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Tumor necrosis factor (TNF) is a critical mediator in the immune response to mycobacteria, particularly in
the formation and maintenance of granulomas. Treatment of Mycobacterium bovis BCG-infected mice with TNF
and a TNF-mimetic peptide (TNF70–80) altered the number and cellular composition of granulomas. This
change was associated with a moderate decrease in the bacterial burden.

The hallmark of infection with Mycobacterium tuberculosis
and Mycobacterium bovis BCG is the formation of granulomas
(18). Granulomas function both to limit the spread of infection
and to provide an environment of activated macrophages
which, through autocrine and paracrine stimulation, kill the
mycobacteria. The formation of granulomas, although critical
to the resolution and control of infection, is also the primary
cause of the tissue destruction and pathology seen in mycobac-
terial infections (7).

Granulomas are composed of activated mononuclear phago-
cytic cells and T lymphocytes (20); however, the evolution of
the cellular composition during infection is less well defined.
The formation of granulomas is dependent on cytokines, no-
tably gamma interferon (IFN-g) and tumor necrosis factor
(TNF) (2, 13). Numerous in vitro studies have shown that TNF
and IFN-g act in synergy to activate bactericidal mecha-
nisms in murine macrophages, in particular the induction of
nitric oxide through the up-regulation of inducible nitric
oxide synthase (4, 10). In vivo studies with both ligand- and
receptor-deficient mice and monoclonal antibody neutraliza-
tion have revealed that deficiency of TNF and IFN-g causes
increased susceptibility to infection, with manifestations in-
cluding retarded granuloma formation and increased bacterial
loads (2, 6, 11, 12, 14). The importance of TNF is further
highlighted by studies in which treatment with TNF increased
host resistance to M. tuberculosis (8) and Listeria monocyto-
genes (9) infection in mice.

Recently a short peptide which mimics some of the actions
of TNF has been described (19). This 11-mer mimetic peptide,
TNF70–80, corresponds to residues 70 to 80 of human TNF and
differs from that sequence only by the substitution of isoleucine
for leucine at position 76. This substitution confers increased
stability without affecting peptide binding to the 55- and 75-
kDa TNF receptors (15, 19). TNF70–80 enhanced human poly-
morphonuclear cell-mediated killing of Plasmodium falcipa-
rum in vitro by stimulating and priming the polymorphonuclear

cells for increased respiratory burst and granule release (15).
Treatment of both Plasmodium chabaudi-infected mice (15)
and Pseudomonas aeruginosa-infected mice (19a) with
TNF70–80 reduced the parasite or bacterial burden, as well as
decreasing the systemic effects of P. aeruginosa infection.

In this study, the cellular components of the granulomas that
form during the normal course of M. bovis BCG infection were
analyzed. Based on this analysis we selected the height of
infection to compare the effects of treatments with TNF and
TNF70–80 on the immunopathology of M. bovis BCG infection.
Both treatments altered the number and cellular composition
of the granulomas compared to those in infected untreated
mice. The change in pathology was also associated with a
moderate decrease in bacterial burden in the spleen.

M. bovis BCG (CSL) was obtained from CSL Biosciences
(Melbourne, Australia) and prepared as previously described
(3). Specific-pathogen-free female C57B1/6 mice from Little
Bay Animal Facility (University of New South Wales, Sydney,
Australia), at 6 to 10 weeks of age, were infected intravenously
with 106 viable BCG organisms. The course of bacterial infec-
tion was determined by plating serial dilutions of whole spleen
homogenates on nutrient oleic acid-albumin-dextrose-catalase
(OADC)-enriched 7H11 agar and counting bacterial colonies
formed after 21 days’ incubation (37°C, 5% CO2). Formalde-
hyde-fixed, hematoxylin and eosin (H&E)-stained liver sec-
tions were used to quantify granulomas. A granuloma was
defined as a cluster of 8 to 10 macrophages and lymphocytes,
and the average number in 10 randomly selected high-power
(3400) fields was determined. The cellular phenotypes of the
granulomas were analyzed by quantitative image analysis.
Liver sections were immunohistochemically stained, and the
area of positively stained tissue was determined in 10 randomly
selected fields of view by using the automated Chromatic color
image analysis software package version 2.2 (Leading Edge).
Following image capture, the primary color levels of individual
pixels were compared to predetermined values, based on the
color of the enzymatic product. Pixels which met these criteria
were classed as positive and were then used to calculate the
areas of positive staining. The antibodies used were as follows:
rat anti-murine major histocompatibility complex (MHC) class
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II (hybridoma line P7/7), rat anti-murine CD4 (GK1.5), rat
anti-murine CD8 (53.6.7), biotinylated hamster anti-mouse gd
T-cell receptor (TCR) (GL3-1A), and biotinylated mouse anti-
NK1.1 (PK136), followed by biotinylated rabbit anti-rat immu-

noglobulin G (Dako) and/or streptavidin-conjugated alkaline
phosphatase (Amersham). Bound antibodies were visualized
by color development with New Fuchsin. The area of positive
staining reflects the number of cells of that phenotype in that
field of view.

The primary sites of infection following intravenous BCG
exposure are the liver and spleen (5). The time at which the
maximum number of granulomas were observed was 3 weeks
postinfection (Fig. 1A), while the bacterial burden peaked at
week 2 of infection (Fig. 1B). Quantitative image analysis de-
termined the areas of positive tissue staining for MHC class
II, CD4, CD8, gd TCR, and NK1.1, which were indicative of
the numbers of cells of each phenotype in the tissue. The
phenotypic profile of the cellular composition varied over
time. Early in infection granulomas contained large num-
bers of MHC class II1 cells and CD41 T cells and a smaller
number of NK1.11 cells. At 4 weeks the granulomas were
predominated by CD41, CD81, and gd TCR1 T cells, MHC
class II1 cells were reduced in number, and NK1.11 cells
were absent (Fig. 1C). Uninfected liver tissue was negative
for all cell types tested, including MHC class II (data not
shown).

In a second set of experiments the effects of treatments,
prior to the peak of infection, with TNF and TNF70–80 were
examined. Recombinant human TNF (3.4 3 104 U/mg) was
obtained from Peptide Technology Ltd. (Sydney, Australia).
The sequence and synthesis of TNF70–80 have been previously
described (3), and 1 mg of TNF70–80 had activity equivalent to
approximately 200 U of TNF. Mice were infected with 106

BCG organisms intravenously and rested for 7 days. Mice were
then treated intraperitoneally, daily for 10 days, with 0.5 mg of
TNF, 0.05 mg of TNF, 100 mg of TNF70–80, or 10 mg of TNF70–
80, all in phosphate-buffered saline (PBS), or with PBS alone.
Control mice received daily saline injections. Analysis 24 h
after the last injection revealed significantly less pathology in
the livers of TNF- or TNF70–80-treated mice than in those of
the PBS-treated control mice, as revealed by decreased num-
bers of granulomas and reduction in the number of foci and the
total area of MHC class II1 tissue (P , 0.05) (Fig. 2A, B, and
C and Fig. 3). Treatment with TNF or TNF70–80 also altered
the cellular composition of the granulomas. In addition to a
reduction in MHC class II1 cells, mice had a two- to threefold
increase in the area of CD81-stained tissue and a reduction in
the area of NK1.11 tissue staining compared with saline-
treated or untreated BCG-infected control mice (Fig. 1C and
2D). There were no significant differences in the median area

FIG. 1. Time course of intravenous M. bovis BCG infection. Mice were
infected with 106 BCG cells intravenously, and the course of infection was
monitored over 9 weeks, with six mice being examined at each time point. (A)
Mean number of granulomas in 10 high-power fields of H&E-stained liver
sections (magnification, 3400). (B) Mean CFU numbers recoverable from
spleens. (C) Phenotypes of cells constituting granulomas evaluated by mea-
suring the areas of immunohistochemically stained liver tissues. Closed
squares, MHC class II1; open squares, CD41; open diamonds, gd TCR1;
open triangles, CD81; closed circles, NK1.11. The results are representative
of two experiments.

TABLE 1. The anti-mycobacterial effect of in vivo treatment with
TNF and TNF70–80 on M. bovis BCG-infected micea

Treatment
(per day)

103 CFU
per spleenb

%
Decreasec

0.5 mg of TNF 124d (58) 60
0.05 mg of TNF 160d (59) 48
100 mg of TNF70–80 183d (19) 40
10 mg of TNF70–80 253 (71) 18
PBS 307 (18)

a Mice were infected, rested for 7 days, and then treated daily for 10 days. Mice
were sacrificed 24 h after the last treatment.

b Splenic bacterial load (mean 6 standard deviation [shown in parentheses] for
five mice). Spleens were homogenized and serial-dilution plated onto 7H11 agar
plates.

c Percent decreases were calculated as a percentage of the value for the control
(PBS-treated) group.

d Significant difference from value for PBS-treated group by Mann-Whitney U
test (P , 0.05).
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of staining for CD41 (Fig. 2D) or gd TcR1 tissue (data not
shown) in the livers of TNF- or TNF70–80-treated mice. The
phenotype of the cellular components of the granulomas in the
TNF- and TNF70–80-treated mice at day 17 was similar to that
occurring later in the normal course of infection, that is, there
were high numbers of CD81 T cells, low numbers of NK1.11

cells, and reduced numbers of MHC class II1 cells (Fig. 1C).
Furthermore, in mice treated with exogenous TNF and
TNF70–80, the numbers of viable BCG organisms in the
spleens were reduced by 66 and 41%, respectively (P , 0.05)
(Table 1).

TNF is required to control acute mycobacterial infections
and to prevent reactivation during the chronic stages of infec-
tion (1, 2, 12) through the formation and maintenance of
granulomas (2, 12) and macrophage activation leading to my-
cobacterial killing (3). Treatment with TNF or TNF70–80, over
the period in which the granulomatous response develops,
leads to decreased numbers of granulomas and reduced bac-
terial load. Moreover, the cellular constituents of granulomas
resembled those observed late in the normal course of infec-
tion. This suggests that treatment with TNF or TNF70–80 in-

duced early macrophage activation leading to increased clear-
ance of BCG and therefore fewer granulomas. Both TNF and
TNF70–80 synergize with IFN-g to induce macrophage produc-
tion of reactive nitrogen intermediates (RNI) (4). The produc-
tion of RNI is associated with killing of mycobacteria (3, 10).
During infection TNF is localized in granulomas, at high con-
centration relative to that in the surrounding tissues (14).
Exogenous TNF or TNF70–80 peptide may act synergistically
with IFN-g to produce RNI prior to granuloma formation
and thus facilitate killing without the presence of a granu-
loma. Reducing the bacterial burden early in infection may
in turn lead to the more rapid maturation of the granulo-
mas. Treatment with TNF70–80 has recently been shown to
increase the clearance of other bacterial and fungal infec-
tions (16, 17).

In summary, treatment with TNF70–80 or TNF early in BCG
infection reduced the granulomatous response, modified the
cellular infiltrate, and reduced the bacterial burden. This
activity of TNF70–80 is consistent with its in vitro effects on
macrophage activation and inducible nitric oxide synthase in-
duction.

FIG. 2. Effect of treatment with TNF or TNF-mimetic peptide on M. bovis BCG infection. Mice were infected with 106 BCG cells intravenously and treated
intraperitoneally from days 7 to 16 with the doses indicated on the figure. Each data point represents a value for an individual mouse, and each column indicates the
median value of the group (n 5 4). (A) Number of granulomas visible in 10 high-power fields of H&E-stained liver sections (magnification, 3400). (B) Number of MHC
class II1 collections in 10 image analysis fields (magnification, 3100). (C) Total area of MHC class II1 tissue staining in 10 fields of view. (D) Total areas stained for
CD41 (open columns), CD81 (shaded columns), and NK1.11 (closed columns). Asterisks denote significant differences compared to PBS-treated mice (P , 0.05,
Mann-Whitney U test). The results are representative of three experiments. 419, TNF70–80.
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FIG. 3. Effect of treatment on pathology at 17 days after M. bovis BCG infection. (A, B, and C) Liver sections stained with H&E. (D, E, and F) Liver tissues stained
with anti-MHC class II antibody. Panels A and D show tissues from PBS-treated mice, panels B and E show those from TNF-treated mice, and panels C and F show
those from TNF70–80-treated mice (magnification, 3200). Tissues are representative of five mice in each of three separate experiments.
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