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Abstract t 

MycobacteriumMycobacterium tuberculosis bacilli are intracellular organisms that reside in 
phagosomess of alveolar macrophages (AMs). Extensive AM apoptosis has been 
demonstratedd within granulomas and broncho-alveolar lavage fluid of tuberculosis 
patients.. To determine the in vivo role of AM apoptosis in host defense against M. 
tuberculosistuberculosis infection, mice with pulmonary tuberculosis induced by intranasal 
administrationn of virulent M. tuberculosis, were treated intranasally with either 
liposome-encapsulatedd dichloromethylene diphosphonate (AM- mice) or saline 
(AM++ mice). AM- mice were completely protected against lethality, which was 
associatedd with a reduced outgrowth of mycobacteria in lungs and liver, and a 
polarizedd production of type 1 cytokines in lung tissue and by splenocytes stimulated 
exx vivo. AM- mice displayed deficient granuloma formation, but were capable of 
attractionn and activation of CD4+ T cells in the lung. These data suggest that AM 
apoptosiss serves a protective role during pulmonary tuberculosis. 
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Introduction n 

MycobacteriumMycobacterium tuberculosis is responsible for much morbidity and mortality 

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

synergismm between HIV and tuberculosis, has heightened our interest in this 

importantt infectious disease and in mechanisms contributing to antimicrobial host 

defense. . 

Mycobacteriaa are intracellular pathogens that are taken up by host alveolar 

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

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

off  AMs could be an effective weapon to kil l 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 

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

withinn tuberculous granulomas in lungs of tuberculosis patients (2), and a significant 

increasee in the number of apoptotic AMs was observed in bronchoalveolar lavage 

fluidd (BALF) from patients with active pulmonary tuberculosis (3, 4). Despite these 

observationss it is not clear which role AM apoptosis plays in the pathobiology of this 

diseasee and whether it increases or decreases the mycobacterial load in vivo. In vitro 

studiess suggest that apoptosis may be a macrophage defense mechanism to infection 

byy mycobacteria. Indeed, apoptosis of human monocytes limited the growth of M. 

aviumavium (5), M. bovis bacillus Calmette-Guérin (6) and M. tuberculosis (7). However 

inin vitro studies are not adequate to determine the net effect of AM apoptosis on the 

hostt response to tuberculosis. AMs have important phagocytic and immune functions 

thatt could be disturbed by the apoptotic process. Clearance of microorganisms that 

reachh the alveolar space relies partly on phagocytic AMs. Furthermore, macrophages 

presentt mycobacterial antigens to CD4+ T lymphocytes that are central in the 

acquiredd resistance to M. tuberculosis. Macrophages are a significant source of type 

11 cytokines during mycobacterial infection (8), which are known to be important for 

thee development of protective immunity (9). In addition, AMs produce fFN-y in 

responsee to M. tuberculosis (10), which is a pivotal mediator in host resistance to 

tuberculosiss (11, 12). Finally, mononuclear cells are involved in the formation of 

granulomas,, which are critical in restricting mycobacterial growth and dissemination 

(13).. Hence, theoretically AM apoptosis could have beneficial and detrimental 

effectss during tuberculosis in vivo. 
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Inn the present study we sought to determine the role of AM apoptosis in M. 

tuberculosistuberculosis infection in mice, using the well-validated method of intrapuimonary 

deliveryy of liposome-encapsulated dichloromethylene diphosphonate (clodronic-acid 

disodiumm salt tetrahydrate; ChMDP). Intratracheal administration of liposome-

encapsulatedd CL2MDP selectively depletes AMs (14) by apoptosis (15, 16) without 

damagingg other cell types in the lung (17). In this report we present the first evidence 

thatt AM apoptosis in vivo leads to improved clearance of M. tuberculosis bacilli. The 

inhibitionn of mycobacterial growth was associated with an enhanced Thl mediated 

immunee response. The antibacterial role of AM apoptosis in vivo suggests that this 

processs could be a host defense mechanism. 

Materiall and Methods 

Mice.Mice. Pathogen-free 6-week-old female BALB/c mice were obtained from Harlan 

Spraguee Dawley Inc. (Horst, the Netherlands) and were maintained in biosafety level 

33 facilities. The Animal Care and Use Committee of the University of Amsterdam, 

thee Netherlands, approved all experiments. 

ExperimentalExperimental infection. A virulent laboratory strain of M. tuberculosis H37Rv was 

grownn in liquid Dubos medium containing 0.01% Tween 80 for 4 days. A replicate 

culturee was incubated at 37°C, harvested at mid-log phase and stored in aliquots at -

70°C.. For each experiment, a vial was thawed and washed twice with sterile 0.9% 

NaCl.. Mice were anaesthetized by inhalation with isoflurane (Abbott Laboratories 

Ltd.,, Kent, U.K.) and infected with lxlO4 live bacilli in 50 \x\ saline, as determined 

byy viable counts on 7H11 Middlebrook agar plates. Bacterial administration was 

performedd intranasally (i.n.) as described previously (18, 19). Groups of eight mice 

perr time point were sacrificed 2 or 5 weeks post-infection, and lungs and liver were 

removedd aseptically. Organs were homogenized with a tissue homogenizer (Biospec 

Products,, Bartlesville, OK) in 5 volumes of sterile 0.9% NaCl, and 10-fold serial 

dilutionss were plated on Middlebrook 7H11 agar plates to determine bacterial loads. 

Coloniess were counted after 21-day incubation at 37°C. For cytokine measurements, 

lungg homogenates were diluted 1:1 in lysis buffer (150mM NaCl, 15mM Tns, ImM 

MgCl.H20,, ImM CaCh, 1% Triton, 100p.g/ml pepstatin A, leupeptin and aprotinin), 

andd incubated on ice for 30 min. Supernatants were sterilized using a 22 u.m filter 

(Corningg Incorporated, Corning. NY) and frozen at -20°C until assays were 

performed. . 

InIn vivo AM depletion. CI2MDP was a gift from Boehnnger Mannheim (Mannheim, 
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Germany).. Preparation of liposomes containing CbMDP was done as described 

previouslyy (17). For assessment of AM depletion, 5 uninfected mice per group were 

i.n.. inoculated with 100 \x\ of 0.9% NaCl, or ChMBP-liposomes. Two days later 

AMss were quantified in the BALF. For the tuberculosis experiments, 100 u.1 saline, 

orr CbMBP-liposomes were instilled 2 days before and 6, 14, and 25 days after M. 

tuberculosistuberculosis challenge. 

AssessmentAssessment of in vitro effect of CLiMDF'-liposomes on M. tuberculosis. 2.5x10' 

colonyy forming units (CFUs) were incubated in octuplicate in 96-well round bottom 

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

Franklinn Lakes, NJ) with either 0.9% NaCl or CL2MDP-liposomes. After 48-h 

incubationn at 37°C in 5% CO:, colonies were counted. 

LungLung lavage. Bronchoalveolar lavage was performed to obtain intra-alveolar cells. 

Briefly,, mice were anesthetized, and the trachea was exposed through a midline 

incisionn and cannulated with a sterile 22-gange Abbocath-T catheter (Abbott, Sligo, 

Ireland).. The lungs were then lavaged with two 0.5 ml aliquots of sterile 0.9% NaCl. 

0.9-1.00 ml of lavage fluid was retrieved per mouse, and total leukocyte count was 

determinedd using a hemacytometer and TÜRK's solution (Merck, Gibbstown, N.J.). 

Thee number of AMs was calculated from these totals, using cytospin preparations 

stainedd with modified Giemsa stain (Diff-Quick, Baxter, McGraw Perk, IL) . 

HistologicalHistological analyses. The left lungs were removed 2 or 5 weeks after inoculation 

withh M. tuberculosis and fixed in 4% paraformaldehyde in PBS for 24 hours. After 

embeddingg in paraffin, 

4-/im-thickk sections were stained with hematoxylin-eosin. All slides were coded and 

semi-quantitativelyy scored for inflammatory infiltrates and granuloma format by a 

pathologist. . 

FACSFACS analysis. BALF cells obtained from mice 2 and 5 weeks post-infection were 

analyzedd by FACS (Becton Dickinson). Cells from six infected mice per group were 

pooledd for each time point and were brought to a concentration of 4x10 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 

directlyy labeled Abs against CD3 (anti-CD3-phycoerythrin), CD4 (anti-CD4-

CyChrome),, CD8 (anti-CD8-FITC, anti-CD8-PerCP), CD25 (anti-CD25-FITC) and 

CD699 (anti-CD69-FITC). All Abs were used in concentrations recommended by the 
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manufacturerr (Pharmingen, San Diego, CA). To correct for aspecific staining an 

appropriatee control antibody (rat IgG2, Pharmingen) was used. Cells were fixed with 

2%% paraformaldehyde, and surface molecules were analyzed by gating the CD3+ 

population.. The number of positive cells was obtained by setting a quadrant marker 

forr nonspecific staining. 

SplenocyteSplenocyte stimulation. Single cell suspensions were obtained by crushing spleens 

throughh a 40 |xm cell strainer (Becton Dickinson). Erythrocytes were lysed with ice-

coldd isotonic NH4CI solution (155 mM NH4CI, 10 mM KHCO3, 100 mM EDTA, pH 

7.4),, and the remaining cells were washed twice. Splenocytes were suspended in 

mediumm (RPMI 1640 (Bio Whittaker, Belgium), 10% fetal calf serum, 1% antibiotic-

antimycoticc (GibcoBRL, Lif e Technologies, Rockville, MD)), seeded in 96-well 

roundd bottom culture plates at a cell density of lxlO7 cells in triplicate, and 

stimulatedd with coated anti-CD3 (clone 145-2C11, house-made) and anti-CD28 

(clonee 37.51, Pharmingen) Abs. Supernatants were harvested after a 48-h incubation 

att 37°C in 5% CO2, and cytokine levels were analyzed by ELISA. 

CytokineCytokine measurements. Cytokines were measured in lung homogenates and spleen 

celll  supernatants by specific ELISA's using matched Ab pairs according to the 

manufacturer'ss instructions: IFN-y, IL-2, EL-4, (R&D Systems, Minneapolis, MN) 

andd IL-10 (Pharmingen). 

DataData statistical analysis. All values are expressed as mean  SEM. Comparisons 

weree done with Mann-Whitney U tests. For comparison of survival curves Kaplan-

Meierr analysis with a log rank test was used. Values of P < 0.05 were considered 

statisticallyy significant. 

Results s 

EffectsEffects of AM apoptosis on the course of infection. Intranasal administration of 

hposome-encapsulatedd CL2MDP resulted in >70% AM depletion in BALF of 

uninfectedd mice after 2 days (data not shown). Lungs of CL2MDP-liposome-treated 

micee presented large areas of degenerated macrophages with cell debris and 

apoptoticc bodies in the alveolar spaces 2 weeks post-infection (Fig. 1). This result is 

inn line with previous reports on the capacity of intratracheally administered 

CL2MDP-liposomess or CL2MDP-liposomes given by aerosol to deplete AMs (20, 

21). . 
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«Je' Ï Ï 

Figuree 1. A representative field 

off  lung parenchyme of AM -

micee 2 weeks post-infection 

showingg numerous cellular 

debriss in alveolar spaces 

togetherr with picnotic nuclei 

(HEE staining, original 

magnificationn xlOO). 

Too investigate the role of AM and AM apoptosis in the outcome of tuberculosis, 

CliMBP-liposomess were given i.n. 2 days before, and 6, 14 and 25 days after 

inductionn of tuberculosis (AM- mice). Mice administered with saline served as 

controlss (AM+ mice). Survival and bacterial load in lung and liver were analyzed to 

determinee resistance to tuberculosis. As shown in Fig. 2, survival in AM+ mice 

decreasedd extensively from day 35 onward, resulting in 90% mortality after 5 

months.. In sharp contrast, all AM- mice controlled the same infectious dose and 

survivedd the 5-month follow-up (P < 0.0001). 

Figuree 2. Effect of AM depletion 

'' _o-AM, o n survival of mice following M. 

-—AM -- tuberculosis infection. BALB/ c 

micee (n=10 per group) were 

intranasallyy administered with 

eitherr saline or CL2MDP-

11 G liposomes prior and after 

~[o~[o Ts loö 125 150 bacterial challenge of 1x104 M. 

day**  post-mfeaoi tuberculosis H37Rv. 

40--

30--

I--

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

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

M.M. tuberculosis CFUs recovered from lungs were not significantly different between 

AM ++ and AM- mice 2 weeks post-infection (Fig. 3a). However, the mycobacterial 

loadd in the liver of AM- mice was substantially increased in comparison with AM+ 

micee (P = 0.02, Fig. 3b). At 5 weeks post-infection, significant differences in tissue 

contentt of M. tuberculosis bacilli were observed between AM+ and AM- mice. The 

lungss of AM- mice contained 7.5 fold-less viable mycobacteria than those of AM+ 

animalss (P = 0.028, Fig. 3c). The dissemination of organisms to the liver of AM-

micee was 3.6 times lower than that in AM+ mice (P = 0.011, Fig. 3c). 

Too exclude the possibility that liposome encapsulated CL2MDP had a direct effect on 
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b b 
L.. " I 

II I 
Figuree 3. Mycobacterial 

burdenss in lung and liver. 2 (a, 

b)) and 5 (c. d) weeks post-

infection.. Data are mean and 

SEMM of CFUs from eight mice 

perr group for each time point 

(*P<0.055 vs AM+ mice). 

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

thiss agent for 2 days. Bacterial counting demonstrated no direct antimycobactenal 

effectt of liposome encapsulated CL2MDP (data not shown). 

Togetherr these findings suggest that AM apoptosis plays an important role in 

controllingg M. tuberculosis infection. 

Histology.Histology. Two weeks after M. tuberculosis inoculation lungs of AM+ mice 

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

andd foamy cells and a small number of lymphocytes throughout the parenchyma 

(Fig.. 4a). Dense lymphocytic infiltrates were also present around small vessels. 

Lungss of AM- mice showed a relatively diffuse infiltrate of granulocytes with 

prominentt perivascular lymphocytic infiltrates. Well-defined granulomas were not 

presentt (Fig. 4b). After 5 weeks the inflammatory infiltrates in lungs of all mice 

becamee more diffuse and intense with a cellular composition comparable in AM+ 

andd AM- mice. However, the lung parenchyma of AM- mice was less damaged than 

thee lungs of AM+ mice (Fig 4c and d). 

TT cell subsets. CD4+ T cells have an established role in protective immunity against 

M.M. tuberculosis infection (22-24), and must be stimulated with specific ligands on 

thee surface of APCs. To study whether AMs are important for the induction of CD4+ 

TT cell-mediated immunity we investigated the phenotypes of immune cells in the 

lungss by FACS analysis. As shown in Table 1 the percentages of CD4+ T cells did 

nott differ between AM+ and AM- mice. Moreover, in both groups the CD4+ 

lymphocytess were equally as assessed by the activation markers CD25 and CD69. 
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Figuree 4. Lung histopathology. a. Two weeks post-infection, lungs of AM+ mice showed well-shaped 
granulomas,, chiefly composed by macrophages and few lymphocytes (HE staining, original 
magnificationn x50). b. At the same time point, lungs of AM- mice displayed slight perivascular 
lymphocyticc infiltrates and degenerated macrophages in alveolar spaces. Well-defined granulomas 
weree not found (HE staining, original magnification x50). 

c.. Five weeks post-infection, lungs of AM+ mice displayed a diffuse inflammatory infiltrate 
predominantlyy composed of macrophages (HE staining, original magnification x25). d. Lungs of AM-
micee presented an almost normal aspect (HE staining, original magnification x25). Slides shown are 
representativee for a total of 8 mice per group for each time point. 

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

defensee against mycobacterial infections (22). However, the number and activation 

statee of CD8+ T cells was decreased in AM- mice as compared with AM+ mice at 

bothh 2 and 5 weeks post-infection, suggesting that these cells do not play a role in the 

improvedd outcome of tuberculosis AM- mice. 

CytokineCytokine expression patterns in lung. Since development of early T-helper 1 (Thl) 

cellularr immunity is essential for the elimination of M. tuberculosis (9), we 

investigatedd if the improved outcome of tuberculosis seen in the AM- mice was 
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Tablee 1. Effect of AM depletion on T cell subsets in BALF during tuberculosis" 
%% 2 weeks 

p.i. p.i. 

AM+ + 

AM--

CD4* CD4* 

41.1 1 

45.8 8 

CD8CD8+ + 

46.5 5 

31.2 2 

CD4*/CD25* CD4*/CD25* 

7.7 7 

11.3 3 

CD4+/CD69* CD4+/CD69* 

21.0 0 

27.9 9 

CD8*/CD25* CD8*/CD25* 

5.2 2 

6.7 7 

CD8*/CD69* CD8*/CD69* 

34.7 7 

20.8 8 

%% 5 weeis 

p.i. p.i. 
AM+ + 
AM--

46.0 0 

49.7 7 

47.9 9 

40.3 3 

2.7 7 

4.2 2 

16.1 1 

14.6 6 

0.7 7 

0.6 6 

29.6 6 

22.3 3 
aTT cell subsets in the BALF of mice infected with M. tuberculosis, 2 and 5 weeks post-infection (p.i.). 

Totall  cells collected from six mice per group per time point were pooled and immunostained. FACS 

analysiss was performed as described in the methods section. Results are expressed as % CD4+, CD8+, 

CD25+,, and CD69+ within the CD3+ population. 

associatedd with a shift in cytokine production early in the infection. We therefore 
measuredd the concentrations of Thl (JFN-y, and EL-2) and Th2 (1L-4, IL-10) 
cytokiness in the lung. As shown in Fig. 5, all cytokines were reduced in AM- mice 
comparedd to AM+ mice 2 weeks post-infection. Importantly, when compared to 
AM++ mice, Th2 cytokine concentrations were relatively more reduced than the levels 
off  Thl cytokines in AM- mice. As a consequence, the rFN-y/IL-4 ratio, with EFN-y 
ass a prototypic Thl cytokine and IL-4 as prototypic Th2 cytokine, was 1.5-fold 
higherr in AM- mice compared to AM+ mice (AM+ mice; 0.19  0.01, AM- mice; 
0.299  0.02, P< 0.003). 

AM+ + 
AM--

Figuree 5. Effect of AM depletion 

onn M. ruberculosis-msdidted 

inductionn of type 1 cytokines (a) 

andd type 2 cytokines (b) in lungs 

22 weeks post-infection. Data 

representt the mean and SEM of 

eightt mice (*P < 0.05 vs AM+ 

mice). . 

S U . :--

111 n i 

220 0 



AlveolarAlveolar macrophage apoptosls in tuberculosis 

ExEx vivo cytokine production by splenocytes from M. tuberculosis-infected mice. The 

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

producee cytokines ex vivo upon stimulation with coated anti-CD3 and anti-CD28 Abs 

wass investigated as another measure of Thl versus Th2 response. Spleen cells from 

AM -- mice secreted significantly higher levels of IFN-y and lower levels of EL-4, than 

splenocytess from AM+ mice (P - 0.046 for IFN-y, Fig. 6). Consequently, the IFN-

y/IL-44 ratio in AM- mice was 2.5-fold higher in AM- mice than in AM+ mice, 

demonstratingg a shift toward a Thl response (P = 0.006). 

Discussion n 

I I 
4 4 

I I 

Figuree 6. Splenocytes from 

infectedd AM- mice release more 

IFN-YY and less IL-4 

thensplenocytess from infected 

AM++ mice. Splenocytes were 

harvestedd 2 weeks after i.n. 

inoculationn with M. tuberculosis, 

andd stimulated for 48 h with anti-

CD3/CD288 Abs. Data are mean 

andd SEM of eight mice per group 

(*P<0.055 vs AM + mice). 

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

AMss have several tools to combat intracellular pathogens, such as the production of 

IFN-y,, and toxic effector molecules (reactive oxygen intermediates and reactive 

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

thee other hand, mycobacteria may in part rely on the intracellular environment of 

AMss for their multiplication. We demonstrate here that induction of AM apoptosis in 

vivovivo improves the outcome of pulmonary tuberculosis, as indicated by a total 

protectionn against lethality and a profoundly attenuated outgrowth of mycobacteria in 

lungs.. These results suggest that AMs facilitate the growth of M. tuberculosis in the 

pulmonaryy compartment, and that AM apoptosis is part of the host defense 

mechanismss during tuberculosis. Interestingly, AMs do seem to have a significant 

rolee in the initial capturing of mycobacteria, as indicated by the observation that 2 

weekss post-infection AM- mice displayed enhanced dissemination to the liver. 
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Hostt cell apoptosis has already been demonstrated to be a defense strategy to limit 

thee growth of viruses, which like mycobacteria live intracellularly (25-27). The fact 

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

observationss of an inverse relationship between apoptosis and virulence, i.e. the 

virulentt M. tuberculosis strain H37Rv induced less apoptosis upon human AM 

infectionn than the attenuated H37Ra strain (2). Hence, mycobacteria seem to have 

developedd ways to modulate the protective apoptotic process of AMs, and pathogen-

inducedd suppression of the host cell-death pathway may serve to evade host defenses 

thatt can act to limit the infection. It should be noted that the role of AMs in 

respiratoryy infections by extracellularly growing pathogens is opposite. Indeed, 

inductionn of AM apoptosis during Klebsiella pneumonia impaired host defense 

mechanismss (28). 

Thee most straightforward interpretation of the improved tuberculosis outcome in 

AM -- mice is that AM apoptosis reduces the viability of M. tuberculosis because the 

environmentt for intracellular replication and hiding is destroyed (29). Furthermore, 

apoptoticc bodies maintain their plasma membrane integrity so that bacilli are 

containedd from the extracellular environment and can be engulfed by newly recruited 

AMss (5). A further explanation for the protection observed with AM apoptosis may 

bee that the early immune response was dominated by a Thl-type profile that is 

essentiall  for resistance to mycobacteria (9). The predominance of Thl type cytokines 

inn AM- mice existed both in lung tissue, in which especially the concentrations of 

Th22 cytokines were decreased, and in supernatants of stimulated splenocytes. Wang 

etet al. (8) recently reported that lung macrophages harvested during mycobacterial 

infectionn release significant amounts of type 1 cytokines. In line with these 

observations,, we found lower levels of IFN-y, and IL-2 in lung homogenates 2 weeks 

post-infection.. However, the net in vivo effect of AM depletion was a relative type 1 

dominancee in the lung. 

Itt is conceivable that AMs may promote a milieu of tolerance in the lung to certain 

antigenss by suppressing the APC activity of pulmonary dendritic cells (30, 31). The 

suppressivee effects of AMs on the pulmonary immune response may serve to limit 

damagee caused by severe immune responses in lung tissue, but at the same time may 

impairr host defense during tuberculosis. In this context, it should be noted that AMs 

aree poor APCs (32-35) and that dendritic cells (36, 37) and interstitial macrophages 

(38)) are considered the most efficient APCs in the lung. Failure to receive the 

appropriatee costimulatory signals from APCs following antigen presentation renders 

TT cells anergic, which is correlated with an IL-2 (Thl cytokine) production defect 

? ? ? ? 
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whereass the secretion of the Th2 cytokine IL-4 remains unchanged (39). It can be 

speculatedd that with the depletion of AMs, the APC activity of pulmonary dendritic 

cellss in enhanced, resulting in less anergic T cells leading to a relative predominance 

off  Thl production. It is furthermore conceivable that the reduced IL-10 levels in 

AM -- mice were involved in this shift, considering that IL-10 is derived from AMs 

(40,41)) and that this cytokine downregulates type 1 cytokine production (42). 

AM -- mice were fully capable of attraction and activation of CD4+ T cells in the lung. 

Thesee findings are in agreement with data indicating that AMs are defective APCs 

forr the initiation of primary immune responses. The influx and activation state of 

CD8++ T cells was however reduced. Wijburg et al. (43) analyzed cells from lung and 

mediastinall  lymph nodes and showed that AM depletion did not change the 

percentagee of CD8+ T cells during influenza virus infection. CL2MDP-liposome-

inducedd depletion of mononulclear cells in kidneys before the induction of 

glomerulonephritiss (44) or spleen prior to LPS stimulation (45) also showed no effect 

onn CD8+ T cell influx. A direct effect of CL^MDP-liposomes can therefore not 

explainn the decreased CD8+ T cell numbers in AM depleted mice shown in this 

study.. The reasons for the decrease in percentage and activation of CD8+T cell as a 

resultt of AM depletion are not clear. It is known that cytolytic CD8+ T cells can 

functionn as direct killers of M. tuberculosis infected macrophages (46). Possibly, 

antigen-specificc CD8+ cytolytic T lymphocytes get less signals for activation and 

migrationn to the lung for lysis of infected AMs because the apoptotic process already 

destroyedd these cells. 

Liposomess were used to encapsulate C^MDP, because these phospholipid spheres 

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

migratoryy behavior of AMs (47) and may therefore influence host defense against M. 

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

CL2MDP),, displayed a slight reduction in M. tuberculosis CFU in lungs and liver 

comparedd to AM+ mice (data not shown). Since we sought to determine the role of 

AM ss in pulmonary tuberculosis, control mice should have normal, non-suppressed 

AM ss (17). Therefore, mice given saline i.n., rather than mice given liposomes, were 

usedd as controls to assess the effect of AM apoptosis. 

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

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

immunee response. AM apoptosis could therefore be an important antimycobacterial 

defensee process. The present results not only provide new insights into possible 

macrophagee antimicrobial defense mechanisms, but also reveal potentially new 

therapeuticc strategies to manage intracellular bacterial diseases. 
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