr 8 mice per group. *P < 0.05. 
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IncreasedIncreased susceptible ofp40 Tg mice to pulmonary M. tuberculosis infection 

Too examine the impact of p40 overexpression on the in vivo growth of M. tuberculosis in 

thee lung, we determined the mycobacterial load 2 and 5 wk p.i. Early in the infection 

~28%% more CFUs were found in lungs from p40 Tg mice as compared to Wt mice (Fig. 

10)) (not significandy different). No mycobacteria were disseminated to the liver in either 

groupp at this time point. Five wk after the infection, p40 Tg mice had 118% more M. 

tuberculosistuberculosis CFUs than Wt mice (Fig. 10, P=.021). In the liver of p40 Tg mice 144% more 

viablee mycobacteria were found, although this difference with Wt mice did not reach 

statisticall  significance due to large variation (Fig. 10). Together, these data indicate that 

p400 Tg mice are more susceptible to M. tuberculosis infection than Wt mice as 

demonstratedd by reduced clearance of M, tuberculosis infection from the lung and liver late 

inn the infection. 
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Figur ee 10 Increased mycobacterial outgrowth in lungs and livers of p40 Tg mice compared to Wt mice 5 

wkk after i.n. infection with lx lO 4 M. tuberculosis bacilli. Data are presented as the mean and SEM for 8 
micee per group. *P < 0.05. 

DISCUSSION N 

Inn the present study, we generated transgenic mice that overexpress p40 

specificallyy in the lung. We found that p40 Tg animals develop, grow and reproduce 

normally.. We demonstrated that lung p40 levels were profoundly elevated in p40 Tg 

animalss compared to p40 levels in control Wt mice. Also, p40 plasma levels were 

increasedd in p40 Tg mice due to secretion of p40. In contrast, no apparent increase in 

lungg and plasma IL12-p70 levels was observed in p40 Tg mice, likely because in non-

infectedd Tg animals not enough p35 is available for dimerization with the p40 subunit. In 
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addition,, no increase in IFNy production was found in Tg animals, arguing against a 

directt agonistic effect of p40 overexpression under basal condition. 

IL-122 is involved in the chemotactic activity for Mcps (25-28), T cells (26, 29) and 

PMNss (30) by enhancing pro-inflammatory cytokine and chemokine expression (26, 28, 

31).. Since p40 overexpression led to an early defect in chemokine expression and 

leukocytee recruitment, these results are most compatible with the inhibition of the 

chemotacticc bioactivity of IL-12 at its receptor by elevated p40 concentrations. Most 

likely,, this early impaired leukocyte recruitment in p40 Tg mice at least in part was 

responsiblee for the relatively enhanced outgrowth of M. tuberculosis in lungs of p40 Tg 

mice.. Indeed, resistance against M. tuberculosis depends primarily on Mcps and T cells and 

thee interaction between these cells (32). Furthermore, decreased TNFa levels in lungs 

fromm p40 Tg mice early in the infection may play a role in this since TNFa is important 

forr activating Mcps to kill intracellular pathogens (33). Together, we suggest that IL-

12p400 acts as an antagonist for IL-12-mediated leukocyte migration to the M. tuberculosis 

infectedd lung by reducing TNFa, a potent agonist of chemokine expression, and die 

chemokiness MIP-2 and MIP-la. These data demonstrate a new mechanism by which die 

bioactivityy of IL-12 is regulated during mycobacterial infection. One could hypothesi2e 

diatt p40 homodimers may act as a physiological regulator of IL-12-mediated chemotaxis 

off  inflammatory cells in order to restore pulmonary homeostasis. 

Aldioughh we did not measure the relative synthesis of p40 monomers and 

homodimers,, odiers have found diat 5 to 30% of die excess p40 diat is produced by 

activatedd adherent peritoneal exudate cells consists of p40 homodimers (3). Similarly, 

Heinzell  et al. have shown that p40 homodimer accounts generally for one-quarter to one-

thirdd of the total p40 in serum of control and endotoxin-treated mice (34). Hence, it is 

likelyy mat p40 Tg mice likewise display elevated levels of p40 homodimers in their lungs 

comparedd to Wt mice. 

Twoo recent studies revealed a protective role for p40 during mycobacterial 

infection,, as indicated by the finding diat p35 KO mice were less susceptible for 

infectionn with mycobacteria than p40 KO mice (17, 29). P40 can also bind to pi 9 to 

formm IL-23, a novel cytokine that has similar biological activities as IL-12p70 (35). While 

Cooperr et al. suggest diat the increased resistance could be due to the formation of IL-23 

inn p35 KO mice, Hölscher et al. suggest diat the agonistic effect of endogenous and 

exogenouss p40 can accomplish diis. The present study demonstrates that mice 
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overexpressingg p40 in lung have an increased susceptibility for tuberculosis, indicating 

thatt p40 by itself does not mediate resistance during mycobacterial infection. Since in the 

formerr two studies p70 could not be formed, a possible antagonistic effect of p40 on p70 

inin vivo could not be studied. By overexpressing p40 in the lung, we introduced an 

increasedd competition between p40 and p70 for binding to IL-12R and demonstrated an 

antagonisticc effect of elevated p40 concentrations on previously established IL-12 

functions,, i.e. chemokine expression and recruitment of leukocytes and resistance against 

mycobacteriall  infection (4, 26, 28). 

Remarkably,, p40 Tg mice displayed a relative "type 1 phenotype" at 5 weeks p.i., 

ass reflected by a increased IFN-y/IL-4 ratio in lung tissue and by enhanced Ag-specific 

IFN-yy release by splenocytes. At this time point profoundly elevated IL-12p70 

concentrationss were measured in the lungs of p40 Tg mice, suggesting that, unlike the 

situationn in uninfected mice, tuberculosis triggers the production of p35 which in the 

presencee of excess p40 results in the generation of more IL-12p70. It is conceivable that 

thesee elevated IL-12p70 concentrations occurring later in the course of the infection 

overcamee the antagonistic effects of p40, especially since at 5 weeks p.i. the difference 

betweenn p40 Tg and Wt mice with respect to p40 levels was by far less profound as at 2 

weekss p.i. In spite of this relative type 1 response in p40 Tg animals 5 weeks p.i., the 

mycobacteriall  load was increased in these mice. These data suggest that the early immune 

responsee in Tg mice, dominated by elevated p40 concentrations and associated with a 

reducedd recruitment of different leukocyte subsets to the lungs, was more decisive for 

thee number of M. tuberculosis CFU's at 5 weeks p.i.. 

Wee here report that lung specific overexpression of p40 in mice does not result in 

aa phenotype with evidence of IL-12-like agonistic properties. During pulmonary 

infectionn with M. tuberculosis, p40 Tg mice displayed characteristics of an IL-12 

antagonisticc phenotype, as indicated by a diminished chemokine expression and 

recruitmentt of leukocytes to the lung early in the infection and a subsequently increased 

mycobacteriall  load. Yet, later during the infection, enhanced expression of p40 also 

resultedd in elevated levels of IL-12p70 and an increased Ag-specific IFN-y response. 

Unfortunately,, reagents to study the effect of p40 transgene expression on IL-23 protein 

levelss were not available to us. Additional research is warranted to further define the role 

off  p40 in the biology of IL-12 and IL-23 during intracellular infections. 
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CpGG AS TREATMENT FOR TB 

ABSTRACT T 

Oligodeoxynucleotidess (ODNs) containing unmethylated CpG motifs activate immune 

cellss to produce cytokines. CpG ODNs protect mice against infections with intracellular 

bacteriaa by the induction of a T helper 1 response. To determine the effect of CpG 

ODNss in pulmonary tuberculosis, mice were treated with CpG or control ODNs at the 

timee of intranasal infection. CpG ODNs reduced mycobacterial outgrowth up to 5 weeks 

afterr Mycobacterium tuberculosis infection, which was associated with a decrease in 

inflammationn in lung tissue. CpG treatment was associated with elevated levels of gamma 

interferonn (IFNy) and decreased levels of interleukin (IL)-4 in the lungs, and an increased 

capacityy of splenocytes to secrete Thl type cytokines. CpG ODNs given 2 weeks after 

infectionn were still able to reduce mycobacterial outgrowth and to enhance a Thl 

responsee 5 weeks postinfection. Administration of CpG ODNs to IFNy-/- mice failed to 

reducee mycobacterial outgrowth. These data suggest that CpG ODNs improve host 

defensee during pulmonary tuberculosis by an IFNy-dependent mechanism. 
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INTRODUCTIO N N 

espitee optimism after the introduction of antituberculous agents in the 1950s, 

tuberculosiss fTB) remains the leading cause of death among infectious 

diseases,, accounting for 2 million deaths annually (1). In addition to die increasing 

incidencee of TB, there is a global emergence of drug-resistant strains, posing a threat to 

existingg therapeutic possibilities (2). The case fatality rate for multi-drug resistant TB is 

40-60%,, which equals untreated TB (3). Hence, new therapeutic strategies are required 

forr the control of TB. 

Unmethylatedd CpG dinucleotides within bacterial DNA or synthetic 

oligodeoxynucleotidess (ODNs) can activate immune cells (4). These sequence motifs are 

underrepresentedd in vertebrates (5), and it has been proposed that immune activation by 

CpGG DNA has evolved as a result of evolutionary selections, contributing to host 

defensee mechanisms that recognize invading microbial agents (6). CpG motifs can 

stimulatee B cells, NK cells, T cells and macrophages to secrete cytokines (7). A number 

off  studies indicate that CpG can switch on T helper 1 (Thl) immunity, with production 

off  IgG2a immunoglobulins (8-10) and a Thl dominated cytokine profile (7, 11-13). 

Indeed,, protective Thl biased immune responses could be induced by administration of 

CpGG ODNs in animal models of Listeria and Leisbmania infections (13-15). 

I tt is well known that a Thl immune response conveys protection against 

infectionn with M. tuberculosis (16, 17). Therefore, in this study, we investigated the effect 

off  CpG ODNs in a murine model of pulmonary TB. Our results demonstrate that CpG 

ODNss protect against infection with M. tuberculosis by inducing a Thl response. 

METHOD S S 
Mice Mice 

Al ll  experiments were approved by the Institutional Animal Care and Use Committee of 

thee Academic Medical Center. Balb/c mice (female, 7-8 weeks old, Harlan Sprague 

Dawleyy Inc., Horst, the Netherlands) were used. Each experimental group consisted of 8 

micee per time point. In some experiments, IFNy gene deficient (IFNy-/-) mice (Jackson 

Laboratory,, Bar Harbor, Maine) back-crossed to a Balb/c background were used. 

T> T> 
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ExperimentalExperimental infection 

AA virulent laboratory strain of Mycobacterium tuberculosis (H37Rv) was grown in liquid 

Duboss medium containing 0.01% Tween 80 for 4 days. A replicate culture was incubated 

att 37 °C and stirred gendy, harvested at mid-log phase and stored in aliquots at -70 °C. 

Beforee each experiment, a vial was thawed and washed twice with sterile saline to clear 

thee mycobacteria of medium. Mice were anaesthesized by inhalation with isoflurane, and 

lungg infection was induced by intranasal inoculation with mycobacteria (105 CFU in 50 (il 

NaCl)) as described previously by our and other laboratories (18-21). The inoculum was 

platedd immediately after inoculation to determine viable counts. After 2 and 5 weeks 

micee were anesthesized by FFM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, 

midazolamm 1.25 mg/ml in H2O; of this mixture 7.0 ml/kg intraperitoneally (i.p.). 

OligodeoxynucleotidesOligodeoxynucleotides (ODNs) 

Phosphorothioatee ODNs, which are resistant to nucleases, were obtained from 

Eurogentecc (Seraing, Belgium). The immunostimulatory CpG ODN had the sequence 5' 

TCCATGACGTTCCTGATGCTT 3'. The control ODN in which the CpG motif was 

inversedd had the sequence 5' TCCATGAGCTTCCTGATCCT 3'. 30 jag CpG or control 

ODNss was dissolved in 200 (il NaCl and i.p. injected 2 h prior and 6 hours after M. 

tuberculosistuberculosis infection. This treatment schedule was based on a regimen that was found to 

bee protective during murine leishmaniasis (13). For the postponed treatment experiment 

micee received 40 ug CpG or control ODNs i.p. 2 weeks post-infection and were 

sacrificedd 5 weeks post-infection. 

EnumerationEnumeration of mycobacteria 

Thee lungs and livers were harvested and homogenized in sterile saline using a tissue 

homogenizerr (Biospec Products, Bardesville, OK). 10-fold serial dilutions were plated on 

Middlebrookk 7H11 plates containing OADC enrichment (Difco, Braunschweig, 

Germany)) and incubated at 37 °C in sealed bags. Colonies were counted after 3 weeks. 

PreparationPreparation of lung tissue for EUSA 

Homogenatess of lungs were diluted 1:1 with lysis buffer (0.5% Triton X-100, 150 mM 

NaCl,, 15 mM Tris, 1 mM CaCl and 1 mM MgCl, pH 7.40) at 4° C for 20 minutes. 

Homogenatess were then centrifuged at 14,000 rpm for 10 min. to remove cell debris, 

afterr which the supernatants were stored at -20° C. IFNy, IL-4 (both R&D Systems, 
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Abingdon,, United Kingdom) and tumor necrosis factor-a (TNFa; Genzyme, 

Cambridge,, MA) were measured by ELISA according to the instructions of the 

manufacturer.. Detection limits of the assays were 31 pg/ml. 

SpleenSpleen cell stimulation assays 

Singlee cell suspensions were obtained by crushing spleens through a 40 îm cell strainer 

(Bectonn Dickinson, Mountain View, CA). Erythrocytes were lysed with ice-cold isotonic 

NH4C11 solution (155 mM NH4C1, 10 mM KHCO3, 100 mM EDTA, pH 7.4), and the 

remainingg cells were washed twice. Splenocytes were suspended in medium (RPMI 1640 

(Bioo Whittaker, Verviers, Belgium), 10% fetal calf serum, 1% antibioric-antimycotic 

(GibcoBRL,, Life Technologies, Rockville, MD)). Round bottom plates were coated 

overnightt with anri-CD3 (clone nr. 145.2c 11) and washed with sterile PBS. Splenocytes 

weree seeded in 96-well round bottom culture plates at a cell density of lxlO 6 cells in 

triplicatee diluted with RPMI containing anti-CD28 (Pharmingen, San Diego, CA). 

Splenocytess were also stimulated with 20 ug/ml tuberculin purified protein derivative 

(PPD;; Statens Seruminstitut, Copenhagen, Denmark). Supernatants were harvested after 

aa 48-h incubation at 37°C in 5% CO2, and cytokine levels were analyzed by ELISA. 

HistologicalHistological Analysis 

Lungg tissue samples were fixed in 10% neutral buffered formalin. After paraffin 

embedding,, 4 nm sections were stained with hematoxylin and eosin or Ziehl-Neelsen 

(ZN)) stain for acid fast bacilli. All slides were coded and semi-quantitatively scored for 

thee total area of inflammation (% of surface of the slide) and granuloma format by a 

patiSologist.. Granulomas were defined as collections of 10 or more macrophages and 

lymphocytess widespread in the peripheral lung parenchyma (22). 

StatisticalStatistical analysis 

Differencess were compared using the Marin-Whitney-U test. For comparison of survival 

curvess Kaplan-Meier analysis with a log rank test was used. P<.05 was considered 

statisticallyy significant. 
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RESULTS S 

CpGCpG ODNs reduce mycobacterial outgrowth 

Thee inoculations with CpG ODNs were not associated with adverse effects. Treatment 

withh CpG at the time of infection resulted in a reduction of the mycobacterial burden in 

lungss when compared to controls, which was present at 2 weeks (P=.001), and lasted 

untill  at least 5 weeks after infection (P<.001, Figure 1). The infection disseminated to the 

liverr in both treatment groups. At 2 weeks, the mycobacterial load in livers of CpG-

treatedd and control mice were similar (respectively 2.1  2 x 103, 4.3  1.8 x 103). At 5 

weeks,, CpG-treated mice displayed less M. tuberculosis CFUs in their livers than control 

mice,, although this difference did not reach statistical significance (respectively 309 9 

xx 103, 859  317 x 103,P=.059). 
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Figur ee 1 Treatment with CpG 
ODNss reduces outgrowth of M. 
tuberculosistuberculosis in lungs. Mice were 
treatedd with 2x30 ug CpG ODNs 
orr control ODNs 2 hours before 
andd 6 hours after intranasal 
infectionn with 105 CFU M. 
tuberculosis.tuberculosis. CFU's were counted 2 
andd 5 weeks after infection. Data 
aree mean + SEM of 8 mice per 
groupp for each time point. *P<.05 
versuss control. 

CytokineCytokine concentrations in lung tissue 

AA number of studies have demonstrated the Thl stimulatory effect of CpG motifs (7, 11-

13).. IFNY is considered the main Thl cytokine, responsible for activation of 

macrophagess and early T cell activation. To obtain insight in mechanisms contributing to 

thee inhibitory effect of CpG on mycobacterial outgrowth, IFNy as the principal Thl 

cytokinee and IL-4 as the principal Th2 cytokine were measured in lung homogenates of 

thee mice used for bacterial counts in this study (Figure 2). CpG treated mice had higher 

IFNyy concentrations in the lung than mice treated with control ODNs. This difference 

waswas most obvious at 2 weeks (P<.05) and was diminished at 5 weeks (P=.06). IL-4 

concentrationss were lower in lungs of CpG treated mice when compared to controls 

(P<.05).. Again, this difference appeared early in the course of infection with M. 

tuberculosistuberculosis and had disappeared at 5 weeks. Therefore, the protective effect of CpG in 

132 2 



CHAPTERR 7 

murinee pulmonary tuberculosis seems to be associated with an enhanced Thl and 

relativelyy diminished Th2 response at the site of infection. Macrophages are important 

sourcess of TNFa, which is essential for the formation of granulomas (23). Therefore, we 

measuredd TNFa levels in the lungs of mice. M. tuberculosis induced high levels of TNFa, 

butt no differences between CpG treated mice and mice receiving control ODNs were 

foundd (data not shown). 

Splenocytes s 

nnnn control ODN 

H C pG G 

£L L 

Figur ee 2 

CpGG O DN treatment enhances IFNy 
concentrationss in lungs, and increases 
thee IFNy production capacity of 
splenocytes.. Mice were treated with 
2x300 ug CpG ODNs or control 
ODNss 2 hours before and 6 hours 
afterr intranasal infection with 105 CFU 
M.M. tuberculosis. Left panels: IFNy and 
IL- 44 concentrations in lung 
homogenates.. Right panels: IFNy and 
IL- 44 concentrations in supernatants of 
1066 splenocytes stimulated ex vivo with 
anti-CD3/CD28.. Data are mean + 
SEMM of 8 mice per group for each 
timee point. *P<.05 versus control. 

CpGCpG increases the capacity of splenocytes to produce a Th1 cytokine profile 

Thll  response was further studied by harvesting splenocytes during M. tuberculosis 

infection,, and the ability to release cytokines after stimulation with the non-antigen 

specificc T cell stimulator anti-CD3/CD28 was analyzed. Splenocytes of CpG treated mice 

producedd more IFNy compared to splenocytes from controls after 2 weeks (P<.05), but 

nott after 5 weeks (Figure 2). Levels of IL-4 tended to be lower in splenocytes of CpG 

treatedd mice after 2 weeks, which did not reach statistical significance due to a large 

variationn (P=.ll). This suggests that CpG results in an enhancement of the ability of 

splenocytess to mount a Thl response. 

CpGCpG administration results in less inflammation in lungs ofM. tuberculosis infected mice 

Twoo weeks after M. tuberculosis infection, control mice developed small well-defined 

granulomass composed primarily of lymphocytes and macrophages throughout the lung 

parenchymaa (Figure 3). Moreover, peribronchiolar and perivascular lymphocytic 

infiltratess were present. CpG treated mice displayed less lymphocytic infiltrates. In 
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accordancee with the degree of inflammation, acid-fast positive bacilli were much more 

abundantt in control mice than in CpG-treated animals. After 5 weeks, the lungs of both 

groupss showed more inflammation with confluent granulomas composed primarily of 

macrophages,, granulocytes and lymphocytes. Still CpG-treated mice displayed less 

extensivee inflammation of the lung parenchyma (50%) than untreated mice (70%). 

SurvivalSurvival experiments 

Too determine whether CpG had an effect on survival of M. tuberculosis infection, 10 mice 

injectedd with CpG and 10 mice injected with control ODNs were followed for 4 months. 

Duringg this observation period, 50% of the CpG treated mice died versus 60% of the 

controll  mice (nonsignificant, Figure 4). Considering that the enhancement of a protective 

Thll  response after single CpG treatment was diminished after 5 weeks when compared 

too the more profound effect after 2 weeks, another survival experiment was carried out in 

whichh CpG administration was repeated two weeks after infection with M. tuberculosis. 

Afterr 4 months, 40% of control mice had died, whereas all CpG treated mice were still 

alivee (P=.03, Figure 4). 
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Figur ee 4 Effect of CpG ODN treatment on survival. Al l mice received 105 CFU M. tuberculosis 
intranasallyy at t = 0. Upper panel: Effect of CpG treatment at the time of infection (2x30 ug, 2 hours 
beforee and 6 hours after infection). Lower panel: Effect of repeated CpG treatment (2x30 u.g, 2 hours 
beforee and 6 hours after infection, and again 2 weeks thereafter). Experimental groups consisted of 10 
micee per group for each treatment schedule. Repeated CpG O DN treatment significantly improved 
survivall  (P=.03 vs control O DN by Kaplan-Meier analysis with log rank test). 

ProtectionProtection by CpG is abrogated in IFNygene deficient mice 

Protectionn conferred by CpG against M. tuberculosis was associated with elevated levels of 

lungg IFNy. Considering that IFNy is essential for host defense against TB (17, 24), we 

wishedd to determine whether this protection was mediated by IFNy. Thus, TB was 

inducedd in IFNy-/- mice, which were sacrificed 2 weeks after infection. As has been 

shownn before (17, 24), IFNy-/- mice had higher numbers of mycobacteria in their lungs 

comparedd to wild types (P<.001, Figure 5). 

Wt t IFNy-/--

controll  ODN CpG controll  ODN CpG 

Figur ee 5 The effect of CpG treatment on mycobacterial outgrowth is IFNy dependent. Wild type 
BALB/ cc (left panels) and IFNy-/- BALB/ c mice (right panels) were treated with 2x30 |ig CpG ODNs 
orr control ODNs 2 hours before and 6 hours after intranasal infection with 105 CFU M. tuberculosis. 
CFUss were counted 2 weeks after infection. Data are mean  SEM of 8 mice per group for each time 
point.. *P<.05 versus control ODN. f P<.05 versus wild type with control O DN treatment. £P<.05 
versuss wildtype with CpG O DN treatment. 

Consistentt with the previous results, wild-type mice receiving CpG had lower numbers 

off  mycobacteria in their lungs than mice receiving control ODNs (P<.001). However, in 
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IFNy-/-- mice, the difference in mycobacterial outgrowth between mice receiving CpG or 

controll  ONDs was abolished, indicating that protection by CpG is IFNy dependent. 

PostponedPostponed treatment with CpG still enhances host defense 

Too determine the effects of CpG as a possible therapeutic agent, mice received 40 ug 

CpGG ODNs or control ODNs i.p. 2 weeks postinfection, and were sacrificed 5 weeks 

postinfection.. At this time point, the lungs of CpG-treated mice contained 6-fold less 

viablee mycobacteria when compared with the lungs of control ODN-treated animals 

(P=.027)) (Figure 6). To examine the influence of postponed treatment with CpG on the 

developmentt of Thl/Th2 responses, 

splenocytess harvested from these mice at 5 

weekss postinfection were stimulated ex vivo. 

Inn these experiments we also evaluated the 

abilityy of CpG treatment to enhance an 

antigen-specificantigen-specific Thl response using PPD to 

stimulatee splenocytes. As shown in figure 7, 

splenocytess from CpG-treated mice released 

moree IFNy in response to either PPD or 

anti-CD3/288 Abs (P=.027 and P=.046). IL-

44 was not detectable in supernatants of 

splenocytess stimulated with PPD, but 

tendedd to be lower in supernatants of anti-

CD3/CD288 stimulated splenocytes from 

CpG-treatedd animals compared to control ODN-treated mice (nonsignificant). These 

dataa suggest that CpG ODNs given 2 weeks after the infection were still able to promote 

aa protective Thl response. 

DISCUSSION N 

Inn this study, administration of CpG ODNs to mice infected intranasally with M. 

tuberculosistuberculosis resulted in'enhanced survival and a reduction in mycobacterial burden in the 
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Figur ee 6 Postponed treatment with CpG 
ODNss reduces outgrowth of M. tuberculosis 
inn lungs. Mice were treated with 40 ug CpG 
ODNss or control ODNs 2 weeks after 
intranasall  infection with 105 CFU M. 
tuberculosis.tuberculosis. CFUs were determined 5 weeks 
afterr infection. Data are mean + SEM of 8 
micee per group for each time point. *P<.05 
versuss control. 
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Figur ee 7 Postponed CpG 
O DNN treatment increases 

thee IFNy production 
capacityy of splenocytes. 
Micee were treated with 40 

ugg CpG ODNs or control 
ODNss 2 weeks after 
intranasall  infection with 105 

CFUU M. tuberculosis. IFNy 
andd IL-4 were measured in 

supernatantss of 106 

splenocytess harvested 5 
weekss post-infection and 
stimulatedd ex vivo with PPD 
orr anti-CD3/CD28. Data 

aree mean  SEM of 8 mice 
perr group for each time 
point.. *P<.05 versus 

pulmonaryy compartment. The beneficial effect of CpG, which was associated with a Thl 

typee immune response, was mediated by IFNy, as indicated by die absence of protection 

inn IFNy-/- mice. 

Thee present data are in line with previous reports on the ability of bacterial DNA 

containingg unmethylated CpG motifs or synthetic CpG ODNs to protect against 

intracellularr microorganisms (13-15). Of interest is also the observation that mice 

vaccinatedd with BCG and CpG ODNs have an increased Thl response and a reduced 

mycobacteriall  outgrowth after infection with M. tuberculosis (25). It should be noted that 

CpG-inducedd protection against different types of microorganisms shows kinetic 

differences.. In infection with Listeria monocytogenes, at least 48 hours was required between 

thee time of CpG administration and the time of injection of the pathogen, presumably 

reflectingg the time necessary to upregulate the innate immune responses needed to 

controll  this rapidly replicating microorganism (14). In contrast, CpG exerted protective 

effectss against the more indolent pathogen Leishmania major even when its administration 

wass delayed until 20 days after infection (13). We add to these data that CpG reduced the 

growthh of M. tuberculosis in mouse lungs even when the administration of CpG was 

delayedd for 2 weeks postinfection, and that this postponed treatment was associated with 

ann antigen-specific Thl response. In accordance, the same CpG ODNs as used in the 

presentt investigation directed an antigen-specific immune response toward a Thl 

phenotypee in mice with Leishmania major infection (13). Together these findings confirm 
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thee notion that CpG ODNs can enhance both nonspecific innate immune defense 

mechanismss and antigen-specific immune responses (4). Recent evidence indicates that 

CpGG activates immunocompetent cells via Toll-lik e receptor 9, and that mice deficient 

forr this receptor cannot mount a Thl response upon exposure to CpG (26). 

Thee CpG mediated protection we observed was associated with elevated levels of 

IFNyy in the lung, which presumably are produced by both stimulated T cells and NK 

cells.. In addition, protection was related to an increase in the IFNy-producing capacity of 

splenocytes,, both in an antigen and a non-antigen specific manner. The disappearance of 

thee protective effect of CpG in IFNy-/- mice indicates that CpG-induced protection 

againstt TB was dependent on IFNy. This was also found in mouse models of asthma 

(12)) and listeriosis (14). Although not studied, a protective effect of CpG ODNs on cells 

off  the innate immune system can also be expected in our experiments. Several studies 

havee been shown that CpG motifs can activate macrophages (27, 28), dendritic cells (29, 

30)) and are able to indirectly activate NK cells (31). 

Protectionn by a single administration of CpG lasted up to 27 days in murine 

leishmaniasiss (13) and for 2 weeks in infection with L* monocytogenes (15). We found that 

thee protective effect of CpG during TB lasted at least 5 weeks. This difference may be 

explainedd by the lower replication time of mycobacteria compared to other pathogens. 

Whenn the time course of protection is coupled to the time course of bacterial growth, 

protectionn by CpG may be the result of activation of cells of the innate immune system, 

whichh limits mycobacterial replication until an antigen-specific T cell response has 

developed.. Interestingly, in the experiments in which CpG ODNs were given 

simultaneouslyy with M. tuberculosis, Thl cytokine levels in the lung as well as in 

supernatantss of stimulated splenocytes were elevated 2 weeks, but not 5 weeks after 

infection.. Apparently, an early protective Thl response is sufficient to reduce 

mycobacteriall  burden at later time points. However, survival was improved only when 

CpGG administration was repeated after 2 weeks. This latter finding is in line with earlier 

reportss demonstrating that repeated administration of CpG ODNs can extend the 

durationn of protection against certain pathogens (4). Importantly, repeated administration 

off  CpG was without overt toxicity, confirming previous studies (4, 13, 32). Further 

studiess are warranted to establish the CpG regimen that confers optimal protection 

againstt M. tuberculosis. 

Inn previous studies, exogenous administration of IFNy has been shown useful as 

ann adjuvant therapy for TB (33, 34). CpG treatment results in endogenous production of 
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IFNy,, which is subject to regulatory pathways of the innate immune response. 

Presumably,, this may be associated with less toxicity compared to exogenous IFNy 

administration.. Another promising feature of CpG treatment is its long-term protection, 

requiringg infrequent dosing. It should be noted, that CpG may initiate inappropiate 

immunee responses and has been reported to induce septic shock in mice, and to prime 

micee for the Shwartzmann reaction (35, 36). However, current insights indicate that CpG 

ODNss can be given relatively safely at doses that increase host defense mechanisms (4). 

Therefore,, die present data may provide the rationale for further development of CpG as 

aa new adjunctive therapy for TB. 
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ROLEE OF TLR4 IN TB 

ABSTRACT T 

Toll-lik ee receptors (TLRs) play an essential role in the innnate recognition of 

microorganismss by the host. To determine the role of TLR4 in host defense against lung 

tuberculosis,, TLR4 mutant (C3H/HeJ) and wild type (Wt, C3H/HeN) mice were 

intranasallyy infected with live Mycobacterium tuberculosis. Overall the differences between 

TLR44 mutant and Wt mice were modest. Yet, TLR4 mutant mice were more susceptible 

too pulmonary tuberculosis, as indicated by a reduced survival and an enhanced 

mycobacteriall  outgrowth. Lung infiltrates were more profound in TLR4 mutant mice and 

containedd more (activated) T cells. Splenocytes of infected TLR4 mutant mice 

demonstratedd a reduced capacity to produce the protective type 1 cytokine interferon-y 

uponn antigen-specific stimulation, indicating that TLR4 may be involved in the 

generationn of acquired T cell-mediated immunity. These data suggest that TLR4 plays a 

limitedd protective role in host defense against lung infection by M. tuberculosis. 

144 4 



CHAPTERR 8 

INTRODUCTIO N N 

TTuberculosiss represents a serious threat to global health. An estimated one third 

off  the world's population is infected with Mycobacterium tuberculosis, resulting in 

approximatelyy eight million new cases of tuberculosis and two million deaths each year 

(1).. An adequate cell-mediated immune response plays a key role in resistance against 

tuberculosiss (2). In murine models of mycobacterial infection, type 1 cytokines, in 

particularr interferon-y (IFN-y), are essential for protective immunity (3, 4). The 

developmentt of a protective T helper 1 response during tuberculosis is driven by 

interleukinn (IL)-12, which is produced by macrophages upon phagocytosis of M. 

tuberculosistuberculosis (5), and like IFN-y plays a pivotal role in the control of mycobacterial infection 

(6). . 

Innatee recognition of mycobacterial products is the first step in a chain of events 

thatt results in an effective host defense against infection with M. tuberculosis. The innate 

immunee system serves to mount a rapid protective response in the early phase of an 

infection,, and also instructs the (later) adaptive T cell mediated immune response (7). 

Untill  recently it was unclear how M. tuberculosis activates macrophages to initiate an innate 

immunee response. The discovery of the Toll-like receptor (TLR) family has provided 

importantt insight into the recognition of various microbial pathogens by the host (8, 9). 

Twoo members of the TLR family have been demonstrated to mediate M. tuberculosis 

inducedd intracellular signaling in vitro, i.e. TLR2 and TLR4. Indeed, experiments with 

Chinesee hamster ovary (CHO) cells and murine macrophages transfected with human 

TLR22 and/or TLR4 have established that viable M. tuberculosis bacilli activate these cells 

viaa both TLR2 and TLR4 (10, 11). In addition, thioglycollate-elicited peritoneal 

macrophagess from TLR4 deficient mice produced less tumor necrosis factor-a (TNF) 

uponn stimulation with whole cell lysates from M. tuberculosis than normal wild type 

macrophages,, also indicating that this microorganism activates cells via TLR4 and 

anotherr receptor, presumably TLR2 (12). TLR2 has emerged as the signaling receptor for 

purifiedd mycobacterial products, including arabinose-capped lipoarabinomannan 

(AraLAM),, culture supernatant soluble tuberculosis factor, mycolylarabinogalactan-

peptidoglycann complex, the 19 kD antigen and total lipids (10,11,13-18). 

Knowledgee of the role of TLRs in host defense against mycobacterial infection in 

vivovivo is highly limited. The only investigation reported to date involved a study in which 
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intraperitoneall  administration of M. bovis bacillus Calmette-Guérin (BCG) was found to 

resultt in an increased mortality of C3H/HeJ mice, which have a nonfunctional TLR4, 

relativee to mice with a normal TLR4 gene, as measured three days after the infection (11). 

Thee impact of TLR4 deficiency on mycobacterial outgrowth and host responses was not 

reported.. Since tuberculosis almost exclusively is acquired via the respiratory route and 

typicallyy follows a chronic course, we were interested in the consequences of TLR4 

deficiencyy on pulmonary infection with virulent M. tuberculosis. Therefore, we induced 

lungg tuberculosis in wild type C3H/HeN and TLR4 deficient C3H/HeJ mice by 

intranasall  inoculation with M. tuberculosis (H37Rv), and monitored the course of the 

infectionn and host responses. 

MATERIA LL  &  METHOD S 

Mice Mice 

Pathogen-freee 8-9 week old female C3H/HeJ (TLR4 mutant) and C3H/HeN (Wt) mice 

weree purchased from Charles River (Someren, the Netherlands) and were maintained in 

biosafetyy level 3 facilities. C3H/HeJ mice have been demonstrated to have a missense 

mutationn in the third exon of TLR4 predicted to result in a Pro712—•His substitution, 

yieldingg a nonfunctional TLR4 (19, 20). All experiments were approved by the Animal 

Caree and Use Committee of the University of Amsterdam (Amsterdam, The 

Netherlands). . 

ExperimentalExperimental infection 

Pulmonaryy tuberculosis was induced as described previously (21-23). In brief, a virulent 

laboratoryy strain of M. tuberculosis H37Rv was grown in liquid Dubos medium containing 

0.01%% Tween 80 for 4 days. A replicate culture was incubated at 37°C, harvested at mid-

logarithmicc phase, and stored in aliquots at -80°C. For each experiment, a vial was 

thawedd and washed two times with sterile 0.9% NaCl. Mice were lightly anesthesized by 

inhalationn with isoflurane (Upjohn, Ede, the Netherlands) and intranasally inoculated 

withh 50 jil of mycobacterial suspension. The intranasal route of infection has been 

describedd previously by us and others, and results in a reproducible infection of the lung 

withh subsequent dissemination to liver and spleen (21, 22, 24, 25). Bacterial counts 

recoveredd from lungs one day postinfection were shown previously to be similar to the 

numberr of bacteria in the inoculum (22). Exact inoculum strength was determined by 
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platingg tenfold dilutions of the suspension on Middlebrook 7H11 agar plates immediately 

afterr inoculation. Mice were inoculated with 10s Colony Forming Units (CFUs) M 

tuberculosis.tuberculosis. After 2 and 5 weeks, groups of 12-13 mice per time point were anesdiesized 

byy FFM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in 

H20)) and sacrificed by bleeding out the vena cava inferior. Lungs and one lobus of the 

liverr were removed aseptically and homogenized with a tissue homogenizer (Biospec 

Products,, Bardesville, OK) in 5 volumes of sterile 0.9% NaCl, and 10-fold serial dilutions 

weree plated on Middlebrook 7H11 agar plates to determine bacterial loads. Colonies were 

countedd after 21 days of incubation at 37°C. CFUs are provided as total number in the 

lungss or as total per gram liver tissue. For cytokine measurements, lung homogenates 

weree diluted 1:1 in lysis buffer (150 mM NaCl, 15 mM Tris, ImM MgCl.H20, 1 mM 

CaCl2,, 1% Triton X-100, 100 ug/ml Pepstatin A, Leupeptin and Aprotinin, pH 7.4) and 

incubatedd at 4°C for 30 min. Homogenates were centrifuged at 1500 x g for 15 min after 

whichh the supernatants were sterilized using a 0.22 jam filter (Corning, Corning, NY) and 

storedd at -20°C until further use. 

HistologicHistologic examination 

Lungss for histologic examination were harvested at 2 and 5 weeks after infection and 

fixedfixed in 4% formaldehyde and then embedded in paraffin. Four (j,m thick sections were 

stainedd with haematoxylin and eosin, and analyzed for the total area of inflammation and 

granulomaa 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 

(21,, 22). Total leukocytes in pulmonary 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 106 cells/ml 

FACSS buffer (PBS supplement with 0.5% BSA, 0.01% NaN3, and 100 mM EDTA). 

Immunostainingg for cell surface molecules was performed for 30 min at 4°C using 

direcdyy labeled Abs against CD3 (anti-CD3 PE), CD4 (anti-CD4 CyChrome), CD8 (anti-

CD88 FLTC, anti-CD8 PerCP), CD25 (anti-CD25 FITQ, and CD69 (anti-CD69 FITC). 
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Alll  Abs were used in concentrations recommended by the manufacturer (PharMingen, 

Sann Diego, CA). To correct for aspecific staining, an appropriate control Ab (rat IgG2; 

PharMingen)) was used. The number of positive cells was obtained by setting a quadrant 

markerr for nonspecific staining. FACS analysis was performed using Calibrite (Becton 

Dickinsonn Immunocytometry Systems, San Jose, CA). 

SplenotyteSplenotyte stimulation 

Singlee cell suspensions were obtained by crushing spleens through a 40 jim cell strainer 

(Bectonn Dickinson, Franklin Lakes, NJ). Erythrocytes were lysed with ice-cold isotonic 

NH4C11 solution (155 mM NH4C1, 10 mM KHC03, 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), 

seededd in 96-well round bottom culture plates at a cell density of 1 x 106 cells in triplicate, 

andd stimulated with 10 |ig/ml tuberculin-purified protein derivative (PPD, Statens 

Seruminstitut,, Copenhagen, Denmark). In a separate experiment, round bottom plates 

weree coated overnight with anti-CD3 Ab (clone nr. 145.2cll) and washed twice with 

sterilee PBS. 1 x 106 cells (in triplicate) were added to each well and diluted with RPMI 

containingg anti-CD28 Ab (1 (Xg/ml, Pharmingen, San Diego, CA). Supernatants of both 

experimentss were harvested after a 48 h incubation period at 37°C in 5% C02. Cytokine 

levelss were analyzed by ELISA. 

CytokineCytokine measurements 

IFN-yy and IL-4 were measured in lung homogenates and spleen cell supernatants by 

specificc ELISA's according to the manufacturer's instructions (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 

logg rank test was used. P < 0.05 was considered to represent a statistically significant 

difference. . 
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RESULTS S 

Survival Survival 

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 the first study, mice were observed for 15 weeks. As shown in Fig.lA, 

noo mortality was seen in the Wt group. In contrast, 7/12 (58%) of the TLR4 mutant 

micee died (P = 0.002). The second experiment showed a trend toward enhanced 

mortalityy of TLR4 mutant mice: mortality after 23 weeks in the Wt group was 10/13 

(77%)) while all of the TLR4 mutant mice had died (non-significant; Figure IB). 
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Figur ee 1 Survival of TLR4 mutant and Wt mice after intranasal infection with At. tuberculosis. The results 
off  two independent experiments are shown. N = 12 - 13 mice per group in each experiment. P value 
<0.055 indicates statistical difference between groups. NS = non significant. 

MycobacterialMycobacterial outgrowth 

Becausee of the differences in survival between TLR4 mutant and Wt mice, we 

determinedd whether differences in mycobacterial load existed in earlier phases of the 

infection.. At 2 and 5 weeks post-infection, outgrowth of M. tuberculosis in lungs of both 

mousee strains was compared. The numbers of CFUs recovered from lungs were not 

differentt between TLR4 mutant and Wt mice 2 weeks post-infection (data not shown). 

However,, as shown in Figure 2A, at 5 weeks post-infection, TLR4 mutant lungs 

containedd 2.8 times more viable mycobacteria compared to Wt lungs (P = 0.003). Since 

M.M. tuberculosis is known to disseminate in mice, mycobacterial numbers were also 

determinedd in a distant organ - the liver. The mycobacterial load in liver tissue was similar 

inn TLR4 mutant and Wt mice 2 weeks after M. tuberculosis inoculation (data not shown). 

Att 5 weeks post-infection, however, the number of CFUs in liver tissue of TLR4 mutant 
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micee was 3.2-fold higher compared to the bacterial load in liver tissue of Wt mice (P = 

0.05;; Figure 2B). In a subsequent separate experiment we tried to determine 

mycobacteriall  outgrowth at a time point later than 5 weeks. However, this experiment 

wass confounded due to the fact that in the 6th week post-infection, 5/13 (38%) of the 

TLR44 mutant mice died while none of the Wt mice died (P = 0.02), again suggesting that 

TLR44 mutant are more susceptible to M. tuberculosis infection. 

A A 

1 0B - | | 
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33 I ' 
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1 0 B JJ 1 1 • 

55 weeks 

Figuree 2 Enhanced growth of M. tuberculosis in (A) lungs and (B) liver of TLR4 mutant mice compared 
too Wt mice at 5 wk post-infection. Data are mean and SEM CFUs from 12-13 mice per group. *P < 0.05 
vss Wt mice. 

Histology Histology 

Histopathologicall  analysis of the lungs two weeks after infection showed a slight 

interstitiall  infiltrate consisting of macrophages, lymphocytes and occasional neutrophils 

adjacentt to small airways and vessels in Wt mice (Fig. 3A). At the same time, the lungs of 

TLR44 mutant mice showed larger areas of inflammation (Fig. 3B). At 5 weeks post-

infection,, the inflammatory infiltrates became more diffuse and intense, and involved 

betweenn 50 and 60% of the analyzed lung surface in Wt mice (Fig. 3C). At this time 

point,, the inflammation was also more pronounced in TLR4 mutant mice with an 

involvementt of 70 to 80% of the lung surface (Fig. 3D). 

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 

lymphocytee subsets and activation status by flow cytometry (Table I). In accordance with 

thee histopathology, the lungs of TLR4 mutant mice contained more leukocytes than 

105-, , :: TLR4 mutant 
IWt t 

55 weeks 
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thosee of Wt mice. This was caused by increased absolute numbers of macrophages, 

lymphocytess and granulocytes. Subtyping of lymphocytes showed that the percentage of 

CD4++ and CD8+ cells was similar in both groups. The percentages of activated (CD25+ 

orr CD69+) T cells were higher in lungs of TLR4 mutant mice, especially at 5 weeks 

postinfectionn in the CD8+ population. 

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 

aa change in the Thl and Th2 cytokine profile in the pulmonary compartment. Thl (IFN-

Y)) and Th2 (IL-4) cytokines were measured in lung homogenates. As shown in Fig. 4, 

IFN-yy 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 

lowerr concentrations in TLR4 mutant mouse lungs in comparison with Wt mice 
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Tablee I Cell subsets in total lungs in TLR4 mutant and Wt mice during pulmonary tuberculosis 

Cells s 

leukocytesleukocytes x105 

macrophagesmacrophages xlO5 

granulocytesgranulocytes x105 

lymphocyteslymphocytes x10! 

%% CD4+ 
%% CDS* 
%% CD4/CD69* 
%% CD4/CD25* 
%% CD8/CD69* 
%% CD8/CD25* 

22 weeks post 

TLR4TLR4 mutant 

13.11  0.9* 
2.00  0.2 

(16.55 ) 
5.00  0.5* 

) ) 
5.66  0.5 

(44.33  1.7 %) 
63.44  0.9 
25.55  3.1 
7.77  1.3* 
8.22 1 
2.77  1.5 
1.22 2 

infection n 

Wt Wt 

9.55  0.9 
1.99 3 

(19.00  3.5 %) 
3.66  0.3 

(35.66  2.3 %) 
4.66  0.5 

(45.55  2.0 %) 
65.00  2.1 
21.99  1.7 
3.11  0.6 
5.77  0.7 
1.55  0.3 
0.77  0.3 

55 weeks post 

TLR4TLR4 mutant 

52.33  5.5 
6.66  0.9 

(12.66  1.0%) 
27.77  3.8 

(52.55  2.3 %) 
17.99 3 

(34.77  2.1 %) 
67.00  2.4 
21.00  1.2 
30.33  3.0 
9.99  0.5 
9.44  0.5* 
4.00  0.4* 

infection n 

Wt Wt 

39.44  4.3 
3.88  0.7 

(9.77  1.3 %) 
21.66 2 

(53.7  3.0 %) 
14.00 3 

(36.88  2.5 %) 
72.22  1.4 
19.22  1.2 
38.22 8 
8.99  0.7 
8.22 + 0.8 
2.66  0.5 

Celll  subsets in the lungs of TLR4 mutant and Wt mice infected with M. tuberculosis 2 and 5 weeks post-
infection.. Total leukocyte counts per left lung. Differential counts per left lung and, in parenthesis, as 
percentagee of total leukocytes. Flow cytometry results are expressed as the percent of CD4+, CD8+, 
CD25++ and CD69+ T-cells within the CD3+ population in the left lung. * P < 0.05 vs Wt at the same 
timee point. 

att 5 weeks (P = 0.017), while at 2 weeks, no significant difference in IL- 4 concentrations 

wass observed (Fig. 4). As a consequence, there was a relative shift towards a Thl 

responsee in the pulmonary compartment of TLR4 mutant mice. 

E E 

IFN-Y Y 

mi i 
2wk k 5wk k 

IL-4 4 

X X 

2wk k 

:: TLR4 mutant 
IWt t 

n l l 
5wk k 

Figuree 4 IFN-y and IL-4 concentrations in lungs of TLR4 mutant and Wt mice. N — 12 -13 mice per 
group.. Data are expressed as mean and SEM. *P < 0.05 vs Wt mice. 

Th1Th1 response of ex vivo stimulated spleen cells 

Too obtain more insight in mechanisms contributing to the decreased survival of TLR4 

mutantt mice and the enhanced mycobacterial outgrowth (at 5 weeks) in TLR4 mutant 

mousee lungs in comparison with Wt mice, the ability of splenocytes, harvested 5 weeks 

post-infectionn from TLR4 mutant and Wt mice, to produce a T hl response after M. 

tuberculosistuberculosis infection was tested. IFN-y production by splenocytes upon ex vivo stimulation 
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30 0 

10 0 

anti-CD3/CD28 8 

]] TLR4 mutant 

PPD D 

IFN-Y Y IFN-y y 

Figur ee 5 Splenocytes from infected TLR4 mutant mice produce less IFN-y upon ex vim stimulation by 
anti-CD3/288 and PPD than splenocytes from Wt mice. Splenocytes were harvested 5 weeks after i.n. 
inoculationn with M. tuberculosis and stimulated for 48 h. Data are mean and SEM of 6 mice per group. *P < 
0.055 vs Wt mice. 

withh either the T cell stimulator anti-CD3/anti-CD28 or PPD, was reduced 3.3 and 4.4 

timess respectively in TLR4 mutant mice compared to Wt mice (P = 0.025 and P = 0.004 

resp.,, Fig. 5). The Th2 cytokine IL-4 was not detectable in supernatants of anti-

CD3/anti-CD288 or PPD stimulated splenocytes from either mouse strain (data not 

shown). . 

DISCUSSION N 

TLRss play a pivotal role in the induction of an innate immune response to 

variouss infectious agents. In vitro studies have implicated TLR2 and TLR4 in the innate 

recognitionn of M. tuberculosis. We here demonstrate that TLR4 plays a protective role in 

hostt defense against pulmonary tuberculosis in vivo, as reflected by an increased mortality 

andd mycobacterial load in the lungs of mice with a nonfunctional TLR4. 

Too our knowledge our study is the first to report on the role of TLR4 in the 

immunee response to M. tuberculosis in vivo. Thusfar, the only investigation that examined 

thee role of TLR4 in host defense against mycobacteria in vivo involved a study in which 

M.M. bovis BCG was injected intraperitoneally into TLR4 mutant and Wt mice (11). That 

study,, reporting an enhanced mortality (9 of 20) of TLR4 mutant mice three days after 

thee infection when compared with Wt mice (1/20), was somewhat compromised by the 

acutee nature of the experiment and the lack of information about mycobacterial 

outgrowthh and host defense mechanisms. Nonetheless, our present data are in line with 
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thesee earlier findings. Indeed, in two independent experiments, with follow ups of 15 and 

66 weeks respectively, TLR4 mutant mice displayed an enhanced mortality when 

comparedd with Wt mice. Although in a third experiment, with a follow up of 23 weeks, 

thee difference between TLR4 mutant and Wt mice was not significant, a trend in the 

samee direction was seen. For comparison, mice that are devoid of IFN-y or IL-12 activity 

weree reported to display a profoundly reduced survival in models of mycobacterial 

infectionn (3,4, 6), suggesting that the consequence of TLR4 deficiency on survival during 

lungg tuberculosis is more modest. TLR4 mutant mice also demonstrated an increased 

outgrowthh of M. tuberculosis 5 weeks after the infection. Although the difference was 

highlyy statistically significant (P=0.003), TLR4 mutant mice had on average just 3-fold 

moree mycobacteria in their lungs than Wt mice. Together these data suggest that TLR4 

playss a role, albeit limited, in protection of the host against mycobacterial infection. 

TLR44 mutant mice tended to have a stronger inflammatory response in their 

lungss than Wt mice. Although at 5 weeks postinfection the higher mycobacterial load in 

TLR44 mutant may have contributed to this finding, an explanation for the difference at 2 

weekss is less evident. Nonetheless, the histopathology of the lungs and the evaluation of 

leukocytee counts and differentials in whole lung cell suspensions clearly establish that 

TLR44 is neither required nor important for mounting an inflammatory response to 

pulmonaryy infection with M. tuberculosis. Furthermore, TLR4 is not indispensable for the 

recruitmentt of (activated) CD4+ or CD8+ T cells to the site of infection during lung 

tuberculosis. . 

IFN-yy is of crucial importance for an adequate immune response to mycobacteria 

(3,, 4). TLR4 deficiency was associated with elevated levels of IFN-y in lung homogenates 

att 5 weeks postinfection. Conceivably, this finding was the result of the higher 

mycobacteriall  load, providing a more potent stimulus of IFN-y production, in 

combinationn with higher numbers of IFN-y producing T cells in the lungs of TLR4 

mutantt mice. In contrast, the capacity of splenocytes to produce this prototypic type 1 

cytokinee upon aspecific stimulation with anti-CD3/CD28 or antigen-specific stimulation 

withh PPD was reduced in TLR4 mutant mice. The reduced IFN-y releasing capacity of 

splenocytess upon stimulation with a standardized (recall) antigen suggests that TLR4 may 

bee involved in the generation of acquired T-cell mediated immunity to M. tuberculosis. 

Interestingly,, a recent study also suggested a role for TLR signaling in the generation of 

ann antigen specific type 1 T cell response. Indeed, mice with deficient TLR signaling were 

foundd to be incapable of mounting an ovalbumin specific T helper 1 response after 
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immunizationn with ovalbumin in the footpad (26). Additional research is warranted to 

furtherr explore the role of TLRs in acquired T cell-mediated immunity. 

Iff  TLR4 only modesdy influences the innate host response to M. tuberculosis, how 

thenn is this pathogen recognized by the immune system? All TLRs known to date share a 

commonn signaling component, myeloid differentiation protein 88 (MyD88) (8, 9). In the 

absencee of MyD88 M. tuberculosis can not activate macrophages in vitro, strongly 

suggestingg that signaling via TLRs is of major importance in die first step of immune 

activationn by this microorganism (27). Means et al. have documented that viable M. 

tuberculosistuberculosis bacilli are recognized by both TLR2 and TLR4 (10, 11). In line with these 

observations,, Takeuchi et al. reported that tumor necrosis factor-ot production by TLR4 

deficientt macrophages upon stimulation with M. tuberculosis lysates was reduced but not 

abolished,, suggesting diat besides TLR4 another receptor is involved in this response 

(12).. Purified components and products of mycobacteria, such as AraLAM, culture 

supernatantt soluble tuberculosis factor, mycolylarabinogalactan-peptidoglycan complex, 

thee 19 kD antigen and total lipids, invariably utilize TLR2 as signaling receptor (10, 11, 

13-18).. Using transfected human dermal microvessel endothelial cells, Bulut et al, recendy 

demonstratedd that heterodimerization of TLR2 and TLR6 provides optimal signaling 

conditionss for purified culture supernatant soluble tuberculosis factor (15). Together, 

diesee data suggest that M. tuberculosis is recognized by the host by a repertoire of different 

TLRs,, among which TLR2, TLR4, TLR6 and possibly others. Investigations with mice 

thatt are deficient for one or more TLRs are required to resolve the individual and 

combinedd roles of different TLRs in the innate immune response to M. tuberculosis. 
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IL-66 IN LTA- AND PEPG-INDUCED INFLAMMATIO N 

ABSTRACT T 

Lipoteichoicc acids and peptidoglycans are major components of die cell walls of gram-

positivee bacteria that trigger inflammatory responses in vitro. To study the in vivo effects of 

lipoteichoicc acid and peptidoglycan from S. aureus in lungs, and to determine the role of 

IL-66 herein, these compounds were intranasally administered to IL-6 gene deficient (IL-

6-/-)) and wild-type (IL-6+/+) mice. In IL-6+/+ mice lipoteichoic acid and 

peptidoglycann induced acute pulmonary inflammation in a dose-dependent way, 

characterizedd by neutrophilic influx and IL-6 production in the bronchoalveolar lavage 

fluid.fluid. Endogenously produced IL-6 attenuated inflammation induced by 10 Jig 

lipoteichoicc acid, as reflected by enhanced neutrophil influx, and increased TNFa, MIP-

l aa and KC release into bronchoalveolar lavage fluid of IL-6-/- mice compared to IL-

6+/++ mice. By contrast, pulmonary inflammation induced by 100 jj.g lipoteichoic acid 

wass similar (neutrophil influx) or even tended to be attenuated (cytokine and chemokine 

release)) in IL-6 -/- mice. Endogenous IL-6 increased inflammation induced by 

peptidoglycan,, as reflected by decreased neutrophil influx into lungs of IL6-/- mice 

comparedd to IL-6+/+ mice. These data suggest that IL-6 plays an anti-inflammatory role 

duringg lipoteichoic acid-induced pulmonary inflammation, which is dependent on the 

severityy of die inflammatory challenge, and a pro-inflammatory role in peptidoglycan-

inducedd acute lung inflammation. Thus, the contribution of IL-6 to lung inflammation 

mayy vary with the stimulus used. 
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INTRODUCTIO N N 

**  m he incidence of gram-positive infections has increased considerably over the 

-^»» past few years, and gram-positive organisms are now as common as gram-

negativee bacteria in causing sepsis (1-3). Staphylococcus aureus is the most frequently isolated 

gram-positivee pathogen in nosocomial infections associated with severe complications 

(4).. In addition, S. aureus accounts for 6-33% of bacterial isolates from patients widi 

hospital-acquiredd pneumonia (5,6). Gram-positive inflammation is presumed to be due to 

bacteriall  cell wall components, such as lipoteichoic acid (LTA) and peptidoglycan 

(PepG).. LTAs are phosphate-containing polymers, which are considered as surface 

antigens,, as well as membrane components, that mediate die attachment of certain 

bacteriaa to host cells (7,8). PepG is a glycosyl macromolecule interlinked by peptide 

bridges,, which is especially abundant in gram-positive bacteria where it provides stress-

resistancee and determines die form of die bacterial cell wall. Bom LTA (9,10) and PepG 

(10-12)) can induce inflammatory responses in vitro. Furthermore, intravenous 

administrationn of S. aureus LTA and PepG resulted in a systemic inflammatory response 

syndromee in rats (13). Knowledge of the in vivo effect of LTA or PepG from S. aureus 

withinn the lungs is highly limited. Such knowledge is important, considering die role of S. 

aureusaureus in nosocomial pneumonia. 

Severall  lines of evidence suggest mat the pleiotropic cytokine interleukin (IL)-6 is 

involvedd in regulation of inflammatory responses during gram-positive bacterial 

infection.. Elevated IL-6 levels were detected in plasma of patients widi gram-positive 

sepsiss (14), and in bronchoalveokr lavage fluid (BALF) of patients with pneumonia (15). 

Inn a murine model of pneumococcal pneumonia, diis endogenously released IL-6 played 

ann important role in antibacterial host defense, as reflected by enhanced bacterial 

outgrowthh and increased mortality in IL-6 gene deficient mice (16). The role of IL-6 in 

diee pathophysiology of inflammation in general, and of inflammation in die pulmonary 

compartmentt in particular, has not been elucidated completely. Indeed IL-6 has been 

reportedd to have bodi pro-inflammatory and anti-inflammatory effects (17,18). 

Inn die present study we sought to determine the acute pulmonary inflammatory 

responsee caused by local exposure to LTA or PepG from S. aureus and the regulatory role 

off  IL-6 herein. For diis purpose, IL-6 gene deficient (IL-6-/-) and wild type (IL-6+/+) 

micee received LTA or PepG via the intranasal route. 
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METHOD S S 

Mice Mice 

Forr experiments with LTA 8 to 10-week old female IL-6-/- mice on a BALB/c 

backgroundd were kindly donated by Dr. Manfred Kopf (Basel Institute of Immunology, 

Basel,, Switzerland). IL-6+/+ BALB/c mice were purchased from Harlan Sprague 

Dawleyy Inc. (Horst, the Netherlands). At the time when the studies with PepG were 

done,, IL-6-/- BALB/c mice were not available anymore. For these experiments, 8-10 

weekk old female IL-6-/- mice on a C57B1/6 background and their normal C57B1/6 wild 

typee mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The Animal 

Caree and Use Committee of the University of Amsterdam, the Netherlands, approved all 

experiments. . 

Materials Materials 

LTAA from S. aureus was purchased from Sigma (St. Louis, Mo). PepG was prepared from 

S.S. aureus (a clinical isolate derived from a patient with catheter-related sepsis) according to 

thee method of Peterson et al. (19) as described earlier (12). The amount of 

lipopolysaccharidee (LPS) present in LTA and PepG was determined with the 

chromogenicc Iimulus Amoebocyte Lysate assay (Chromogenix, Mölndal, Sweden) and 

waswas respectively 4.15 pg LPS/mg LTA and below the detection limit (2.5 pg/ml). Hence, 

1000 fig LTA (the highest dose used in our experiments) contained <1 pg LPS. This LPS 

dosee is not capable of eliciting an inflammatory reaction in the lung (data not shown). 

ExperimentalExperimental design 

Briefly,, mice were anaesthetized by inhalation with isoflurane (Abbott Laboratories Ltd., 

Kent,, U.K.), after which sterile saline, LTA or PepG dissolved in saline was administered 

intranasallyy (i.n.). After 4h., mice were anaesthetized by intraperitoneal injection of 

Hypnormm (Janssen Pharmaceutica, Beerse, Belgium) and midazolam (Roche, Mijdecht, 

thee Netherlands), sacrificed by bleeding from the vena cava inferior and lungs were 

lavaged. . 

AnalysisAnalysis ofBALF 

Broncho-alveolarr lavage (BAL) and leukocyte differentiation was done as described 
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previouslyy (20,21). BALF cytokines were measured by specific ELISAs according to the 

manufacturers'' instructions (R&D Systems, Minneapolis, MN). The detection limits were 

377 pg/mL (IL-6), 31 pg/mL (tumor necrosis factor-alpha: TNFa), 8 pg/ml (IL10), 8 

pg/mll  (IL-la), 8 pg/ml (IL-lp) , 31 pg/ml (macrophage inflammatory protein-1-alpha: 

MlP-la),, 12 pg/ml (KC), and 47 pg/ml (MIP-2). 

HistologicalHistological analyses 

Lungss for histologic examination were harvested at 4h after infection, fixed in 4% 

formalinn and embedded in paraffin. 4 \xm sections were stained with hematoxylin and 

eosinn (H&E). Granulocyte staining was done with FITC-labeled anti-mouse Ly-6G mAb 

(Pharmingen,, San Diego, CA) exactly as described previously (22). The inflammatory 

infiltratee was scored semi-quantitatively and the amount of abscesses (well-defined 

inflammatoryy collections) was counted in 12 mm2 (5 fields of xlO). 

StimulationStimulation of peritoneal macrophages 

Peritoneall  macrophages from IL-6+/+ (C57B1/6) and IL-6-/- mice (C57B1/6 

background)) were isolated by washing the peritoneal cavity with RPMI 1640 (Bio 

Whittaker,, Verviers, Belgium). Collected cells maintained in medium (RPMI 1640, 10% 

fetall  calf serum, 1% antibiotic-antimycotic (GibcoBRL, Life Technologies, Rockville, 

MD))) were allowed to adhere to 96-weIls tissue culture plates (lxlO4 cells) for 1 hour at 

37°C,, after which nonadherent cells were removed by rinsing the monolayer. 

Macrophagess were incubated with medium containing either LTA or PepG. 

StatisticalStatistical analysis 

Alll  values are expressed as mean  SEM. Differences between groups were analysed by 

Mann-Whitneyy U test P < 0.05 was considered statistically significant. 

RESULTS S 

LTALTA induces a dose-dependent influx ofPMNs and release of IL-6 in BALF 

Too determine pulmonary inflammatory responses to LTA in vivo, IL-6+/+ mice were 

intranasallyy inoculated with either sterile saline (control mice), or 10, 100 or 150 ug LTA, 

andd BAL was performed after 4h. LTA induced a dose-dependent increase in leukocytes 

inn BALF. When compared to controls, BALF leukocyte counts were 5-fold higher after 
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administrationn of 10 u.g LTA, 20-fold higher after instillation of 100 ug and 38-fold 

higherr after inoculation with 150 ug LTA (Fig. 1A). The LTA-induced increase in the 

numberr of cells in BALF mainly resulted from influx of PMNs, although numbers of 

alveolarr macrophages (AMs) were also increased. Lymphocytes were present in low 

numberss and were similar in all groups. Inhalation of LTA was also associated with a 

dose-dependentt release of IL-6 in BALF (Fig IB), whereas IL-6 remained undetectable 

inn BALF of saline-treated mice. In subsequent experiments, the role of IL-6 in LTA-

inducedd lung inflammation was studied after administration of either 10 or 100 ug LTA. 
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Figur ee 1 A. Cellular composition of BALF after administration of LTA B. Dose-dependent increase of 
IL-66 in BALF after inoculation of LTA. LTA or saline (control) was administered intranasally. BALF 
wass obtained after 4 h. Data represent the mean  SEM of 4 mice per group. *P < 0.05 vs control. 

InflammatoryInflammatory responses in IL-6-/- and IL-6+/ + mice after low dose of LTA 

Too investigate the role of IL-6 in the pulmonary effects of LTA at a dose that caused 

mildd lung inflammation, IL-6+/+ and IL-6-/- mice received 10 ug LTA i.n. and BALF 

waswas obtained 4h. later. The absence of IL-6 resulted in higher leukocyte counts in BALF, 

whichh was mainly caused by a greater influx of PMNs (Fig. 2). 

Figur ee 3 Representative histologic sections of lungs of IL-6+/+ (B) and IL-6-/- (A) mice 4h after i.n. 

inoculationn with 10 ug LTA. Haematoxylin and eosin staining, original magnification x50; inset, anti-

granulocytee immunostaining, original magnification x80. 
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Figur ee 2 Effect of LTA on cellular composition, cytokine and chemokine 
concentrationss of BALF from IL-6+/+ mice (D) and IL-6-/-mice ( • ) . LTA 10 
ugg (left panel) or 100 ug (right panel) was given intranasally and BALF was 
obtainedd 4 h thereafter. Data represent the mean  SEM of 8 mice per group. *P 
<< 0.05. Note that cytokine and chemokine levels induced by LTA 100 tig were 
markedlyy higher than those induced by LTA 10 ug, which is why the Y-axes are 
differentt in the left and right panels 

Inn accordance with cell counts in the BALF, the lungs of IL-6-/- mice (Fig. 3A) treated 

withh low dose LTA showed more diffuse and dense inflammatory infiltrates than 

IL6+/++ mice (Fig. 3B) 4 h. after inoculation. The influx of PMNs was also increased in 

IL-6-/-- (inset Fig. 3A) mice compared to IL-6+/+ mice (inset Fig. 3B). 

Too understand the impact of IL-6 deficiency on cytokine and chemokine responses, 

TNF-a,, IL-la, IL-lf3, IL-10, MIP-la, KC and MIP-2 were measured in BALF. While 

LTAA induced a TNFa response in both groups of mice, BALF TNFa concentrations 
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weree more than 5-fold higher in IL-6- / - mice than in I L -6+ / + mice (P=0.002) (Fig. 2). 

Further,, in IL-6- / - animals, MIP-1-a and KC levels were respectively 2.6-fold (P=0.01) 

andd 1.5-fold higher (P=0.07), than in I L - 6 + / + mice, whereas MIP-2 levels were not 

differentt between both groups (Fig. 2). LTA did not induce detectable release of IL-lct , 

IL - i pp or IL-10 in BAL F of either mouse strain. 

InflammatoryInflammatory responses in IL-6-/- and IL-6+/ + mice after high dose LTA 

I nn contrast to pulmonary inflammation induced by 10 ug LTA , administration of 100 ug 

LT AA was not associated with differences in leukocyte influx in 

IL-6- / -- and I L - 6 + / + mice (Fig. 2). Furthermore, TNF-a, MIP-1-a and MIP-2 

(P=0.012)) tended to be lower in IL-6- / - mice, while KC concentrations were similar in 

BAL FF of both mice strains. 

PePGPePG induces a dose-dependent influx ofPMNs and release of IL-6 in BALF 

Next,, we wished to determine the role of IL- 6 in pulmonary inflammatory responses to 

PepGG from S. aureus. To determine the dose of PepG that induced a comparable immune 

responsee as 10 (Xg LTA , I L 6 + / + mice were intranasally inoculated with either 50 or 180 

ugg PepG, after which BAL was performed after 4 hours. Inoculation with PepG resulted 

inn a dose dependent increase in numbers of leukocytes and IL- 6 levels in the BAL F (Fig. 

4).. Leukocyte differentiation revealed that the increase in BAL F cells resulted from an 

influxx of PMNs. Additional experiments using I L -6+ / + and IL-6- / - mice were 

performedd with 50 ug PepG. 
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Figuree 4 A. Cellular composition of BALF after administration of PepG B. Dose-dependent increase of 
IL-66 in BALF after inoculation of PepG. PepG or saline (control) was administered intranasally. BALF 
wass obtained after 4 h. Data represent the mean  SEM of 4 mice per group. *P < 0.05 vs control. 
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InflammatoryInflammatory responses in ÏL-6-I - and IL-6+/+  mice after PepG 

Havingg established that PepG induced an influx of PMNs into lungs, we were interested 

inn the role of IL-6 herein. Surprisingly, the number of recruited PMNs in the lungs was 

markedlyy decreased in IL-6-/- mice compared to IL-6+/+ mice at 4 h. after inoculation 

(P=0.004)) (Fig. 5). 

Histopathologicall  analysis of the lungs of mice inoculated with PepG revealed numerous 

well-definedd collections of leukocytes (abscesses) generally centred around small bronchi 

togetherr with a slight interstitial inflammatory infiltrate. In line with the results of cell 

counts,, IL-6-/- mice (Fig 6A) displayed less abscesses than IL-6+/+ mice (Fig 6B) (13.1 

 2.4 vs 17.4  3.3 per 12 mm2, not statistically significant) partly consisting of PMNs 

(seee insets Fig 6). 
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Figuree 5. Effect of PepG on 
cellularr composition, and cytokine 
andd chemokine concentrations of 
BALFF from IL-6+/+ mice (D) 
andd IL-6-/-mice (•) . PepG (50 
ug)) was given intranasally and 
BALFF was obtained 4 h thereafter. 
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Too determine the role of IL-6 in PepG-induced cytokine and chemokine release in the 

lungs,, the concentrations of TNFa, MIP-la, MIP-2 and KC were measured in BALF of 

IL-6-/-- and IL-6+/+ mice, 4h. after PepG administration. No significant differences 

weree found between IL-6+/+ and IL-6-/- mice (Fig. 5). 
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RoleRole of IL-6 in TNFa release by isolated macrophages 

Havingg established that endogenous IL-6 inhibited TNFa release in BALF in response 

too LTA but not to PepG, we were interested in the role of IL-6 by TNFa production by 

isolatedd macrophages. To determine whether LTA and PepG of S. aureus can induce IL-6 

releasee in vitro, mouse peritoneal IL-6+/+ macrophages were exposed to increasing 

concentrationss LTA and PepG during 4h and the levels of IL-6 were evaluated in culture 

supernatants.. As shown in Fig. 7A and B, both LTA and PepG induced IL-6 in a dose-

dependentt manner. In order to investigate the role of IL-6 in macrophage responses to 

LTAA and PepG, we examined the responsiveness of IL-6+/+ and IL6-/- macrophages 

too increasing concentrations of these bacterial components. The production of TNFa in 

responsee to S. aureus LTA was significantly higher in IL-6-/- mice at the two highest 

dosess (Fig. 7C). In contrast, IL-6+/+ and IL-6-/- macrophages produced comparable 

amountss of TNFa in response to S. aureus PepG (Fig. 7D). 

DISCUSSION N 

StaphylococcusStaphylococcus aureus is a major cause of hospital-acquired pneumonia (6). LTA and 

PepGG are cell wall components of S. aureus, which have pro-inflammatory activities in 

vitro.vitro. The present study reports on the in vivo effects of LTA and PepG from S. aureus in 

thee lung. Intranasal administration of LTA or PepG led to enhanced leukocyte influx 

predominatedd by PMNs. Increasing the dose clearly led to an increase in pulmonary 

inflammation.. In addition, LTA and PepG induced elevated lung levels of IL-6 in a dose-

dependentt manner. Endogenous IL-6 was found to exert a negative feedback effect on 

PMNN recruitment and the local release of TNFa, MlP-la and KC at the lower 

168 8 



CHAPTERR 9 

7000 0 

5250 0 

"§3500 0 

1750 0 

IL- 6 6 2000 0 

1500 0 

I I 
gg 1000-

500-1 1 

IL- 6 6 

11 10 100 

ug/mll  LTA 
00 10 100 1000 

ug/mll  PepG 

1 5 0 0l T N F a a 

11 1000 

"a a 
a a 

500 0 

0 0 

I I 

1 1 
11 10 

pg/mll  LTA 

* * 

i i 
100 0 

D D 

1000 0 

750 0 
1 1 
11 500 

250 0 

0 0 

TNFa a 

I I 

i i I I 
100 100 1000 

pg/mll  PepG 

Figur ee 7 IL-6 production by isolated macrophages in response to LTA (A) and PepG (B). Effect 
off  LTA (C) and PepG (D) on T N Fa release by isolated IL -6+ /+ (D) and IL-6-/ - ( • ) 
macrophages.. Stimulation was performed for 4 h at 37°C with increasing concentrations of LTA (0, 
1,, 10 and 100 ug/ml) or PepG (0, 10, 100 and 1000 ug/ml). Data represent the mean  SEM of 
macrophagess derived from 6 mice per group. * A+B: P<0.05 vs control. * C+D: P<0.05 vs IL-
6 + / ++ macrophages. 

butt not the higher, LTA dose tested. In contrast to its role in the pulmonary 

responsee to low dose LTA, endogenous IL-6 positively influenced PMN influx into the 

lungss after PepG instillation. 

LTAA partially can signal via the same mechanisms as LPS from gram-negative 

bacteria.. CD 14 functions as a ligand binding receptor of LPS (23), but was also shown to 

recognizee LTA (24). In addition, the LPS signalling receptor toll-like receptor 4 (TLR4) is 

likelyy also involved in the recognition of LTA (25). Although data exist indicating that 

TLR22 can be a signal transducer for LTA from Bacillus subtilis, Streptococcus pyogenes, and 

StreptococcusStreptococcus sanguis, (26), others have shown that TLR4 and not TLR2 is required for 

signall transduction of S. aureus LTA (25,27,28). TLR2 has been reported to be the 

signallingg receptor for PepG from S. aureus (25,29). The data of the current study suggest 

thatt intrapulmonary administration of LTA provokes an inflammatory response that is 

veryy similar to that induced by LPS. LPS administered to the pulmonary compartment 

causedd a PMN influx and induction of TNF-a and IL-6 in BALF of mice (30,31). 

Likewise,, in this study, intranasal administration of LTA resulted in an increase in PMNs 

andd elevated BALF levels of TNFa and IL-6. Like LTA, the intranasal inoculation of 
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PepGG also resulted in increased PMN influx and cytokine levels, but pathological analysis 

off  the lungs of these mice revealed extensive differences when compared to lungs of 

LTA-inoculatedd mice. LTA-inoculation induced an interstitial inflammatory infiltrate in 

thee lungs whereas PepG exposure led to the formation of numerous abscesses generally 

centredd around small bronchi. 

Severall  studies have reported on the importance of IL-6 for inflammatory 

responsess during bacterial pulmonary inflammation. High IL-6 levels were found in 

BALFF of pneumonia patients (15) and in lung and plasma of mice infected with 

StreptococcusStreptococcus pneumoniae (16). Moreover, elevated IL-6 levels were found in mice during 

acutee lung and systemic inflammation caused by LPS (32). IL-6 has pro-inflammatory as 

welll  as anti-inflammatory properties. In a carrageenan-induced pleurisy model, 

endogenouss IL-6 played a pro-inflammatory role, as reflected by reduced PMN 

infiltrationn and diminished lung injury in IL-6-/- mice (33). In contrast, IL-6 played an 

anti-inflammatoryy role in an LPS-induced acute lung inflammation model (32). The data 

off  the current study suggest that IL-6 plays an anti-inflammatory role in lung 

inflammationn caused by low dose LTA, but that this anti-inflammatory role is lost (PMN 

recruitment)) or even is converted into a modest pro-inflammatory role (cytokine and 

chemokinee release) during lung inflammation induce by high dose LTA. Interestingly, 

ourr findings demonstrate that IL-6 plays a pro-inflammatory role (PMN recruitment, 

abscesss formation) in pulmonary inflammation induced by PepG of S. aureus. Together, 

thesee data suggest that the role of IL-6 in inflammation depends on the stimulus and/or 

thee model of inflammation used. As mentioned earlier, LTA and PepG can signal via 

differentt receptors, which could be the basis for the pleiotropic characteristics of IL-6. 

Duringg inflammation induced by LPS (32) and LTA (this study), bacterial components 

thatt signal at least in part via TLR4, IL-6 plays an anti-inflammatory role. However, a 

pro-inflammatoryy role of IL-6 has been demonstrated in mice with a PepG-induced 

pulmonaryy inflammation (this study) and in mice with a non-septic shock induced by 

zymosann (34). Interestingly, zymosan and PepG are both ligands for TLR2 (27). 

TNFaa production by IL-6-/- macrophages was higher than IL-6+/+ 

macrophagess after incubation with LTA. In addition, BALF TNFa levels were higher in 

IL-6-/ -- than in IL-6+/+ mice after low dose LTA, suggesting that endogenous IL-6 

inhibitss TNFa production after LTA stimulation. This is in line with observations that 

IL-66 inhibits transcription of the TNFa gene (35). Moreover, recombinant IL-6 reduced 

TNFaa release in mice intratracheally administered with LPS (36). It is furthermore 
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knownn that TNFa is an inducer of IL-6, therefore the inhibitory effect of IL-6 on TNFa 

productionn elicited by low dose LTA may be the negative arm of a regulatory circuit In 

contrast,, TNFa levels in supernatants of PepG-stimulated IL-6-/- macrophages and 

BALFss of PepG-inoculated IL-6-/- mice were not significantly different from IL-6+/+ 

macrophagess and mice. In a model of carrageenan-induced pleurisy (33) and collagen-

inducedd arthritis (37) IL-6-/- mice had even lower TNFa levels than IL-6+/+ mice. 

Together,, this indicates that TNFa production is regulated in a different way during 

LPS-- (32) and low-dose LTA-induced acute lung inflammation versus high-dose LTA-

andd PepG-induced pulmonary inflammation. 

Elevatedd levels of MlP-la in the lung after low dose LTA could be a 

consequencee of increased TNFa levels. Exogenous TNFa has been shown to be a 

potentt stimulator for MlP-la secretion by human PMNs and neutralizing anti-TNFa 

antiserumm partially blocked this expression (38). Interestingly, IL-6 deficiency resulted in 

increasedd KC release in BALF without influencing MIP-2 levels after low dose LTA, 

suggestingg that IL-6 influences the production of these chemokines differentially. 

Althoughh a clear explanation for this finding is not available, a recent investigation also 

reportedd on differential expression of MIP-2 and KC during lung inflammation. Indeed, 

micee deficient for both type I TNFa receptor and type I IL-1 receptor demonstrated 

reducedd release of KC, but unaltered MIP-2 secretion into BALF upon pulmonary 

exposuree to E. coli (39). 

Thesee data indicate that IL-6 plays a role in increasing PMN accumulation at sites 

off  low dose LTA-induced lung inflammation, probably at least in part by increasing the 

locall  induction of cytokines/chemokines. Although MIP-2 levels were moderately 

decreasedd in IL-6 -/- mice, alterations in cytokine/chemokine concentrations could not 

explainn the reduced PMN recruitment after PepG administration. 

Wee chose to investigate inflammatory responses in BALF at 4 h after intranasal 

administrationn of LTA or PepG for several reasons. First, this time point seems most 

suitablee to concurrently evaluate neutrophil influx and cytokine release (32,40). Second, 

Xingg et al. demonstrated that this time point is suitable to reliably study the role of 

endogenouss IL-6 in LPS-induced lung inflammation (32) . Third, many previous studies 

investigatedd the regulation of LPS-induced pulmonary inflammation 3-6 h after the 

challenge,, allowing easy comparison with the present data (41,42,43). 
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Inn conclusion, we demonstrate that in vivo administration of LTA and PepG from 

S.S. aureus to the pulmonary compartment triggered acute lung inflammation, characterized 

byy PMN influx and a strong induction of IL-6 and other cytokines and chemokines in 

BALF.. The absence of IL-6 resulted in a more profound pro-inflammatory response at a 

LTAA dose that caused relatively mild inflammation. At a higher LTA dose, however, IL-6 

deficiencyy was not associated with anti-inflammatory effects. The absence of IL-6 during 

PepG-inducedd pulmonary inflammation resulted in a reduced PMN infiltration. These 

dataa suggest that the role of IL-6 in lung inflammation induced by S. aureus LTA and 

PepGG depends on die severity of the challenge and on the stimulus used. 
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LTAA AND PEPG ACT SYNERGISTICALLY 

ABSTRACT T 

StaphybcoccalStaphybcoccal aureus is an important pathogen in nosocomial pneumonia. Lipoteichoic acid 

(LTA)) and peptidoglycan (PepG) are part of the staphylococcal cell wall. To determine 

thee effects of and a possible interaction between these bacterial components in the 

pulmonaryy compartment, mice were intranasally inoculated with purified LTA, PepG or 

bodi.. Both LTA and PepG induced a rapid recruitment of polymorphonuclear cells 

(PMNs)) to the bronchoalveolar space. PMN influx was significantly greater after the 

combinedd administration of LTA and PepG man the additive effect of the two 

componentss alone. Although LTA and PepG also elicited die release of tumor necrosis 

factor-occ and CXC chemokines into bronchoalveolar lavage fluid, die effect was not 

synergistic.. These data suggest mat LTA and PepG may act in synergy to cause PMN 

recruitmentt in die early phase of S. aureus pneumonia. 
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INTRODUCTIO N N 

tapbylococcustapbylococcus aureus is a common pathogen in hospital-acquired pneumonia (1). 

Peptidoglycann (PepG) and lipoteichoic acid (LTA) are components of the cell wall 

off  gram-positive bacteria, including S. aureus. PepG is a large polymer that contains long 

sugarr chains and is predominantly responsible for the protective and shape-maintaining 

propertiess of bacterial cell walls. LTAs are phosphate-containing polymers that mediate 

thee attachment of certain bacteria to host cells. Both membrane components can 

stimulatee the generation of pro-inflammatory cytokines and activate leukocytes in vitro (2-

5). . 

Recently,, we demonstrated that the intranasal administration of LTA or PepG 

fromm 5". aureus to mice resulted in acute pulmonary inflammation characterized by influx 

off  polymorphonuclear cells (PMNs) into die alveolar compartment and local production 

off  proinflammatory cytokines and chemokines (6). Interestingly, lung inflammation 

elicitedd by LTA or PepG appeared to be regulated by different mechanisms, considering 

thatt interleukin (IL)-6 deficient mice displayed enhanced PMN recruitment after local 

instillationn of LTA, but a reduced PMN influx after exposure to PepG (6). Intravenous 

administrationn of LTA and PepG into rats has been found to induce synergistic systemic 

inflammationn when compared with the infusion of either one bacterial product alone (7, 

8).. Together, this prompted us to examine the combined effects of LTA and PepG in the 

mousee lung. 

MATERIA LL  &  METHOD S 

Femalee BALB/c mice (Harlan Sprague Dawley Inc., Horst, the Netherlands; 8 weeks of 

age)) were intranasally inoculated with sterile saline (controls), S. aureus LTA (50 [xg; 

Sigma,, St. Louis, Mo.), S. aureus PepG (50 jxg), or LTA and PepG (both 50 jxg; final 

volumee 50 [d in sterile saline) according to methods described previously (6). PepG was 

preparedd from S. aureus according to the method of Peterson et al. (9). Each 

experimentall  group consisted of 5 mice. After 4h., mice were anesthetized by 

intraperitoneall  injection of Hypnorm (Janssen Pharmaceutica, Beerse, Belgium) and 

midazolamm (Roche, Mijdecht, the Netherlands), and sacrificed by bleeding from die vena 

cavaa inferior. Lungs were lavaged with two aliquots of 0.5 ml saline via a catheter inserted 

S S 
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intoo the trachea. The 4 h time point was chosen since it is representative for studying 

inflammatoryy reponses to bacterial products in the lung (6, 10, 11). Total leukocyte 

countss were determined by using a hemocytometer. Numbers of alveolar macrophages 

(AMs),, PMNs and lymphocytes were calculated from these totals, using cytospins from 

bronchoalveolarr lavage (BAL) cells stained with Diff-Quick (Baxter, McGraw Perk, IL) . 

Thee BAL fluid (BALF) was then centrifuged for 10 min at 750 g, and stored at -20°C. 

Cytokiness and chemokines were measured in duplicate in BALF by specific ELISAs 

accordingg to the manufacturers' instructions (R&D Systems, Minneapolis, MN). The 

detectionn limits of these ELISAs were 31 pg/ml for tumor necrosis factor-oc: (TNFa), 8 

pg/mll  for KC and 46 pg/ml for macrophage inflammatory protein (MIP)-2. For 

histopathologicall  investigations, lungs were removed and fixed in 4% paraformaldehyde 

inn PBS for 24 hours. After embedding in paraffin, 4-um-thick sections were stained with 

eosinn hematoxylin-eosin, and analyzed by a pathologist. The Animal Care and Use 

Committeee of the University of Amsterdam, the Netherlands, approved all experiments. 

Al ll  values are expressed as mean  SEM. Differences between groups were analyzed by 

Mann-Whitneyy U test. To examine a possible synergistic effect of the individual bacterial 

components,, P values were calculated by linear regression analysis. P < 0.05 was 

consideredd statistically significant. 

RESULTS S 

Too study synergism between LTA and PepG in wvo, we intranasally inoculated mice with 

eitherr LTA, PepG, or a combination, and sacrificed them after 4 h. Inoculation with 

eitherr LTA or PepG induced a profound increase in total leukocyte numbers in BALF, 

whichh was predominantly due to a rise in PMN numbers (both P < 0.05 versus saline; 

Tablee I). PepG, but not LTA, induced a modest increase in AMs in BALF (P < 0.05 

versuss saline). Interestingly, the combined administration of LTA and PepG resulted in a 

synergisticc effect on PMN influx (P < 0.05 versus the effect of LTA and PepG together). 

Additionally,, mice treated with LTA or PepG showed an increase in TNFa, MIP-2 and 

KCC concentration in BALF when compared to BALF of saline-treated animals (Fig. 1). 

Althoughh the concentrations of TNFa, MIP-2 and KC in BALF were highest after 

simultaneouss administration of LTA and PepG, the effect of LTA and PepG was not 

synergistic.. Histopathological examination of lung tissue of mice administered with LTA 
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Tablee I Effect of the administration of LTA, and PepG or a combination on cell subsets in BALF» 

Cellss xlOVml 

Saline e 

LTA A 

PepG G 

LTAA + PepG 

Leukocytes s 

3.00  1.0 

24.00  2.8 * 

15.33  1.3 

51.88  5.1 *t 

AMs s 

2.99  1.0 

2.22  0.3 

8.44  1.2 * 

10.11  1.8* 

PMNs s 

0.044  0.04 

21.11  1.3* 

8.11  1.4* 

39.00  4.4 *t 

Lymphocytes s 

0.077  0.07 

0.77  0.2 

0.77  0.3 

1.44 * 

Micee were intransally inoculated with LTA (50 ug), PepG (50 ug) or a combination of these components 
andd sacrificed after 4 h after which leukocyte influx was analyzed in BALF. Data are mean and standard 
errorr of the mean (SEM) of five mice. *P<.05 compared to saline, t P<.05 compared to the effect of the 
individuall  components together. 

showedd a dense granulocytic inflammatory infiltrate (Fig. 2A). After administration of 

PepGG numerous well-defined collections of leukocytes (abscesses) together with a slight 

interstitiall  inflammatory infiltrate were found (Fig. 2B). The combined administration of 

LTAA and PepG resulted in an increased accumulation of leukocytes in small clusters (Fig. 

2C). . 

7500--

5000--
I I 
a. a. 

250Q--

TNFa a 

t t 

h h 

T T 

PepGG LTA»PepG 

MIP-2 2 

r^i i 

t t 
T T 

T T 

salinee LTA PepG LTA-t-PepG 

1 1 
I I 

LTAA PepG LTA+PepG 

Figur ee 1 Effect of intranasal administration of LTA (50 ug), PepG (50 ug) or a combination of these 
componentss on the release of TNFa, MIP-2, and KC in BALF. Mice were sacrificed 4 h after 
inoculationn of bacterial components after which cytokines were measured in BAL F by specific ELISA. 
Dataa are mean and standard error of the mean (SEM) of five mice. *P<.05 compared to saline. 

DISCUSSION N 

Previouss studies have documented synergistic effects of intravenously 

administeredd LTA and PepG to induce septic shock and multiorgan failure in rats (7, 8). 

Wee here demonstrate that intrapulmonary delivery of LTA and PepG from S. aureus 

elicitss recruitment of PMNs to mouse lungs in a synergistic way, whereas the induction 

off  TNFa, MIP-2 and KC by the combined administration of LTA and PepG was 

additivee at best. 
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0 0 

CXCC chemokines with an ELR motif 

nearr the N-terminal end play a pivotal 

rolee in the recruitment of PMNs to 

sitess of infection and inflammation 

(12).. MIP-2 and KC are the most 

prominentt ELR positive CXC 

chemokiness in the mouse. Both 

chemokiness have been found to 

contributee to influx of PMNs to the 

alveolarr compartment in various 

modelss of lung infection and 

inflammationn (13-16). Recently, our 

laboratoryy reported that 

administrationn of recombinant MIP-2 

andd KC into the cisterna magna of 

ratss elicited leukocyte influx into 

cerebrospinall  fluid in a synergistic way 

(17).. It is therefore conceivable that 

thee modestly elevated levels of MIP-2 

andd KC in BALF of mice treated with 

bothh LTA and PepG played a role in 

thee synergistic effect of the two 

staphylococcall  cell wall components 

onn PMN recruitment. In addition, the 

locallyy elevated concentrations of TNFoc may have contributed to this response (18, 19). 

I tt remains to be established why LTA and PepG did not synergistically induce 

TNFocc and CXC chemokines in mouse lungs in vivo. In human whole blood in vitro, LTA 

andd PepG do induce TNFtx release in a synergistic way [our own unpublished data]. 

Nonetheless,, the clear synergism regarding PMN recruitment between LTA and PepG 

couldd mean that different receptors and signaling pathways are simultaneously activated 

byy the two agents. Indeed, the signal transduction pathways that are used by PepG and 

LTAA likely are at least in part different. Toll-like receptor 2 (TLR2) has been reported to 

bee the signaling receptor for PepG from S. aureus (20, 21). Although TLR2 has also been 

implicatedd as a signal transducer for LTA from Bacillus subtilis, Streptococcus pyogenes, and 

Figur ee 2 Representative histologic sections of lungs 
fromm mice i.n. inoculated with 50 ug LTA (A), 50 iig 
PepGG (B) or a combination of them (C) 4 h after 
inculation.. Original magnification x50 
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StreptococcusStreptococcus sanguis, (22), TLR4 has been found to be required for signal transduction by S. 

aureusaureus LTA (20, 23, 24). The concept that synergism is caused by the use of different 

receptorss is supported by several observations. Indeed, bacterial DNA, that signals via 

TLR99 (25), synergistically acts with LPS, that signals via TLR4, for induction of 

inflammatoryy cytokine production (26, 27). In addition, bacterial lipopeptides and 

lipoprotein,, or mycoplasmal lipopeptides, all signaling via TLR2 (28-30), induced 

cytokinee production in synergy with LPS (31, 32). Moreover, intravenously injected 

PepGG synergised with LPS to cause systemic inflammation and organ injury in rats in vivo 

(33).. Hence, the data of the present study support the concept that LTA and PepG act in 

synergyy to cause pulmonary inflammatory in the early phase of pneumonia caused by S. 

aureus.aureus. This synergy may either function as a safety mechanism for the host by triggering 

ann adequate innate immune response (34), or on the other hand may cause lung injury 

andd dysfunction as observed during fulminant pneumonia. 
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SUMMARY Y 

TTnfectiouss diseases are the most common afflictions of mankind worldwide and 

thee leading causes of death from disease. Bacterial and viral infections kill more 

peoplee each year than all cancers and cardiovascular diseases. In The Netherlands eight 

outt of ten disease cases are infectious diseases. They are predominandy located in the 

respiratoryy system due to the continuous exposure to the extracellular environment 

throughh breathing. Infections implicate a considerable amount of mortality, morbidity, 

andd loss of economic productivity. The treatment of infectious diseases is often 

hamperedd by the increasing occurrence of multi-drug resistant bacterial strains, and the 

longg term use of medicines in case of tuberculosis. It is therefore important that new 

hostt defense factors are defined that are essential for resistance against (myco)bacteria. 

Thee purpose of this thesis was to obtain more insights into host defense mechanisms 

thatt contribute to an adequate immune response against (myco)bacteria that invade the 

pulmonaryy compartment. 

Extensivee apoptosis of alveolar macrophages is found in lungs of tuberculosis 

patients.. Alveolar macrophages have been implicated as the predominant inducers of 

protectionn against infections by phagocytosing and killing mycobacteria and by initiating 

ann inflammatory response. However, macrophages are also the primary host cells for 

MycobacteriumMycobacterium tuberculosis, the bacterium that causes tuberculosis. Inside the macrophage, 

tuberclee bacilli can replicate and are protected from host defense mechanisms. It is 

unclearr what role alveolar macrophages and apoptosis of these cells play in the 

pathobiologyy of tuberculosis. Therefore, we determined in chapter  2 the in vivo role of 

alveolarr macrophage apoptosis in mice, using clodronate-liposomes after infection with 

M.M. tuberculosis. Interestingly, we found that mice with apoptotic macrophages were 

completelyy protected against lethality during a five month follow-up. In contrast, the 

survivall  of mice with an intact macrophage population decreased extensively widi 90% 

mortalityy after 5 months. These results suggest that alveolar macrophages facilitate the 

growthh of M. tuberculosis in lungs. Therefore, alveolar macrophage apoptosis as observed 

inn tuberculosis patients could be an important host defense mechanism to restrict 

mycobacteriall  growth. 

Chapterr 2 suggested that alveolar macrophages facilitate the growth for 

intracellularr living M. tuberculosis. This is rather unexpected since macrophages are 

generallyy considered as important phagocytes that are die first line of host defense. In 
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chapterr  3 we studied whether the dual role of macrophages could be due to the 

activationn state of these cells. That is, activated macrophages inhibit mycobacterial 

growthh in vitro. To analyze the in vivo role of activated macrophages in host defense 

againstt M. tuberculosis, we depleted lungs of activated macrophages by treating transgenic 

micee expressing the human Fcyreceptorl, that is upregulated on macrophages upon 

activation,, intranasally with an immunotoxin directed to this receptor. To get a better 

reflectionn of the in vivo situation in tuberculosis patients we induced apoptosis in 

activatedd macrophages after infection with M. tuberculosis. For comparison with non-

selectivee macrophage depletion, mice were intranasally treated with clodronate-liposomes 

ass in our previous study. Whereas the non-selective induction of apoptosis in 

macrophagess after infection with Af. tuberculosis led to an improved resistance, apoptosis 

off  activated macrophages reduced host resistance. Activated macrophages can inhibit 

mycobacteriall  growth by displaying several direct antimycobacteial defense mechanisms 

likee the production of toxic molecules. Together, these studies demonstrated that the 

duall  role of pulmonary macrophages during tuberculosis is associated with the activation 

statee of these cells. Resting macrophages promote the mycobacterial growth whereas 

activatedd macrophages serve as inducers of protection. The presence of alveolar 

macrophagee apoptosis in tuberculosis patients could therefore be part of a host defense 

strategy,, as long as these cells are not activated. 

Alveolarr macrophages seem to play another role in pulmonary infections induced 

withh extracellular living bacteria. In chapter  4 we showed that mice depleted from 

alveolarr macrophages have a higher mortality after infection with Streptococcus pneumoniae 

thann mice with an intact macrophage population. The increased mortality was not related 

too an impaired bacterial clearance. The classical role of alveolar macrophages as 

phagocytess of invading bacteria seems therefore less important during infection with S. 

pneumoniaepneumoniae than with M. tuberculosis. We also found that lungs of mice depleted from 

alveolarr macrophages had a pronounced and prolonged influx of PMNs of which high 

proportionss were apoptotic. This is likely the results of inefficiency of the normal 

resolutionn process in the absence of alveolar macrophages, thereby tipping the balance 

towardd persistent inflammation and tissue injury. This resolution process prevents the 

releasee of potentially toxic or immunogenic intracellular contents. This study 

demonstratedd that alveolar macrophages are important for host defense against 

extracellularr S. pneumoniae since they could end the inflammation by removing apoptotic 

PMNs. . 
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Effectivee host defense against M. tuberculosis is primarily dependent on the 

interactionn between macrophages, T cells and dendritic cells. This interaction requires 

migrationn of leukocytes which is dependent on the expression of adhesion molecules. 

Thee adhesion molecules that are important for migration of leukocytes during 

tuberculosiss are not yet defined. CD44 is an adhesion molecule that is expressed on 

leukocytess and is known to be involved in migration of T cells to the site of 

inflammation.. Littl e is however known about the in vivo role of CD44 during infections 

withh pathogens. In chapter  5 we studied the role of CD44 in the pathogenesis of 

tuberculosiss by infecting mice deficient for CD44 with M. tuberculosis. We found that 

CD44V""  mice had a defect in migration of macrophages to the infected lungs early in the 

infection.. This macrophage migration defect was confirmed in a delayed-type-

hypersensitivityy experiment in footpads of mice immunized for M. tuberculosis. 

Interestingly,, CD44 appeared also a site on macrophages that mediates binding and 

phagocytosiss of M. tuberculosis. The lack of CD44 resulted in an impaired resistance 

againstt M. tuberculosis as reflected by an increase in mycobacterial growth and a decrease 

inn survival. In other studies, blocking of adhesion molecules other than CD44 did not 

influencee the clearance of mycobacteria. Therefore, CD44 can be considered as a unique 

adhesionn molecule in the host defense against M. tuberculosis that mediates binding and 

phagocytosiss of mycobacteria, migration of macrophages and resistance during 

tuberculosis. . 

Cell-mediatedd immunity (CMI) is essential for host defense against M. tuberculosis 

andd is tightly regulated by a balance between type 1 and 2 cytokines. IL-12 is a key 

regulatoryy cytokine produced by antigen-presenting cells such as macrophages. It 

supportss Thl and inhibits Th2 responses, and hence promotes CMI against intracellular 

pathogens.. IL-12 is a heterodimeric protein composed of a p35 and p40 subunit. P40 is 

mainlyy produced as monomer and homodimer. IN vitro, p40 homodimers inhibit IL-12 

functionn by competing with the heterodimer for the IL-12 receptor. The in vivo role of 

p400 during mycobacterial infection has not been elucidated fully as p40 has been 

shownn to have both agonistic and antagonistic effects on IL-12. To study the in 

vivovivo role of p40 during mycobacterial pulmonary infection we generated transgenic 

micee that overexpress p40 in their lungs (chapter  6). Infection of these mice with 

M.M. tuberculosis resulted in a reduced resistance as reflected by an enhanced mycobacterial 

outgrowth.. Furthermore, we found a decrease in the amount of (agonists of) chemokines 

andd numbers of leukocytes that are important for CMI in transgenic mice. These data 
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suggestt that p40 acts as an antagonist for IL-12-mediated leukocyte migration to the M. 

tuberculosis-infectedtuberculosis-infected lungs by reducing chemokine production. One could hypothesize that 

p400 homodimers may act as physiological regulators of IL-12 mediated chemotaxis of 

inflammatoryy cells in order to restore pulmonary homeostasis after infection. 

DNAA of bacteria contains a higher frequency of unmethylated CpG motifs than 

vertebratee DNA as mat of humans. Therefore, CpG motifs could signal the host for 

infectionn with pathogens. Indeed, CpG motifs can stimulate leukocytes to produce Thl 

cytokines.. Since a Thl response is important for host defense against M. tuberculosis we 

studiedd the effect of CpG treatment on die immune response during tuberculosis in 

chapterr  7. Administration of CpG motifs reduced mycobacterial outgrowth for up to 5 

weekss after M. tuberculosis infection and was associated with a decrease in inflammation in 

lungg tissue. The protective effect seemed mediated by the Thl cytokine IFNy. In light of 

thee increasing amount of drug-resistant strains of M. tuberculosis ̂ this study may provide a 

rationalee for further development of CpG motifs as a new adjunctive therapy for 

tuberculosis. . 

Innatee recognition of mycobacterial products is the first step in a chain of events 

thatt results in an effective host defense against M. tuberculosis. For this recognition animals 

havee developed a immune-recognition mechanism based on Toll-like receptors (TLRs). 

Thesee TLRs recognize microbial products and in this way can signal an infection with 

pamogenss and activate immune responses that are important for host defense. In vitro 

experimentss have demonstrated that TLR4 is involved in the recognition of M. 

tuberculosis.tuberculosis. In chapter  8 we studied the in vivo role of TLR4 in host defense against M. 

tuberculosis.tuberculosis. Mice with a nonfunctional TLR4 had an impaired resistance against M. 

tuberculosistuberculosis as reflected by a moderate increased mycobacterial outgrowth and a reduced 

survival.. The limited protective role of TLR4 in host defense against M. tuberculosis 

suggestss mat diis pathogen is recognized by a repertoire of different receptors from the 

host. . 

Thee incidence of Gram-positive infections has increased considerably over the 

pastt few years. Staphylococcus aureus is the most frequendy isolated Gram-positive 

pathogenn in nosocomial infections associated with severe complications. Lipoteichoic 

acidd (LTA) en peptidoglycan (PepG) are components of the bacterial cell wall that can 

inducee inflammatory responses in vitro. In chapter  9 we studied the acute pulmonary 

inflammatoryy response caused by local exposure to LTA and PepG from S. aureus in 

orderr to understand how Gram-positive bacteria induce pulmonary inflammation in vivo. 
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IL-66 is a pleiotropic cytokine that is involved in regulation of inflammatory responses 

duringg Gram-positive bacterial infection. In this chapter we studied in addition die role 

off  IL-6 in the pathogenesis of acute lung inflammation caused by LTA and PepG by 

usingg mice deficient for IL-6. Both LTA and PepG induced acute pulmonary 

inflammationn in a dose dependent way, characterized by PMN influx and IL-6 

productionn in the bronchoalveolar lavage fluid. Endogenously produced IL-6 attenuated 

inflammationn induced by low dose LTA. This anti-infiammatory role of IL-6 is lost or 

evenn converted into a modest pro-inflammatory role during pulmonary inflammation 

inducedd by high dose LTA. Interestingly, endogenously produced IL-6 also plays a pro-

inflammatoryy role in pulmonary inflammation induced by PepG. Together, these results 

suggestt that die role of IL-6 in inflammation depends on the stimulus and/or the model 

off  inflammation used. The different mechanisms by which LTA and PepG elicit 

inflammationn could be the basis for die pleiotropic characteristics of IL-6. 

Thee data from chapter 9 prompted us to examine the combined effects of LTA 

andd PepG in mouse lungs in chapter  10. As found earlier, administration of LTA and 

PepGG induced a rapid recruitment of PMNs to the bronchoalveolar space. PMN influx 

wass however significandy greater after the combined administration of LTA and PepG 

thann die additive effect of the two components alone. This suggests that LTA and PepG 

mayy act in synergy to cause PMN recruitment in the early phase of S. aureus pneumonia. 

Thiss synergy may either function as a safety mechanism for the host by triggering an 

adequatee innate immune response, or on the other hand may cause lung injury and 

dysfunctionn as observed during fulminant pneumonia. 

CONCLUDIN GG REMARK S 

Inn this thesis we obtained insight into host defense mechanisms that contribute 

too an adequate response to (myco)bacteria invading the pulmonary compartment. Since 

thee pathogenicity of (mycobacteria is critically dependent on die outcome of the 

interactionn between the macrophage and bacterium, we focused mainly on the role of 

macrophagess during pulmonary infections. This thesis demonstrated that macrophages 

havee very diverse functions during pulmonary infection with (mycobacteria. Resting 

macrophagess seem to provide M. tuberculosis with a good hiding and replication site and 

aree therefore detrimental for host resistance against tuberculosis. In contrast, activated 

macrophagess are inducers of protection against infection with M. tuberculosis, presumably 

byy displaying several complex antimicrobial defense mechanisms and by inducing an 
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adequatee immune response. When activation of macrophages is incomplete or not 

induced,, macrophage apoptosis in lungs of tuberculosis patient could be a host defense 

mechanism.. In this way mycobacterial growth is restricted by depriving mycobacteria 

fromm host cells and by constrainment of mycobacteria in apoptotic bodies that can be 

engulfedd by newly recruited alveolar macrophages. Next to the initiation of an adequate 

immunee response, alveolar macrophages also inhibit and dissolve infections in order to 

preventt lung tissue damage and to restore lung homeostasis. 

Treatmentt of pulmonary infections is often hampered by the increasing incidence 

off  multi-drug resistant bacterial strains and the long term use of medicines in case of 

tuberculosis.. Knowledge of the pathogenesis of pulmonary infections is crucial for the 

developmentt of new therapeutic strategies. This thesis has led to a better understanding 

off  the basal mechanisms by which the host and especially macrophages interact with 

(mycobacteriaa to inhibit bacterial growdi and to prevent tissue damage. This 

understandingg provides interesting guidelines for the treatment of pulmonary infections 

likee tuberculosis. A strategy for the treatment of mycobacterial infections could for 

examplee be the induction of apoptosis in alveolar macrophages. In mice we have seen 

thatt alveolar macrophage apoptosis dramatically restricted mycobacterial growth. 

Precautionn is however warranted since this approach could interfere with the enormous 

diversee functions of alveolar macrophages. Besides, pathogens other than M. tuberculosis 

cann take advantage of the impaired host immunity and in this way cause opportunistic 

pulmonaryy infections. Since depletion of activated macrophages appeared detrimental for 

hostt defense against intracellular M. tuberculosis, the induction of apoptosis should take 

placee in a selective way leaving activated macrophages alone. As yet, this seems 

technicallyy difficult to realize. The activation of alveolar macrophages might be a better 

strategyy for treating mycobacterial lung infections. Macrophages are simple to reach with 

liposomes,, synthetic phospholipid vesicles that are easily and mainly taken up by these 

cells.. By using liposomes as carriers of immunomodulators, macrophages can be 

influencedd in a safe and directed manner. By encapsulating macrophage activators such 

ass muramyl tripeptide analogs in these liposomes, the macrophage can be activated. This 

approachh is already evaluated in patients with cancer metastasis to lungs. Intraveneous 

administrationn of different liposome-encapsulated macrophage activators led to activation 

off  alveolar macrophages, and eradicated lung metastases in several murine tumor systems 

andd in spontaneous canine osteosarcoma (reviewed in ref 1). The destruction of 

metastasess seemed directly mediated by activated macrophages. Next to liposomes 

191 1 



SUMMARY Y 

containingg immunomodulators, CpG motifs could be used for the treatment of 

mycobacteriall  lung infections. Synthetic CpG motifs are able to activate macrophages to 

producee Thl cytokines and to induce Thl responses. The data from chapter 7 

demonstratedd that this was indeed advantageous in murine host defense against M. 

tuberculosis.tuberculosis. The risk of activating macrophages would nevertheless be the induction of 

tissuee damage, and the induction of systemic effects caused by the abundance of 

cytokiness such as TNF-Ct. Furthermore, treatments could be hampered by the presence 

off  lung granulomas in tuberculosis patients. Liposomes and activated macrophages may 

nott be able to sufficiently infiltrate these lesions. Therefore, a possible therapeutic 

strategyy directed against activation of alveolar macrophages should always be applied in 

combinationn with conventional therapy. 

Reference Reference 

1.. Killion , J.J. and I.J. Fidler. 1998. Therapy of cancer metastasis by tumoricidal activation of tissue 
macrophagess using liposome-encapsulated immunomodulators. Pharmacol Titer 3:141-154. 

192 2 



Samenvatting g 



SAMENVATTING G 

TTnfectieziektenn vormen de belangrijkste groep van ziekten bij de mens en zijn 

wereldwijdd gezien de voornaamste oorzaak van overlijden door ziekte. 

Bacteriëlee en virale infecties veroorzaken elk jaar zelfs meer doden dan alle gevallen van 

cardiovasculairee ziekten en kanker bij elkaar. In Nederland komt infectieziekte in acht 

vann de tien ziektegevallen voor, en dan met name in de luchtwegen omdat dit orgaan 

continuee bloot staat aan de buitenwereld door inademing. Infecties brengen een 

aanzienlijkee ziektelast en ziekteverzuim met zich mee. De behandeling van infectieziekten 

wordtt vaak belemmerd door het toenemende aantal medicijn-resistente bacterie stammen 

enn omvat vaak het langdurig gebruik van toxische middelen in het geval van tuberculose. 

Hett is daarom belangrijk dat er nieuwe gastheer factoren worden gedefinieerd die 

belangrijkk zijn voor de afweer tegen micro-organismen. Het doel van dit proefschrift was 

meerr inzicht te krijgen in afweermechanismen van de gastheer die bijdragen aan een 

adequatee reactie tegen (myco)bacteriën die de longen binnendringen. 

Inn longen van tuberculose patiënten blijkt een grote mate van apoptose 

(geprogrammeerdee celdood) van alveolaire macrofagen op te treden. Deze alveolaire 

macrofagenn zijn belangrijk voor de afweer van de gastheer omdat zij de potentie hebben 

micro-organismenn op te nemen en te vernietigen. Macrofagen vormen naast de eerste lijn 

vann afweer, ook een goede schuilplaats voor Mycobacterium tuberculosis, de veroorzaker van 

tuberculose.. M. tuberculosis behoort tot de groep van mycobacteriën die de voorkeur geeft 

aann een intracellulair leven in de macrofaag. Daar worden ze voorzien van de benodigde 

voedingsstoffen,, en zijn ze tevens beschermd tegen gevaarlijke afweer mechanismen van 

dee gastheer. De dubbele rol van de alveolaire macrofaag tijdens mycobacteriële 

longinfectiess maakt het onduidelijk wat het effect van macrofaag apoptose in tuberculose 

patiëntenn is op het ziekteverloop. Om hier een antwoord op te vinden hebben we in 

hoofdstukk 2 alveolaire macrofagen van muizen in apoptose gebracht met behulp van 

clodronaat-liposomenn waarna we deze dieren hebben besmet met de tuberkel bacil. Tot 

onzee verrassing vonden we dat muizen met apoptotische macrofagen gedurende een 

observatieperiodee van 5 maanden allemaal in leven bleven. Dit in tegenstelling tot 

muizenn met een intacte macrofaag populatie waarvan 90% was overleden na deze 

periode.. Klaarblijkelijk bevorderen alveolaire macrofagen de groei van M. tuberculosis en 

zouu de enorme macrofaag apoptose die wordt gevonden in tuberculose patiënten een 

afweermechanismee van de patiënt kunnen zijn om bacteriële groei te beperken. 

Zoalss aangetoond zijn alveolaire macrofagen belangrijk voor de groei van 

intracellulairr levende M. tuberculosis. Dit is verrassend omdat macrofagen over het 

194 4 



CHAPER11 1 

algemeenn beschouwd worden als belangrijke fagocyterende cellen die zorgen voor een 

eerstee afweer van de gastheer. In een studie beschreven in hoofdstuk 3 hebben we 

gekekenn of de dubbele rol die macrofagen spelen te maken zou kunnen hebben met de 

activatiestaatt waarin de macrofaag zich bevindt. Het is immers bekend dat geactiveerde 

macrofagenn in vitro de groei van mycobacteriën kunnen remmen. Om de in vivo rol van 

actievee macrofagen op het verloop van tuberculose te analyseren hebben we een studie 

gedaann met transgene muizen die de humane FcyReceptorl tot expressie brengen die 

wordtt opgereguleerd op macrofagen zodra ze geactiveerd zijn. Door deze muizen een 

immunotoxinee in de long te geven gericht tegen deze receptor, hebben wij geactiveerde 

longg macrofagen in apoptose kunnen brengen. Om een goed beeld te krijgen van de rol 

vann apoptose in tuberculose patiënten hebben we apoptose in actieve macrofagen 

geïnduceerdd nadat infectie met Af. tuberculosis heeft plaatsgevonden. Ter vergelijking 

hebbenn we op een niet-selectieve manier macrofagen in apoptose gebracht met behulp 

vann clodronaat-liposomen. Terwijl het op een niet-selectieve manier in apoptose brengen 

vann macrofagen tot een verbeterde afweer tegen Af. tuberculosis leidde, hadden muizen met 

apoptotischee actieve macrofagen een slechtere afweer. Geactieve macrofagen kunnen de 

mycobacteriëlee groei remmen door verschillende directe antimicrobiële mechanismen te 

gebruikenn zoals de productie van toxische moleculen. Samengevat, laten deze studies zien 

datt macrofagen in de longen een dubbele rol spelen tijdens tuberculose die wordt bepaald 

doorr de activatiestaat waarin deze cel zich bevindt. Rustende macrofagen bevorderen de 

groeii  van mycobacteriën terwijl geactiveerde macrofagen belangrijk zijn voor de afweer 

tegenn tuberkel bacillen. Bovendien zagen we dat het beschermende effect van het in 

apoptosee gaan van macrofagen afhangt van de activatiestaat waarin de mycobacterie zich 

bevindt.. De aanwezigheid van macrofaag apoptose in de longen van tuberculose 

patiëntenn zou dus een afweer mechanisme kunnen zijn zolang deze cellen niet 

geactiveerdd zijn. 

Alveolairee macrofagen blijken een andere rol te spelen in pulmonaire infecties 

mett extracellulair levende bacteriën. In hoofdstuk 4 laten we zien dat muizen waarvan 

wee alveolaire macrofagen hebben verwijderd, een hogere mortaliteit vertonen na infectie 

mett Streptococcus pneumoniae dan muizen met een intacte macrofaag populatie. Aangezien 

dee bacteriële uitgroei in de longen van muizen waarvan de macrofagen zijn weggehaald 

echterr niet verschillend was, lijk t de fagocyterende rol van alveolaire macrofagen tijdens 

infectiee met S. pneumoniae minder belangrijk te zijn dan bij infectie met Af. tuberculosis. Wat 

opviell  was dat in longen van muizen waarvan macrofagen zijn weggehaald zich veel 
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(apoptotische)) polymorphonuclaire cellen (PMNs) ophoopten. Dit zou kunnen duiden 

opp een gebrek aan een adequaat opruimmechanisme in afwezigheid van alveolaire 

macrofagen.. Derhalve lijken alveolaire macrofagen tijdens infectie met S. pneumoniae 

voorall  belangrijk voor het opruimen van apoptotische PMNs. Dit opruimmechanisme is 

zeerr belangrijk voor een goede balans tussen onsteking en weefselschade. Het beperkt 

vermoedelijkk weefselschade door de uitstoot van potentieel toxische or immunogene 

intracellulairee stoffen van PMNs te voorkomen. Deze studie laat zien dat alveolaire 

macrofagenn tijdens infectie met de extracellulaire bacterie S. pneumoniae belangrijk zijn 

voorr de afweerreactie van de gastheer omdat zij de ontsteking kunnen beëindigen door 

verwijderingg van apoptotische PMNs. 

Voorr een gedegen afweer tegen bacteriën is het belangrijk dat macrofagen, T 

cellenn en dendritische cellen met elkaar in contact komen. Voor dit contact moeten deze 

cellenn naar de plek van ontsteking migreren met behulp van adhesiemoleculen die tot 

expressiee komen op het oppervlak van immuun cellen. De adhesiemoleculen die 

belangrijkk zijn voor migratie van immuun cellen tijdens tuberculose zijn nog niet volledig 

gedefinieerd.. CD44 is een adhesiemolecuul dat tot expressie komt op immuun cellen 

waarvann bekend is dat het betrokken is bij migratie van T cellen naar plaatsen van 

ontsteking.. Weinig is echter bekend over de rol die deze receptor speelt tijdens infecties 

mett pathogenen. In hoofdstuk 5 hebben wij daarom gekeken naar het effect van dit 

molecuull  op het ziekteverloop van tuberculose door muizen deficiënt voor CD44 te 

besmettenn met M. tuberculosis. In longen van CD447" muizen zagen wij dat er vroeg in de 

infectiee een migratiedefect is van macrofagen naar de geïnfecteerde long. Dit 

migratiedefectt werd bevestigd in een type 4 reactie experiment in achterpoten van 

muizenn geïmmuniseerd met M. tuberculosis. Bovendien bleek CD44 een plek te zijn op 

macrofagenn voor binding en fagocytose van de tuberkel bacil. Het gebrek aan CD44 

resulteerdee uiteindelijk in een verhoging van mycobacteriële uitgroei en een daling van 

overleving.. Aangezien blokkade en uitschakeling van verscheidene andere 

adhesiemoleculenn geen effect sorteerde op het klaren van mycobacteriën, is CD44 een 

uniekk adhesiemolecuul in de afweer tegen M. tuberculosis. CD44 is een nieuw 

geïdentificeerdee bindingsplek voor M. tuberculosis die fagocytose, macrofaag migratie en 

eenn gunstige afweer medieert tijdens tuberculose. 

Cel-gemedieerdee immuniteit (CMI) is essentieel in de afweer tegen tuberkel 

bacillenn en wordt strak gereguleerd door een balans tussen Thl en Th2 cytokinen. 

Cytokinenn zijn kleine eiwitten die een essentiële rol spelen in het coördineren van 
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ontstekingsprocessen.. Een regulatoir cytokine dat Thl reacties bevordert en Th2 reacties 

remtt en op deze manier CMI tegen intracellulaire pathogenen bevordert, is IL-12. Dit 

cytokinee is een heterodimeer eiwit dat bestaat uit een p35 en p40 subunit dat wordt 

geproduceerdd door antigeen-presenterende cellen zoals de macrofaag. De p40 subunit 

wordtt voornamelijk als monomeer en homodimeer geproduceerd. In vitw lijken p40 

homodimerenn de functie van IL-12 te remmen door te concurreren met heterodimeren 

voorr de IL-12 receptor. De in vivo rol van p40 tijdens mycobacterièle ontstekingen is 

echterr niet geheel bekend aangezien zowel antagonistische als agonistische effecten op 

IL-122 zijn aangetoond. Om meer duidelijkheid in de rol van p40 in tuberculose te krijgen 

hebbenn wij een transgene muis gegenereerd die p40 lokaal in de long tot overexpressie 

brengtt (hoofdstuk 6). Infectie van deze muizen met tuberkel bacillen leidde tot een 

verminderdee afweer gekenmerkt door een verhoogde mycobacterièle uitgroei. Met name 

vroegg in de infectie vonden wij in transgene muizen een afname in het aantal 

immuuncellenn die belangrijk zijn voor CMI. Deze afname zou veroorzaakt kunnen 

wordenn door de verminderde aanwezigheid van chemotactische cytokinen (chemokinen) 

diee wij in de longen van trangene muizen vonden. De data van deze studie suggereren dat 

p400 een antagonistische werking zou kunnen hebben op IL-12 gemedieerde immuun cel 

migratiee door de chemokinen productie te remmen. Op deze manier zou p40 een 

negatievee regulator kunnen zijn van IL-12-gemedieerde chemotaxis om long homeostase 

tee herstellen en weefselschade te beperken na infectie. 

Hett DNA van bacteriën bevat een hogere frequentie aan ongemethyleerde CpG 

motievenn dan vertebraat DNA zoals dat van de mens. CpG motieven zouden hierdoor 

eenn uitstekend signaal voor de gastheer kunnen zijn voor de aanwezigheid van 

pathogenen.. Het is inderdaad bewezen dat deze motieven immuun cellen kunnen 

stimulerenn om Thl cytokinen te gaan produceren. Omdat een Thl respons belangrijk is 

voorr de afweer tegen tuberkel bacillen hebben wij in hoofdstuk 7 het effect van een 

behandelingg met CpG motieven bestudeerd op de immuun respons tijdens tuberculose 

infectie.. Toediening van CpG motieven resulteerde in een daling van het aantal 

mycobacteriènn in de longen en in een verminderde ontstekingsreactie. Dit beschermende 

effectt bleek langdurig en gemedieerd te zijn door het Thl cytokine IFN-y. Met het oog 

opp de toename in resistente bacteriele stammen zou deze studie een basis kunnen zijn 

voorr de verdere ontwikkeling van CpG motieven als een toegevoegde therapie voor 

tuberculose. . 
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Dee herkenning van stoffen die uniek zijn voor pathogenen door de gastheer is 

eenn eerste en belangrijke stap in de afweer. Voor deze herkenning hebben dieren een 

immuun-herkenningsmechanismee ontwikkeld dat gebaseerd is op Toll-lik e receptoren 

(TLRs).. Deze TLRs herkennen microbiële producten en kunnen op deze manier een 

infectiee met een pathogeen signaleren en immuun responsen activeren die voor een 

gedegenn afweer zorgen. In vitro experimenten hebben aangetoond dat TLR4 betrokken is 

bijj  de herkenning van Af. tuberculosis. In hoofdstuk 8 hebben we de rol van TLR4 in de 

afweerr tegen tuberkel bacillen onderzocht. Muizen met een niet-functioneel TLR4 bleken 

eenn matig verminderde afweer tegen tuberkel bacillen te hebben, gekenmerkt door een 

verhoogdee bacteriële uitgroei en een lagere overleving. De beperkte rol die TLR4 speelt 

inn de afweer tegen tuberkel bacillen duidt op de aanwezigheid van andere receptoren of 

eenn combinatie daarvan die nodig zijn voor herkenning van M. tuberculosis. 

Dee laatste jaren is het aantal infecties met Gram-positieve bacteriën aanzienlijk 

toegenomen.. Staphylococcus aureus is de meest frequent geïsoleerde Gram-positieve 

pathogeenn in nosocomiale infecties die geassocieerd zijn met ernstige complicaties. 

Lipoteichoicc acid (LTA) en peptidoglycan (PepG) zijn componenten van de bacteriële 

celwandd die in vitro ontstekingsreacties kunnen veroorzaken. Om te begrijpen hoe de 

Gram-positievee bacterie S. aureus in vivo longontsteking induceert hebben we in 

hoofdstukk 9 de pulmonaire immuunrespons bestudeert na locale toediening van LTA en 

PepGG van S. aureus. IL-6 is een pleiotroop cytokine dat betrokken is bij de immuun 

responss tijdens Gram-positieve bacteriële infecties. In dit hoofdstuk hebben we tevens de 

roll  van IL-6 bestudeerd in de pathogenese van acute longontsteking veroorzaakt door 

LTAA en PepG door gebruik te maken van muizen deficiënt voor IL-6. Zowel LTA als 

PepGG induceerde een ontstekingsreactie in de long met toestroom van PMNs en inductie 

vann IL-6 in the brochoalveolaire lavage vloeistof. Endogeen geproduceerd IL-6 remde de 

ontstekingg echter af indien een lage dosis LTA werd gegeven. De toediening van een 

hogee dosis LTA leidde tot het verlies van deze anti-inflammatoire rol van IL-6 en werd 

zelfss omgezet in een matig pro-inflammatoire rol van dit cytokine. Endogeen 

geproduceerdd IL-6 werkte tevens pro-inflammatoir tijdens ontsteking geïnduceerd door 

PepG.. De rol van IL-6 tijdens acute longontsteking hangt derhalve af van de stimulus 

en/off  het model van ontsteking dat is gebruikt. De basis voor dit pleiotrope karakter van 

IL-66 zou het induceren van verschillende signaleringsroutes door LTA en PepG kunnen 

zijn. . 
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Dee data uit hoofdstuk 9 wijzen op verschillende regulatiemechanismen van LTA 

enn PepG. In hoofdstuk 10 hebben we daarom de gecombineerde effecten van LTA en 

PepGG bestudeerd. Zoals wij al in het vorige hoofdstuk hebben gezien, leidde de 

toedieningg van LTA en PepG in de longen van muizen tot een onstekingsreactie met 

toestroomm van PMNs. Wanneer de beide componenten tegelijkertijd werden gegeven, 

waswas de toestroom van PMNs groter dan het additieve effect van de twee componenten 

apart.. Dit suggereert dat LTA en PepG synergistisch werken in het veroorzaken van 

longontstekingg door S. aureus. Dit synergisme zou kunnen dienen als een 

veiligheidmechanismee voor de gastheer die op deze manier een adequate immuunrespons 

kann geven maar kan ook leiden tot longschade en disfunctie. 

AFSLUITEND EE OPMERKINGE N 

Inn dit proefschrift worden verschillende inzichten verkregen in de manier waarop 

dee gasdieer zich afweert tegen (myco)bacteriën in de long. Aangezien de pathogeniciteit 

vann bacteriën in sterke mate afhankelijk is van de interactie tussen macrofaag en bacterie, 

hebbenn wij ons voornamelijk gericht op de rol van macrofagen binnen longinfecties. De 

resultatenn in dit proefschrift tonen dat macrofagen zeer diverse functies vervullen tijdens 

longinfectiess met (myco)bacteriën. Rustende macrofagen lijken een goede schuil- en 

groeiplaatss te zijn voor tuberkel bacillen en zijn dientengevolge nadelig voor de afweer 

vann de gasdieer tegen tuberculose. Daarentegen zijn geactiveerde macrofagen belangrijk 

voorr het vernietigen van M. tuberculosis, vermoedelijk door gebruik te maken van 

verschillendee complexe antimicrobiële afweer mechanismen, en het op gang brengen van 

eenn adequate immuunreactie. Indien de activatie van macrofagen onvolledig is of niet op 

gangg komt, zou het in apoptose gaan van deze cellen een belangrijk afweermechanisme 

vann de tuberculose patiënt kunnen zijn. Op deze manier worden de belangrijkste 

gastheercellenn van M. tuberculosis vernietigd en worden bacillen in apoptotische 

lichaampjess gevangen gehouden en opgenomen en vernietigd door nieuw aangekomen 

macrofagen.. Naast initiators van een adequate immuunrespons, zijn alveolaire 

macrofagenn ook remmers en oplossers van ontstekingen om weefselschade te 

voorkomenn en longhomeostase te herstellen. Het niet-selectief wegnemen van alveolaire 

macrofagenn resulteerde immers in een toename van het aantal (apoptotische) PMNs, en 

(geactiveerde)) lymfocyten tijdens respectievelijk S. pneumofiiae-geinducecrde pneumonie 

enn tuberculose. 
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Zoalss gezegd wordt behandeling van longinfectieziekten vaak belemmerd door 

hett toenemende aantal medicijnresistente bacterie stammen en moeten bij tuberculose 

medicijnenn langdurig worden gebruikt. Het vergroten van kennis omtrent de pathogenese 

vann longontstekingen voor de ontwikkeling van nieuwe therapeutische strategieën is 

daaromm zeer belangrijk. Dit proefschrift heeft geleid tot een beter begrip van de basale 

mechanismenn waarmee de gastheer en dan vooral de macrofagen interacteren met 

(myco)) bacteriën om groei te beperken en weefselschade te voorkomen. Dit heeft een 

aantall  interessante leidraden opgeleverd voor de strijd tegen longinfectieziekten zoals 

tuberculose.. De data uit hoofdstuk 2 en 3 bieden perspectief voor apoptose-inductie in 

alveolairee macrofagen als strategie voor de behandeling van mycobacteriële infecties. 

Apoptosee in alveolaire macrofagen leidde immers in muizen tot een enorme daling van 

mycobacteriëlee groei. Voorzichtigheid is echter geboden bij deze benadering omdat 

wordtt ingegrepen op de enorme diversiteit aan functies die alveolaire macrofagen 

hebben.. Bovendien bestaat het risico dat opportunistische infecties zich zullen voordoen. 

Aangezienn apoptose van actieve macrofagen nadelig bleek voor een goede afweer tegen 

intracellulairee bacteriën, zou het induceren van apoptose van macrofagen het beste op 

eenn selectieve manier moeten plaatsvinden daarbij actieve macrofagen met rust latende. 

Di tt lijk t vooralsnog technisch moeilijk te verwezenlijken. Activatie van alveolaire 

macrofagenn is misschien een betere strategie voor de behandeling van mycobacteriële 

longinfecties.. Macrofagen zijn makkelijk te bereiken met behulp van liposomen die 

eenvoudigg en hoofdzakelijk door deze cellen worden opgenomen. Dit heeft als voordeel 

datt op een gerichte en veilige manier macrofagen beïnvloed kunnen worden. Door 

macrofaagg activatoren zoals muramyl tripeptide analogen in deze liposomen te kapselen 

kann de macrofaag op een redelijk makkelijke manier worden geactiveerd. Deze 

benaderingswijzee wordt reeds gebruikt voor onderzoek naar de behandeling van 

patiëntenn met kanker metastase naar de longen. Het is aangetoond dat intraveneuze 

toedieningg van verscheidene liposome-ingekapselde macrofaag activatoren tot activatie 

vann alveolaire macrofagen leidt, en eradicatie van long metastases in verschillende muis 

tumorr systemen en in een osteosarcoma hondemodel tot gevolg heeft (bekeken in ref 1). 

Dee destructie van metastases lijken direct gemedieerd door geactiveerde macrofagen. 

Naastt liposomen zouden CpG motieven gebruikt kunnen worden voor behandeling van 

mycobacteriëlenn longinfecties. Synthetische CpG motieven zijn in staat macrofagen te 

activerenactiveren om Thl cytokines te gaan maken en Thl reacties op gang te brengen. Dat dit 

eenn gunstig effect heeft op de afweer tegen tuberculose hebben we in hoofdstuk 7 gezien. 
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Hett risico van activeren van macrofagen zou niettemin het ontstaan van weefselschade 

kunnenn zijn en het creëeren van systemische effecten veroorzaakt door de overvloed aan 

cytokinenn zoals TNF-a. Bovendien zou het eventuele gebruik van deze middelen ter 

behandelingg van mycobacteriële longinfecties beperkt kunnen worden door de 

aanwezigheidd van long granulomen in tuberculose patiënten. Actieve macrofagen en 

liposomenn zouden wellicht niet goed in deze lesies kunnen binnendringen. Daarom zal 

eenn eventuele therapeutische strategie gericht op alveolaire macrofaag activatie altijd in 

combinatiee met conventionele therapie moeten worden toegepast. 

"Reference "Reference 

1.. Killion , J.J. and IJ. Fidler. 1998. Therapy of cancer metastasis by tumoricidal activation of tissue 
macrophagess using liposome-encapsulated immunomodulators. PbarmacoITher 3:141-154. 
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