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SUMMARY

It is well established in animal models that production of the cytokine tumour necrosis factor-a
(TNF-a) is essential to the proper expression of acquired speci®c resistance following infection with

Mycobacterium tuberculosis. This gives rise to an apparent state of chronic disease which over the

next 100±200 days is characterized by slowly worsening pathological changes in the lung. To

determine whether continued TNF-a production was harmful during this phase mice were treated

with a TNF-a inhibitor, pentoxifylline. It was observed that although this therapy did not alter the

numbers of bacteria recovered from the lungs of the infected mice, tissue damage within the lung

was accelerated. These data thus demonstrate that production of TNF-a, already known to be

important during the early expression of resistance to tuberculosis, remains important and

bene®cial during the chronic stage of the disease.

INTRODUCTION

It is well established that the cytokine tumour necrosis factor-a
(TNF-a) plays an important role in the expression of protective

immunity to mycobacterial infection.1 Addition of exogenous

TNF-a in vivo leads to an increased ability of mice to control

mycobacterial infection2 whereas blocking the cytokine by

speci®c antibodies prevents adequate development of granu-

lomas in mice infected with bacillus Calmette±GueÁrin.3 More

recently, it has been shown using TNF-a gene-disrupted,4,5

or TNF-a receptor-disrupted,6 mice that these animals have

signi®cantly reduced survival times after infection with

Mycobacterium tuberculosis, thus demonstrating the necessity

for TNF-a production during the early stages of this infec-

tion. The pathology of such mice4,6 showed impairment of

granuloma formation, with a distinct absence of epithelioid

cells,6 and evidence of necrosis.

Tuberculosis often presents as a chronic disease of the

lungs. Thus while the use of the above technical approaches

clearly demonstrates a bene®cial role for TNF-a in early

protection, such models do not provide any information

regarding the role of TNF-a during the chronic stage of the

disease when the bacterial load is static or slowly rising. It is

quite possible that increased, or continued, expression of

TNF-a would be associated with local necrosis and blood

vessel destruction. We hypothesized, in keeping with the

`doubled-edged sword' concept,1 that although TNF-a was

initially helpful, its continued production by activated macro-

phages within the granuloma might eventually be harmful

and would contribute to the slowly increasing necrosis and

breakdown of the granuloma that we have documented

elsewhere.7

To test this hypothesis, mice in a state of chronic disease

after aerosol infection were treated with pentoxifylline,

a methyl xanthine derivative, which inhibits the synthesis

of TNF-a,8±10 then examined for changes in lung pathology.

Contrary to our hypothesis, such mice showed evidence

of accelerated damaging lung pathology. These data thus

indicate that production of TNF-a continues to be helpful and

bene®cial during the chronic tuberculosis disease state.

MATERIALS AND METHODS

Mice

Speci®c pathogen-free female 6±8-week-old C57BL/6 were

purchased from Jackson Laboratories (Bar Harbor, ME).

Infected mice were kept in BL-3 biohazard facilities throughout

the experiments and maintained with sterile water, bedding and

mouse chow. The speci®c pathogen-free nature of the mouse

colonies was demonstrated by testing sentinel animals. These

were shown to be negative for 12 known mouse pathogens.

Bacterial infections

Mycobacterium tuberculosis Erdman was originally obtained

from the Trudeau Mycobacteria Collection, (Saranac Lake,

NY). Bacteria were grown in Proskauer±Beck liquid medium
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containing 0.05% Tween-80 to mid log phase and frozen in

aliquots at x70u until needed. Mice were infected via the

aerosol route with a low dose of bacteria. Brie¯y, the nebulizer

compartment of an airborne infection apparatus (Middle-

brook, Terre Haute, IN) was ®lled with a suspension of

bacteria resulting in the uptake of 50±100 viable bacteria per

lung during a 30-min exposure. The numbers of viable bacteria

in the lung and spleen were determined at various time-points

by plating serial dilutions of whole organ homogenates onto

Middlebrook 7H11 agar (Life Technologies, Gaithersburg,

MD) and counting bacterial colonies after 20 days of incuba-

tion at 37u. The data are expressed as the log10 value of the

mean number of bacteria recovered per organ (n=4 animals).

Pentoxifylline treatment

Pentoxifylline (1-(5-oxohexyl)-3,7-dimethylxanthine) (Sigma,

St Louis, MO) was prepared as a 40-mg/ml stock solution in

saline. Mice were given 200 ml by intraperitoneal injection once

weekly beginning 120 days post-aerosol and continuing

throughout the course of the study.

Histological analysis

The lower right lung lobe was collected from each mouse and

in¯ated with, and stored in, 10% formal saline. Tissues were

prepared routinely and sectioned for light microscopy with lobe

orientation designed to allow for the maximum surface area of

each lobe to be seen. Tissues were stained with haematoxylin

and eosin to determine granuloma formation and were

examined by a quali®ed veterinary pathologist with no

previous knowledge of the sample groups. Figures shown are

representative of the experimental groups.

Reverse transcription±polymerase chain reaction (RT-PCR)

A portion of lung tissue was suspended in Ultraspec (Cinna/

Biotecx, Friendswood, TX), homogenized, and frozen rapidly

for storage at x70u. Total cellular RNA was extracted and

reverse transcribed using murine Moloney leukaemia virus

reverse transcriptase (Life Technologies, Grand Island, NY).

PCR was performed with speci®c primers for TNF-a,

interferon-c (IFN-c), macrophage chemoattractant protein

(MCP-1), macrophage in¯ammatory protein-1a and 1b
(MIP-1a, MIP-1b). The PCR product was Southern blotted

and probed with speci®c, labelled oligonucleotides, and the

blots were developed using the enhanced chemiluminescence

kit (ECL; Amersham, Arlington Heights, IL.). The hypo-

xanthine phosphoribosyltransferase (HPRT) house-keeping

gene was also ampli®ed for each sample and used to con®rm

that equivalent amounts of readable RNA were present in all

the samples.

RESULTS

M. tuberculosis infection is unaltered in mice receiving

pentoxifylline

Mice were infected via the respiratory route with 102

M. tuberculosis Erdman. After 120 days mice were given pen-

toxifylline by intraperitoneal injection, once weekly, until the

completion of the experiment. The bacterial load was similar

between the control mice and the mice receiving pentoxifylline

in both the lung (Fig. 1a) and spleen (Fig. 1b).

TNF-a mRNA is reduced in mice receiving pentoxifylline

To con®rm that TNF-a production was in fact reduced in mice

receiving pentoxifylline we collected lung tissue throughout

the course of the experiment, isolated the RNA, and probed for

the presence of TNF-a by RT-PCR. Message for TNF-a was

detectable in the lungs of wild-type mice (Fig. 2a), whereas

TNF-a mRNA was not detectable in the lungs of the mice

treated with TNF-a inhibitor at two individual time-points

throughout the experiment (Fig. 2b). TNF-a message was

absent from 11 out of the 12 mice over the three time-points

analysed. These data therefore demonstrate that pentoxifylline

treatment did indeed result in the inhibition of TNF-a
synthesis.

Chemokine mRNA was unaltered in mice receiving

pentoxifylline

Pentoxifylline treatment, in addition to blocking TNF-a
production, may also in¯uence the cellular in¯ux into the

infected lung. In this regard, mRNA isolated from infected
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Figure 1. Progression of M. tuberculosis infection in mice treated with

pentoxifylline. Mice were infected by aerosol exposure with 102 M.

tuberculosis and the course of the infection was followed over time in

the lung (a) and spleen (b). Mice receiving pentoxifylline (#) were

compared to a control group which had not received the drug (s). Data

are expressed as the mean value from four individual mice,tSEM.

Arrows depict initiation of pentoxifylline treatment.
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lung tissue was probed for the presence of several macrophage

and lymphocyte chemoattractants. Figure 3 shows that there

were no differences between the wild-type group and the group

of mice receiving pentoxifylline for the expression of MCP-1

within the lung tissue. Similar results were obtained with

MIP-1a and MIP-1b (data not shown). In addition, the expres-

sion of IFN-c was comparable between the wild-type mice and

those treated with pentoxifylline.

Pentoxifylline treatment accelerates degenerative pathology in

the lung

The changes within the lungs are summarized in Table 1 and

representative lung lesions are depicted in Fig. 4. The lung

tissues from control mice consisted of typical multifocal lesions

containing mixtures of both lymphocytes and macrophages for

the ®rst 100 days (Fig. 4a) after infection. Lymphocytic foci

can be seen associated with macrophage populations. As the

experiment progressed through 200 (Fig. 4b) and 250 days

(Fig. 4c) post-aerosol, a gradual increase in foci of degenerat-

ing (foamy) macrophages and occasional cholesterol deposi-

tion was apparent, however, the lymphocyte foci were still

(b)

(a) Day 150 Day 220

Day 150 Day 220

HPRT

TNF

HPRT

TNF

Figure 2. Expression of TNF-a message in the lungs of M. tuberculosis-

infected mice. Lung lobes were collected from individual mice at several

time-points throughout the study. Total RNA was isolated, tran-

scribed, and probed using primers speci®c for HPRT and TNF.

Messenger RNA from the lungs of four individual wild-type mice (a),

or four individual mice which had received pentoxifylline (b), are

shown at either 150 or 220 days postinfection.
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Figure 3. Expression of MCP-1 and IFN-c message in the lungs of

M. tuberculosis-infected mice. Lung lobes were collected from indi-

vidualmice at several time-points throughout the study. Total RNA was

isolated, transcribed, and probed using primers speci®c for HPRT,

MCP-1 and IFN-c. Messenger RNA from the lungs of three individual

wild-type mice (a), or three individual mice which had received

pentoxifylline (b), are shown at either 150 or 220 days postinfection.

Table 1. Cellular changes within the lung of mice infected with M. tuberculosis

Time

postinfection Wild-type mice Pentoxifylline-treated mice

Day 50 Occasional areas of macrophages associated No treatment group

with dense lymphocyte in®ltrations.

Day 100 Expanded lesions consisting of lymphocytes No treatment group

associated with foamy macrophages.

Day 150 Foamy macrophages and tissue degeneration. Fewer lymphocytes than wild-type. Much faster

Fewer lymphocytes. progression towards cellular degeneration. More necrosis.

Day 200 Foamy macrophages and some cellular Continuing tissue breakdown. Much more necrosis than

breakdown. Lymphocytic response still present. wild-type. Occasional lymphocyte foci.

Day 250 Cellular degeneration. Necrosis, cholesterol deposits. Distinct absence of lymphocytes. Much cellular

Lymphocytes still present within the lesions. degeneration, necrosis, and cholesterol deposition.

Lung tissue was collected from wild-type mice, or mice receiving pentoxifylline, and sectioned and stained with haematoxylin and eosin. Sections were
examined by a veterinary pathologist without prior knowledge of sample grouping. Tissue was subjectively graded for both quality and quantity of cellular
accumulations from four individual mice/group at each experimental time-point.
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evident within the lesions. In contrast, lung sections from

mice receiving pentoxifylline throughout the latter part of

the infection had evidence of altered cellular composition in

comparison to the control group. For example, on days 150

(Fig. 4d) and 200 (Fig. 4e), the lesions in this group contained

substantially fewer lymphocytes, instead consisting predomi-

nantly of large foamy macrophages with lymphocytes inter-

spersed within the lesions. In addition, the appearance of these

lesions suggested a more rapid progression towards tissue

degeneration, depicted by much larger areas of macrophage
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Figure 4. Cellular changes within the lung of M. tuberculosis-infected mice. Representative tissue from control mice, or mice

receiving pentoxifylline, are depicted. Lesions in wild-type mice consisted of both lymphocyte aggregates associated with foamy

macrophages after 150 days of M. tuberculosis infection (a). As the infection progressed, the lesions became more degenerative

with aggregates of foamy macrophages associated with lymphocyte foci (b, 200 days). After 250 days of M. tuberculosis, the lesions

again presented with lymphocyte foci associated with foamy macrophages (c). The lung lesions of mice receiving pentoxifylline

had fewer lymphocyte foci throughout the duration of the experiment, although lymphocytes were scattered within the rafts of foamy

macrophages (d, 150 days). As the infection progressed, there was evidence of markedly more macrophage degeneration (e, 200 days)

which was associated with regions of necrotic cellular debris associated with cholesterol deposition (f, 250 days). Magni®cation

r200, size bar=100 mm. Black arrows depict foamy macrophages; grey arrows show necrotic cellular debris and cholesterol

deposition.
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breakdown and deposition of cholesterol as represented in

Fig. 4(f ) 250 days after M. tuberculosis infection.

DISCUSSION

This study shows that administration of a drug that prevents

the production of the cytokine TNF-a during the chronic phase

of M. tuberculosis infection does not signi®cantly alter the

bacterial load recovered from these animals. However, there

was a clear acceleration in the disease progression in terms of

the degree of macrophage degeneration, tissue necrosis and

cholesterol deposition.7

Accordingly, we hypothesize that TNF-a plays an impor-

tant role during the course of the chronic stage of the disease. It

does not appear to be a direct anti-microbial role, because the

bacterial load was not affected, even though this does gradually

increase as the pathology worsens.7 An alternative possibility

therefore would be in terms of maintenance of the continued

integrity of the granuloma. We suspect that TNF-a is a key

molecule in the regulation of this event, mediated directly or

indirectly by the production of mononuclear cell-directed

chemoattractant chemokines.1 It is therefore possible that

blocking the production of TNF-a subsequently alters the

mechanisms that control the size and cellular composition of

the granuloma, promoting a continued macrophage in¯ux but

failing to recruit lymphocytes, thus resulting in the degenerative

type of lesions observed here. Analysis of macrophage and

lymphocyte chemoattractants however, showed no differences

in the ability of mice receiving pentoxifylline to synthesize

several chemokines, thus suggesting that TNF-a itself, or

perhaps other chemokines, may be in¯uencing granuloma

formation. What we cannot de®nitively conclude from these

data is the hypothesis that the production of TNF-a was itself

responsible for the gradual progression of the disease and

development of necrosis we have documented previously.7 In

this regard, TNF-a can act as an in¯ammatory mediator, up-

regulating the expression of adhesion molecules on the

endothelium and allowing the traf®cking of lymphocytes into

the infected tissues.11,12 However, IFN-c production was

evident in both experimental groups therefore suggesting that

despite the absence of lymphocytic foci within the lungs of

pentoxifylline-treated mice, the capacity to produce IFN-c was

not compromised. TNF-a message was noticeably absent from

the lung, thus demonstrating that pentoxifylline treatment did

indeed inhibit the synthesis of TNF-a, however, pentoxifylline

has also been shown to inhibit the activation and adhesion

molecules of human lymphocytes in vitro.13 If this observation

can be extrapolated to an in vivo system then the absence of

activated cells within the lung might also account for the

differences in pathological changes within the lung that we

observed.

Contrary to ®ndings by other investigators using gene-

disrupted mouse models,4,6 we did not see elevated bacterial

numbers in the organs of mice receiving the TNF-a inhibitor,

thus indicating that the anti-microbial role of TNF-a is limited

to the initial phase of immunity to the infection. TNF is

expressed rapidly by macrophages after infection with

mycobacteria,14,15 and in conjunction with IFN-c can stimulate

the production of the anti-microbial molecule nitric oxide.16,17

Thus the absence of TNF-a during the initiation of infection

would allow the mycobacteria to grow uncontrollably and as

demonstrated elsewhere4±6 prove fatal.

Studies of human tuberculosis show that TNF-a messenger

RNA is elevated within the pleural ¯uid of tuberculoid pleurisy

patients, a form of disease associated with a rigorous immune

response to the infection.18 In addition, increased TNF-a
mRNA in lymph nodes of tuberculosis patients has been

demonstrated to be associated with a lack of necrosis within the

granuloma,19 an observation which supports the data pre-

sented here. Clearly, in humans, the continued production of

TNF-a in response to chronic M. tuberculosis infection also

appears to be bene®cial. However, patients with severe

tuberculosis have increased TNF-a production during the

initial 7 days of anti-tuberculosis drug therapy, perhaps in

response to the abundance of lipoglycans and other antigens

from the dead mycobacteria.20 This was, however, associated

with some degree of clinical deterioration thus demonstrating

that when TNF-a production is excessive this can also be

deleterious to the host.
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