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ABSTRACT: Tuberculosis is increasing. Current treatment regimens require at least 6
months, because latent or stationary phase organisms are difficult to kill. Such regimens
do not achieve full compliance, and "directly observed therapy short course" (DOTS) is
having less impact than expected. This worrying situation is aggravated by coinfection
with human immunodeficiency virus (HIV), and by the increase in drug-resistant strains.
We need new insights that lead to more rapid therapies and immunotherapies, and
more reliable vaccines.
Recent insights have come from: understanding of the relationship between
Mycobacterium tuberculosis and macrophages; the multiple T cell types that recognise
mycobacterial peptides, lipids and glycolipids; the critical role of interferon-c (IFNc)
and interleukin-12 (IL-12) in human mycobacterial infection revealed by genetically
defective children; quantitation of the presence and importance of Th2 lymphocyte
activation in human tuberculosis; the role of local conversion of inactive cortisone to
active cortisol in the lesions; the recognition that some effective prophylactic vaccines
also work as immumotherapeutics whereas others do not. In the longer term the recent
sequencing of the M. tuberculosis genome will lead to further advances.
In the short term, effective immunotherapy remains the most accessible breakthrough
in the management of tuberculosis. The types of practical advance that will result from
sequencing the genome are discussed speculatively, but cannot yet be predicted with
certainty.
Eur Respir J 2001; 17: 537–557.

Tuberculosis is a global emergency. One third of the
world9s population is infected, and although only about
5 – 10% develop active disease during the first few years
following exposure [1], this still results in a massive case
load, with eight million new cases each year, and three
million deaths. Moreover, the percentage that progresses to disease is increasing. Tuberculosis is one of
the first secondary infections to be activated in human
immunodeficiency virus (HIV)-positive individuals [2].
Moreover the stresses of poverty, malnutrition and war,
increase the rate of reactivation for reasons discussed
later. Even in developed countries such as the United
Kingdom, the disease distribution in large cities
parallels the distribution of poverty [3]. Meanwhile
the breakdown of healthcare systems is leading to
incomplete case and contact tracing, incomplete treatment, and increases in drug resistance. In some parts of
the world, many of the available drugs are fake or out
of date [4]. In many areas, existing treatment is
probably doing more harm than good, as incomplete
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treatment regimens select for drug resistance. Multidrugresistant tuberculosis is spreading at an alarming rate,
and invading Western Europe from the Eastern block
countries such as Estonia. There were more cases of
tuberculosis in 1999 than ever before in the history of
mankind.

The problem of the six month treatment regimen
An important reason for the current failure to
control tuberculosis is the fact that even the best
available treatment must be continued for at least 6
months. This treatment regimen is not a realistic
proposition in most developing countries, or even in the
inner cities of rich ones, because the patients feel well
after a few weeks and stop taking the drugs. The World
Health Organization (WHO) now admits that directly
observed therapy short-course (DOTS), in which the
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patient is supervised while taking every dose of therapy,
helps but does not solve the problem [5].

Immunity to tuberculosis
Immunity to tuberculosis in mice

Persistent bacilli and latent infection
There are two interrelated reasons for the requirement for 6 month regimens. The first is obvious and
often discussed. The chemotherapy kills the vast
majority of the bacteria within a few days, but there
are subpopulations of "persisters" [6]. It is not clear
whether these organisms are in true stationary phase [7]
or merely replicating extremely slowly. Nor is it clear
where they are located. Most authors assume that they
are in old lesions or sites of fibrosis or calcification,
where oxygen availability may be low. However, in a
forgotten paper published in 1927, OPIE and ARONSON
[8] reported that 80% of tuberculous lesions were
already sterile 5 yrs after the primary infection, whereas
live bacilli could be found in macroscopically normal
lung tissue. The fact that metronidazole, a drug that
should be active under anaerobic conditions, is not
active in a model of latent tuberculosis infection in
mice, implies that live organisms also persist in welloxygenated sites in this species [9].
Not only do persister organisms cause problems for
treatment, but they also constitute an important source
of infection. They can persist for the rest of the life of
the individual [10], and, at least in countries with low or
moderate tuberculosis endemicity, many cases of
tuberculosis result from reactivation of latent infection
[11 – 13].
Protection versus immunopathology
The other reason for the need for prolonged
treatment is usually overlooked. Most tuberculosis
patients have a necrotizing pattern of response to
Mycobacterium tuberculosis, analogous to the phenomenon first noted by KOCH [14] in guinea-pigs. There is
overwhelming evidence that the Koch phenomenon is
not a correlate of optimal protective immunity to
tuberculosis. Indeed preimmunisation of animals so
that they have a Koch phenomenon before they are
challenged with virulent M. tuberculosis results in a
clear and reproducible increase in susceptibility to the
disease, compared to nonimmunised controls [15]. This
and other aspects of the Koch phenomenon are
discussed in detail later. Its relevance at this point is
that this inappropriate pattern of response may not
correct itself rapidly during treatment. Therefore if
chemotherapy is stopped at 3 months, relapse rates are
high [16] even when the chemotherapy was an optimal
rifampicin-containing one that achieved sputum negativity well before 3 months, and in spite of the fact that
there are very few live organisms in the patients9 tissues
at this time.
We therefore need to understand the differences
between protective immunity and the Koch phenomenon, and the factors that determine which response
pattern is present. The ultimate objective is to learn to
replace the pathological response with the protective
one very early during treatment.

Antibody. It is generally assumed that antibodies
are irrelevant to immunity to tuberculosis. This
assumption is probably premature. Mice lacking B
cells appeared to respond normally to the infection
[17]. However, in another murine model at least one
monoclonal antibody was found to be significantly
protective [18]. The matter has been exhaustively
reviewed and clearly needs to be reinvestigated [19].
While it is clearly true that most of the antibody
formed is irrelevant, it remains probable that
neutralizing antibodies to specific pharmacologically
active components of the organism will prove to play
an important role. Unfortunately the identification of
such active components of the organism is still in its
infancy.
The crucial role of Type 1 responses. The ability
to manipulate the immune system of mice with
neutralizing antibodies or gene knockout has provided strong evidence that in this species, immunity
to tuberculosis correlates with a Type 1 response.
In vivo T-helper (Th)1 or Th2 cells act in concert with
CD8z cells, and with numerous other cell types
including macrophages, B cells and some stromal
cells. Collectively these give rise to two patterns of
cytokine release known as Type 1 (dominated by
interleukin-2 (IL-2), interleukin-12 (IL-12), and
interferon-c (IFNc)) and Type 2 (dominated by
interleukin-(IL)-4, 5, and 13) [20, 21]. The term "Type
1" is used in preference to Th1 when it is intended to
refer to the overall pattern of cytokine release by all
cell types in the infected site, rather than merely that
produced by the CD4z helper T cells that were
included in the original scheme of MOSMANN [22].
Disruption of the major histocompatibility complex
(MHC) Class II genes or of the gene for the b chain of
the a/b T cell receptor [23] resulting in a deficiency of
CD4z a/b T cells, render mice susceptible even to the
avirulent Bacillus Calmette Guérin (BCG). Disruption
of the gene for IFNc makes mice very susceptible to M.
tuberculosis (death within 3 weeks), and such mice may
even die after many weeks from challenge with BCG
[24 – 26]. IL-18 knockout (KO) mice are also more
susceptible, perhaps because IL-18 contributes to the
induction of IFNc expression [27]. A major inducer of
the Type 1 pathway is IL-12. The exact role of this
cytokine depends on the mouse strain [28], but IL12 KO mice are more susceptible to tuberculosis [29].
The detrimental role of Type 2 responses. These data
emphasise the crucial role of the Type 1 response. In
agreement with this, other data indicate that the Type
2 response is not only unable to protect mice, but can
seriously undermine the efficacy of the Type 1
response. If a weak Type 2 response to the shared
mycobacterial antigens is deliberately induced before
challenge, mice are found to be strikingly more
susceptible to tuberculosis than are nonimmunised
control animals [30]. Similarly, in the Balb/c mouse
model of pulmonary (tuberculosis) TB infection, the
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appearance of IL-4 in the lung lesions (as seen by
immunohistochemistry and reverse transcriptasepolymerase chain reaction (RT-PCR) coincides
temporally and spatially with the appearance of areas
of pneumonia and necrosis, leading to rapid clinical
deterioration and death [31]. These observations are
not contradicted by the claim that, in IL-4 genedisrupted mice, there is no evidence of increased
resistance to the infection [32]. First, such mice are
not devoid of Type 2 cytokine activity because IL-13
can substitute for many functions of the knocked out
gene. Secondly, the detrimental role of the Type 2
response is most apparent in the late progressive
phase of the disease, particularly after day 60 [30, 31].
The role of Type 2 responses in immunopathology is
discussed later.
Variability of tuberculosis in different mouse strains.
Can we assume that the immunology of tuberculosis
is similar in mouse and man? Unfortunately, the
nature of the disease caused by M. tuberculosis
depends upon the mouse strain. For instance,
A/J mice develop progressive interstitial pneumonitis,
while C57BL/6 mice can develop massive granulomas
[33] so the immediate cause of death can vary.
Similarly, mice in which the gene for Intercellular
Adhesion Molecule-1 (ICAM-1) has been disrupted,
have essentially normal immunity to tuberculosis
despite a lack of granulomata and a lack of delayedtype hypersensitivity (DTH) responses [34]. Therefore,
it is not certain which model is most similar to
human tuberculosis, and direct study of human
disease is needed to determine the crucial cytokine
balance required for immunity to tuberculosis in man.
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[39]. The relevance of vitamin D receptor polymorphisms is increased when there is also vitamin D
deficiency as in the Gujarati population in London
[40]. However the effects on disease susceptibility are
small, and so far studies of this type have cast little
light on the mechanisms of immunity.
On the other hand definitive evidence that the Type 1
response is crucial for immunity to tuberculosis in
man has come from the study of children with genetic
defects of the Type 1 cytokine system. Vaccination with
BCG, an avirulent derivative of the organism responsible
for bovine tuberculosis, occasionally causes disseminated infection. The gene for the IFNcR1 gene in
such a child, had a single nucleotide deletion that
resulted in the creation of a premature stop codon near
the N-terminus [41]. Another study [42] involved four
children from the same small town in Malta, who
presented with disseminated mycobacterial infections.
The mycobacterial species isolated were Mycobacterium fortuitum, Mycobacterium avium (2 strains) and
Mycobacterium chelonei. One child also had prolonged
salmonellosis. These children had a single nucleotide
substitution (A for C) rather than a deletion [42]. It
allowed normal levels of expression of the messenger
ribonucleic acid (mRNA), but again introduced a
premature stop codon.
IL-12 receptor deficiency has also been found in
otherwise healthy individuals with mycobacterial infections. Unlike the children with IFNcR deficiency, these
patients are able to form mature granulomata, but their
natural killer (NK) cells and T cells secrete little IFNc.
Thus, IL-12-dependent IFNc secretion in humans,
seems essential in the control of mycobacterial
infections, despite the formation of mature granulomas
[43, 44].

T cell-mediated immunity to tuberculosis in man
The T cell types involved in immunity
Patterns of response to mycobacterial antigens. Some
confirmation of the need for Type 1 responses in
man, as in mice, emerged from comparisons of
patients and healthy contacts. For instance, patients
produce relatively more antibody, whereas normal
contacts produce relatively stronger T cell responses
to the 30kDa antigens of M. tuberculosis. Moreover,
the cells from patients release less IFNc and more
IL-10 in the presence of the antigen [35]. Similarly,
T cells from BCG-immunised subjects respond
more to the 16kDa alpha-crystallin protein of M.
tuberculosis than do T cells from tuberculosis patients,
who in contrast, have higher levels of antibody to it
[36]. Findings of this type suggest that Type 1
responses are protective, as in mice. The study of
serum concentrations of cytokines is uninformative
in tuberculosis [37].
Genetics of susceptibility to tuberculosis; natural gene
knockouts. Conventional genetic studies of tuberculosis patients showed that polymorphisms in genes
encoding natural-resistance-associated macrophage
protein (NRAMP1), the IL-1 gene cluster, the
vitamin D receptor and mannose-binding lectin were
associated with susceptibility [38]. The function of
NRAMP1 remains uncertain and has been reviewed

In addition to conventional CD4z a/b Class II
MHC-restricted T cells, several other T cell types are
also involved in the response to mycobacteria.
CD8z T lymphocytes. Experiments, involving adoptive
transfer, in vitro cell depletion, and gene knock-out (e.g.
b2-microglobulin deficient animals), have illustrated the
importance of CD8z cells in the control of tuberculosis
in mice [23, 45, 46]. Protection of mice vaccinated with
mycobacterial heat shock protein 65 deoxyribonucleic
acid (DNA) appears to be mediated mainly by CD8z
cells [47]. In an in vitro system, this ability to activate
CD8z cells seemed to involve causing leakiness of the
phagosome so that antigens reach the cytoplasm and
hence join the conventional pathway for presentation
on MHC Class 1 [48, 49], though another novel
pathway may also be involved [50]. A haemolysin-like
molecule is in fact expressed by both M. tuberculosis
and BCG [51], and a BCG strain expressing the
haemolysin from Listeria monocytogenes has been
developed in the belief that this will increase the
CD8z response [52].
These CD8z cells have been shown to be cytotoxic,
though the mechanism of this cell killing has been
controversial. It has been thought that most cytoxic T-
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lymphocytes (CTLs) act to lyse infected cells and allow
the released mycobacteria to be taken up by activated,
uninfected macrophages that may kill them. However,
it now appears that some CTLs directly kill M.
tuberculosis via a granule-associated protein, granulysin, acting with perforin [53]. On the other hand, lysis
by CD4z cytotoxic T cells does not reduce the viability
of the contained bacteria [54]. Progression of tuberculosis in mice deficient in perforin is not different from
progression in the wild-type [55, 56]. The major role of
murine CD8z cells at this stage may be the secretion of
IFNc [57, 58]. Recently, tuberculosis-specific CD8z
cells have also been identified in humans [59, 60], but
their role in this species is equally uncertain. There are
CD8z cells that will recognise TB-infected cells and
secrete IFNc in blood from individuals with the disease
[61], but these did not appear to contribute to control
of intracellular proliferation of M. tuberculosis in an
in vitro system using human cells [62].
Most tuberculosis-specific CD8z cells recognise their
antigens in association with MHC class I, however
some are now known to be restricted by other
molecules, such as CD1 (see below) [63, 64].
CD1 restricted lymphocytes. The relatively nonpolymorphic CD1 family of molecules are MHC class
I-like, and possess a hydrophobic cleft that binds
lipid and glycolipid molecules and allows their
presentation to a variety of CD1-restricted cells,
including ab T lymphocytes negative for both CD4
and CD8 molecules (so-called double-negative T cells),
cd T cells and certain CD4z, CD8z, CD8a/az and NK
lymphocytes [65, 66].
The exact roles of CD1, and CD1-restricted cells, in
either the protection or pathology of tuberculosis, have
proven difficult to evaluate, because mice possess a
homologue of CD1d but no homologues of human
CD1a, b or c. Indeed, mice deficient in CD1d have not
been found to differ from controls in their susceptibility
to tuberculosis [67], though there is one claim that
neutralisation of CD1 resulted in exacerbation of the
infection in mice at very early time points [68]. The
relevance of these findings to human disease is doubtful.
Human CD1d has not been shown to present
mycobacterial antigens, unlike CD1a, b and c which
may present mycolic acid, lipoarabinomannan and
other mycobacterial cell wall components [69 – 71].
Double negative (CD4- CD8- ab T cell receptor
(TCR)) lymphocytes can recognise mycobacterial lipids
in the context of CD1. Their predominant effector
mechanisms appear to be the secretion of IFNc and
CD95/CD95L interactions, and only rarely do they
cause significant mycobacterial death [64]. This has
prompted suggestions that their role is the downregulation of local inflammatory responses by the
removal of antigen-loaded antigen presenting cells.
Many of the other types of human CD1-restricted T cell
also produce significant amounts of IFNc, but appear
able to lyse infected cells and directly kill intracellular
mycobacteria [53, 64, 71].
It appears that M. tuberculosis may be able to downregulate CD1 expression on human antigen presenting
cells, thereby potentially evading this component of the
immune response [72].

Gamma-Delta T lymphocytes. As discussed previously
some cd T lymphocytes recognise lipid and glycolipid
mycobacterial products in the context of CD1
molecules. However, the predominant human peripheral blood subtype, Vc9Vd2, also proliferates and
secretes cytokines when exposed to protein [73 – 75]
and other nonprotein [76, 77] antigens derived from
M. tuberculosis. cd cells are known to accumulate
early in experimental lesions [78] and in vitro studies
have demonstrated cytotoxicity towards infected
macrophages [79]. Mouse models suggest that cd cells
play a role in protection from high dose, systemic M.
tuberculosis innocula, but are less important for
protection against small, aerosol challenges [80, 81].
In the latter case, a regulatory role is suggested
because mice deficient in cd cells have a higher initial
bacterial burden and then develop a more pyogenic
and destructive response, potentially correlating with
the exaggerated pathology seen in tuberculosis
patients with low levels of M. tuberculosis-reactive cd
cells [82].
The peripheral blood cd cells of tuberculous patients
appear phenotypically activated (with up-regulation of
ICAM-1 and MHC class II] [83], but until recently
there has been controversy as to their overall numbers
in both patient blood and bronchoalveolar lavage
(BAL). This has largely been resolved by the demonstration of rapid up-regulation of surface CD95-L on
cd cells and prompt activation-induced cell death,
making the timing of analyses vital [84, 85].
T cell apoptosis. In short term culture, stimulation with
M. tuberculosis antigens induces significant cd cell
apoptosis in both patients and normal subjects, by a
mechanism involving Fas (CD95) [84]. This may
relate to the induction of Fas ligand expression upon
engagement of the cd T cell receptor by mycobacterial antigens [85]. The effect on CD4z T cell
apoptosis may depend on the mycobacterial
preparation and duration of culture. One group,
using cells from tuberculosis patients, has noted a 2fold increase in CD4 T cell apoptosis induced by live
H37Ra at 96 h. The effect is no longer seen in the
same patients post-treatment [86]. There is also a
report that tuberculosis infection causes increased Fas
expression and decreased bcl-2 expression in CD4z
T cells. When such T cells are stimulated in vitro,
they show increased apoptosis and decreased production of IL-2 and IFNc but not of IL-4. This suggests
selective apoptosis of Th1-like cells, which may be a
factor in the switch towards Th2 [87, 88].
Type 2 responses in human tuberculosis
These observations, and above all, the susceptibility
of children with defective receptors for IFNc or IL-12,
provide definitive evidence of the importance of Type 1
cytokines, and suggest a close parallel with the mouse
models. Recently, the negative role of Type 2 cytokines
in human tuberculosis (TB), again paralleling the
murine models, has been established [89, 90]. Expression of IL-4, whether measured by flow cytometry, or by
sensitive quantitative RT-PCR on unstimulated pe-
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Log cytokine mRNA copy number per
105 beta-actin mRNA copies

a)

4

lung cells it may be expressed at higher levels than IL-4
itself. However, almost every study of IL-4 mRNA
levels used primers that would amplify mRNA for both
IL-4 and the splice variant.
The mechanisms of the shift towards a Type 2 cytokine
profile. It is possible that some of the relative deficit in
IFNc expression [89] and lymphoproliferation in the
peripheral blood of tuberculosis patients is due to
sequestration of the antigen-recognising cells in the
lymph-nodes [98] or site of disease [99]. However this
cannot fully explain the massive rise in expression of
Type 2 cytokines [89]. What then, are the likely
causes of this shift in cytokine profile? Several
possibilities are shown in figure 2. Increasing antigen
load is likely to be one factor, since the Th1/Th2
balance is strikingly linked to dose when immunising
with particulate antigens such as mycobacteria [100]
or leishmania [101]. In some populations, excessive or
inappropriate contact with environmental mycobacteria may have primed a Type 2 response to the
crucial common antigens. This mechanism is clearly
demonstrable in mice, in which it can massively
increase susceptibility, and has been suggested, but
not conclusively proven, in man [102, 103].
During active infection, selective apoptosis of Th1like T cells may be a factor [87, 88], as may
prostaglandin release [104, 105] and increased secretion
of transforming growth factor-b (TGFb) and IL-10
[106]. However, the latter may be a consequence of the
shift towards a Type 2 profile rather than its cause.
Finally there are now strong reasons for suggesting
that endocrine interactions with the immune system are
important. Vitamin D3, cortisol metabolism and
dehydroepiandrosterone levels are discussed later in
the endocrinology section.

b)

4

Log IgE IU·mL-1

ripheral blood T cells [91], is increased (fig. 1) and
correlates with severity of disease and with cavitation [89,
90]. The IL-4 mRNA copy number also correlates with
total immunoglobulin-E (IgE) (fig. 1) [89] and with levels
of soluble CD30 (unpublished data). Thus although it is
true that actual cytokine levels and mRNA copy
numbers are higher for Th1 than for Th2 cytokines in
tuberculosis, the major change in cytokine expression
compared to healthy donors is not as previously stated,
the small decrease in expression of Th1 cytokines, but
rather a massive (80 – 100-fold) increase in expression of
Th2 cytokines [89]. This has resolved a long-running
controversy which deserves explanation. That there is a
Th2 component in the response of human tuberculosis
patients to M. tuberculosis ought to have been accepted
10 years ago, because there is no other known
explanation for the presence of specific IgE antibody
[92]. Interestingly, the other largely Type 2 cytokinedependent antibody, immunoglobulin-G4 (IgG4) is also
reported to be increased in patients [93]. Similarly,
immunohistochemistry reveals IL-4-expressing cells in
the lymphoid tissue of tuberculosis patients (but not in
tissue from patients with sarcoidosis) [94].
Why then, has the matter been controversial [95, 96]?
First, IL-4 is biologically active at much lower
concentrations than IFNc, and has a correspondingly
lower mRNA copy number, so methods that reliably
pick up IFNc or its mRNA fail to detect biologically
significant levels of IL-4. Secondly, attempts to increase
cytokine expression by stimulation of the cells in vitro
do not yield an accurate reflection of the cytokine
balance present in vivo, and rapid early production of
IFNc can suppress Th2 cytokine release. Finally,
previous studies failed to take into account the presence
of the IL-4 splice-variant (IL-4d2). This variant of IL-4
may be an inhibitor of IL-4 activity, and is always
coexpressed with IL-4, at about the same level [97]. In
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Fig. 1. – a) Quantitative reverse transcriptase polymerase chain reaction using fresh unstimulated peripheral blood monuclear cells from
tuberculosis patients (&) and from tuberculin-positive healthy donors (%) matched for age, race and sex, reveal that although the
messenger ribonucleic acid (mRNA) copy number for Type 1 cytokines remains higher than that for Type 2 cytokines, the major
change in tuberculosis is an increase in Type 2 cytokine expression (interleukin-4 (IL-4), p~0.004 and interleukin-13 (IL-13), p~0.0009
respectively by Mann-Whitney test). Medians are shown; 25th and 75th percentiles marked as error bars. b): IL-4 mRNA copy number
correlates with the serum immunoglobulin-E (IgE) levels implying that this mRNA is translated into active cytokine. &: tuberculosis
patients; ': healthy controls. Adapted from [89].
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Stress

Mycobacterium tuberculosis
antigen load
IL-1 and TNFα
Prostaglandins
Apoptosis of
Th1 lymphocytes

HPA axis activation
Cortisol/Cortisone shuttle
switched to reductase
Dendritic cells switch
from IL-12 to IL-10

Decreased DHEA,
Increased cortisol
and cortisone
Increased
Local cortisol

Increased Type 2
cytokines and TGFβ
Immunopathology

Impaired macrophage
mycobactericidal function

Fig. 2. – Possible model of the mechanisms that may lead to
excessive activation of Type 2 cytokines in human tuberculosis.
These can impair mycobactericidal functions of macrophages,
and in concert with tumour necrosis factor a (TNFa), contribute
to immunopathology. IL: interleukin; HPA: hypothalamicpituitary axis; TGFb: transforming growth factor b; DHEA: dehydroepiandrosterone.

The protective role of tumour necrosis factor (TNF)
This proinflammatory cytokine can have either
protective or detrimental effects in murine disease,
and the same is likely to be true in man, as discussed
later in relation to immunopathology. Its effects appear
to depend upon the other cytokines present. In the
mouse, tumour necrosis factor (TNF) is protective early
in infection. TNF levels are elevated early (day 3) in
mice infected via the intratracheal route, and reach a
second peak in the third week, coinciding with mature
granuloma formation [107]. TNF receptor knockout
mice succumb faster to M. tuberculosis infection than
control mice [108], and a disruption of the granulomatous response and increase in mycobacterial load is
noted in M. tuberculosis-infected mice when TNF
bioactivity is blocked [109].
Macrophage function and M. tuberculosis
Uptake of mycobacteria. Mycobacteria are taken up by
multiple pathways including complement receptors and
mannose receptors [110, 111]. However, this is clearly
not the whole story, because in vitro, M. tuberculosis
can enter a variety of cell types that do not express
these receptors [112, 113]. The exact mode of uptake
must affect the subsequent fate within the cell [114].
Toll-like receptors. Much of the initial activation and
cytokine response of macrophages to mycobacteria
may be mediated by interaction with the Toll-like
receptors (TLRs). These are members of the IL-1
receptor family, related to Toll, a molecule involved
in innate microbial resistance mechanisms in
Drosophila. Endotoxin activates cells by interacting
with CD14 and TLRs, and some mycobacterial
lipoarabinomannan (LAM) preparations may work
similarly, though possibly involving a different TLR
[115]. However both virulent and attenuated strains
of M. tuberculosis can activate in a TLR-dependent
manner that has no requirement for membranebound or soluble CD14. TLR2, but not TLR4, could

confer responsiveness to LAM isolated from rapidly
growing mycobacteria. In contrast, LAM isolated
from M. tuberculosis or Bacillus Calmette-Guérin
failed to induce TLR-dependent activation. Therefore, there must be other components that interact
with TLR and both soluble and cell wall-associated
mycobacterial factors are involved. A soluble heatstable and protease-resistant factor was found to
mediate TLR2-dependent activation, whereas a heatsensitive cell-associated mycobacterial factor mediated
TLR4-dependent activation [116]. Lipoproteins can
activate via TLR, and several from M. tuberculosis
will drive IL-12 production in this way [117], perhaps
explaining the latter result.
Mycobactericidal mechanisms within macrophages.
Inhibition or killing of M. tuberculosis is easily
induced in murine macrophages by exposure to IFNc,
but such effects are extremely difficult to demonstrate convincingly in human cells [118, 119]. Success
has been reported using human alveolar lavage
macrophages exposed to TNFa in vitro [120]. It is
possible, though by no means certain, that the major
killing mechanism is not a direct effect of activated
macrophages, but rather an event that occurs during
certain types of apoptosis or during killing of
the macrophage by cytotoxic T cells that "inject"
granulysin and perforin (see section on CD8z effector
cells previously) (fig. 3).
Reactive oxygen and nitrogen intermediates. If macrophages do themselves kill M. tuberculosis these are likely
candidate killing mechanisms (fig. 3). Inhibitors of the
production of nitrous oxide (NO) aggravate
tuberculosis infection as assessed by mortality,
bacterial burden, and histopathology [121, 122]. The
mechanism of action of the NO is uncertain, because
it has important signalling and second messenger
functions that may be as important as direct toxicity
for the organisms [123]. Moreover, KO mice unable
1) Activation
IFNγ
TNFα

2) Cytotoxic T cells

Perforin
Granulysin
Reactive oxygen and
nitrogen derivatives

3) Induction of apoptosis

Fas

ATP
Fas ligand
H 2O 2

kill bacteria

Acidification of phagosomes
Maturation to hydrolytic vesicle

Death of some bacteria and
uptake of apoptotic bodies by
fresh macrophages

Fig. 3. – Multiple macrophage mechanisms attempt to kill
Mycobacterium tuberculosis. It is still not clear which are the
important mechanisms leading to killing of M. tuberculosis, particularly in human cells where killing is very difficult to achieve
in vitro. Candidate pathways are shown, and all are referenced
and discussed in the text. Note that only some inducers of apoptosis result in reduced viability of the contained bacteria. Further
activation must occur via the Toll-like receptors but their role in
killing is not yet known. IFNc: Interferon-c; TNFa: tumour
necrosis factor a; ATP: adenosine triphosphate; H2O2: hydrogen
peroxide.
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to make NO or other reactive nitrogen intermediates
(RNI) showed no increase in proliferation of M.
tuberculosis in the lungs until very late in the
infection, but there was increased growth in the
spleen. In contrast, KO mice, unable to make
reactive oxygen intermediates (ROI), had increased
growth of bacilli in the lungs. Interestingly,
activation of macrophages by IFNc in vitro to
control proliferation of M. tuberculosis was
dependent upon RNI rather than ROI, and so
appeared to parallel immunity in the spleen rather
than in the lungs [124]. However the situation
remains complex, and in a model of M. avium
infection, knocking out the inducible nitric oxide
synthase (iNOS) gene actually improved clearance of
bacteria from the spleen. This may be due to the
fact that in the murine spleen, NO levels can reach
immunosuppressive levels [125]. The role of NO in
man remains unclear. It is probably made by
appropriately activated human macrophages [126],
but never in the very large quantities that murine
macrophages can release. Thus the levels released by
human cells may stay in the beneficial antimicrobial
range [127, 128], though there is not universal
agreement about the anitmycobacterial relevance of
this mechanism [129]. There is some evidence that
1,25(OH)2D3 may be involved in the activation of
iNOS in a human monocyte cell line [130], so this
could explain the animycobacterial effect of this
material [118].
Macrophage apoptosis. Involved lobes in human
tuberculous lung sections have been found to contain
more apoptotic macrophages than noninvolved lobes
[131]. However, most work on apoptosis in tuberculosis has been based on responses in cell culture
models of mycobacterial infection. Infection with
virulent M. tuberculosis decreases viability of healthy
human alveolar macrophages (when compared to
heat-killed mycobacteria), and inhibiting TNFa may
partially reverse this [132, 133]. Cells containing
M. tuberculosis are markedly more sensitive to killing
by TNFa [113].
Death of the infected macrophage can be associated
with death of the contained mycobacteria (fig. 3).
Nevertheless, it has been suggested that reduction in
bacillary numbers is only achieved by apoptosis of
infected monocytes, not by the necrotic mode of death
[134, 135]. Apoptosis induced by adenosine triphosphate
(ATP) promotes killing of virulent M. tuberculosis
within human macrophages [136, 137] as does apoptosis
induced by Fas Ligand [134], and hydrogen peroxideinduced apoptosis also causes mycobactericidal effects
[138]. Addition of fresh uninfected autologous macrophages to cultures of apoptotic M. avium-infected
macrophages results in 90% inhibition of bacterial
growth. Apoptosis also prevents the release of intracellular components and the spread of mycobacterial
infection by sequestering the pathogens within apoptotic bodies [139].
Evasion of the antimicrobial functions of macrophages. Mycobacteria have various strategies for
avoiding being killed by phagocytes (fig. 4) [140]. M.
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tuberculosis may be taken up via mannose receptors
that fail to trigger killing events. It also inhibits
complement-receptor-mediated Ca2z signalling, which
may contribute to the failure of killing mechanisms
[141]. Mycobacteria can inhibit acidification of the
phagosome [142] and modify intracellular trafficking
of vacuoles, so they behave like part of the
endosomal recycling compartment, rather than as
toxic phagolysosomes [143]. These vacuoles release
quantities of LAM which insert into glycosylphosphatidylinositol (GPI)-rich domains in the cell
membrane [144]. LAM is itself a GPI of unusual
glycan structure, with the ability to modify numerous
macrophage functions including the ability to respond
to IFNc, and the ability to present antigen (reviewed
in [144]). The last point may be relevant to the
apparent inability of long-term mycobacteriuminfected macrophages to present antigen to CD4z
T cells [145]. One mechanism used by LAM may be
the activation of protein tyrosine phosphatase SHP-1,
a phosphotyrosine phosphatase, intimately involved
in cell signalling pathways [146].
The pattern of cytokine release from infected
macrophages changes so that macrophage activation
is diminished, and T cell recruitment impaired (fig. 4).
Recruitment of Th1 lymphocytes requires IL-12
production, which is inhibited by increased production
of TGFb and IL-10 [106, 147, 148], and IL-6 release
may also be a factor. TGFb and IL-10 also impair
macrophage microbicidal function and the IL-10

1) Mechanisms during uptake
Uptake via Mannose receptor
Block Ca2+ signalling by complement receptor

M. tuberculosis
Complement
receptor

Macrophage
2) Resistance to killing
Tough cell wall
Superoxide dismutase
Free radical scavengers
LAMP-1

5) Increase release
soluble TNFrll
IL-10
TGFβ
IL-6

H+
6) Decreased release
3) Alterations to vesicles
of expression
Failed maturation
LAM
Fas
Blocked proton pump
TNFα
Altered fusion pattern SHP-1
4) Control cell signalling
Activate phosphotyrosine phosphatase
Block signalling via IFNγ receptors
Block antigen presentation
IFNγ
Peptide + Class II
Receptor
Fig. 4. – Mycobacterium tuberculosis avoids being killed by
macrophages. This figure should be compared with figure 3.
Each of the killing pathways in figure 3 is opposed by some
mechanisms in figure 4. Short thick lines indicate blocked pathways. Most of the figure is self-explanatory. Uptake via mannose
receptors may avoid triggering killing mechanisms. The vacuoles
containing mycobacteria lie within the sorting/recycling endosomal machinery of the macrophage, and fail to acidify and fuse
with acidic lysosomes. But they do fuse with lysosome activated
protein (LAMP-1)-containing endosomes and they release lipoarabinomannan (LAM)-containing vesicles. Thus their fusion pattern is altered by the pathogen. SHP-1: is a phosphotyrosine
phosphatase. TNFrII: tumour necrosis factor rII; IL: interleukin;
TGFb: transforming growth factor b; TNFa: tumour necrosis
factor a; IFNc: interferon c.
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contributes to increased release of TNF receptor-2,
which blocks the activating role of TNFa [149].
As described earlier, certain types of apoptosis
appear to reduce the viability of the contained
mycobacteria. It has been noted that the release of
soluble Type 2 TNF receptors (sTNFRII) induced by
virulent strains of M. tuberculosis may limit the
apoptotic death of infected alveolar macrophages and
they also have reduced Fas expression which may limit
this pathway of apoptosis induction too [134]. This has
led some investigators to hypothesize that pathogenic
mycobacteria may actually be modulating the host
immune response to minimise macrophage apoptosis
(fig. 4). A point against this hypothesis, is that infected
macrophages may also have down-regulated mRNA
expression of bcl-2, an inhibitor of apoptosis [131]. It
may be that the organism is preferentially inducing
forms of apoptosis that leave the organisms unharmed.

resulted in necrosis, sloughing and "cure" of the lesions
of skin tuberculosis (Lupus vulgaris, usually caused by
bovine strains), but when similar necrosis was evoked in
deep lesions in the spine or lungs, the results were
disastrous, and merely provided further necrotic tissue
in which the bacteria could proliferate. This treatment
was therefore abandoned.
The error in Koch9s thinking was highlighted in the
1940s. When guinea-pigs were preimmunised so that
they had powerful Koch phenomena in response to
small doses of tuberculin, they became more susceptible
to tuberculosis than nonimmunised control animals
[15]. Obviously this was seen only if the challenge
infection was into the lungs, or by deep intramuscular
injection, so that necrosis could not result in shedding
of the infected tissue.
The relationship between the Koch phenomenon and
the Shwartzman reaction

Immunopathology
The toxicity of M. tuberculosis
Live M. tuberculosis is inherently toxic to cells. For
instance, human or murine macrophages that ingest
more than about 5 organisms usually die, whereas M.
avium strains or Mycobacterium leprae can multiply to
remarkable numbers within cells without killing them.
It has been suggested that M. tuberculosis may produce
a lipid toxin similar to that produced by Mycobacterium
ulcerans (the cause of Buruli ulcer) [150]. It is also clear
that M. tuberculosis releases a factor that greatly
increases the sensitivity of infected cells to the toxicity
of TNFa which is likely to be present in all tuberculous
lesions [113, 151].
Although M. tuberculosis clearly has some inherent
toxicity, this does not fully explain the pathology of the
disease. Tuberculin or purified protein derivative (PPD)
are remarkably nontoxic both in vivo and in vitro, but in
suitably prepared humans or animals they will provoke
necrosis, which is clearly due to immunopathology.
The Koch phenomenon; the response characteristic of
disease
As outlined earlier, KOCH [14] noted that 4 – 6 weeks
after establishment of infection in guinea-pigs, intradermal challenge with whole organisms or culture
filtrate resulted in necrosis locally, and in the original
tuberculous lesion. Similar phenomena occur in
humans. The tuberculin test is frequently necrotic in
subjects who are, or have been, tuberculous. This is not
an inevitable consequence of the delayed hypersensitivity response to tuberculin because necrosis does not
occur when positive skin-tests to tuberculin are elicited
in normal BCG recipients, or in tuberculoid leprosy
patients. Moreover, Koch sought to exploit this
phenomenon for the treatment of tuberculosis, and
found that injection of larger quantities of culture filtrate (Old Tuberculin), subcutaneously into
tuberculosis patients, would evoke necrosis in established tuberculous lesions at distant sites [152]. This

Koch9s discovery that soluble bacterial material
could trigger necrosis in a distant tuberculous site has
some parallels with the SHWARTZMAN [153] reaction and
subsequent experiments strengthen the parallel still
further. For instance, injections of endotoxin-rich
material into a distant site (instead of the tuberculin
used by Koch) will also trigger necrosis in tuberculous
lesions [154 – 156], and injections into the flank of
another cytokine trigger, muramyl dipeptide (MDP),
caused necrosis in sites of inflammation due to complete
Freund9s adjuvant [157]. These observations are compatible with the view that tuberculous lesions are susceptible to superimposed cytokine-mediated damage.
The cytokine-sensitivity of mycobacterial lesions in
mice
There is also the possibility that there is failure of an
important regulatory role of c/d T cells, that may lead
to greater tissue destruction [82]. However, a better
characterised explanation for these findings is the
increased susceptibility to cytokine-mediated tissue
necrosis of tissues undergoing inflammation mediated
simultaneously by Type 1 and Type 2 cytokines. This is
easily demonstrated in Balb/c mice with pulmonary
tuberculosis [158]. During the first 3 weeks, DTH sites
were not sensitive to local injection of as much as 1 mg
of recombinant TNFa. This is the period of Type 1
response [159]. After 50 days, the animals enter a phase
of slowly progressive disease accompanied by increasing Th2 cytokine production seen as IL-4 positive cells
in the lesions. In these animals, DTH sites become
TNFa-sensitive [30, 100]. This propensity for TNF
toxicity in the presence of interleukin-4 is supported
by several examples in nonmycobacterial models.
LAWRENCE and coworkers [160], studying Trichinella
spiralis infection in mice, have found that the enteropathy caused by TNF is dependent upon IL-4. Other
murine studies have also revealed that Th2 cells
may mediate local tissue inflammation which is IL-4
dependent [161] and in certain murine strains, DTH
caused by Th2 cells correlates with TNF production by
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the cells [162]. If an important component of the Koch
phenomenon is cytokine-mediated damage in a site of
mixed Type 1/Type 2 inflammation, then the toxicity of
Koch9s "treatment" for tuberculosis is easily explained
(fig. 2) [152].
Detrimental roles of tumour necrosis factor-alpha in
human tuberculosis
The previous section suggested that a component of
the immunopathological state in human tuberculosis
may result from the simultaneous presence of Type 1
and Type 2 cytokines, and TNFa. An increase in
plasma TNFa levels has been associated with clinical
deterioration in patients with severe tuberculosis [163].
Both thalidomide and pentoxifylline, as inhibitors of
TNFa release, have been tried as treatments for the
cachexia of chronic disease [164]. In vitro studies suggest
that pentoxifylline enhances macrophage survival when
used to treat M. tuberculosis-infected macrophages
[133] but it failed to reverse cachexia in human studies
[164]. However thalidomide, which reduces IL-6, IL-10
as well as TNF levels, and reduced lung pathology in a
murine model [165], was clearly clinically beneficial in
the human disease [166].
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sis and liquefaction also occured in deep lesions in the
spine and lungs [173], so the result was as disastrous as
the use of Koch9s immunotherapy described previously
[152]. The mechanism of this effect remains unknown,
but an increase in Type 2 cytokine expression in
granulomata rich in Type 1 cytokines and TNFa would
be expected to cause necrotising immunopathology as
discussed earlier.
Adrenal steroids in tuberculosis
The effects of stress. Glucocorticoids cause a switch to
Type 2 cytokine production [174, 175], probably
because of effects on dendritic cells, which secrete less
IL-12 and more IL-10 in their presence [176, 177],
but glucocorticoids also directly synergise with some
effects of Type 2 cytokines [178] and down-regulate
the antimycobacterial effects of macrophages [179,
180]. It is therefore not surprising that reactivation or
progression of infection with tuberculosis is sensitive
to glucocorticoid therapy and to activation of the
hypothalamopituitary adrenal axis. Exposing humans
to the stress of war or poverty [3] or cattle to the
stress of transportation are enough to cause reactivation of disease. The disease-promoting effect of
stress has been demonstrated under more controlled
conditions in mice [181, 182].

Endocrinology
There are several endocrine and metabolic changes in
tuberculosis that may contribute to the failure of the
Type 1 response to control the infection, and to the
increasing level of Type 2 cytokine expression.
Vitamin D3 metabolism in tuberculosis lesions
The macrophages of tuberculosis patients, following
activation by IFNc, express an active 1a-hydroxylase,
and rapidly convert 25 (OH)-vitamin-D3 to calcitriol
[118, 167]. This is a potent phenomenon, leading
occasionally to leakage of calcitriol into the periphery,
and to hypercalcaemia, though it has in the past been
difficult to understand its role in the disease [167]. It
now seems possible that this is a feedback mechanism
that tends to down-regulate Th1 and enhance Th2
responses, because calcitriol inhibits production of
IFNc and IL-2, and increases production of IL-4 and
IL-5 [168, 169]. This may well be related to the ability of
calcitriol to inhibit release of IL-12 [170]. The true
physiological relevance of these effects in vivo remains
unproven, but the synthesis of novel analogues of
calcitriol with less tendency to cause hypercalcaemia
has allowed them to be tested as suppressors of Th1
responses in in vivo models. Some of these analogues
will prolong allograft survival, and reduce the requirement for cyclosporin A [171].
In the 19409s attempts were made to treat tuberculosis with vitamin D. When patients with skin tuberculosis (Lupus vulgaris, often due to Mycobacterium
bovis) were treated with this vitamin, the chronic
nonhealing granulomatous lesions often underwent
necrosis followed by resolution [172]. However, necro-

Activation of the hypothalamo-pituitary-adrenal (HPA)
axis during the infection in mice. In mice infected with
virulent M. tuberculosis by the tracheal route, there is
early activation of the HPA axis, which correlates
with the initiation of the switch from "pure" Type 1
to mixed Type 1/Type 2 infiltration of the lungs [183].
Although this association is circumstantial, it may be
significant that treatment with the antiglucocorticoid
steroid dehydroepiandrosterone (DHEA) or the
closely related androstenediol, can delay, or even
reverse this switch towards a Type 2 cytokine profile,
while corticosterone supplements at a physiological
level enhance the cytokine changes [183, 184].
The HPA axis in human tuberculosis. There has been
much speculation about changes in the function of
the HPA axis in human tuberculosis, including claims
for an almost total loss of the evening glucocorticoid
trough [185] and minor degrees of adrenal
insufficiency revealed by challenge with adrenocorticotropic hormone (ACTH) [186]. Recent studies
indicate that many previously reported findings are
artefacts that disappear if the patient is allowed to
acclimatise to the stressful hospital environment for
several days before the tests are performed. Under
these circumstances the diurnal rhythm is normal and
so are the responses of the adrenals to corticotropic
releasing hormone (CRH) and to very low doses (i.e.
physiological) of ACTH [187]. The total 24-h cortisol
output may be normal or modestly raised. In patients
with more severe disease, the 24-h output of
metabolites of DHEA may be reduced, and in view
of the antiglucocorticoid, and Th1-promoting effects
of this steroid mentioned above, this may contribute
to immunological dysfunction [188]. However, the
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most striking and consistent abnormality is a change in
the pattern of metabolism of cortisol, indicating a large
alteration in the equilibrium point of the cortisolcortisone shuttle, as discussed below [188].
Dysregulation of the cortisol-cortisone shuttle. A major
mechanism for the regulation of local tissue cortisol
levels is the interconversion of active cortisol (11hydroxy) and inactive cortisone (11-keto). Thus
effective cortisol concentrations in different organs
can be very different from the values found in the
serum. Moreover, these enzymes are regulated. As an
example, granulosa cells express 11bHSD-1 at some
stages of the ovulatory cycle (luteinising) and so at
that time may be sensitive both to cortisone (after
conversion to cortisol by 11bHSD-1) and to cortisol,
whereas at other times in the cycle (nonluteinised) the
cells express only 11bHSD-2 which converts cortisol
to inactive cortisone, and so will not be sensitive to
either steroid [189]. Gas chromatography and mass
spectrometry revealed a striking excess of metabolites
of cortisol, relative to metabolites of cortisone in 24-h
urine collections from tuberculosis patients [188]. This
imbalance returned to normal during treatment. The
findings were further supported by the observation
that tuberculosis patients more rapidly converted an
oral load of cortisone into cortisol (measured in
plasma) than did control individuals or cured tuberculosis patients [190].
Subsequent studies in tuberculous mice and analysis
of alveolar lavage samples from tuberculosis patients
and controls, have revealed that the site of abnormal
conversion of inactive cortisone to active cortisol in the
patients, is the infected lung itself [187, 190]. This may
be explained by the observation that TNFa and IL-1b
both increased the expression levels and reductase
activity of 11b-HSD-1 in a cell line in vitro [191].
However, the relative increase in reductase activity
could also be due to a decrease in the activity of
11bHSD-2, since it has recently become apparent that
this enzyme is present in lung [192]. Further enzymological and quantitative RT-PCR studies are required.
Whatever enzymes are involved, the result is a local
increase in cortisol levels that is not apparent from
measurements of serum cortisol. This cortisol excess
will cause a shift towards Type 2 cytokine expression,
deactivation of the antimycobacterial effects of macrophages, increased IL-10 and increased TGFb, so it can
account for many of the changes seen in the human
disease.
Vaccination
BCG vaccination is remarkably safe [193]. However,
the protective efficacy varies from 80% protection to no
protection at all in different populations (reviewed in
[194]). BCG is most protective against tuberculous
meningitis, and in some environments, progressive primary disease, but it is less effective against
reactivation or reinfection. This variability does not
appear to be due to the use of different batches of BCG,
or to genetic differences between populations. Since
BCG is the "gold standard" in animal work and is

almost always better than experimental vaccines in
animal models, despite its inadequacy in man, the need
to understand this variability before undertaking long
and expensive trials of novel vaccines in man is obvious.
Three hypotheses are currently under investigation.
Interference by environmental mycobacteria
The role of ubiquitous environmental saprophytes
has been explored for many years [102]. An apparent
reduction in the efficacy of BCG could occur either
because the environmental saprophytes were themselves protecting, or because they were priming
deleterious patterns of response (e.g. Type 2) and so
blocking the efficacy of the BCG. These two effects
were suggested to be occuring in different countries
[102], and both effects are easily demonstrated experimentally [30]. The crucial role of the common antigens shared between saprophytes and M. tuberculosis is
central to these hypotheses, and is explained fully later.
These mechanisms have been subjected to review and to
mathematical modeling [103].
Concurrent parasite infections
Some authors suggest that the presence of concomitant parasite infections may cause a systemic bias
towards Th2 responses that undermines the ability of
BCG to induce a Th1 response to mycobacterial
antigens.
Vaccine dose
Another suggestion is that BCG would be more
reliable if used at a very low dose, because the dose at
which the vaccine starts to evoke a deleterious Type 2
component may be much lower in some individuals
than in others. This idea is derived from vaccination
studies with Leishmania in different mouse strains,
where a dose that evokes a Type 1 response in some
strains is too high, and so Type 2-inducing, in others
[101]. If there are people for whom the standard BCG
dose is too high, the problem would theoretically be
avoided by using very low doses. Because BCG is a live
vaccine, it should still be effective. In each individual it
should proliferate to the level at which a mycobactericidal Th1 response was induced [195]. In deer, 56104
or 56107 is protective but 56108 is less effective, so
there is clearly some truth in this idea [196]. A study in
man used only in vitro parameters (IFNc release and
lymphocyte proliferation) to compare low (1.66105
colony forming units (cfu) and 3.26106 cfu), standard
(1.66108 cfu), or high (3.26108 cfu) doses, and
concluded that the doses of more than 108 were
necessary [197]. However, without protection studies,
these data cannot be interpreted. The relationship
between these parameters and protection remains
obscure. In one recent study, BCG vaccination of
PPD skin-test negative subjects caused conversion to
skin-test positivity, but had no effect on in vitro
lymphoproliferation or cytokine production [198],
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and the relationship between skin-test response and
protection is equally obscure.

Deoxyribonucleic acid vaccines
There has been much recent interest in DNA
vaccines. This method of vaccination often induces
antigen-specific T lymphocytes that secrete IFNc and
show cytotoxic potential, factors that are desirable in
the case of tuberculosis. This may be related to the
adjuvant properties of their nonmethylated CpG
sequences [199]. Many antigens have been studied in
animal models, particularly the secreted proteins [200]
and heat shock proteins [47], but, as discussed later, the
relevance of such animal models to human patients is
difficult to determine.

Attempts to identify protective antigens using animal
studies
Enormous effort has gone into the search for
"protective" antigens, in the belief that particular
subsets of antigens or epitopes will prove to be optimal
targets for protective immune responses. Almost all
such studies have involved testing purified or recombinant antigens in mouse models of tuberculosis, in a
variety of adjuvants, or expressed in Vaccinia or
Salmonella [201]. Others have modified BCG in the
hope of increasing its immunogenicity and its ability to
induce a CD8z cells response [52]. It has become clear
that the usefulness of this approach is limited.
Essentially all the protein antigens of M. tuberculosis
tested in murine models will protect if they are
administered in a way that induces a polarised Th1
response. Similarly, all TB antigens tried, appear to
work as DNA vaccines against tuberculosis in mice
[202], and the complex experimental systems do not
allow slight variations in efficacy, seen to be attributed
to inherent differences in their "protective" role. Some
antigens only work if the optimal adjuvant is chosen
after a process of trial and error. ESAT-6 is an example
which illustrates the dilemmas posed by these experiments. It is a dominant T cell target in early
tuberculosis in man and animals [203]. But does early
T cell recognition of ESAT-6 indicate that it is a
protective antigen, or that it is a sign of a failed
response and of developing disease? Mouse experiments
certainly do not help. ESAT-6 will protect mice if used
with a suitable complex of adjuvants, but protection is
less easy to achieve than with other antigens such as
hsp65 or the 30kDa group of mycolyl transferases [204].
How, therefore, should one choose antigens for
vaccine trials in man, and what adjuvant should be
used? Human studies are so difficult that only a subset
of antigens with a high probability of success can be
subjected to clinical trials. One suggestion is another
round of testing in guinea-pig models. However, there is
no reason to suppose that this would do more than
defer the decision-making day.
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Identification of protective antigens through human
studies
Study of responses in contacts who do not develop
disease. Clones from naturally PPD-converted individuals showed a spectrum of reactivity, some specific
to TB, others recognising all mycobacterial species
tested [205]. Therefore, in order to discover whether
some antigens have a specifically protective role, it is
necessary to follow up individuals recently exposed to
tuberculosis, so that any differences between those
who do and do not develop active disease can be
identified. Such studies are in progress in 3 geographically diverse African states, through a project
funded by the European Community.
Common mycobacterial antigens versus species-specific
epitopes. It has been known for many years that BCG is
as effective a vaccine against leprosy as it is against
tuberculosis, although M. leprae is an entirely different species [206]. BCG must therefore be able to
work through common epitopes. Similarly there is
evidence that contact with an environmental
organism, leading to mycobacterial skin-test positivity, is protecting the population of Malawi from
both tuberculosis and leprosy [207]. In mice, powerful
protective or "anti-protective" effects can be induced
with an environmental mycobacterial saprophyte,
simply by altering the immunisation protocol so as to
induce a Type 1 or Type 2 response [30]. These
effects are obviously due to the common antigens. It
is also significant that tuberculosis patients who still
maintain necrotising skin-test positivity to antigens of
M. tuberculosis itself, have diminished or absent skintest responses to environmental saprophytes [208],
whereas these do evoke responses in protected
populations. This is a remarkable paradox, implying
that a lack of response to the common antigens may
correlate with susceptibility to disease. In spite of
these facts, there is a deep prejudice against the view
that protection can be mediated via epitopes that are
not species-specific. This prejudice dates from the era
of the early antibody-mediated vaccines, since antibodies neutralise microbial components by binding
conformational epitopes on toxins, enzymes or
adhesion molecules. These substances are often
species-restricted. The fact that T cells do not
neutralise anything, but recognise short peptide
sequences cleaved from microbial proteins, together
with the fact that T cells are not taxonomists, should
be sufficient to dispell the prejudice. The concept of
species-specificity is irrelevant to T cell function. It is
also important to remember that the clonal selection
theory as originally formulated by BURNET [109] is
now an outdated concept. Far from selecting a
repertoire of T cells that do not recognise self, the
thymus selects a repertoire based upon recognition,
albeit weakly, of peptides derived from self. Thus the
repertoire of T cells that can subsequently recognise
bacteria is heavily biased towards bacterial versions
of conserved proteins, also present in man [80].
The role of heat shock proteins. The heat shock proteins
(hsp) are important examples of this concept. Indeed the
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65kDa heat shock protein of M. leprae can protect mice
against M. tuberculosis [209], as can DNA vaccines
based on its sequence. Nevertheless, there is one
report that in the guinea-pig at least, immunisation
with hsp may cause immunopathology in the lung,
suggestive of autoimmunity, that is triggered when
the aerosol infection with TB is subsequently given
[210]. The importance of protective immunity of
conserved proteins such as heat shock proteins has
been emphasised repeatedly by others [211]. Not only
are hsp important target antigens in their own right,
but they also have a fundamental regulatory role.
Thus hsp9s can act as adjuvants, either used as
purified protein, or when their encoding sequences
are incorporated into DNA vaccines, encoding, for
instance, papilloma virus antigen E7 [212]. They
probably act as a danger signal. It is of great interest
that during infection with Listeria monocytogenes
there is increased membrane expression of mammalian hsp60, the homologue of hsp65 [213].

potential roles in therapy, other than as a potential
adjunct to drug treatment in multiresistant cases, have
yet to be elucidated.
Another approach that gives striking results in mice
is the use of DHEA or of the very similar androstenediol. These compounds oppose a subset of the effects
of glucocorticoids, and can reverse the switch towards
Type 2 cytokine profile in Balb/c mice (fig. 5), but this
has not been tested in man [184].
Immunotherapy is unlikely to be achieved by simple
antigen preparations, because there needs to be an
immunoregulatory component, with downregulation of
pre-existing Type 2 cytokine production. This may
explain why antigen preparations that can protect
against tuberculosis when used as vaccines before
challenge, can fail to act as therapeutics in mouse
models [217].
Interestingly, the only preparations shown to be
effective immunotherapeutics in tuberculous mice are
killed Mycobacterium vaccae (fig. 5) [216, 218], and
more recently DNA vaccines encoding common
mycobacterial antigens [219].
Attempts at immunotherapy using an environmental
saprophyte, M. vaccae, followed studies of the influence
of such organisms on disease susceptibility and on the
efficacy of BCG vaccination [102], a concept that is now
widely accepted [103]. Since M. vaccae does not include
the species-specific epitopes, induction of the necrotising Koch phenomenon is avoided, while the protective efficacy of multiple common antigens (including
hsp9s) can be exploited. Two studies of single injections
of heat-killed M. vaccae have been carried out to
Good Clinical Practice (GCP) in human tuberculosis
patients also receiving DOTS. The results are conflicting
[220, 221].
In view of the inevitable difficulty of demonstrating
an effect when a single dose is superimposed upon

The future
Immunotherapy
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This is perhaps the most important issue facing
workers in the field of tuberculosis. As outlined earlier,
DOTS helps, but fails to solve the problem, and
multidrug-resistant disease is an increasing threat.
Immunotherapy is the only solution, and the need for
this approach has been recognised since the time of
R. KOCH [214].
One potential approach to immunotherapy is the
direct use of cytokines in patients, either systemically,
or given by aerosol. IL-2, IFNc, IL-12 and GM-CSF
have all been investigated (reviewed in [215]). Their
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Fig. 5. – Immunocytochemical analysis of cells positive for a) interleukin-2 (IL-2) and b) interleukin-4 (IL-4) in the areas of granuloma
of the lungs of Balb/c mice infected with Mycobacterium tuberculosis H37Rv, and treated with the indicated regimen from day 60.
Data are means of 12 – 18 random fields (3 fields from each of 4 – 6 mice). Both immunotherapeutic regimens caused an increase in
IL-2 positive cells, and a decrease in IL-4 positive cells. (%) control infected mice; (#) treated d60 and d90 with Mycobacterium
vaccae 1.0 mg; (&) treated from d60, 63.week-1 with androstenediol and a physiological replacement dose of corticosterone. Error
bars on the control points are SD. They are omitted from the test groups for the sake of clarity, but are of similar size in these
groups. Both test groups are significantly different from controls from day 88 (i.e. from 28 days after initiating immunotherapy
(pv0.01)). Adapted from [216].
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DOTS, there is a clear need for a trial of multiple doses
in multidrug resistant disease, as used in the pilot nonGCP studies in multidrug resistant TB [222]. M. vaccae
has appropriate properties because, although it is used
killed, it evokes not only Type 1 responses [223], and
cytotoxic CD8z T cells that kill target cells infected
with M. tuberculosis [224], but also acts as a potent
nonspecific downregulator of pre-existing Th2
responses both in mice [225], and in GCP studies in
human asthmatics [226]. It can also induce Th1
recognition of common mycobacterial antigens in
HIVz individuals, which may prove to be an important
requirement in developing countries [227].
Creation of reliable diagnostic tests
There have been numerous reviews of the many
attempts to generate a reliable serodiagnostic test for
tuberculosis [228]. No such tests currently exist because
of the dual problems of cross-reactive background
antibody evoked by ubiquitous environmental mycobacteria (and in some countries, by BCG), and individual differences in the specific epitopes recognised.
The lymphoproliferative or IFNc response to certain
low molecular weight culture filtrate antigens may
distinguish between BCG vaccinated and tuberculosisinfected individuals [229], but such tests are cumbersome for field use.
Exploitation of the genome sequence
In 1998 the 4,411,529 base pairs of the M.
tuberculosis genome were published [230]. Of the 3924
protein encoding genes, only 40% strongly matched
other known proteins, leaving the majority with no
clear function. Access to this sequence has already
permitted significant advances [231]. One example is the
identification of four polyketide synthase systems.
These have no known purpose but a product of these
pathways may be a lipid toxin similar to that produced
by M. ulcerans (the cause of Buruli ulcer) [150]. Other
authors analysed the 3,924 protein-encoding sequences
deduced from the M. tuberculosis genome, and identified 52 proteins carrying an aminoterminal secretory
signal peptide, but lacking additional membraneanchoring moieties. Of these 52 proteins, only 7 had
been previously reported to be secreted proteins [232].
Secreted proteins are good candidates as protective
antigens.
Further genome sequencing is allowing the comparison of pathogenic with nonpathogenic mycobacteria,
and virulent outbreak-causing strains (e.g. the
"Oshkosh" strain) with less virulent strains. This may
accelerate identification of crucial mechanisms of
pathogenesis. Similarly the development of microarrays
has facilitated the genotyping and comparison of BCG
strains [233].
Evaluation of gene regulation, combined with
analysis of the genome databases, allows identification
of genes that are up- or down-regulated in response to
environmental and other stimuli. For instance genes
induced by exposure to isoniazid have been found [234].
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The genome has also revealed several repetitive DNA
sequences that were previously unidentified and these
may prove useful in molecular typing.
A role for mycobacteria in human health?
The existence of CD1-restricted T cells that recognise
mycobacterial glycolipids [65], and the ability of
saprophytic environmental mycobacteria to kill children with defective receptors for interferon-c or
interleukin-12 [42] suggest that these organisms are
part of the evolutionary history of the human (and
mammalian) immune system. Moreover these organisms are ubiquitous in soil and untreated water, but not
a major part of the normal human commensal flora.
Therefore, exposure to them is a variable that depends
on lifestyle, and is decreasing in modern hygienic
concrete environments. A decreasing exposure to
mycobacteria has therefore begun to be highlighted
as one explanation for the increasing incidence of
diseases of immunoregulation such as allergies and
autoimmunity [235]. There is some evidence that
mycobacteria can be used therapeutically in the
treatment of both [226, 236].
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