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Summary

Apoptosis of macrophages has been reported as an effective host strategy

to control the growth of intracellular pathogens, including pathogenic

mycobacteria. Tumour necrosis factor-a (TNF-a) plays an important role

in the modulation of apoptosis of infected macrophages. It exerts its bio-

logical activities via two distinct cell surface receptors, TNFR1 and

TNFR2, whose extracellular domain can be released by proteolysis form-

ing soluble TNF receptors (sTNFR1 and sTNFR2). The signalling through

TNFR1 initiates the majority of the biological functions of TNF-a, leading

to either cell death or survival whereas TNFR2 mediates primarily survival

signals. Here, the expression of TNF-a receptors and the apoptosis of

alveolar macrophages were investigated during the early phase of infection

with attenuated and virulent mycobacteria in mice. A significant increase

of apoptosis and high expression of TNFR1 were observed in alveolar

macrophages at 3 and 7 days after infection with attenuated Mycobacteri-

um bovis but only on day 7 in infection with the virulent M. bovis. Low

surface expression of TNFR1 and increased levels of sTNFR1 on day 3

after infection by the virulent strain were associated with reduced rates of

apoptotic macrophages. In addition, a significant reduction in apoptosis

of alveolar macrophages was observed in TNFR1�/� mice at day 3 after

bacillus Calmette–Gu�erin infection. These results suggest a potential role

for TNFR1 in mycobacteria-induced alveolar macrophage apoptosis in

vivo. In this scenario, shedding of TNFR1 seems to contribute to the

modulation of macrophage apoptosis in a strain-dependent manner.

Keywords: apoptosis; macrophage; Mycobacterium bovis; tumour necrosis

factor receptor 1; tumour necrosis factor receptor 2.

Introduction

Tuberculosis (TB) is one of the oldest infectious diseases

affecting humanity, and although it has been a target of

battle for more than a 100 years, it still represents a seri-

ous health problem, mainly in less developed countries

where high rates of disease are reported annually.1,2 The

bacilli that cause TB are grouped in the Mycobacterium

tuberculosis complex, which is a group of closely related

mycobacteria including M. tuberculosis and Mycobacte-

rium bovis. Mycobacterium tuberculosis is the main causa-

tive agent of TB in humans.3 However, some studies of

TB have shown that M. bovis is considerably more viru-

lent than M. tuberculosis for mice because of its ability to

cause progressive pathology in the lungs and the time

taken for it to kill its host.4,5 This higher virulence of

M. bovis, characterized by increased intracellular survival

and growth, may be related to the bacterial capacity to

modulate macrophage activity.6

Pathogenic mycobacteria are highly adapted pathogens

that have developed several strategies to ensure their per-

manence and replication within macrophages that consti-

tute their main host cell.3,7 Apoptosis of infected

macrophages has been seen as an alternative strategy of

the host to eliminate the environment of protection and

replication of mycobacteria. Besides depriving the patho-

gen of its preferred growth niche, this type of cell death

prevents the spread of infection by sequestering the
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mycobacteria within apoptotic bodies, and also stimulates

the adaptive immune response by mechanisms of cross-

presentation.8–11 However, in vitro and in vivo studies

indicate that virulent strains of mycobacteria, in contrast

to attenuated strains, may actively modulate the apoptosis

of macrophages depending on the load of bacilli inside

the cell.12,13 At low loads, virulent strains induce less

apoptosis compared with attenuated strains, hence pre-

serving a protective intracellular environment for bacterial

growth. But, when the burden of the bacilli within the

cell becomes high, which can happen after a period of

replication, virulent strains also induce apoptosis in mac-

rophages and this may rapidly progress to necrosis, allow-

ing the bacillus to escape from the macrophage.13,14 This

suggests that the inhibition or induction of macrophage

apoptosis promoted by virulent strains of mycobacteria

may reflect their need for growth and exit from the host

cell during the initial stage of replication and spread in

the host.

Modulation of macrophage apoptosis during infection

with mycobacteria is a complex process that appears to

involve multiple factors, among which, tumour necrosis

factor-a (TNF-a) plays a critical role.15,16 Tumour necro-

sis factor-a is a pleiotropic cytokine that exerts its actions

through two distinct cell surface receptors, the 55 000

molecular weight receptor TNFR1 (or TNFR p55) and

the 75 000 molecular weight receptor TNFR2 (or TNFR

p75), which are expressed in a variety of cells. Although

the two receptors share significant homology in their

extracellular domain, their cytoplasmic regions show con-

siderable differences. TNFR1 contains a death domain in

its cytoplasmic region whereas TNFR2 has lost this

domain, hence TNFR1 can induce cell survival signals as

well as cell death signals, whereas TNFR2 primarily

induces survival signals.17,18 However, some studies sug-

gest that TNFR2 might potentiate the death signal medi-

ated by TNFR1.19,20 TNFR1 and TNFR2 are initially

synthesized as membrane proteins whose extracellular

domain can be proteolytically cleaved in a process termed

ectodomain shedding. TNFR shedding results in the

release of soluble TNF receptors (sTNFR1 and sTNFR2),

which can compete with the membrane TNFRs for bind-

ing to TNF-a, so inhibiting its activity. In addition, the

decrease in the number of membrane receptor molecules

as a result of receptor shedding may transiently desensi-

tize cells to TNF-a action.21–23

Tumour necrosis factor-a participates in several stages

of the anti-mycobacterial immune response. It is involved

in macrophage activation, enhances cytokine and chemo-

kine production favouring recruitment of inflammatory

cells to the site of infection, and mediates apoptosis in

macrophages.24–26 The TNF-a signalling by TNFR1 seems

to be essential for host resistance to infection by

mycobacteria. Mice genetically deficient for TNFR1

(TNFR1�/�) are extremely susceptible to infection with

pathogenic mycobacteria and die within 4–5 weeks.27,28

Although some studies have demonstrated the importance

of TNFR1 during mycobacterial infection, the role of

TNFR2 in antimycobacterial immunity is still unclear.29

However, it has been suggested that virulent mycobacteria

evade macrophage apoptosis by inducing the release of

soluble TNFR2, which forms complexes with TNF-a and

decreases its activity.30

Signalling via TNFRs plays an important role in deter-

mining the outcome of infections caused by several

pathogens, including mycobacteria.31 It has been shown

that some intracellular pathogens have developed mecha-

nisms to regulate the interaction between TNF-a and its

receptors, thereby inhibiting antimicrobial functions of

TNF-a.32,33 We therefore hypothesized that virulent

mycobacteria could modulate macrophage apoptosis by

interfering in the expression of TNFRs. In the present

study, the relationship between the expression of TNFRs

and apoptosis of alveolar macrophages during early infec-

tion with virulent and attenuated mycobacteria in mice

was investigated.

Materials and methods

Animals

C57BL/6 male mice at 8–10 weeks old were obtained

from Federal University of Minas Gerais, Belo Horizonte.

The TNFR1-deficient mice (TNFR1�/�) were kindly pro-

vided by Dr Jo~ao Santana da Silva (University of S~ao

Paulo, Ribeir~ao Preto) and were maintained in pathogen-

free facilities. Mice were housed under barrier conditions

in microisolator cages and were allowed free access to

sterile chow and water. 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 the

Federal University of Juiz de Fora.

Mycobacteria and infection

Mycobacterium bovis bacillus Calmette–Gu�erin (BCG; Mo-

reau substrain) was obtained from Ataulpho de Paiva

Foundation, Rio de Janeiro. Wild-type M. bovis (ATCC

19274) was kindly provided by the National Institute of

Quality Control in Health – Oswaldo Cruz Foundation,

Rio de Janeiro. The attenuated and virulent strains of

M. bovis were cultured in Lowenstein–Jensen (L–J) med-

ium for 21 days. Colonies were harvested at mid-log

phase and stirred vigorously with sterile glass beads for

5 min and resuspended in PBS. To further disrupt

clumps, the bacterial suspensions were sonicated

(20 watts for 5 seconds). The viable counts of bacteria

were determined by serial dilutions and plating into six-

well plates containing L–J medium.
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To achieve intratracheal infection, mice were anaesthe-

tized intraperitoneally with 0.2 ml of an anaesthetic solu-

tion containing 0.9% NaCl, 2% xylazine and 5%

ketamine. The trachea was exposed via a small midline

incision, and 106 viable bacteria in 50 ll PBS were

injected using a microsyringe. Control mice were injected

with 50 ll PBS. The incision was then sutured with sterile

silk, and the mice were kept in a vertical position until

the effect of the anaesthestic had passed.

Bronchoalveolar lavage

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

were killed by overdose of anaesthesia. Bronchoalveolar

lavage fluid was collected from control and infected mice.

Briefly, a small incision was made in the trachea and the

flexible part of an 18-gauge catheter attached to a 1-ml

syringe was inserted into the trachea and 1 ml PBS was

slowly injected into the lungs and then withdrawn. This

procedure was repeated five to seven times. Cells recov-

ered by bronchoalveolar lavage (BAL) were counted and

viabilities were ascertained by Trypan blue dye exclusion.

Flow cytometric analysis of cell surface markers and
apoptosis

For multicolour FACS analysis, cells obtained in BAL were

incubated with specific monoclonal antibodies labelled with

FITC, phycoerythrin or allophycocyanin at 4° for 30 min

in the dark. After washing with PBS containing 0.1%

sodium azide (Sigma-Aldrich, St. Louis, MO), cells were

incubated with anti-CD11b (M1/70) and anti-CD11c

(HL3) monoclonal antibodies purchased from BD Pharm-

ingen (San Diego, CA), and anti-TNFR1 (3H3104) and

anti-TNFR2 (TR75-89) from Santa Cruz Biotechnology

(Santa Cruz, CA). Alveolar macrophages were gated as

described by Gonzalez-Juarrero et al.34 according to their

expression of CD11b and CD11c. Surface expression of

TNFR1 and TNFR2 in CD11b� CD11c+/high alveolar mac-

rophages was analysed. Relative fluorescence intensities

were recorded from a total of 10 000 events. For analysis of

apoptotic alveolar macrophages, stained cells were washed

in annexin buffer (10 9 buffer of 0.1 M HEPES, 1.4 M

NaCl, and 25 mM CaCl2 diluted to 1 9 in dH2O) and

resuspended in 100 ll annexin buffer with 5 ll/well annex-
in V-allophycocyanin (BD Pharmingen). After 10-min

incubation at room temperature in the dark, 5 ll 7-amin-

oactinomycin D (7-AAD; BD Pharmingen) was added and

incubated for an additional 5 min. Cells were washed and

resuspended in annexin buffer and the percentages of apop-

totic alveolar macrophages (annexinV+ 7-AAD�) were

determined. Cell acquisition was performed with a dual-

laser flow cytometer, FACSCalibur (Becton Dickinson, San

Jose, CA). Ten thousand events were acquired per sample

and analysed using CELL QUEST software (Becton Dickinson).

Soluble TNFR1 and TNFR2 ELISA

Bronchoalveolar lavage fluid obtained from infected and

uninfected control mice at different time-points was cen-

trifuged and the supernatant was tested for the presence

of sTNFR1 and sTNFR2 by ELISA according to the man-

ufacturer’s instructions (R&D Systems, Minneapolis,

MN).

TNF-a measurement

A 100-mg sample of the right lung from infected and

uninfected control mice was homogenized using 1 ml of

0.05% Tween 20-PBS containing anti-proteases (0.1 mM

PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and

20 kallikrein inhibitor (KI) units aprotinin A). The sam-

ples were then centrifuged for 10 min at 3000 g and the

supernatants were collected and frozen at �70� until fur-

ther use. The levels of TNF-a in lung homogenate super-

natants were measured by ELISA using commercially

available antibodies, following the instructions 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 cytokine was calculated from the

standard curve, for the different concentrations of the

recombinant cytokine.

Determination of bacterial growth

The cytospin slides of pulmonary cells obtained in BAL

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 1–10 bacilli per macrophage or > 10 bacilli per macro-

phage. The percentage of alveolar macrophages infected

and the percentage of macrophages infected with the

scored number of bacteria per cell were determined.

Evaluation of TNFR1 and TNFR2 in J774A.1 cells

J774A.1 cells, a mouse macrophage cell line, were seeded

on to 24-well tissue culture plates, in RPMI-1640 supple-

mented with L-glutamine (2 mM), penicillin (100 U/ml),

streptomycin (100 lg/ml), non-essential amino acids (1%

v/v 9 100) and 10% heat-inactivated fetal calf serum, at

a density of 5 9 104 cells per well and were incubated at

37° and 5% CO2 for 2 days until 80% confluency. Cells

were infected with M. bovis BCG at a multiplicity of

infection (MOI) of 10 : 1 bacteria per macrophage. After

2 hr of incubation at 37° and 5% CO2, the medium was

removed and the plates were washed three times with

pre-warmed PBS to remove non-associated bacteria, and

fresh antibiotic-free complete medium was added. After
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24, 48 and 72 hr of incubation, J774A.1 cells were scraped

from the bottom of the wells and washed three times in

PBS containing 0.05% BSA (blocking buffer) at 300 g for

5 min. Cells were stained with FITC-conjugated or phy-

coerythrin-conjugated monoclonal antibodies specific for

TNFR1 (3H3104) and TNFR2 (TR75-89) (Santa Cruz

Biotechnology), or with the corresponding isotype control

antibody, for 30 min at 4° in the dark, followed by a

washing step in blocking buffer. Cells were then resus-

pended in PBS and analysed by flow cytometry using

FACSCalibur (Becton Dickinson). The mean fluorescence

intensity for each sample was acquired and analysed using

CELL QUEST software.

Statistical analysis

Results are expressed as means � standard error (SE). Dif-

ferences between groups were analysed by Mann–Whitney

U-test using the GRAPHPAD PRISM 5.00 for WINDOWS (Graph-

Pad Software, San Diego, CA). Differences were considered

statistically significant when P < 0.05. All experiments were

performed at least twice with comparable results.

Results

Mycobacterial infection alters surface expression of
TNF receptors in J774A.1 macrophages

Interactions between TNF and TNFR initiate multiple sig-

nalling pathways that affect cell proliferation, survival,

differentiation and apoptosis depending on the activation

state of the cells and the expression levels of the TNFR

molecules.35 Initially, in vitro studies were performed to

assess whether infection with mycobacteria alters the

expression of TNFR1 and TNFR2 receptors on the surface

of macrophages. J774A.1 macrophages were infected with

M. bovis BCG (MOI 10 : 1) and surface expression of

TNFR1 and TNFR2 was analysed by cytometry. Mycobac-

terium bovis BCG infection induced a significant and

gradual increase of TNFR1 in the macrophage cell surface

(Fig. 1a). In contrast, a significant reduction of TNFR2

expression was found in the infected cells (Fig. 1b).

TNFR1 and TNFR2 expression in alveolar
macrophages after infection with virulent and
attenuated M. bovis

To determine in vivo whether attenuated and virulent

strains of M. bovis induce the same profile of TNFR

expression in alveolar macrophages, C57BL/6 mice were

intratracheally infected either with an attenuated M. bovis

strain (BCG) or with a virulent M. bovis strain (ATCC

19274). After 3 and 7 days of infection, alveolar macro-

phages were gated into CD11b� CD11c+/high (Fig. 2a)

and surface expression of TNFR1 and TNFR2 was evalu-

ated by flow cytometry (Fig. 2b).

A significant increase in surface expression of TNFR1

in alveolar macrophages was observed on day 3 and day

7 after infection with the attenuated M. bovis (Fig. 2c). In

contrast, in the infection with the virulent strain,

increased expression of TNFR1 only occurred on day 7

after infection (Fig. 2c). On day 3, the expression of

TNFR1 induced by the virulent M. bovis strain was simi-

lar to that detected in uninfected control mice and was

significantly lower in comparison to the levels observed

using the attenuated strain. On day 7, surface expression
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Figure 1. Surface tumour necrosis factor receptor (TNFR) expression in J774A.1 cells after Mycobacterium bovis bacillus Calmette–Gu�erin (BCG)

infection. J774A.1 macrophages were either mock-infected or infected with M. bovis BCG at a multiplicity of infection (MOI) of 10 : 1. After 24,

48 and 72 hr, cells were stained with FITC-conjugated anti-mouse TNFR1 (a), or phycoerythrin-conjugated anti-mouse TNFR2 (b) and analysed

by flow cytometry. The intensity of TNFRs was expressed as the mean fluorescence intensity (MFI) of at least 10 000 cells per sample. Represen-

tative histograms show TNFR1 or TNFR2 surface expression on mock-infected cells (dotted line) and BCG-infected cells (black line) or isotype

control (light grey-filled area). The means and standard errors from one representative experiment of at least three is shown. *P < 0.001 versus

mock-infected control.
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of TNFR1 was not significantly different between the

attenuated and virulent strains of M. bovis. TNFR2

expression on alveolar macrophages was lower after infec-

tion with both strains of M. bovis (Fig. 2d).

The observed reduction of TNFR2 cell surface expres-

sion after infection with both strains of M. bovis, as well

as the lower expression of TNFR1 on day 3 post-infection

with the virulent strain did not seem to result from tran-

scriptional down-regulation of TNFR gene expression as

evaluated by real-time RT-PCR (data not shown). This

suggests that regulation of surface expression of the

TNFR1 and TNFR2 in macrophages during infection with

mycobacteria occurs at the post-transcriptional level.

Changes in surface expression of TNFRs in
macrophages may be because of shedding of the
receptors

Levels of sTNFR1 and sTNFR2 in BAL fluid were mea-

sured by ELISA to assess whether the ectodomain shed-

ding of TNFR1 and TNFR2 could explain the reduction

in the surface expression of these receptors. The amount

of sTNFR1 increased significantly only on day 3 after

infection with the virulent strain (Fig. 3a), and suggests

that shedding of TNFR1 may be implicated in the lower

expression of this receptor on day 3. Similarly, reduction

of TNFR2 surface expression could be explained by the

shedding of the receptor, since a significant increase of

sTNFR2 in BALF was detected on day 3 and day 7 after

infection with both M. bovis strains (Fig. 3b).

Increased TNF-a production after infection with
attenuated and virulent M. bovis

Signalling of TNF-a can be affected at several levels,

including not only the regulation of surface TNFR expres-

sion and release of their soluble forms, but also the regu-

lation of ligand expression. Mycobacteria have developed

specific mechanisms that modulate TNF production by

macrophages.18,36 Levels of TNF-a were quantified by

ELISA on day 3 and day 7 after infection with the two

M. bovis strains. Lung TNF-a levels increased in both

infections. On day 3 TNF-a levels were not significantly

different between the attenuated and the virulent M. bovis

infections. However, after 7 days of infection, the virulent

strain induced more TNF-a than the attenuated strain

(Fig. 4).

Apoptosis of alveolar macrophages induced by
M. bovis and the participation of TNFR1

Binding of TNF-a to TNFR1 and TNFR2 can lead to cell

survival or apoptosis.37 A significant increase in apoptosis

of alveolar macrophages was observed on days 3 and 7 of

infection with the attenuated strain and only on day 7 of

infection with the virulent strain. On day 3, the virulent

strain induced significantly less apoptosis of alveolar mac-

rophages than the attenuated strain (Fig. 5). Interestingly,

the surface expression of TNFR1 was lower on day 3 of

infection with the virulent strain compared with the

attenuated strain of M. bovis (Fig. 2c), suggesting a
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Figure 2. Surface expression of tumour necrosis factor receptor 1

(TNFR1) and TNFR2 on alveolar macrophages after infection with

attenuated and virulentMycobacterium bovis. C57BL/6 mice were intrat-

racheally infected with attenuated (bacillus Calmette–Gu�erin Moreau)

or virulent (ATCC19274) M. bovis. Control mice were inoculated with

PBS. After 3 and 7 days, cells were obtained by bronchoalveolar lavage.

Alveolar macrophages were identified as CD11b� CD11c+/high (a) and

cell surface expression of TNFR1 and TNFR2 was assessed by FACS, as

shown by representative histograms (b). Results of specific staining for

TNFR1 (c) and TNFR2 (d) were expressed as the mean channel fluores-

cence intensity from 10 000 events per sample. Each bar represents

mean � SE of one representative experiment of three with similar

results. *P < 0.05 versus control, #P < 0.05.
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potential role for TNFR1 in modulation of alveolar mac-

rophage apoptosis induced by mycobacterium. To further

evaluate the contribution of TNFR1, the frequency of

alveolar macrophage apoptosis in TNFR1-deficient mice

(TNFR1�/�) during M. bovis BCG infection was investi-

gated. The infected TNFR1�/� mice exhibited lower mac-

rophage apoptosis compared with the wild-type mice,

indicating that TNFR1 plays an important role in macro-

phage apoptosis induced by mycobacteria (Fig. 6).

Counts of bacilli in alveolar macrophages

In a previous study, we found that modulation of macro-

phage apoptosis during mycobacterial infection appears

to be influenced by the intracellular bacterial load.13 The

number of bacilli in macrophages was evaluated in this

study using acid-fast staining to investigate a possible

relationship between bacterial load and expression of

TNFR1. In infection with the attenuated strain, the per-

centage of infected macrophages decreased from 23% on

day 3 to 16% on day 7 post-infection. On both days,

most infected macrophages contained from 1 to 10 bacilli
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(Fig. 7a), with high occurrence of macrophages contain-

ing an individual bacillus (Fig. 7c) mainly on day 3 of

infection. In contrast, in infection with the virulent strain,

the percentage of infected macrophages increased from

29% to 41% between the third and seventh days of infec-

tion. On day 3, most infected macrophages (88%) con-

tained < 10 bacilli (Fig. 7b,d), whereas on day 7 most

macrophages (82%) presented > 10 bacilli (Fig. 7b,e).

Discussion

Pathogenic mycobacteria employ several strategies to escape

the immune response and settle into macrophages, the pre-

ferred site for intracellular persistence and growth of myco-

bacteria.38 Studies comparing the host response to

attenuated and virulent strains of mycobacteria contribute

to the elucidation of such strategies. Recognition that

manipulation of macrophage death pathways is one of the

complex methods used by mycobacteria to evade the host’s

defences39,40 has motivated many groups to investigate the

mechanisms involved in this process, and some reports have

established a central role for TNF-a in the modulation of

apoptosis induced by mycobacteria.8,15,16 Tumour necrosis

factor signals through two transmembrane receptors,

TNFR1 and TNFR2.17,18 Signalling initiated by TNFR1 can

result in cell survival, apoptosis or necroptosis depending on

the cellular environment, whereas TNFR2 primarily induces

survival signals.37,41,42 Although most activities of TNF

require TNFR1 signalling, different cell types co-express

TNFR1 and TNFR2 and require cooperation between these

two receptors to generate TNF responses, including some

cases of TNF-mediated apoptosis.43,44

In this study, the relationship between the expression of

TNFRs and apoptosis of alveolar macrophages was inves-

tigated in mice during the early stage of infection with

attenuated and virulent strains of M. bovis. A significant

increase of macrophage apoptosis and high expression of

TNFR1 were observed in alveolar macrophages on days 3

and 7 after infection with the attenuated mycobacteria but

only on day 7 after infection with the virulent M. bovis.

In contrast, low surface expression of TNFR1 observed on

day 3 after infection with the virulent strain was associ-

ated with reduced rates of apoptotic macrophages. In

addition, a significant reduction in apoptosis of alveolar

macrophages was observed in TNFR1�/� mice on day 3

after infection with M. bovis BCG, which suggests a

potential role of TNFR1 in modulation of macrophage

apoptosis in the early phase of mycobacterial infection.

Different pathogens can modulate the expression of

TNFRs to inhibit TNF-induced antimicrobial functions. It

has been shown that Epstein–Barr virus decreases the

expression of TNFR1 by down-regulation of the pro-

moter, and so prevents TNFR1-induced cell death signal-

ling.32 Chlamydia trachomatis, a pathogen that actively

inhibits apoptosis of the host cell, decreases surface

TNFR1 expression in infected cells. This decrease was

suggested to be the result of receptor shedding or of the

sequestering of the receptor within chlamydial inclu-

sions.33 In the present work, increased levels of sTNFR1

in BAL were observed on day 3 post-infection with the

virulent M. bovis, and was associated with lower expres-

sion of TNFR1 on the alveolar macrophage plasma mem-

brane. Hence, the reduction of the TNFR1 surface

expression affected by the shedding process may represent

an immune escape mechanism whereby mycobacterium

subverts apoptosis induced by TNF-a.
The regulation of TNFR shedding has been previously

proposed as one possible mechanism by which mycobacteria

inhibit macrophage apoptosis. Balcewicz-Sablinska et al.30

suggested that virulent mycobacteria evade apoptosis of host

macrophages by shedding of TNFR2. The authors observed

that virulent M. tuberculosis H37Rv induced greater release

of sTNFR2 in comparison with the attenuated H37Ra,

resulting in neutralization of TNF-a bioactivity by soluble

receptor–ligand complex formation (sTNFR2–TNF). In the

present study, an increase of sTNFR2 in BAL was correlated

to a lower surface expression of TNFR2 after infection with

either the attenuated or virulent strain of M. bovis. Here,
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Figure 7. Number of bacilli in alveolar macro-

phages infected with attenuated (a) or virulent

(b) 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 per

macrophage was scored as 1–10 bacilli per

macrophage (c,d) and > 10 bacilli per macro-

phage (e). Results are representative of two dif-

ferent experiments. (c, d, e 9 1000).
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shedding of TNFR2 does not appear to be influenced by the

M. bovis virulence and does not seem to have any modula-

tory effect on macrophage apoptosis. Nevertheless, the

importance of this process during mycobacterial infection

should be taken into account, because cross-talk between

TNFR2 and TNFR1 occurs on multiple levels and may be

influenced by the amounts of both the membrane-bound

and the soluble forms of the receptor.45

Soluble TNFRs bind to TNF-a. Although this binding can

stabilize and preserve the bioactive trimeric form of TNF-a,
it appears to act mainly as an antagonist of the TNF-a activ-

ity, competing for the ligand with the cell surface recep-

tors.46,47 Hence, as suggested, release of sTNFR2 with

formation of inactive TNF-a–sTNFR2 complexes, would

contribute to prevent the TNF–TNFR1 binding, and to

reduce macrophage apoptosis.30 On the other hand, it has

been proposed that TNFR2 can also increase the apoptotic

response mediated by TNFR1.48,49 Some studies have sug-

gested that TNFR2 might enhance TNFR1-dependent

responses by recruiting TNF-a to the cell surface and by

delivering this cytokine to TNFR1 in a ligand-passing

model.50,51 However, other studies suggest that TNFR2 can

increase the apoptosis induced by TNFR1 via its own signal-

ling activity, by means of TNFR2-mediated negative regula-

tion of TNFR-associated factor 2 (TRAF2) function.44,52 The

TRAF2 is recruited to both TNFR1 and TNFR2 complexes

during the initial cell signalling process, and forms a hetero-

dimeric complex with TRAF1. This complex interacts with

the cellular inhibitor of apoptosis proteins cIAP-1 and cIAP-

2 and delivers an anti-apoptotic signal that is essential for

cellular survival.53–55 According to this model, stimulation

by TNFR2 could strongly enhance TNFR1-induced cell

death because of TNFR2-mediated depletion of TRAF2,

which leads to abrogation of TRAF2-dependent TNFR1-

induced anti-apoptotic signalling.43,52 Therefore, the com-

plex cross-talk between TNFR1 and TNFR2 may result in

both stimulatory as well as inhibitory effects that influence

the balance between cell survival and apoptosis.45

Based on the above discussion, both the increased levels

of sTNFR2 and the low surface expression of TNFR2 could

contribute in different ways to inhibition of macrophage

apoptosis. However, reduced macrophage apoptosis was

only detected when TNFR1 surface expression was lower

and levels of sTNFR1 were higher. The stability of individ-

ual ligand–receptor complexes may provide a possible

explanation for this finding. Krippner-Heidenreich et al.56

demonstrated that the interaction of TNF-a with TNFR1

and TNFR2 differs strongly. Whereas TNF-a produces sta-

ble complexes bound with TNFR1 (half-life = 33 min), its

binding with TNFR2 (half-life = 1.1 min) is transient. For

this reason we can speculate that similarly, variation in

binding stability of TNF–sTNFR1 and TNF–sTNFR2 could

influence the inhibitory effect of these complexes.

The importance of TNFR1 shedding in mycobacterial

infection was demonstrated in a study using transgenic

mice that produce different amounts of sTNFR1. Trans-

genic mice expressing low levels of sTNFR1 were pro-

tected against BCG infection by means of increased

bactericidal mechanisms. In contrast, mice expressing

high levels of sTNFR1 failed to develop an effective

immune response and succumbed to BCG infection,

which was attributed to inhibition of circulating TNF-a
and to reduced signalling via both TNFR1 and

TNFR2.31,57 Hence, although a significant increase of

TNF-a was observed on day 3 of infection with both

strains of M. bovis, in infection with the virulent strain

the lower expression of TNFR1 and increased levels of

sTNFR1 may have contributed to inhibition of TNF-

induced macrophage apoptosis, favouring permanence

and replication of virulent mycobacteria within the host

cell at this point when few bacilli per macrophage were

observed. In contrast, on day 7, the expression of TNFR1

in macrophages did not differ between the two strains;

however, the virulent strain induced significantly more

TNF-a than the attenuated strain, which could possibly

be related to the large increase in macrophage apoptosis

observed by the infection with the virulent strain. Apop-

tosis of a large number of macrophages at this point,

when most of these infected cells contained > 10 bacilli,

could facilitate the exit of mycobacterium from the host

cell to infect new cells, as apoptotic cells lyse and become

necrotic, a process called ‘secondary necrosis’, when the

load of dying cells exceeds the local capacity for phago-

cyte-mediated clearance.58,59 Taken together, these results

support the hypothesis that virulent M. bovis modulates

macrophage apoptosis according to the intracellular bac-

terial load. However, a direct relationship between the

number of bacilli and TNFR1 expression cannot be con-

cluded in general for all strains, because, although the

number of bacilli may influence the surface expression of

TNFR1, the modulation of this process seems to be

dependent on the virulence of mycobacteria.

The manipulation of macrophage cell death by virulent

mycobacteria appears to involve both inhibition of apop-

tosis and induction of secondary necrosis, which can

favour the intracellular replication of bacillus and its exit

from the host cell, respectively.36 However, it is still

unclear whether during the initial phase of infection these

cell death programmes represent independent processes or

alternative decisions of a common pathway.60 In this con-

text, regulation of TNFR1 expression could favour both

cell death processes. Recent studies have demonstrated

that in the absence of caspase 8 activity, activation of

TNFR1 does not result in apoptosis, but instead it initiates

a programmed necrosis pathway that is referred to as nec-

roptosis.41,42 Cell morphology of necroptosis is similar to

that observed after necrosis or secondary necrosis follow-

ing apoptosis, and includes early loss of plasma membrane

integrity,61 which may favour the spread of the bacillus.

Indeed, it was demonstrated that at high intracellular load,
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virulent M. tuberculosis rapidly induces cell death in a cas-

pase-independent manner14 of which the morphological

changes were distinct from typical apoptosis or necrosis

but showed some features of these death modes, including

plasma membrane disruptions62 that may be compatible

with necroptosis induced by TNFR1. However, additional

studies are needed to evaluate the occurrence of necropto-

sis during mycobacterial infection and to determine

whether signalling mediated by TNFR1 may have different

consequences for the cell death pathway induced by atten-

uated and virulent M. bovis strains.

In conclusion, this study suggests that TNFR1 plays an

important role in inducing apoptosis of the macrophage

during the early stage of mycobacterial infection and that

the reduction of surface expression of TNFR1 via shedding

can be a mechanism used by virulent mycobacteria to inhi-

bit macrophage apoptosis. Additional studies are needed to

evaluate the mechanistic details involved in this process.
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