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Summary
TNF is required for protection against virulent and non-virulent mycobacterial infections.
Here we compared the effect of Tm-TNF and sTNF, two different molecular forms of TNF, in
virulent and non-virulent murine challenge models. Using non-virulent Mycobacterium
bovis BCG intranasal infection we established that immunity is durably compromised in
Tm-TNF mice, with augmented bacilli burden, leading to chronic but non-lethal infection.
Acute infection by a virulent Mycobacterium tuberculosis low-dose aerosol challenge was
controlled in Tm-TNF mice with bacilli burdens equivalent to that in WT mice and
pulmonary pathology characterised by the formation of well-defined, bactericidal
granulomas. Protective immunity was however compromised in Tm-TNF mice during the
chronic phase of M. tuberculosis infection, with increased lung bacterial growth and
inflammatory cell activation, dissolution of granulomas associated with dispersed iNOS
expression, increased pulmonary IFNg and IL-10 expression but decreased IL-12
production, followed by death. In conclusion, membrane TNF is sufficient to control
non-virulent, M. bovis BCG infection, and acute but not chronic infection with virulent
M. tuberculosis.
& 2007 Elsevier Ltd. All rights reserved.
Elsevier Ltd. All rights reserved.
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Introduction

Tuberculosis remains a significant global disease with the
emergence of virulent drug resistant strains contributing to
the overall burden. Diversity in mycobacterial virulence
induces different immune profiles and pathogenesis1 and the
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relationship between mycobacterial virulence and host
immune responses is critical for determining outcome of
disease. Clinically, individuals respond differently to myco-
bacterial challenge implicating variation in host genetics as
a factor determining disease control. This is supported by
studies in which specific allelic variation was associated with
susceptibility to tuberculosis.2–4 More noticeable was the
association of lethal susceptibility to mycobacterial infec-
tions of individuals that had genetic defects in the signalling
of either IL-12 or IFNg .5,6

Tumour necrosis factor (TNF) is also an absolute require-
ment for host protective immunity against both virulent and
non-virulent mycobacterial challenge, as conclusively pro-
ven in experimental models of gene deletion and neutralisa-
tion.7–9 The clinical relevance of TNF in protecting against
Mycobacterium tuberculosis was recently documented in
patients experiencing flares of tuberculosis under TNF
blocking therapy for inflammatory diseases.10,11 TNF is the
initial member of a larger family of structurally related
proteins.12 It is synthesised as a 26 kDa type II transmem-
brane protein (Tm-TNF) which is cleaved by TACE to form
soluble TNF (sTNF) and mediates signalling as a 51 kDa
homotrimer through either TNFRp55 or TNFRp75.13 Both
transmembrane and sTNF forms are biologically active and
preferential signalling of transmembrane TNF through
TNFRp75 has been reported.14 TNF is multifunctional and
contributes to sepsis, autoimmunity, organogenesis and host
protection.15

TNF is produced by several cell types with macro-
phages being a primary source. TNF, together with IFNg, is
required for optimum activation of macrophages and for
the initiation and maintenance of granuloma during myco-
bacterial challenge.16,17 In addition it was found that
T-cell derived TNF has a significant role in contributing to
TNF dependent immunity against M. tuberculosis infec-
tion.18 TNF is required to control both acute and persis-
tent infection. The absence of TNF signalling in experi-
mental tuberculosis leads to early mortality while neutra-
lisation of TNF during persistent infection results in
reactivation.8,19

In earlier studies, we and others, using mutants in which
endogenous TNF was replaced either by membrane TNF
expressed under transgenic control20 or the D1–9,K11E TNF
allele,21 addressed the different contributions of soluble
TNF and membrane TNF in host immunity to mycobacterial
infections.22–25 Our findings and those of others have largely
reported on host immunity against M. tuberculosis.23,25

Given that membrane TNF failed to sustained protection
during chronic M. tuberculosis infection in these earlier
studies we asked whether mycobacterial virulence influ-
ences the outcome of disease during persistent challenge.
Here we extended these previous studies and investigated
the influence of membrane TNF and sTNF on the outcome of
disease in two experimental mycobacterial challenge
models with strains of different virulence. We report on
strikingly different outcomes of disease as a consequence of
mycobacterial virulence in relation to protective immunity
associated with membrane TNF in the different challenge
models. The data demonstrate that Tm-TNF mediated
immunity protects against Mycobacterium bovis BCG chal-
lenge lethality. In contrast, Tm-TNF dependent mediated
immunity is protective during acute challenge with virulent
M. tuberculosis but fails to sustain protection during
persistent infection leading to lethality.

Materials and methods

Mice

C57Bl/6 (WT), Tm-TNF21 and TNF�/� mice26 were bred and
maintained under specific pathogen-free conditions at the
University of Cape Town. Both mutant strains were main-
tained on a C57Bl/6 background. Mice between 8 and 12
weeks were used in experiments which were approved by
the Animal Ethics Committee of the University of Cape
Town. Genotypes of mice were confirmed by PCR analysis.

Mycobacteria and infections

M. tuberculosis H37Rv and M. bovis BCG were grown in 10%
OADC enriched Difco Middlesbrook 7H9 medium containing
0.5% glycerol and incubated at 37 1C and grown until log
phase. A frozen mycobacterial aliquot was rapidly thawed at
37 1C and passed 30� through a 29.5G needle prior to use.
For intranasal M. bovis BCG inoculation 1� 106 cfu in 50 ml
was applied to mice under anaesthesia. For M. tuberculosis,
aerosol inhalation infection was performed at a dose of
50–100 cfu in a Biosafety Level-3 laboratory using a Glas-Col
Inhalation Exposure System Model A4224. The pulmonary
infection dose was confirmed in 10 mice 18–24 h after
infection.

CFU determination

Mice were sacrificed at the indicated time points, organs
removed and homogenised in PBS/0.04% Tween 80. Homo-
genised tissue was plated on 10% OADC enriched Difco
Middlesbrook 7H10 agar plates in 10-fold serial dilutions.
Plates were semi-sealed in plastic bags, incubated for 17–21
days at 37 1C after which the number of mycobacterial
colonies were counted and the infection dose calculated.

Morphological analysis

Mice were sacrificed, the organs fixed in phosphate buffered
formalin and embedded in paraffin wax. Tissues were
sectioned at 5 mm, stained with Hematoxylin and Eosin and
Ziehl-Neelsen, and mounted with Canada balsam. Images of
stained tissue sections were captured using a Nikon DXM
1200 digital still camera attached to a Nikon Eclipse E400
microscope and the ACT-1 software application program.

Single cell preparation

Lungs were perfused by injecting 5ml of cold PBS containing
20 U/ml heparin in the right ventricle of the heart. Lungs
were removed, sectioned on ice and incubated in PBS
containing 50U/ml collagenase I (Worthington Biomedical
Corporation, Lakewood, NJ) and 13 mg/ml DNAse I (Boer-
inger-Mannheim, Germany) at 37 1C for 90min. For single-
cell suspensions, lung tissue was passed through a 70 mm
nylon cell strainer (Beckton and Dickinson), washed 2� with
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PBS and the cell concentration determined by counting in
the presence of trypan blue.

Flowcytometry

Cells were labelled using the following antibodies: PE anti-
mouse CD8a (Clone 53–6.7; Pharmingen); PE-anti mouse CD4
(Clone RM4-5; Pharmingen). 1� 106 cells were incubated
with for 20min with anti-CD16/32 to block Fc receptors in
96-well plates round bottom plates (Sterilin). Cells were
washed with PBS/0.1% BSA/0.01% NaN3 and incubated with
2 mg/ml of appropriate antibodies for 20min in the dark.
Excess antibodies were removed by washing cells 2� with
PBS/0.1% BSA/0.01% NaN3 and pelleted cells were fixed for
18–24 h in 10% PBS buffered formalin. Analysis was done
using a FACScalibur (Beckton and Dickinson) incorporating
Cellquest software.

Pulmonary cytokine quantification

Whole lungs were homogenised in 1ml PBS containing
protease inhibitor (Sigma), centrifuged and the super-
natants aliquoted and stored at �80 1C until further
analysis. Cytokine concentrations were measured by sand-
wich ELISA using antibodies purchased from R&amp;D
Systems Inc., Minneapolis, MN, according to the instructions
of the manufacturers.

Statistical analysis

The data are expressed as the mean7SD. Statistical analysis
was performed by ANOVA or the Student’s t-test. For
mortality studies, analysis was performed using the log-rank
test. For all tests, a p-value of o0.05 was considered
significant.

Results

Tm-TNF mice are susceptible to acute M. bovis BCG
infection

Previous gene deletion and neutralisation studies illustrated
an absolute requirement for TNF during infection with non-
virulent vaccine strain M. bovis BCG, but did not distinguish
between the contributions of Tm-TNF and sTNF in host
protective immunity.9,16 Later studies found that mice
expressing transgenically controlled Tm-TNF could eliminate
M. bovis BCG with similar efficiency as WT control mice.22

We assessed the respective effects of the two biological
forms of TNF in controlling bacilli burden and dissemination
after intranasal challenge of WT-, Tm-TNF- and TNF�/� mice
with M. bovis BCG using a mutant strain in which endogenous
TNF was replaced with an uncleavable form of TNF under
full regulation of the TNF promoter.21 We confirmed the
inability of TNF�/� mice to control infection with signifi-
cantly higher bacilli levels present in lungs (po0.05), liver
(po0.01) and spleen (po0.01) compared to WT mice
(Figure 1A). In contrast Tm-TNF mice displayed a partial
protective phenotype with bacilli burdens in all organs
significantly higher than WT mice (po0.01) but significantly
lower (po0.05) than TNF�/�mice. Differences in pulmonary
bacterial load documented by mycobacterial culture were
verified by Ziehl-Neelsen staining with bacilli in WT and
Tm-TNF mice localised largely intracellularly, contrasting
with a significant extra cellular location in TNF�/� mice
(Figure 1B).

Therefore, Tm-TNF mice displayed an enhanced suscept-
ibility compared to WT mice to acute M. bovis BCG
infection, in terms of bacilli burden and dissemination,
although they were less susceptible than TNF�/� mice.

Granuloma formation is associated with increased
inflammation in Tm-TNF mice during M. bovis BCG
infection

Formation of bactericidal granulomas is a distinctive feature
of an effective immune response against mycobacterial
challenge with both CD4+ and CD8+ T-cells forming an
integral part of its structure. A significant reduction
(po0.01) in pulmonary content of CD4+ T-cells and
diminished level of CD8+ T-cells was observed in TNF�/�

mice at 28 days post-infection, characteristic of decreased
cellular recruitment of these specific subsets despite an
inflammatory response equivalent to WT mice (Figure 2A). In
contrast, increased inflammation with a concomitant in-
crease in both CD4+- and CD8+ T-cell subsets were observed
in Tm-TNF mice. Lymphocytes were organised in well-
structured granulomas in WT mice in contrast to severe
alveolitis and tissue necrosis present in TNF�/� mice at 42
days post-infection. Tm-TNF mice developed an intermedi-
ate pulmonary phenotype with increased inflammation yet
developed distinct granulomas. Thus, the characteristic lack
of granuloma formation in TNF�/� mice was corrected in
Tm-TNF mice.

The enhanced susceptibility of Tm-TNF mice to
acute M. bovis BCG infection is non-lethal

To determine whether the enhanced susceptibility of Tm-
TNF mice to M. bovis BCG challenge was lethal, mortality of
the different mouse strains was assessed after intranasal
infection. We confirmed the susceptibility of TNF�/�mice to
acute infection accompanied by loss of bodyweight whereas
WT mice survived the duration of the experiment (Figure 3).
Similar to WT mice, Tm-TNF mice survived the infection
with progressive gain in bodyweight. Therefore, the
lethality of M. bovis BCG infection in TNF�/� mice is
corrected in Tm-TNF mice.

The enhanced susceptibility and pulmonary
inflammation in Tm-TNF mice during chronic
M. bovis BCG infection is sustained but non-lethal

We next assessed whether Tm-TNF confers protection during
chronic M. bovis BCG infection. We show a sustained,
significantly higher level (po0.001) of pulmonary bacilli
burden in Tm-TNF mice compared to WT mice. Furthermore,
enhanced pulmonary inflammation is sustained which is
reflected in the significantly higher lung weight and lung size
observed in Tm-TNF mice. Evaluation of the granulomatous
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Figure 1 Bacilli burden in WT, Tm-TNF and TNF�/� mice during acute M. bovis BCG infection. Mice received an intranasal challenge
dose of 1� 106 cfu/lung and (A) bacilli levels in lungs, spleen and livers of WT (black), Tm-TNF (grey) and TNF�/� (white) mice at 42
days post-infection were determined. Significantly higher bacilli burdens were present in all organs of TNF�/� mice relative to WT
mice. Tm-TNF mice were partially protected with bacilli burdens significantly higher than WT but significantly lower than TNF�/�

mice. (B) Lung sections were analysed for presence of bacilli by Ziehl Neelsen staining at 42 days post-infection. WT mice showed
limited bacilli presence, located mostly within epitheloid macrophages and confined too10 bacilli/field of vision. Tm-TNF presented
on average with 410 bacilli/field of vision with bacilli localised to epitheloid macrophages within granulomas. TNF�/� mice had
41000 bacilli/field of vision with bacilli located extracellular as a consequence of tissue damage. Each data point represents the
mean and SD values for four mice. The results represent one of three experiments. Magnification 1000� *po0.05; **po0.01;
significance is relative to values for WT mice.
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response revealed the presence of resolving granulomas in
WT mice. In contrast, Tm-TNF mice had a sustained
inflammatory response characterised by enhanced alveoli-
tis. Nevertheless, we monitored infected mice for more
than 380 days and did not observe mortality of either WT or
Tm-TNF mice (data not shown).

In conclusion, the expression of transmembrane TNF
allowed the control of acute infection with non-virulent
M. bovis BCG, during progressive chronic infection which
was non-lethal (Figure 4).
Tm-TNF mice control acute M. tuberculosis aerosol
inhalation challenge

We next investigated the effect of virulence on Tm-TNF
mediated immunity in a natural M. tuberculosis aerosol
inhalation challenge model. WT, Tm-TNF and TNF�/� mice
were challenged with 100 cfu/lung and mortality and body
weight changes recorded. TNF�/� mice displayed severe
weight loss after acute M. tuberculosis infection and rapidly
succumbed (Figure 5A) in contrast to WT and Tm-TNF mice
that maintained bodyweight and survived for more than 50
days (Figure 5B). Susceptibility of TNF�/� mice was
associated with significant increases (po0.01) of bacilli
burden in both the lungs (Figure 5C) and spleen (Figure 5D).
Interestingly similar pathogen burdens were observed in WT
and Tm-TNF mice that were able to sustain control of
infection for 118 days. We further analysed pulmonary
granuloma formation during acute infection as a determi-
nant of protective immunity (Figure 5E). We found the
presence of typical, well-structured granulomas consisting
of epitheloid macrophages interspersed with recruited
lymphocytes in both WT and Tm-TNF mice. In contrast, the
absence of TNF resulted in failure to initiate and establish
proper granulomas.

Thus, the extreme susceptibility of TNF-deficient mice to
acute M. tuberculosis aerosol infection, with high bacterial
burden, absence of granuloma and rapid lethality, was
corrected in Tm-TNF mice.
IL-12p70 production is reduced while IFNc and IL-10
is controlled during acute M. tuberculosis infection
in Tm-TNF mice

We examined pulmonary levels of IFNg, IL-12p70 and
IL-10 secretion as determinants of induction and regulation
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Figure 2 T-cell recruitment and granuloma formation in WT, Tm-TNF and TNF�/� mice during acute M. bovis BCG infection. Mice
received an intranasal challenge dose of 1� 106 cfu/lung and (A) pulmonary T-cell recruitment assessed by flowcytometry.
Inflammation, defined as a measurement of lung weight, was significantly higher in Tm-TNF mice at 28 and 42 days post-infection
relative to WT mice. TNF�/� mice had significantly higher inflammation compared to either WT or Tm-TNF mice after 42 days of
infection. Recruitment of CD4+ and CD8+ T-cells at 28 days post-infection were increased in Tm-TNF mice whereas delayed
recruitment was observed in TNF�/� mice. (B) Lung sections obtained 42 days after infection show well-defined granulomas in WT
mice, enhanced cell recruitment with presence of granulomas in Tm-TNF mice and absence of structured granulomas in TNF�/�

mice. Each data point represents the mean and S.D. values for four mice. The results represent two experiments. Magnification 40�
*po0.05; **po0.01: significance is relative to values for WT mice.
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Figure 3 Mortality studies of M. bovis BCG infected WT, Tm-TNF and TNF�/� mice. Mice (n ¼ 10mice/group) received an intranasal
challenge dose of 1� 106 cfu/lung M. bovis BCG and (A) mortality recorded and (B) bodyweight measured. Rapid mortality of TNF�/�

mice was observed in contrast to WT and Tm-TNF mice which survived. Mortality of TNF�/� mice was associated with severe weight
loss whereas surviving WT and Tm-TNF mice gained weight. The data represent one of four experiments.
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of Th1 immunity during acute M. tuberculosis challenge.
Previous studies have shown that both TNF and IFNg
are required for optimum macrophage activation and
that IL-10 regulates Th1 responses during mycobacterial
infection.17,27 We show that IFNg production is similar in
both WTand Tm-TNF mice at 35 days post-infection whereas
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Figure 4 Chronic M. bovis BCG infection in WT and Tm-TNF mice. Mice received an intranasal challenge dose of 1� 106 cfu/lung
M. bovis BCG. (A) Pulmonary bacilli burden was assessed at 245 days post-infection and shows significantly higher colony forming
units in Tm-TNF mice. (B) Inflammation, as measurement of lung weight, and (C) lung size was significantly increased in Tm-TNF
mice. (D) Lung sections, analysed at 245 days after infection, show the presence of resolving granuloma in WT mice but excessive
inflammation and diminished granuloma structure in Tm-TNF mice. The results are expressed as mean7S.D. (n ¼ 9 mice per group)
and are combined from two experiments. Magnification 40� *po0.001.
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its levels in TNF�/� mice were 100� higher in lung
homogenates (Figure 6). In contrast, IL-12p70 secretion
was significantly lower (po0.05) in Tm-TNF and TNF�/�

mice. Interestingly, measurement of IL-10 production
showed significantly higher (po0.05) production in mor-
ibund TNF�/� mice relative to WT and Tm-TNF mice but
there was no significant difference between WTand Tm-TNF
mice.

Therefore, Tm-TNF mice behaved similar to WT mice in
terms of pulmonary levels of IFNg and IL-10 that were
elevated in TNF-deficient mice after acute M. tuberculosis
infection, although both Tm-TNF and TNF�/� mice had
reduced IL-12p70 lung levels.
Persistent virulent M. tuberculosis infection is
lethal in Tm-TNF mice

Based on our previous observation that, despite a compro-
mised immune response to high-dose challenge with
M. bovis BCG in Tm-TNF mice, infection was non-lethal,
we asked whether Tm-TNF expression alone could
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Figure 5 Assessment of mortality, pulmonary bacilli burden and pathology in WT, Tm-TNF and TNF�/� mice during acute
M. tuberculosis infection. Mice were infected with 100 cfu M. tuberculosis by aerosol inhalation and (A) mortality and (B) bodyweight
measurements recorded and expressed relative to bodyweights measured on the day of infection. Rapid mortality, associated with
decreasing bodyweight during infection progression, was observed in TNF�/� mice. WT and Tm-TNF mice survived infection and
maintained a consistent body mass. Bacilli burdens were assessed in the (C) lungs and (D) spleens from infected mice at the indicated
time points. Significantly higher bacilli burdens were present in the lungs and spleens of TNF�/� mice with respect to either WT or
Tm-TNF mice. (E) Pulmonary granuloma formation was assessed 35 days after infection. Distinct granulomas (see arrows) were
present in WT and Tm-TNF mice but morphology in TNF�/� mice was characterised by excessive inflammation, areas of necrosis
(see X) and lack of defined granulomas. Results are from one representative experiment out of two independent experiments. For
mortality studies, groups consisted of 10–14 mice. For bodyweight measurements, data points represent 4–14 mice. For bacilli
burden studies, each data point represents the mean and S.D. values for four mice. Magnification 40� *po0.01; significance is
relative to values for WT mice.
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provide protection to chronic infection with virulent
M. tuberculosis. Persistent M. tuberculosis infection in
Tm-TNF mice induced excessive inflammation, with signifi-
cantly higher lung weights than in WT mice (Figure 7C) and
lung surface lesions appearing enlarged with confluent
large nodules (Figure 7D). Granuloma formation was
characterised by distinctly defined structures in WT mice
but largely absent in Tm-TNF mice (Figure 7E) which
was in sharp contrast to the pathology observed during
acute infection. More importantly, Tm-TNF mice developed
significantly higher bacilli pulmonary burdens (Figure 7B)
and succumbed to chronic infection by the virulent
mycobacteria with a mean survival time of 195 days
(Figure 7A).

Therefore, although Tm-TNF expression protected against
lethality to acute M. tuberculosis infection, continued
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development of pathology proved fatal within 7 months in
Tm-TNF mice.

Enhanced iNOS production and activation of lung
infiltrating CD11b+ cells in chronic M. tuberculosis
infected Tm-TNF mice

In order to investigate the factors contributing to Tm-TNF
mice susceptibility during chronic M. tuberculosis infection,
we compared the level of activation of lung infiltrating
macrophages in Tm-TNF and wild type mice. TNF is a
prerequisite for macrophage activation and can inhibit
mycobacterial growth in an iNOS dependent and indepen-
dent manner.28–30 We and others have shown that iNOS is a
requirement for host protection against mycobacterial
infection.31,32 However, the contribution of iNOS is thought
to be more important in immune responses during chronic
rather than acute infection.32 We therefore assessed the
expression of MHC Class II, CD80 and CD86 on CD11b+ cells as
indicators of cellular activation and the level of iNOS
expression in WT and Tm-TNF mice during chronic infection.
Analyses of CD11b+ high gated cells for expression of MHC
Class II, CD80 and CD86 showed and increase in the median
intensity fluorescence for all three cellular markers in Tm-
TNF compared to WT mice (Figure 8A). Staining pattern for
iNOS was compact and localised to translucent epitheloid
macrophage cells confined to well-structured granulomas
within lungs of WT mice. In contrast, lungs of Tm-TNF mice
showed a dispersed staining pattern of iNOS expression
reflecting the dissolute granuloma structure (Figure 8B).

IL-10 and IFNc secretion is increased during chronic
M. tuberculosis infected Tm-TNF mice

To understand the mechanism through which macrophage
activation may be regulated during late-stage M. tubercu-
losis infection, we compared the pulmonary cytokine profile
of chronically infected WT and Tm-TNF mice. We found
significantly enhanced IFNg and IL-10 pulmonary levels and a
trend towards reduced IL-12 secretion levels which did not
reach statistical significance (po0.07) in Tm-TNF mice
during chronic infection, as compared to wild type mice
(Figure 9).

Therefore, after 5 months of M. tuberculosis infection,
Tm-TNF mice exhibited elevated IFNg and IL-10, and
reduced IL-12 pulmonary levels, reflecting a similar profile
of TNF�/� mice that succumb to acute challenge.
Discussion

The generation of membrane-specific TNF mutants have led to
several studies addressing the potential functional diversity of
Tm-TNF and sTNF in different infections. Transmembrane TNF
only was able to induce protective immunity in mice
challenged with Listeria monocytogenes,33,34 M. bovis BCG22

and M. tuberculosis.23–25 In this study we investigated the
relationship between mycobacterial virulence and the pro-
tective influence of Tm-TNF and sTNF during pathogenic
challenge. We showed that Tm-TNF only afforded protection
against lethality during non-virulent M. bovis BCG intranasal
challenge despite a compromised immune response. In
contrast, we confirmed previous findings that Tm-TNF induced
a protective response during acute aerosol challenge with
virulent M. tuberculosis but failed to maintain protection
during chronic infection.23,25 Our findings which clearly
indicate dependence of Tm-TNF mediated immune function
on mycobacterial strain virulence are consistent with studies
of Dunn and North35 who found mycobacterial virulence a
factor causing progressive pathology and loss of lung function
during persistent infection.35

Previously we and others have illustrated that TNF is
absolutely necessary to induce protective immunity against
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Figure 7 Mortality, pulmonary bacilli burden and pathology in WT and Tm-TNF mice during chronic M. tuberculosis infection. Mice
were infected with 100 cfu M. tuberculosis by aerosol inhalation and mortality, pulmonary bacilli burden and lung morphology
assessed. Tm-TNF had a mean survival time of 195 days compared to WT mice which survived the experiment (A). Chronic infection
(day 165 post-infection) was characterised by significantly higher bacilli burden (B) and increased lung weight (C). Enlarged lungs of
Tm-TNF mice displayed coalescent lesions whereas lesions of WT mice were smaller and distinct (D). Well-defined granulomas were
present in WT mice whereas enhanced inflammation in TNF mice was characterised by lack of lung structure and absence of defined
granulomas (E). For mortality studies, groups consisted of 10–14 mice. For bacilli burden studies and lung weight measurements,
each data point represents the mean and S.D. values for four mice. Magnification 40� *po0.05; **po0.01.
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the attenuated vaccine strain M. bovis BCG.9,16 We now
show that after an intranasal challenge dose of 1� 106 cfu/
lung, Tm-TNF induced a partial protective immune response
indicating that Tm-TNF together with sTNF is required for a
complete protective immune response. This is interesting in
view of our finding that a 104-fold lower aerosol dose
challenge with M. tuberculosis resulted in indistinguishable
levels of pulmonary bacilli during early infection, suggesting
that at the lower virulent dose sTNF is unnecessary. Our data
confirm our previous observations9 that M. bovis BCG is
cleared from infected organs in immunocompetent mice
and, in addition, show that Tm-TNF alone can bring about
resolution of bacterial burden. In contrast, virulent
M. tuberculosis infection is not resolved and Tm-TNF
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Figure 8 Macrophage activation in WT and Tm-TNF mice during chronic M. tuberculosis infection. Single cell suspensions were
prepared from lungs of mice infected with M. tuberculosis for 169 days. Cells expressing CD11b were analysed for expression of CD80,
CD86 and MHC Class II. CD11b+ cells of Tm-TNF mice displayed increased expression of all three markers (A). Compact expression of
iNOS, confined to well-structured granulomas is present in WT mice compared to an increased and random distribution observed in
Tm-TNF mice. Magnification 40� .
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expression alone fails to establish protection during persis-
tent infection resulting in death.

Granuloma formation is an underlying characteristic of
protective immunity and its absence is usually associated
with mycobacterial dissemination and lethality.8,36,37 Estab-
lishment of granulomas requires cell migration to sites of
infection and is associated with TNF dependent chemokine
induction and regulation of adhesion molecule expres-
sion.38–40 Previous studies have described disrupted granu-
loma formation or retardation of granuloma initiation in the
absence of TNF signalling.7–9 We show that Tm-TNF supports
early granuloma formation during attenuated and virulent
mycobacterial challenge. However, it is clear from com-
parative bacterial burdens in WT and Tm-TNF mice that
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Figure 9 Pulmonary cytokine production in WTand Tm-TNF mice during chronic M. tuberculosis infection. Mice were infected with
100 cfu M. tuberculosis by aerosol inhalation and the pulmonary IFNg, IL-12p70 and IL-10 concentrations determined by ELISA after
154 days. Significant higher levels of IFNg and IL-10 and reduced IL-12p70 production was observed in Tm-TNF mice. The results
represent are expressed as the mean7S.D. (n ¼ 4 mice per group) and are from one experiment representative of two independent
experiments. *po0.05.
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granulomas established in the presence of Tm-TNF only, is
inferior in bactericidal potential. This is evident from the
onset after M. bovis BCG infection and becomes apparent
during chronic infection after M. tuberculosis challenge.
Interestingly, in contrast to the retarded pulmonary inflam-
mation of CD4+- and CD8+ T-cells observed in the absence of
TNF during M. bovis BCG infection, enhanced recruitment of
both lymphocytic subsets were stimulated by Tm-TNF. This
may imply that sTNF has an inhibitory function during
inflammation and that the two molecular forms have
distinct roles during mycobacterial infection. This observa-
tion during attenuated M. bovis BCG challenge is supported
by our findings during virulent M. tuberculosis challenge. In
the latter case, the absence of sTNF was characterised by
enhanced inflammation during persistent infection and
failure to form defined granulomas. Previously Zganiacz
et al.41 have proposed that TNF is a negative regulator of
Th1-type inflammatory responses and found enhanced
inflammation of both CD4+- and CD8+ T-cells in TNF�/� mice
after M. bovis BCG challenge.41 In addition to their
observations, we propose that Tm-TNF has a cellular
recruitment function and that sTNF has an important role
in mediating inhibitory responses during Th1-type inflamma-
tion. Clinical relevance of Tm-TNF function in cellular
recruitment was illustrated through its ability to induce
inflammation and contributing to chronic arthritis42 and
EAE.21 Distinction of functional identity between the
molecular forms of TNF is not unprecedented. Separate
functions for Tm-TNF and sTNF were described by Birkland
et al. who showed that sTNF and membrane TNF expressed
on CD4+ T-cells differentially activates anti-leishmanial
mechanisms in macrophages.43 Furthermore, additional
studies found that cells insensitive to lysis by sTNF can be
killed by Tm-TNF44 and growth of retrovirally transduced
tumours was inhibited by sTNF but not Tm-TNF.45

TNF and IL-12 mediate protective immunity in part by
initiating and maintaining the structural integrity of
granulomas to limit spread of bacilli.8,46–48 In the absence
of either cytokine, structural integrity is compromised
during mycobacterial challenge. Similarly, both cytokines
are required to control infection during persistent infec-
tion.19,49,50 Our data show a significant reduction of
pulmonary IL-12 levels in Tm-TNF mice during M. bovis
BCG and M. tuberculosis infection. Our results are interest-
ing in view of recent data which showed that M. bovis BCG
infection reduces IL-12 production from host cells51 and
suggest that sTNF may regulate IL-12 production in vivo.
Taken together, the data indicate that mycobacterial
infection inhibits IL-12 production to a greater extent in
the absence of sTNF resulting in disruption of granuloma
function and a less effective protective immune response.

IFNg is essential for mediating Th1 protective immunity
against mycobacterial infection52,53 but in the absence of
TNF, does not afford protection during mycobacterial
infection. In contrast, excessive levels of IFNg promote
tissue necrosis leading to mortality.41 In this study, we found
significantly higher pulmonary IFNg production during late-
stage infection in TNF�/� mice challenged with either
M. bovis BCG or M. tuberculosis. Although WT and Tm-TNF
mice produced similar levels of IFNg during early infection,
chronic M. tuberculosis infection was associated with
significantly higher production in Tm-TNF mice. We there-
fore propose that Tm-TNF is capable of regulating type 1
immune responses during early M. tuberculosis challenge
but that host immunity requires sTNF during persistent
infection to control onset of IFNg mediated pathology.

IL-10 is an inhibitory cytokine required to regulate
inflammation in several infectious diseases resulting in
improved pathogen control.54 We and others have previously
found enhanced mycobacterial clearance in the absence of
IL-10 whereas a limited or no role for IL-10 was also
described.27,55,56 In this study, we found enhanced IL-10
production associated with end stage disease in TNF�/�

mice relative to WT and Tm-TNF mice during acute M.
tuberculosis challenge. Similarly, we found enhanced
pulmonary IL-10 production in Tm-TNF deficient mice during
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persistent M. tuberculosis infection. We therefore propose
that increased IL-10 production promotes host susceptibility
to acute M. tuberculosis infection in the total absence of
TNF and likewise support bacterial persistence in the
absence of sTNF during chronic infection. Our findings are
supported by studies of Turner et al.57 who showed that
overexpression of IL-10 in chronically but not acute infected
C57Bl/6 mice resulted in reactivation of disease.57 Interest-
ingly, these authors further found that susceptibility was
associated with reduced IL-12 and TNF.

Activation of macrophages is mediated by IFNg signalling
during infection resulting in pathogen control. However,
uncontrolled IFNg production is detrimental and contributes
to tissue damage.41,58 Similarly, sustained macrophage
activation, characterised by increased MHC Class II expres-
sion, has been associated with promoting tissue injury.59 We
found enhanced expression of MHC Class II, CD80 and CD86
on recruited pulmonary CD11b+ cells in Tm-TNF mice during
chronic M. tuberculosis infection which correlated with
increased levels of IFNg expression. It is therefore possible
that sustained macrophage activation was maintained by
high IFNg levels contributing to tissue injury. sTNF may
therefore have an inhibitory function in regulating macro-
phage activation during persistent M. tuberculosis infection.
In fact, Watanabe and Jacob60 found that TNF antagonises
IFNg mediated upregulation of MHC Class II on macrophages
in vivo.60 Furthermore, we found that the pattern of iNOS
expression present in lungs of M. tuberculosis infected Tm-
TNF mice were different compared to that observed in WT
mice. The amount of staining in Tm-TNF mice was at least
equivalent to that of WT mice, but unlike that of WT mice
where iNOS expression was concentrated in structured
granulomas, expression was dispersed throughout the lungs
of chronically infected Tm-TNF mice. iNOS expression on its
own is therefore not sufficient to control mycobacterial
growth but is dependent on being expressed within a
conducive environment that promotes its bactericidal
activity.

It is interesting to speculate on virulence factors that
compromise Tm-TNF mediated immunity. Genes encoded
within the RD1 are obvious candidates because of its
absence from all M. bovis BCG strains. ESAT-6 and CFP-10
are located within RD1 and have been implicated in
regulating immune responses. Studies supporting this
suggestion demonstrated that deletion of RD1 from
M. tuberculosis H37Rv significantly attenuated virulence to
assume growth characteristics and granuloma induction
potential analogous to that of M. bovis BCG.61 Similarly,
reintroduction of RD1 into M. bovis BCG restored virulence
and pathogenicity to rival that of M. tuberculosis H37Rv.62 It
is therefore likely that genes encoded within RD1 may have
contributed to mycobacterial virulence that resulted in
compromised immunity and eventual lethality in Tm-TNF
mice during pathogenic challenge.

The interpretations of the proposed roles of Tm-TNF and
soluble TNF in immunity to mycobacterial infection are
supported by various other studies referenced here, and
within this context, we believe, are valid. Nonetheless, the
data may be interpreted as a consequence of a dysregulated
immune system induced by gene alteration in the mutant
strain. We are therefore currently performing further
investigations to fully understand the mechanisms that
govern the role of the different forms of TNF in immune
regulation against mycobcterial infections in support of our
current findings.

In conclusion, our data illustrate that TNF mediated
immunity against either M. bovis BCG or M. tuberculosis
infection requires both Tm-TNF and sTNF. Although Tm-TNF
protects M. bovis BCG challenged mice against lethality, it
does not provide complete immunity. However, an increase
in virulence demonstrated during M. tuberculosis infection
compromises protection afforded by Tm-TNF during non-
virulent challenge leading to lethality.
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