
Apoptosis of macrophages during pulmonary Mycobacterium
bovis infection: correlation with intracellular bacillary load

and cytokine levels

Introduction

Tuberculosis (TB) is a disease of importance worldwide

responsible for two million deaths and eight million new

cases annually.1,2 The causative agents of TB belong to the

Mycobacterium tuberculosis complex, which is a group of

closely related mycobacteria including M. tuberculosis and

Mycobacterium bovis. The tubercle bacilli enter the organ-

ism principally through the respiratory tract and phago-

cytosis of the bacilli by alveolar macrophages is the first

event in the host–pathogen interaction.3,4 These bacteria

are able to avoid phagosome maturation and fusion with

lysosomes and so escape from the major cytotoxic

mechanisms of phagocytes.5,6 Surviving in the interior of

the phagosome of the macrophage, the bacillus is guaran-

teed an environment that protects it from the effector

mechanisms of the host and allows it to replicate.7

During the initial stages of infection, control of proli-

feration of intracellular bacteria depends on natural resis-

tance mediated by macrophages.8,9 Besides the innate

effector mechanisms used by these cells, it has been sug-

gested that apoptosis of the infected macrophages consti-

tutes an alternative strategy that can contribute in several

ways to the host defence. This type of cellular death

deprives the pathogen of its intracellular refuge, and

obstructs its propagation by sequestering and retaining

the mycobacteria within apoptotic bodies, which

ultimately are engulfed by recruited phagocytes.10–14

Recent studies have demonstrated that virulent strains

of mycobacteria, such as M. tuberculosis H37Rv and

M. bovis wild-type, induce significantly less apoptosis of

the infected macrophages than the attenuated strains

M. tuberculois H37Ra and M. bovis bacillus Calmette–

Guérin (BCG), indicating that inhibition of apoptosis of
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Summary

Apoptosis of macrophages infected with pathogenic mycobacteria is an

alternative host defence capable of removing the environment supporting

bacterial growth. In this work the influence of virulence and bacterial load

on apoptosis of alveolar macrophages during the initial phase of infection

by Mycobacterium bovis was investigated. BALB/c mice were infected

intratracheally with high or low doses of the virulent (ATCC19274) or

attenuated (bacillus Calmette–Guérin Moreau) strains of M. bovis. The

frequency of macrophage apoptosis, the growth of mycobacteria in macro-

phages, and the in situ levels of the cytokines tumour necrosis factor-a

(TNF-a), interleukin-10 (IL-10) and IL-12 and of the anti-apoptotic

protein Bcl-2 were measured at day 3 and day 7 post-infection. An

increase of macrophage apoptosis was observed after infection with both

strains but the virulent strain induced less apoptosis than the attenuated

strain. On the 3rd day after infection with the virulent strain macrophage

apoptosis was reduced in the high-dose group, while on the 7th day post-

infection macrophage apoptosis was reduced in the low-dose group.

Inhibition of apoptosis was correlated with increased production of IL-10,

reduced production of TNF-a and increased production of Bcl-2. In

addition, the production of IL-12 was reduced at points where the lowest

levels of macrophage apoptosis were observed. Our results indicate that

virulent mycobacteria are able to modulate macrophage apoptosis to an

extent dependent on the intracellular bacterial burden, which benefits its

intracellular growth and dissemination to adjacent cells.
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the infected macrophages is a virulence factor associated

with mycobacteria.13,15,16 Also it seems that the bacillary

load can influence the type of death undergone by the

infected macrophages.17

Some studies have highlighted the importance of the

cytokines tumour necrosis factor-a (TNF-a) and inter-

leukin-10 (IL-10) and of proteins of the Bcl-2 family in

the modulation of apoptosis of infected macrophages.9,18–

20 During infection by mycobacteria TNF-a and IL-10

have opposite effects on various functions of the macro-

phages, including apoptosis induced by the infection.9 It

has been suggested that production of TNF-a is critical

for the induction of apoptosis of macrophages infected

with mycobacteria,11,21,22 although TNF-a-independent

apoptosis was shown in macrophages infected at a

high multiplicity of infection (MOI) with virulent

M. tuberculosis.17 On the other hand, IL-10 could act as

an anti-apoptotic mediator.23,24 Anti-apoptotic protein

Bcl-2 also seems to act during infection with myco-

bacteria, extending the survival of the infected cell.15,16,19

Besides its role in innate immunity, apoptosis of the

infected macrophages may also contribute to the develop-

ment of specific immunity against mycobacteria. It has

been demonstrated that when entering into apoptosis,

infected macrophages release apoptotic bodies containing

mycobacterial antigens, which are engulfed by uninfected

dendrı́tic cells, processed and subsequently presented via

major histocompatibility complex class I, making the acti-

vation of CD8+ T cells possible through a mechanism of

cross-priming.25,26

The mechanisms involved in modulation of apoptosis of

macrophages during infection by Mycobacterium are com-

plex and seem to include both signals of induction and sig-

nals of inhibition of apoptosis of the host cell. Despite

recent advances in understanding these mechanisms, few

studies have sought to analyse the modulation of apoptosis

of macrophages in in vivo conditions and to evaluate their

relation with multiplication and spread of mycobacteria in

macrophages. We, therefore, decided to assess the influence

of virulence and of bacterial load on the incidence of apop-

tosis of macrophages during the initial phase of experimen-

tal pulmonary M. bovis infection in mice. We measured the

percentage of infected macrophages and the rates of macro-

phage apoptosis, and next analysed its correlation with the

in situ levels of the cytokines TNF-a, IL-10 and IL-12 and

of the anti-apoptotic protein Bcl-2.

Materials and methods

Animals

Male BALB/c mice between 8 and 10 weeks of age,

obtained from the animal care facilities of the Federal

University of Juiz de Fora (UFJF), were housed in

microisolator cages receiving chow and water ad libitum.

All procedures were in accordance with the principles of

the Brazilian Code for the Use of Laboratory Animals and

were approved by the Ethics Committee on the use of

laboratory animals of UFJF.

Bacteria and infection

Wild-type M. bovis (ATCC 19274) was obtained from the

National Institute of Quality Control in Health –

Oswaldo Cruz Foundation, Rio de Janeiro. The M. bovis

BCG (Moreau substrain) was obtained from Ataupho de

Paiva Foundation, Rio de Janeiro. Both strains of M. bovis

were cultured in Lowenstein–Jensen medium for 21 days.

Colonies were harvested at mid-log phase and stirred vig-

orously with sterile glass beads for 5 min and resuspended

in phosphate-buffered saline (PBS).27 To further disrupt

clumps, the bacterial suspensions were sonicated (20 watts

for 5 seconds). The viable counts of bacteria were deter-

mined by serial dilutions and plating into six-well plates

containing Lowenstein–Jensen medium. To monitor

the effect of the bacterial burden on apoptosis of macro-

phages during the initial phase of infection two different

inocula were used: a low dose of about 105 organisms or

the higher dose of about 107 organisms.28 Mice were

anaesthetized intraperitoneally with 0�2 ml of an

anaesthetic solution containing 0�9% NaCl, 2% xylazine

and 5% ketamine. The attenuated and virulent strains of

M. bovis were administered intratracheally in a total

volume of 50 ll PBS using a microsyringe. Control mice

were injected with 50 ll PBS.

Obtaining lung cell suspensions

At day 3 and day 7 post-infection, mice (n = 6/group)

were killed using an anaesthetic overdose. For the isola-

tion of lung cells, the lungs of infected and control mice

were perfused by gently infusing 10 ml PBS into the right

ventricle of the heart to minimize contamination with

blood. Perfused lungs were aseptically removed and cut

into small pieces with a scalpel. The dissected tissue was

incubated at 37� for 40 min in 5 ml RPMI-1640 medium

containing type I collagenase (2�5 mg/ml; Gibco, Grand

Island, NY, USA). After incubation the enzymatic activity

was stopped by adding 10 ml RPMI-1640 medium con-

taining 10% fetal bovine serum (cRPMI). The digested

lungs were further disrupted by gently pushing the tissue

through a nylon screen (70 lm). The single-cell suspen-

sion was then washed and centrifuged at 300 g for

10 min. To lyse contaminating red blood cells the cellular

preparations were resuspended in red blood cell lysis buf-

fer and incubated at room temperature for 5 min. After

centrifugation at 300 g for 10 min the pelleted cells were

washed, resuspended in cRPMI and kept on ice until

further use. Viable cells were counted by Trypan blue

exclusion.
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Determination of bacterial growth

The cytospin slides of pulmonary cells obtained by enzy-

matic digestion were stained for acid-fast bacilli using

the Ziehl–Neelsen stain. The number of macrophages

containing M. bovis in a total of 100 macrophages per

sample was recorded and the number of bacilli per

infected macrophage was scored at 1–5 bacilli/macro-

phage, 5–10 bacilli/macrophage or more than 10 bacilli/

macrophage. The percentage of alveolar macrophages

infected and the percentage of macrophages infected

with the scored number of bacteria per cell were deter-

mined.

Apoptosis assay

The annexin V assay was used to detect cells in apop-

tosis.29 Lung cell suspensions obtained by enzymatic

digestion were washed with 500 ll annexin binding buf-

fer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 1,8 mM CaCl2). Supernatants were removed and

100 ll annexin binding buffer with fluorescein isothio-

cyanate (FITC)-conjugated annexin V (1 : 500) was

added to each pellet. Cells were stained for 20 min in

the dark at room temperature. Immediately before col-

lection, 400 ll of annexin binding buffer and 40 ll (at

100 lg/ml) of propidium iodide (PI) were added to

each sample. For flow cytometry analysis, 80 000 events

were collected for each condition. Macrophages were

gated based on forward and side scatter and identified

as large autofluorescent cells.30 Annexin V/PI dot plots

of these populations were generated and the percentages

of apoptotic macrophages (annexinV+ PI)) were deter-

mined.

Measurement of cytokine concentrations in lungs

One hundred milligrams of lung from infected or non-

infected mice was homogenized using 1 ml of 0�05%

Tween-20–PBS containing antiproteases (0�1 mM phe-

nylmethylsulphonyl fluoride, 0�1 mM benzethonium chlo-

ride, 10 mM ethylenediaminetetraacetic acid and 20

kallikrein-inhibitor-units of aprotinin A). The samples

were then centrifuged for 10 min at 3000 g and the

supernatants were collected and frozen at )70� until

further use. The levels of TNF-a, IL-10 and IL-12 p40 in

lung homogenate supernatants were measured by

enzyme-linked immunosorbent assay (ELISA) using com-

mercially available antibodies and following the instruc-

tions supplied by the manufacturer (BD Biosciences

Pharmingen, San Diego, CA). The reading was made in a

microplate reader (Spectramax 190; Molecular Devices,

Sunnyvale, CA) at 450 nm. The amount of cytokines was

calculated from the standard curve, for the different con-

centrations of the recombinant cytokines.

Immunohistochemical detection of anti-apoptotic
molecule Bcl-2

For immunohistochemistry analysis, lung sections (4 lm

thick) were mounted on silane-covered slides. After

deparaffination and rehydration, endogenous peroxidase

activity was blocked by incubation with 3% H2O2 for

10 min. Antigens were retrieved by microwave treatment

at 730 W in 10 mM sodium citrate buffer pH 6�0 for two

cycles of 9 min each. Non-specific binding was blocked

by incubation in 2% bovine serum albumin–PBS for

30 min. Lung sections were incubated overnight at 4� in

a humidified chamber with 1 : 1000 diluted polyclonal

rabbit anti-mouse Bcl-2 antibody (BD Biosciences Pharm-

ingen) or with diluted normal rabbit serum as control.

Slides were rinsed three times with PBS before adding

1 : 200 diluted biotinylated goat anti-rabbit immunoglob-

ulin G (BD Biosciences Pharmingen). After incubation at

room temperature for 30 min, slides were washed and

avidin–horseradish peroxidase was added. After 30 min

incubation slides were washed with PBS. Colour develop-

ment was achieved by application of 3,3’-diaminobenzi-

dine for 3–5 min in the dark. The slides were then

washed and counterstained with haematoxylin. Five ran-

dom fields of each lung were evaluated at 400 · magnifi-

cation. Positive and negative stained macrophages from

alveolar spaces were counted and data were expressed

as the percentage of Bcl-2-positive macrophages, as

described previously.16

Statistical analysis

Results are expressed as means ± standard error of the

mean. The data were analysed by Mann–Whitney test

using the GRAPHPAD PRISM 5�00 for Windows (GraphPad

Software, San Diego, CA). P < 0�05 was used as the limit

of statistical significance. Each experiment was repeated at

least twice with comparable results.

Results

Mycobacterial multiplication and spread in alveolar
macrophages

As an alternative for evaluating the multiplication and

spread of mycobacteria, we carried out acid-fast staining

(Ziehl–Nielsen) in the pulmonary cells of BALB/c mice

injected intratracheally with either virulent or attenuated

M. bovis. The number of macrophages infected with dif-

ferent amounts of mycobacteria was calculated at day 3

and day 7 post-infection.

The percentage of infected macrophages at day 3 post-

infection with the virulent strain was similar both in the

infection with low dose and in the infection with high

dose (Table 1). In both bacterial load conditions most of
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the infected macrophages contained fewer than five bacilli

(Fig. 1a,b), while the percentage of macrophages infected

with more than five bacilli was five times larger in the

infection with the high dose (Fig. 1b). On the 7th day

post-infection with low dose, the percentage of infected

macrophages did not alter significantly, rising from 32%

to 34% (Table 1). Most of the infected macrophages

(84%) contained from 5 to 10 bacilli (Fig. 1a). This result

indicates that between the 3rd and 7th days of infection

with a low dose only multiplication of mycobacteria took

place in the infected cells. In the infection with high

dose, however, the percentage of infected macrophages

increased from 34% to 50% between the 3rd and the 7th

days of infection (Table 1). Besides this, we notice that

most of the infected macrophages contained more than

10 bacilli (Fig. 1b), indicating that between the 3rd and

7th days of infection with a high dose intracellular multi-

plication of the pathogen as well as spread of the infec-

tion took place in the alveolar macrophages. In infection

with the attenuated strain the percentage of infected

macrophages was around 20% in both bacterial load

conditions, both on the 3rd and on the 7th day of

infection (Table 1), and most of the infected macrophages

contained a single bacillus.

Effect of low and high bacterial load on in vivo
apoptosis induction by virulent and attenuated strains
of M. bovis

To evaluate in vivo the influence of virulence and bacterial

load on the frequency of apoptosis of macrophages,

BALB/c mice were intratracheally infected either with the

virulent M. bovis wild-type or with the attenuated M. bovis

(BCG), using the low (1 · 105) and the high (1 · 107)

mycobacteria inocula. We noticed in the groups infected

with both strains of M. bovis a significant increase in

apoptosis of macrophages when compared with the

uninfected controls, both on the 3rd and on the 7th day

postinfection (Fig. 2). In general, the rates of apoptotic

macrophages were lower in the infection with the viru-

lent strain when compared with the attenuated strain,

except on the 3rd day of infection with low dose, where

the virulent strain induced more apoptosis than the

attenuated strain, 52% and 37% respectively. Interestingly,

on the 3rd day of infection with the virulent strain there

was a reduction of apoptosis in the infection with high

dose, whereas on the 7th day we observed greater reduc-

tion in the lower dose (Fig. 2). Together these results sug-

gest that the modulation of apoptosis promoted by the

virulent strain is dependent on the intracellular bacterial

burden.

Differential production of TNF-a and IL-10 in lung
homogenates after M. bovis infection

Levels of TNF-a and IL-10 in lung homogenates were

quantified by ELISA at day 3 and day 7 after infection

with the two M. bovis strains, to evaluate any association

in vivo between the production of these cytokines and the

induction/inhibition of apoptosis induced by mycobacte-

ria. Figure 3(a) shows that the production of TNF-a

Table 1. Percentage of infected macrophages1

Time post-

infection

Attenuated strain Virulent strain

Low

dose

High

dose

Low

dose

High

dose

3 days 19 20 32 34

7 days 18 21 34 50

1BALB/c mice were intratracheally infected with 1 · 105 (low dose)

or 1 · 107 (high dose) of attenuated (bacillus Calmette–Guérin) or

virulent Mycobacterium bovis.
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Figure 1. Number of bacilli in macrophages

infected with low dose (a) or high dose (b) of

virulent Mycobacterium bovis at day 3 and day

7 post-infection. Cytocentrifuge slides were

stained for acid-fast bacilli using the Ziehl–

Neelsen stain and the number of bacilli in each

macrophage infected was scored as 1–5 bacilli/

macrophage (c), 5–10 bacilli/macrophage (d)

and > 10 bacilli/macrophage (e). Approxi-

mately 100 macrophages per sample were

counted. Results are representative of two differ-

ent experiments. (c, d, e · 1000).
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increased significantly (P < 0�05) after the infection with

both virulent and attenuated M. bovis. On the 3rd day of

infection with the low dose the virulent strain induced

more TNF-a than the attenuated strain (P < 0�05). Inver-

sely on the 7th day of infection with low dose, the virulent

strain induced significantly less TNF-a than the attenuated

strain (P < 0�05). Regarding production of IL-10, we

observed a significant increase in the production of this

cytokine only in the infection with the virulent strain,

whereas in the infection with the attenuated strain the

levels of IL-10 remained near those of the uninfected

control (Fig. 3b).

Correlating the production of TNF-a and IL-10 (Fig. 3)

with the rates of apoptosis (Fig. 2), we noted in the infec-

tion with the attenuated strain a significant increase of

TNF-a, but not of IL-10, while high rates of macrophage

apoptosis were also observed. On the other hand, in the

infection with the virulent strain, though a significant

increase in levels of both cytokines took place, we

observed a reduction of apoptotic macrophages on the

3rd day (high dose) and on the 7th day (low dose), times

at which we registered high levels of IL-10 and lower

levels of TNF-a.

Increase of Bcl-2 expression in the infection with the
virulent strain of M. bovis

Next we evaluated the expression of Bcl-2, an anti-apop-

totic protein, in alveolar macrophages of the infected

mice and control mice using immunohistochemistry. We

observed that the expression of Bcl-2 was not altered after

the infection with the attenuated strain; it increased

significantly in the infection with the virulent strain on

the 3rd day of infection with the high dose and on the

7th day of infection with the low dose (Fig. 4). Interest-

ingly, the levels of Bcl-2 were higher at the points at

which elevated levels of IL-10 were registered.

Production of IL-12 after infection with the virulent
and attenuated strains of M. bovis

In vitro studies have shown that apoptotic vesicles of

macrophages infected with mycobacteria stimulate pri-

marily the production of IL-12 by dendritic cells.31 There-

fore we measured the level of IL-12p40 in homogenized

lungs of mice infected with M. bovis and in uninfected

controls. Figure 5 shows that infection with the attenu-

ated strain (BCG) did not significantly raise the levels of
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Figure 2. Apoptosis of alveolar macrophages induced by Mycobacte-

rium bovis at day 3 and day 7 post-infection. BALB/c mice were in-

tratracheally infected with low dose (1 · 105) and high dose

(1 · 107) of attenuated (bacillus Calmette–Guérin) and virulent

(ATCC19274) M. bovis strains. Lung cells obtained by enzymatic

digestion were stained with annexin V and propidium iodide for

analysis by flow cytometry. Annexin V/PI dot plots of these macro-

phage populations were generated and the percentage of apoptotic

macrophages (Annexin V+/PI)) was determined. (a) Each bar repre-

sents the arithmetic mean ± SEM of six mice. Results are representa-

tive of two different experiments. *P < 0�05 versus non-infected

control; #P < 0�05 versus infected with attenuated strain. (b) Dot

plots of representative samples are shown.
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Figure 3. Production of tumour necrosis factor-a (TNF-a) (a) and

interleukin-10 (IL-10) (b) in the lungs of mice infected with either

low or high dose of attenuated and virulent Mycobacterium bovis

strains at day 3 and day 7 post-infection. Control mice were inocu-

lated with phosphate-buffered saline. Each bar represents the arith-

metic mean ± SEM of six mice. Results are representative of two

different experiments. *P < 0�05 versus non-infected control;
#P < 0�05 versus infected with attenuated strain.

� 2009 Blackwell Publishing Ltd, Immunology, 128, e691–e699 e695

Macrophage apoptosis during pulmonary Mycobacterium bovis infection



IL-12. However, infection with the virulent strain induced

a significant increase in the production of this cytokine,

except on the 7th day of infection with low dose. Interest-

ingly, in the infection with the virulent strain, the

production of IL-12 was higher at the points where we

observed high rates of apoptosis, and was lower at the

points where the apoptotic rates were lower.

Discussion

In this work, we investigated the influence of the viru-

lence and of the bacterial load of M. bovis on the induc-

tion of apoptosis of alveolar macrophages in vivo and its

correlation with the in situ levels of the cytokines TNF-a,

IL-10 and IL-12 and of the anti-apoptotic protein Bcl-2.

An increase of apoptosis of macrophages in the lungs of

the infected animals in relation to the uninfected controls

was observed, indicating that the infection with M. bovis

constitutes a stimulus for induction of apoptosis of

macrophages. The recent discovery of the Ipr1 gene in

mice emphasizes the importance of this cell death mecha-

nism in the host response to infection. Expression of Ipr1

in macrophages limits the multiplication of M. tuberculosis

and switches a cell death pathway of the infected macro-

phages from necrosis to apoptosis.32 In this work we

found that the virulent strain is able to inhibit apoptosis

of the macrophages in vivo, confirming results of in vitro

studies, which suggested that the capacity to inhibit

apoptosis of infected macrophages is a factor in the

virulence associated with mycobacteria.13,15 Additionally,

in this work it was observed for the first time in vivo that

modulation of apoptosis promoted by the virulent strain

appears to be associated with bacterial burden within the

infected macrophage.

Different in vitro studies have supplied evidence that

bacterial load can influence apoptosis of macrophages

induced by mycobacteria. At low MOI (� 10) virulent

strains induce less apoptosis than attenuated strains.13 At

high MOI (� 25) the virulent strain presents equal or

greater cytotoxicity than the attenuated strain. Addition-

ally, it was seen that apoptosis at high MOI does not

reduce the viability of the mycobacteria and progresses

quickly to necrosis.17 In this case, it has been suggested

that as soon as the infection of macrophages is established

and an ideal intracellular growth is reached, the priority

of the virulent mycobacteria eventually changes in favour

of extracellular growth necessary for transmission of the

infection into other cells.17 In accordance, our results sug-

gest that modulation of apoptosis promoted by the viru-

lent strain is dependent on the number of bacteria in the

interior of the cell. Therefore, on the 3rd day of infection

with a low dose of the virulent strain we did not observe

inhibition of apoptosis, possibly because at this initial

moment the number of bacilli in the interior of the

macrophages was still insufficient to promote this inhibi-

tion. By contrast, on the 3rd day of infection with a high

dose of the virulent strain, where the percentage of

macrophages infected with more bacilli was higher, a

reduction of apoptosis of macrophages was already

noticed. On the 7th day of infection with low dose a

greater inhibition of apoptosis and the predominance of

macrophages infected with 5–10 bacilli was observed,

suggesting this to be a moment when a large amount of
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Figure 4. Expression of Bcl-2 in alveolar macrophages of mice infected

with low or high dose of attenuated and virulent Mycobacterium bovis

strains at day 3 and day 7 post-infection. Control mice were

inoculated with phosphate-buffered saline. (a) Each bar represents

the arithmetic mean ± SEM of six mice. Results are representative of

two different experiments. *P < 0�05 versus control. Immunohisto-

chemical staining for Bcl-2 in a paraffin-embedded specimen of

control (b) and infected (c, d) mice. Negative cells in blue and

positive cells in brown were easily detected in the lung tissue. (b, c,

d · 1000).
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Figure 5. Interleukin-12 (IL-12) production in the lung of mice

infected with low or high dose of attenuated and virulent Myco-

bacterium bovis strains at day 3 and day 7 post-infection. Control

mice were inoculated with phosphate-buffered saline. Each bar

represents the arithmetic mean ± SEM of six mice. Results are

representative of two different experiments. *P < 0�05 versus control.
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replication is occurring, therefore increasing the need for

extending the viability of the host cell. In contrast, in the

infection with high dose most of the infected macrophag-

es contained more than 10 bacilli, probably a sufficient

number to promote extracellular dissemination of the

bacteria. In this case, it is possible that the mechanisms of

apoptosis inhibition, active when the bacillary intracellu-

lar load is still low, have ceased. This can explain the

increase of the apoptotic rates. It is accepted that apopto-

tic cells occasionally lyse and become necrotic when the

load of dying cells exceeds the local capacity for phago-

cyte-mediated clearance.33 This cell lysis would allow the

bacilli to avoid the microbicidal effect of apoptosis, and

provide access to the extracellular environment to infect

other cells. Therefore, it is possible that the mechanism of

macrophage death is similar at both high and low bur-

dens but that at high burden the cells progress from

apoptosis to secondary necrosis, allowing the bacilli to

escape from the macrophage before they are killed.34

Participation of the cytokines TNF-a and IL-10 in the

modulation of apoptosis induced by mycobacteria has

been demonstrated in vitro.9,22,35 Human macrophages

undergo TNF-a-dependent apoptosis when infected with

non-virulent M. tuberculosis at a low MOI, whereas viru-

lent strains inhibit this apoptosis.13 In contrast, murine

macrophages infected at a high MOI with the virulent

strain of M. tuberculosis undergo TNF-a-independent

apoptosis.17,34 In this study, however, we observed that

for both low and high doses with either attenuated or vir-

ulent strains the induction of apoptosis of macrophages

in vivo was associated with higher production of TNF-a,

while its inhibition was associated with higher production

of IL-10. We have noted that whenever the increase of

production of TNF-a was greater than that of IL-10, a

greater induction of apoptosis occurred. Inversely, when

the production of IL-10 was increased and that of TNF-a
was reduced, a tendency to inhibition of apoptosis of

macrophages was observed. Consistent with our results,

Balcewicz-Sablinska et al.23,36 noted in vitro that the viru-

lent strain of M. tuberculosis H37Rv induced higher

production of IL-10 than the attenuated strain H37Ra

and that in spite of both strains inducing comparable

levels of TNF-a, the bioactivity of TNF-a was reduced in

the infection with H37Rv. Subsequently, it was suggested

that IL-10 down-regulates apoptosis of macrophages

through the inhibition of TNF-a production, and by

inducing the liberation of sTNF-R2, which leads to inacti-

vation of the TNF-a. Influence of TNF-a and IL-10 on

the modulation of apoptosis of macrophages during

infection by mycobacteria is demonstrated also in in vitro

studies showing that anti-TNF-a reduces and anti-IL-10

increases apoptosis of macrophages.9,36 These cytokines

can even modulate apoptosis in non-infected macrophag-

es.9 However, it remains to be determined whether

infected macrophages are more susceptible than non-

infected macrophages to apoptosis induced by TNF-a. It

is possible that the presence of bacterial infection in the

host cell may increase the expression of death receptors,

such as TNFR1. By varying inversely with TNF-a, IL-10

may define the virulence of the mycobacterial infection by

inhibiting apoptosis induced by TNF-a. Whether this

TNF-a-dependent apoptosis or a TNF-a-independent

direct mechanism are exclusive or concurrent requires

further exploration.

The anti-apoptotic effect of IL-10 might be exerted not

only through the inhibition and inactivation of TNF-a,

but also through the increased expression of the anti-

apoptotic protein Bcl-2. The level of expression of this

protein increased in the infection with the virulent strain

at the points where production of IL-10 was high. In con-

trast, in the infection with the attenuated strain the

expression of Bcl-2 remained at basal level in a similar

manner to the observed level of IL-10. The increase of the

expression of Bcl-2 after infection with the virulent strain

(H37Rv) was also observed by other authors.15,16 Mogga

et al.19 verified positive colocalization between Bcl-2 and

MTB antigens on lung macrophages in 80% of tissue

sections from mice infected with the H37Rv strain of

M. tuberculosis. In addition, it was demonstrated that

IL-10 is able to increase the expression of Bcl-2, hence

obstructing spontaneous apoptosis of T cells37 and of B

cells of the germinative centres.38

Interestingly, in the infection with the virulent strain,

the production of IL-12 was lower at the points where

the rates of apoptotic macrophages were lower and

higher at the points of greater apoptosis, suggesting that

apoptosis of the infected macrophages can contribute to

the production of IL-12. Recent studies have demon-

strated that, in response to infection with mycobacteria,

dendritic cells release great quantities of IL-12, whereas

in macrophages IL-12 secretion is limited.39,40 Dendritic

cells produce IL-12 when in contact with apoptotic vesi-

cles from infected macrophages, the production being

directly proportional to the quantity of available vesi-

cles.31 It is possible that the inhibition of apoptosis of

macrophages promoted by the virulent strain of M. bovis

reduces the cross-presentation of antigens and conse-

quently the production of IL-12, so damaging the activa-

tion and differentiation of CD4+ T cells to the T helper

type 1 profile.

In conclusion, this study indicates that the pulmonary

infection with M. bovis constitutes a stimulus for induc-

ing apoptosis of alveolar macrophages and that the viru-

lent strain may develop strategies that inhibit apoptosis,

favouring its intracellular replication by extending the

survival of the host cell. The increase of IL-10 production

seems to be fundamental for promoting this inhibition,

and the reduction of IL-12 production at the points

of lower apoptosis of macrophages reinforces the hypo-

thesis that apoptosis of infected cells contributes to the
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presentation of antigens and to the development of a

specific response to infection by mycobacteria. Future

mechanistic studies could lead to a clear definition of the

role played by these molecules on mycobacteria survival

strategies.
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