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In a recent issue of this journal, Vordermeieret al. [1] reported that
immunoglobulinm-chain gene-disrupted mice, which lack B cells,
exhibit decreased resistance to experimentalMycobacterium
tuberculosisinfection. This is a surprising result, as immunity
againstM. tuberculosiscannot be passively transferred to recipient
animals by injecting serum from immune donors, and is therefore
not antibody-mediated, although protection can be adoptively
transferred using T cells fromM. tuberculosisor M. bovis bacille
Calmette-Gue´rin (BCG)-primed donors [2]. Vordermeieret al. [1]
showed that the recognition of some mycobacterial epitopes by T
cells was defective in B cell ‘knock-out’ mice [1]. B cells can take
up antigen via their specific immunoglobulin receptors, and present
processed epitopes to T cells [3]; thus it is possible to speculate that
the absence of such antigen presentation may impair the develop-
ment of T cell responses to some mycobacterial epitopes.

How significant are these findings to the pathogenesis of
human tuberculosis? Primary or secondary antibody deficiency
does not result in increased susceptibility to tuberculosis, atypical
mycobacterial infection or disseminated BCG infection [4–6].
Patients with common variable immunodeficiency or secondary
antibody deficiency due to myelomatosis, chronic lymphocytic
leukaemia and other types of non-Hodgkin’s lymphoma show an
increased susceptibility to extracellular bacterial sepsis, but not to
mycobacterial disease [7]. Human X-linked antibody deficiency
(XLA) is caused by mutation of the Bruton’s tyrosine kinase (Btk)
gene, resulting in B cell developmental arrest at the pre-B cell stage
and the absence of B cells and serum immunoglobulin [8]. In that
sense, patients with XLA are the human equivalent of B cell
knock-out mice [8]. These patients do not exhibit increased
susceptibility to intracellular bacterial infection including myco-
bacterial infection. In mice, naturally occurring point mutations of
the Btk gene, or its inactivation by homologous recombination,
results in an X-linked immunodeficiency (XID), which is signifi-
cantly milder than XLA in humans [8]. XID mice are not globally
B cell-deficient but have a selective deficit of a CD5þ (B1) B cell
subset, indicating that mice but not humans have a kinase that is
capable of partially compensating for Btk deficiency. XID mice
have normal antibody responses to proteins and to lipopolysac-
charide (LPS) but do not respond to type II T cell-independent
antigens [8]. This comparison strikingly illustrates the paradigm
that while the immune systems of mice and men are broadly
similar, there are significant differences in detail which impose
limitations in extrapolating findings from murine models to explain
the pathogenesis of human disease.

The X-linked hyper-IgM syndrome (HIGM), which is the
consequence of deficiency of a T cell surface molecule, CD40-
ligand, is another form of antibody deficiency. While some patients
with CD40-ligand deficiency develop opportunistic infections (e.g.
pneumocystis infection or cryptosporidiosis), typically seen in
patients with impaired cell-mediated immunity, there are no
reports of increased susceptibility to mycobacterial infection [9].

Table 1a summarizes the effect of immunological deprivation
on the susceptibility of mice to theM. bovisBCG or to virulentM.
tuberculosis. Table 1b summarizes the effect of human immuno-
deficiency states on susceptibility to mycobacterial disease caused
by M. tuberculosis, M. bovisBCG and atypical mycobacteria. In
mice the expression of optimum anti-mycobacterial immunity
requires the coordinated activity of a whole range of T cell and
macrophage functions, including those of TCRabþ T cells [10],
TCR gdþ T cells [11], MHC class 1-dependent T cell activation
(CD8 T cell function) [12], MHC class II-dependent T cell function
(CD4 function) [11], interferon-gamma (IFN-g) [13], tumour
necrosis factor-alpha (TNF-a) [14], IL-12 [15] and the induction
of nitric oxide (NO) production within murine macrophages [16].
In experimental mycobacterial infections of mice, lack of any of
the above defence mechanisms cannot be fully compensated for
by alternative immune mechanisms. These immune mechanisms
appear to have a cascade effect on each other, leading to the
generation of an optimal response. Even in mice, the immune
mechanisms critically important for controlling infection byM.
tuberculosisin contrast to the relatively avirulent BCG, may be
different. For example, in mice, function of theNramp1 gene,
coding for a macrophage-specific membrane protein (natural
resistance associated macrophage protein), is relevant to the
control of the early phases of infection withM. bovisBCG [17],
but plays no role in the control ofM. tuberculosisinfection [18].
The gene homologous toNramp1 is expressed by human macro-
phages [19]. However, theNRAMP locus has not to date been
shown to strongly influence human susceptibility to tuberculosis or
leprosy [20]. Furthermore, even BCG-susceptible strains of mice
(Nramp1– /– or NrampAsp169) can rapidly control this organism
once T cell responses are initiated [17].

The main conclusion from Table 1b is that antibody produc-
tion, and the functions of B cells, complement [21] and neutrophils
[4], do not play any significant role in human anti-mycobacterial
immunity; T cell and macrophage function are clearly important
[22,23].

IFN-g receptor (IFN-gR1) deficiency due to a mutation of the
high-affinity binding chain of this receptor is a cause of fatal
disseminated BCG infection, or infection withM. avium and
salmonella species [24]. This is indeed similar to the situation
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Table 1.
a. Effect of immunological manipulation in mice

Pathogen Defect/treatment/genotype Susceptibility

M. bovisBCG TCRa=b or g GKO Increased
Recombinase activating gene-1 GKO Increased
b2-M GKO (secondarily CD8 T cell- Increased
deficient)
IFN-g GKO Increased
IFN-g receptor GKO Increased
IFN-g regulatory factor 1 GKO Increased
Nramp1Asp169 GKO Increased
Treatment with anti-TNF-a antibody Increased

M. tuberculosis b2-M GKO Increased
MHC class II GKO (secondary CD4 T Increased
cell deficit)
IgH GKO Increased
Treatment with rIL-12 Reduced
Treatment with iNOS inhibitors Increased
BCG susceptibility locus (including No effect
Nramp1)

b. Effect of immunodeficiency in humans on mycobacterial infection

Physiological
mechanism Abnormality Result

Circulating Primary and secondary antibody No effect
antibody deficiency

Mucosal antibody IgA deficiency No effect

Complement Congenital deficiency of classical
pathway or regulatory components:
C1q, C2, C4, C3, Factor I or Factor H No effect
Congenital deficiency of
alternative pathway:
Properdin, Factor D No effect
Congenital deficiency of terminal No effect
components: C5, C6, C7, C8, C9

Mannose binding lectin Inherited deficiency ? decreased susceptibility to TB

Phagocyte number/ Neutropenia No effect; no susceptibility to MAI or non-tuberculous
function mycobacteria

Leucocyte adhesion deficiency No mycobacterial
type 1 infections reported
(CD18/CD11a,b,c deficiency)
Chronic granulomatous disease Eleven cases of disseminated BCG infection

reported; no susceptibility to MAI or non-tuberculous
mycobacteria

Chediak Higashi syndrome No mycobacterial infections reported

Cell-mediated
immunity:
Primary T cell Severe combined Increased, including disseminated BCG infection
defect immunodeficiency: all forms

Secondary T cell HIV; immunosuppressive therapy Increased (TB, MAI, other atypical mycobacteria;
defect disseminated BCG infection)

MHC class II Inherited deficiency No mycobacterial infections reported

TAP transporter Inherited deficiency No mycobacterial infections reported
(indirect MHC class 1
deficiency)



observed in IFN-gR1 gene-deleted mice [25]. However, this gene
defect is seen in only a small proportion of all patients with
disseminated BCG infection (J. L. Casanova, personal commu-
nication). Thus far, IFN-gR1 deficiency appears only to cause
human susceptibility to attenuated or environmental mycobacteria
and salmonella species.Mycobacterium tuberculosisinfection has
not been reported in these patients; nor do they develop any other
types of microbial infection [24]. This is different from observa-
tions in IFN-gR1 knock-out, mice which are susceptible to a broad
range of pathogens, including intra- and extracellular bacteria,
some viruses and parasites [26].

Some patients with familial disseminatedM. avium infection
(not associated with HIV disease) or disseminated BCG infection,
not responding to anti-mycobacterial chemotherapy, recovered
from their mycobacterial infection when treated with IFN-g

(50mg/m2, administered subcutaneously, three times a week)
([27] and A. Segal and D. S. Kumararatne, unpublished informa-
tion). This indicates that IFN-g contributes to human immunity
against relatively avirulent mycobacteria. However, unlike murine
macrophages, human monocytes and monocyte-derived macro-
phages cannot be activatedin vitro with rIFN-g to control the
intracellular growth of virulentM. tuberculosis[28]. It is possible
that in vivo IFN-g may have a much more complex effect in
promoting immunity toM. tuberculosis(cf. the ability of IFN-g to
reduce bacterial and fungal infections in patients with chronic
granulomatous disease (CGD), even though phagocytic cells from
CGD patients who are treated do not show enhanced anti-microbial
effectsin vitro [29]). Data from trials in progress using IFN-g and
other cytokines to treat patients with multi-drug-resistant tubercu-
losis, are eagerly awaited. Recently, monocytes from patients with
familial susceptibility to severe, disseminatedM. avium infection
have been reported to exhibit defective IL-12 productionin vitro
[30].

NO production by murine macrophages activated by cytokines
like IFN-g is essential for the control ofM. tuberculosisinfection,
as indicated by exacerbation of this infection by the administration
of inhibitors of inducible nitric-oxide synthetase (iNOS) [16] or
the reduced NO production with a concomitant increased suscept-
ibility to mycobacterial infection seen in mice deficient in IFN-g

[31] or its receptor [25], or the IFN-g regulatory factor 1 [32]. A
careful review of published data including an audit of the meta-
bolism of L-arginine (precursor of NO) with human macrophages

concluded that NO synthesis was not relevant to antimicrobial
activity of human mononuclear phagocytes [33]. Most of the
studies failing to detect a role of inducible NO synthesis in
antimicrobial immunity have used blood monocyte-derived
human macrophages [34]. Recently, Nicholsonet al. [34] demon-
strated that alveolar macrophages obtained after broncho-pulmon-
ary lavage in patients with tuberculosis could be stained with an
antibody specific for human iNOS. Using an indirect marker of NO
synthesis, viz. diaphorase cytochemistry, they showed that dia-
phorase-positive alveolar macrophages were also increased in
patients with tuberculosis, approximating to the proportion of
those expressing iNOS. However, in other studies human macro-
phages expressing detectable iNOS were unable to generate NO
[35]. It is argued that precise signals which induce human mono-
nuclear phagocytes to produce NO have yet to be clearly defined
[34]. Some support for this view is provided by studies of the
promoter regions of human and mouse iNOS genes indicating that
nucleotide substitutions found in the human iNOS promoter region
made it unresponsive to up-regulation initiated by LPS and IFN-g

[35]. Furthermore, human macrophages appear to lack nuclear
factors (e.g. LPS-inducible nuclear factor-kappa B/Rel complex)
that are required for maximum expression of iNOS [35]. In
summary, the role of NO in human anti-mycobacterial immunity
is possible but unproven.

In conclusion, experimental studies in healthy and immunolo-
gically deficient mice have highlighted the main components of
immunity against mycobacteria. The broad components of human
anti-mycobacterial immunity are similar. However there are sig-
nificant differences in detail, as exemplified by the enhanced
growth of M. tuberculosisin B cell-deficient mice contrasted to
the irrelevance of antibody and of B cells to the expression of
human mycobacterial immunity. This may be due, in part, to an
overestimation of the importance of putative immune mechanisms
as assessed by experimental in contrast to natural infection. For
example, in the experiments by Vordermeieret al. [1], mice were
infected by the i.v. injection of 106 live bacteria. In contrast, human
pulmonary tuberculosis is caused by small droplet nuclei contain-
ing one to three bacilli being inhaled into the alveoli, with 10–50
inhaled ‘nuclei’ on average, being required to establish infection in
an individual recipient [36]. Therefore there is a need to design
animal experiments, where possible, to mimic the pathogenesis of
human tuberculosis. In addition, ideas generated using animal
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Table 1b. continued

Physiological
mechanism Abnormality Result

Macrophage function Defective pulmonary macrophage
function in:
(a) Silicosis Progressive cavitatory pulmonary tuberculosis; no

systemic dissemination as seen in T cell deficiency

(b) Pulmonary alveolar Pulmonary tuberculosis as in silicosis; pulmonary
proteinosis nocardial infection

Cytokine production Reduced IL-12 production Familial progressive MAI infection

IFN-g receptor Inherited deficiency Progressive BCG, MAI or atypical mycobacterial
infection

GKO, Gene knock-out.



experimental models should be tested for validity by comparison
with conclusions gleaned from observations in immunodeficient
humans.
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