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Role of tumour necrosis factor (TNF) in host defence
against tuberculosis: implications for immunotherapies
targeting TNF
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Studies in mouse infection models clearly demonstrate
tumour necrosis factor (TNF) to be a critical component of
both the antibacterially protective and the inflammatory
immune response to Mycobacterium tuberculosis. It is
therefore not surprising that treatment of patients—for
example, those with rheumatoid arthritis—with biological
agents interfering with TNF activity have shown an
increased risk of reactivating tuberculosis. However,
conceivably, TNF targeting biological agents can be
developed that because of their particular mode of action
and their specific pharmacodynamics may be less likely to
have this side effect.

Biological therapeutic agents neutralising tumour necrosis

factor (TNF) activity are highly successful in treating

chronic inflammatory processes, such as Crohn’s disease,

rheumatoid arthritis, ankylosing spondylitis, uveitis, and

psoriasis.1–7 In rheumatoid arthritis, in particular, a number of

reports have highlighted the dramatic and fast improvement

of patient quality of life, and the long term beneficial effects

for cartilage and bone preservation that these treatments may

afford are currently being evaluated.8–11

However, from the beginning (that is, during phase III

trials and during immediate post-marketing surveillance),

side effects of TNF neutralisation—mostly infectious

complications—were clear.12 The most important were pulmo-

nary infections—notably, tuberculosis (TB), where the disease

in some instances caused death.13 This report summarises cur-

rent knowledge of the role of TNF in both antibacterial

protection and the inflammatory response to M tuberculosis
infection, as it has been determined from the mouse model of

experimental TB. An attempt will then be made (a) to define

the properties of TNF targeting biological agents that might

reduce infectious complications; and (b) to highlight some

pertinent pharmacological features of infliximab and etaner-

cept, the two currently most widely used TNF blockers.

ROLE OF TNF AND LYMPHOTOXINS IN THE MOUSE
MODEL OF M TUBERCULOSIS INFECTION
TNF is a cytokine produced primarily by macrophages in

response to stimuli activating toll-like receptors, but can also

be expressed by activated T cells, B cells, and NK cells.14 TNF

occurs as a trimer, both as a soluble and as a transmembrane

factor. Both the homotrimeric receptors TNFRp55 and

TNFRp75 are involved in binding and signal transduction to

both soluble and transmembrane TNF. However, soluble TNF

preferentially binds to TNFRp55, whereas the membrane

associated form mostly binds to TNFRp75.15 The functional

consequences of TNFRp55 triggering by far outweigh those

initiated by binding to the TNFRp75.

TNF is a multipotent cytokine which plays a part in apopto-

sis, cell activation, cell recruitment and differentiation.14 16 The

pleiotropic effects of TNF have been elucidated in a number of

experimental systems.15 17 Table 1 summarises the results

obtained in intravenous and aerogenic infections with several

mycobacterial species in mice.

An effective host response against TB involves the differen-

tiation of specific T cells to secrete an appropriate Th1 cytokine

profile and the development of granulomas in which activated

epithelioid macrophages restrict mycobacterial growth (fig 1).

TNF is necessary for optimal coordination of both aspects of
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Abbreviations: HVEM, herpesvirus entry mediator; KO, knockout; LT,
lymphotoxin; TNF, tumour necrosis factor

Table 1 Effects of blocking TNF or LT during experimental mycobacterial infections in mice

Mycobacterial strain Experimental system
Effect on antibacterial
protection Effect on granuloma development Reference

M tuberculosis TNF-KO Increased CFU Delayed formation 23
M tuberculosis TNFRp55-KO Increased CFU Delayed formation, necrosis 26
M bovis BCG, M tuberculosis tmTNF-TG No or slightly increased CFU None or marginal 37
M tuberculosis anti-TNF mAb in chronic phase Increased CFU Disorganisation, diffuse infiltration 28
M bovis BCG anti-TNF mAb Increased CFU Malformation, breakdown 27
M tuberculosis, M bovis BCG sTNFRp55-TG Increased CFU Necrosis 56
M avium TNFRp55-KO No or marginally increased CFU Disintegration, disorganised mixed infiltrate 22, 25
M tuberculosis LTα-KO Increased CFU Delayed formation, structural defects 35
M tuberculosis LTβR-KO, LTβ-KO Increased CFU Delayed formation, delayed macrophage

activation
36

M bovis BCG LTβR-IgGFc Increased CFU Marginal 57
M bovis BCG TNF-LTα-KO Increased CFU Diffuse infiltrations 58

LT, lymphotoxin; tmTNF, transmembrane TNF; sTNF, soluble TNF; KO, knockout; TG, transgenic; IgGFc, fusion protein; CFU colony forming units.
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TB immunity. For example, TNF increases the phagocytic abil-
ity of macrophages and enhances the killing of mycobacteria,
particularly in concert with interferon γ.18 TNF may also
deprive mycobacteria of their intracellular sanctuary by
inducing apoptosis of permissive macrophages.19 20 On the
other hand, TNF, by virtue of stimulating chemokine produc-
tion (such as CCL-2, -3, -4, -5, -8) as well as the expression of
endothelial cell adhesion molecules (such as CD54), is crucial
in inflammatory cell recruitment, leading to the focused accu-
mulation of mononuclear cells.21 Thus, in TNF or TNFRp55
deficient mice, granuloma formation is significantly
delayed.22 23 Even incipient granulomas cannot be maintained
in the absence of TNF signalling and rapidly disintegrate,
causing the death of mycobacteria infected mice.24 In this
situation TNF presumably regulates the inflammatory re-
sponse by maintaining the viability of activated macrophages
at the site of infection. In addition, TNFRp55 signalling is
required for modulation of the T cell response because in its
absence hyperinflammatory T cell mediated tissue destruction
becomes evident.25 Because both antibacterially active mecha-
nisms and demarcation of the infectious focus are seriously
impaired in the absence of TNF signalling, lesions present as
disorganised, diffuse, necrotising infiltrations of mixed cellu-
larity in TNF and TNFR deficient mice26 (fig 2).

Granulomatous inflammation is a highly dynamic process,

and continuous recruitment of inflammatory cells into the

lesion is necessary to maintain antibacterial vigilance. There-

fore, even during the chronic phase of infection, when

compact granulomas have already been established to wall off

the infectious focus, wild-type mice given antibodies effec-

tively neutralising TNF can no longer contain mycobacterial

growth within the lesions, and granuloma breakdown is

followed by dissemination of mycobacteria.27 28

Lymphotoxin (LT) α, LTβ, and the recently identified LIGHT

(homologous to lymphotoxins, exhibits inducible expression,

and competes with HSV glycoprotein D for herpesvirus entry

mediator (HVEM), a receptor expressed by T lymphocytes) are

also members of the core group of cytokines clustered within

the growing TNF superfamily.29–32 LTα3 engages the TNFRp55,

TNFRp75, and HVEM as homotrimer.29–33 In combination with

the membrane bound LTβ, LTα binds as the LTα1β2 hetero-

trimer to the LTβR.34

In experimental M tuberculosis infection, LTα3 has a role

similar to that of TNF, as in the absence of LTα, granulomas are

not efficiently formed and T cells do not appropriately enter

into the lesions, resulting in premature death of infected

mice.35 Signalling through the LTβR, on the other hand, is nec-

essary for full activation of antibacterial defence mechanisms,

and macrophages in LTβR-KO mice show a gross delay in

inducible nitric oxide expression and rapidly succumb to

infection.36 LIGHT-KO mice proved to be equally resistant to M
tuberculosis infection as wild-type mice.36

In summary, signalling of TNF and LTα3 through the TNF

receptors and signalling of LTα1β2 heterotrimers through the

LTβR are all essential and non-redundant prerequisites for TB

immunity. Importantly, however, in the absence of soluble

TNF and LTα3 (that is, in genetically manipulated mice

expressing only a transmembrane form of TNF) there was

only a marginal increase in mycobacterial load and a slight

delay in granuloma formation.37 This particular result shows

that there is significant flexibility in compensating defects

within the group of TNF/LT ligands as long as the signalling

pathways through the respective receptors are not entirely

obliterated.

TNF TARGETING BIOLOGICAL AGENTS: MODE OF
ACTION, PHARMACODYNAMICS, AND RISK
ASSESSMENT FOR TB
From the mouse studies described above it is apparent that

complete neutralisation of TNF must be avoided because TNF

activity is required not only to recruit inflammatory cells but

also to regulate antibacterial mechanisms. To avoid serious

infectious complications, TNF targeting biological agents

should therefore ideally provide significant, but still only par-

tial, inhibition of TNF activity. This may be achieved either by

cutting off only peak concentrations of TNF at the site of

inflammation, or by interfering with TNF signalling in an

intermittent fashion, allowing partial recuperation of some

beneficial effects induced by TNF. This strategy of preventing a

relapse of tuberculous disease in a patient with rheumatoid

arthritis treated with TNF targeting biological agents might

create an opportunity in which the inflammation score is

decreased to a level that significantly reduces the activity of

rheumatoid disease, but is still high enough to ensure turn-

over of effector cells to granulomatous TB lesions (fig 3).

Two of the currently most widely used TNF targeting

biological agents, infliximab and etanercept, differ consider-

ably in their mode of action. Infliximab is a chimeric (75%

human, 25% murine) monoclonal antibody with a high bind-

ing affinity for both monomeric and trimeric TNF.38 It forms

very stable complexes with both soluble and transmembrane

TNF and scarcely releases soluble or transmembrane TNF once

bound to them.38 Infliximab does not bind to LTα3 (fig 4). It

can cross link transmembrane TNF, which may result in

Figure 1 TNF is involved at multiple
steps in antibacterial and
inflammatory responses to M
tuberculosis infection. It is a
macrophage activating cytokine and
is necessary for the sustained
recruitment of inflammatory cells into
granulomatous lesions. It is produced
by macrophages and T cells, and it
strongly synergises with interferon γ in
containing tuberculous infection by
inducing bacterial killing and
granuloma development.
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monocyte apoptosis through a caspase dependent, but other-

wise little defined mechanism39; infliximab bound to trans-

membrane TNF may also result in complement mediated lysis

of cells.40 Drug induced monocytopenia has indeed been

reported and may contribute to defects in granuloma mainte-

nance in patients harbouring mycobacteria. Moreover, lysis of

Figure 2 Granulomatous lesions in the lungs of mice aerogenically infected with M tuberculosis. Wild-type (A, C, E) and TNFRp55-knockout
(KO) (B, D, F) mice were infected with 100 colony forming units M tuberculosis H37Rv by aerosol. Mice were killed on day 35 after infection.
Haematoxylin and eosin (A, B×12; C, D×32) and Ziehl-Neelsen (E, F×64) staining was performed on paraffin embedded lung sections. Note
the necrotising lesion with mixed cellular infiltrate and increased numbers of acid fast rods in B, D, and F. Small black arrows in B and D show
the rupture of granulomatous lesion into adjacent bronchus in TNFRp55-KO mice. The black arrow in C shows the lymphocytic cuff and the
white arrows in C and E, epithelioid macrophages.

Figure 3 Hypothetical modulation of TNF activity to levels compatible with both containment of TB lesions and alleviation of arthritic
symptoms. (A) Inflammation during TB: a high degree of T cell mediated inflammation leads to necrotising granulomas and tissue
damage—that is, clinical tuberculosis, over time (red line). A lower degree of inflammatory responses is associated with effective containment
of mycobacteria and little tissue destruction (black line, grey area). If there is insufficient recruitment of inflammatory cells to restrict
mycobacterial replication within granulomatous lesions, clinical disease again becomes manifest (blue line). (B) Inflammation in rheumatoid
arthritis: a high degree of inflammation in rheumatoid arthritis is associated with clinical disease activity (red line). TNF targeting biological
agents may completely neutralise TNF activity, resulting in a very low inflammatory score (dark blue line). Less efficient neutralisation (light blue
line) or intermittent blockade of TNF (black line) may be sufficient to reduce disease activity to the point at which symptoms of rheumatoid
arthritis are alleviated. At the same time, in a patient with latent TB, this strategy may provide a brief opportunity (area shaded in grey) in
which TNF levels are high enough to sustain the integrity of granulomas but low enough to reduce arthritis activity.
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M tuberculosis infected macrophages may conceivably be

involved in dissemination of mycobacteria from the original

site of the lesion, resulting in a relatively high frequency of

extrapulmonary disease in treated patients.

Etanercept is a dimeric fusion protein comprising the

extracellular ligand portion of the human TNFR2 and the Fc

moiety of human IgG1. Etanercept effectively neutralises

soluble TNF and LTα3 (fig 4). In vitro, etanercept binds about

four times less efficiently to transmembrane TNF than inflixi-

mab and is therefore significantly less potent in blocking

transmembrane TNF induced effects.38 Owing to its relatively

fast dissociation rate (compared with infliximab), etanercept

sheds about 50% of soluble TNF and 90% of transmembrane

TNF only 10 minutes after binding.38 Etanercept may therefore

be described as a “sink” that rapidly traps TNF/LTα3 at sites

where these mediators are abundant, and rapidly sheds TNF/

LTα3 wherever their surrounding concentration is low.

The pharmacokinetics of both reagents differ considerably.

Infliximab has a half life of about nine days,41 and is therefore

currently given as an intravenous infusion on days 1 and 15 of

treatment, followed by maintenance infusions every 6–8

weeks. Etanercept has a half life of about 3.5 days, and is given

twice weekly as a subcutaneous injection.41 Thus, infliximab

treatment probably results in a sustained and complete

neutralisation of TNF activity, whereas etanercept may only

cut off the peaks of TNF concentration.

From these data, it is difficult to predict a priori which bio-

logical agent would have more infectious complications as side

effects. The conceivably detrimental effect of neutralising both

soluble TNF and LTα3 (by etanercept) may be outweighed by a

lower overall affinity and shorter half life. Blocking both solu-

ble and membrane TNF very effectively over longer periods of

time (by infliximab) is likely to increase the risk of intracellu-

lar infections, but may be associated with a better clinical

response in certain syndromes such as Crohn’s disease.42

In view of the experimental studies recording the pivotal

role of TNF in M tuberculosis infection, it is not surprising that

pharmacological interventions in human patients which neu-

tralise TNF activity have reactivated latent TB or, possibly,

exacerbated primary TB. What is perhaps surprising is the fact

that treatments with the two currently most widely used bio-

logical agents are apparently associated with quite different

rates of TB complications. The prevailing impression among

clinicians is that TB complications in patients treated with

etanercept are rare compared with those occurring with

infliximab.2 3 13 43 44 However, comparisons of the rates of TB

reported with infliximab and etanercept treatments must be

performed with considerable caution. This is because the

patient groups treated have not been stratified according to

the variables influencing the overall rate of reactivation, such

as age, country of origin, history of travel to high prevalence

countries, and occupation (that is, risk of exposure to infected

contacts); no trials directly comparing the efficacy of both

biological agents have been performed to date. In addition, a

detailed survey of TB reactivation by infliximab has been

widely publicised, whereas reports of TB associated with

etanercept treatment have mostly been presented in anecdotal

form. A comprehensive review on this issue has recently been

published.45

The trend towards more serious infectious complications in

patients treated with infliximab is also supported by recent

reports of histoplasmosis associated with these treatments:

nine cases of invasive disseminated histoplasmosis were

reported in patients receiving infliximab and only one in a

patient who had received etanercept.46 47 Similarly, 14 cases of

Listeria monocytogenes infection were reported as a complication

of treatment with infliximab as compared with only one case

after etanercept treatment.48 Although the reasons for this

increased risk with infliximab are far from clear, the

differences in the mode of action and the pharmacodynamic

behaviour of the two biological agents outlined above may

provide clues for a tentative explanation. From this reasoning,

it is suggested that a reduction in infliximab dose and/or

adjustment of infusion intervals should be accompanied by a

reduced incidence of infectious complications.

LESSONS FROM COMPLICATIONS: THE SEARCH
FOR NEW TARGETS DOWNSTREAM FROM TNF
The currently available information on infectious complica-

tions incurred by TNF targeting biological agents suggests

that taking advantage of distinct pharmacodynamic proper-

ties and carefully adjusting dosage and treatment intervals

may help to reduce severe complications such as reactivation

of TB. Management of the patients eligible for TNF targeting

therapies by testing for prior exposure to TB and prophylactic

treatment has been reviewed elsewhere.45 49

Obviously, if only the proinflammatory events induced by

TNF could be selectively blocked, treatment of chronic inflam-

matory disorders would be more tailored to the actual disease

and infectious complications would be less common. Possibly,

therefore, a more detailed elucidation of the downstream

effector mechanisms of TNF will yield new targets whose

Figure 4 Mode of action of
infliximab and etanercept. Chimeric
monoclonal antibodies to TNF
(infliximab) form stable complexes
with both soluble TNF (sTNF) and
membrane bound TNF (mTNF), but
do not bind to soluble LTα3 (sLTα3).
TNFRp75-IgG fusion proteins
(etanercept) bind to sLTα3 and sTNF,
but have a very low affinity for mTNF.
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involvement is restricted to inflammation and tissue destruc-

tion and which are distinct from antibacterial effector mecha-

nisms. Adhesion molecules such as CD54 (intercellular adhe-

sion molecule-1 (ICAM-1)) are promising targets.50 51 In this

respect, mice defective in exon 3 of CD54 were fully capable of

restricting the growth of an M tuberculosis challenge inoculum,

although granulomatous inflammation was significantly

reduced.52 Chemokines are potentially useful targets because

their function is partially redundant, so that it is unlikely that

any one blocking therapy will result in 100% inhibition of

inflammation.53 This may afford an opportunity in which the

inflammatory response is titred to levels compatible with con-

tinuous cell recruitment into sites of infection to initiate the

antibacterial response, but too low to sustain disease progres-

sion in inflammatory processes such as rheumatoid arthritis.

Finally, insight into the mechanism governing bone resorption

and repair has defined other members of the TNF superfamily

such as RANK (receptor activator of NF-κB) and RANKL

(RANK ligand),54 55 whose manipulation is closer to the rheu-

matic disease process than the still relatively non-specific

inhibition of an inflammatory response by therapeutic agents

targeting TNF activity.
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