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Abstract
Introduction: Recent advances in the understanding of human susceptibility to tuberculosis have resulted from the application of

molecular techniques to answer mechanistic questions on genetic regulation of host defense. Methods: This review is based upon a
MEDLINE search of articles relevant to human genetic susceptibility to mycobacteria. Results: The impact of natural selection in shaping
susceptibility to infectious disease should be taken into account when different ethnic groups are compared. Molecular typing has improved
the accuracy of HLA analysis. However, most of the recent advances have come from research in non-HLA genes. Multiple non-HLA genes
controlling susceptibility to tuberculosis have been identified by family-based linkage studies and population-based case-control studies.
Comparative genomic studies based upon a mice model have identified a new resistance-associated protein in human macrophages. Several
rare inherited disorders of mycobacterial immunity are caused by isolated gene mutations in the interferon γγγγγ -interleukin 12 pathways. Allelic
variations in the vitamin D receptor have also been related to tuberculosis. A locus on human chromosome 17q have been linked to
tuberculosis in a family-based genomic screening study. Conclusion: Susceptibility to tuberculosis involves large number genes inherited
in a complex manner. Further discoveries are expected in the wake of rapid progress in the human genome project.
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Introduction

The World Health Organization has declared that the
recent resurgence of tuberculosis (TB) is a global
emergency.1 Southeast Asia, which is seeing the greatest
increase in new TB patients, is at the epicentre of this
pandemic.1 Singapore, despite its relatively low incidence
of new cases and rigorous screening for active disease
among foreign workers, has not avoided this global re-
emergence of an ancient foe.2 This resurgence has happened
over a short period of time and is the result of multiple
environmental factors and not related to decline in
genetically determined host susceptibility. Factors such as
HIV, multidrug-resistant TB, population migration,
neglect of TB control programmes and the financial
crisis are converging in this region and increasing the
complexity of the epidemic, making it far more difficult
to contain.

This renewed interest in TB, however, has resulted in
improved research funding and the widespread application
of new and innovative molecular techniques to investigate
key mechanistic questions in this disease. In particular,
genetic regulation of host defense mechanisms has been an
important field of research. Genetic manipulation of the

immune response in order to augment anti-bacterial drugs
and vaccines has therapeutic potential.

Racial variations in susceptibility to TB3 and classic
studies in twins4 which show greater TB rates in
monozygotic versus dizygotic twins substantiate the
importance of genetic factors in TB. Epidemiological
studies merely provide the background but do not yield any
clues on underlying mechanisms. The aim of this review is
therefore to examine recent advances in the understanding
of genetic susceptibility to mycobacteria based upon
molecular techniques.

Method

This review is based upon a systematic search of the
literature on the Medline (on CD-Rom and Pub Med on the
Internet) resources. The literature search was from 1970 to
1999 with the key words/MESH headings of “mycobacteria-
immune response-genetic susceptibility- immunogenetics”.
The search was restricted to human studies in English and
included reviews. Only positive studies on mycobacterial
infections in humans were reviewed. Some relevant animal
models will also be cited.
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 The Immune Response To Tuberculosis (Fig. 1)

Several recent reviews have addressed comprehensively,
current concepts of the immune response to
tuberculosis.5-8 Thus, only the key elements of host defence
against Mycobacterium tuberculosis have been outlined in
this article. Figure 1 shows a network which integrates
innate immunity (natural resistance) with acquired
(adaptive) immunity. Genetic variations which regulate
most of the pathways described in this figure have been
linked to disease susceptibility in humans.

Innate immunity9,10 or natural resistance is not antigen
specific and non-clonal (i.e. not associated with
immunological memory). It comprises of macrophages6

and cytotoxic lymphocytes7 (NK cells, CD8 +ve T cells
and CD4 +ve T cells with γδT cell receptors) which inhibit
growth and kill mycobacteria probably by direct lysis. The
main role of natural immunity in tuberculosis is usually
assigned to macrophages. Macrophage phagososomal-
lysosomal fusion is a key event in natural immunity. Anti-
bacterial processes include enzyme lysis, acidification,
generation of reactive oxygen and nitrogen species and the
participation of membrane transport proteins such as natural
resistance-associated macrophage protein 1
(Fig. 1, Step 2*:Nramp1).5-7,11 The fate of mycobacteria is
critically dependent upon the interactions between
macrophages and other effector cells (lymphocytes in
particular) and soluble mediators such as cytokines,
chemokines, hormones and pro-hormones.5,8,12

Phagocytosis is a non-specific trigger for interleukin 12
(IL-12) secretion by macrophages.5,8,12 Interleukin 12 is a
pivotal cytokine which links the innate and adaptive arms
of the immune response.5,8,12 With regards to innate
immunity, interleukin 12 induces lymphocytes (NK cells
in particular) to secrete interferon γ (IFNγ). IFNγ further
activates macrophages and enhances their ability to inhibit
mycobacteria via nitrogen radicals and vitamin D3.5,8,12,13

Both IFNγ and vitamin D3 have autocrine activities which
serve to amplify this process.5,13

Adaptive immunity and immunological memory are
acquired following MHC restricted encounter between
newly processed antigen on dendritic cells14 and specific T
cells. In the presence of appropriate co-stimulating signals,
CD4+ T cell proliferation occurs. In this context , IL-12
and IFNγ are powerful determinants of the TH

1
 (T helper

1) phenotype in proliferating CD4 +ve T cells.5,8,15,16 Recent
studies have correlated the presence of TH

1
 phenotype

(high levels of IL-12 and IFNγ expression) with more
favourable clinical presentation in pulmonary
tuberculosis.17,18

Immune suppressor cells and inhibitory cytokines
probably influence disease susceptibility and presentation
as much as anti-bacterial responses.19 There is very little

information however, on the genetic regulation of
immunosuppression relevant to disease susceptibility in
human tuberculosis.

Effect of Natural Selection on Susceptibility and Clini-
cal Presentation

The clinical spectrum and susceptibility patterns observed
in any population for an infectious disease such as TB
depend upon the history of host-pathogen relations. Humans
are the obligate hosts for M. tuberculosis and their
relationship is an ancient one, having lasted for at least
5000 years.20 The disease can only be sustained in densely
settled populations. Thus, it has been described in all
ancient centres of civilization from the Middle East, ancient
Greece, India to China.20 However, it only reached epidemic
proportions as the “white plague” in European cities during
the 18th century following mass urban migration, when
infection was universal and TB accounted for up to 25% of

Fig. 1. The immune response to M. tuberculosis consists of cooperation between
phagocytic, lytic, antigen presenting cells (macrophages and dendritic cells) and
cytokine secreting, proliferating cells (natural killer cells and T lymphocytes). Phago-
cytosis (1) is followed by fusion with the lysosomal-endosomal compartments (2), which
result in either (3) bacterial lysis and/or co-localisation of mycobacterial antigens with
MHC class II molecules for antigen presentation to T cells (4). Secretion of IL-12 by
phagocytes (5) is an early event following antigen exposure. IL-12 induces IFNγ
secretion by NK cells (initially) and T lymphocytes. IFNγ has a positive feedback on both
phagocytes and lymphocytes. It enhances bacterial lysis via reactive oxygen, nitrogen
radicals and 1,25 (OH)

2
 vitamin D3. Natural resistance associated macrophage protein

1 ( *: Nramp1) is an iron transport membrane glyco-protein of the endo-lysosomal
compartment which also inhibits mycobacteria. Variations in the genetic regulation of
most of the pathways described in this figure have been linked to disease susceptibility
in humans.
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deaths.21 This epidemic was sustained in Europe by the
Industrial Revolution and spread to previously naïve
populations of sub-Saharan Africa and the New World by
the slave trade and colonisation.22 Indeed, we are seeing the
resurgence of this very epidemic today.1,23 Tuberculosis is
a highly contagious infection with a pre-antibiotic mortality
rate of over 50% among the young. The highest ever
recorded mortality rate for TB was among native Americans
crowded into reservations and barracks, reaching 9000 per
100,000 population.23 This must have a major impact in
shaping the immune response of subsequent generations to
M. tuberculosis.

In urbanised societies like Singapore, the majority of
people infected with M. tuberculosis show a fully developed
cell-mediated immunity response [detected as a positive
delayed skin reaction to purified protein derivative (PPD)].
Indeed a positive PPD test in a previously healthy and naïve
individual is considered the most reliable index of recent
infection. Cohort studies have shown that this acquired
immune response is highly effective and merely 5% to 10%
of recent PPD converters go on to develop frank clinical
disease in their lifetime.23 This high prevalence of resistance
against TB is probably a direct outcome of the role of TB
in natural selection. Another feature of the late phase of a
TB epidemic is the predominant clinical presentation with
“post-primary TB” or “reactivation TB”. This is the familiar
pattern of chronic cavitary pulmonary TB seen among
older patients presenting as an indolent illness or the
“phthisis” syndrome.

By contrast, when a previously naïve population
encounters TB for the first time, the consequences are very
different. There will be a low level of herd immunity
against TB and clinical disease is of the “primary TB”
pattern. This is a progressive, subacute “typhoidal” illness
with high mortality.22,23 It is characterised by anergy (low
intensity of cell mediated response), wide spread extra-
pulmonary dissemination and prominent lymph node
involvement. This was the main pattern of TB described in
native Americans, during their early internment in camps;
African slaves; Black African regiments deployed by the
British in Ceylon; Senegalese recruits in the French Army
in World War I; and most recently, among Yonomami
Indians in Brazil.22-24 In urban westernised populations,
“primary” TB is seen mostly in young children and patients
with HIV infection.

Thus, the phase of the TB epidemic and its effect on the
process of human natural selection must be taken into
account when we compare disease susceptibilities between
ethnic groups and even within populations. Since resistant
individuals and families have a clear survival advantage, it
may be predicted that stable urban populations during the
matured stage of the epidemic may show little variations in

TB susceptibility. Indeed, several of the recent break-
throughs in elucidating the mechanisms of genetic
susceptibility to TB have come out of sub-Saharan Africa
where the epidemic is relatively “newer”.

HLA Associations

The human leukocyte antigens (HLA) are products of the
major histocompatibility gene complex in humans. They
are key immuno-modulatory molecules which prevent
autoimmunity and mediate specific immune response to a
foreign antigens. The HLA D locus on the short arm of
chromosome 6 encodes MHC Class II molecules which are
expressed strongly on cells (usually dendritic cells)
responsible for presentation of exogenous antigens.25 Thus,
M. tuberculosis antigens must first be processed and bound
to MHC class II molecules before they can be recognised
by T lymphocytes (Fig. 1, step 4). The MHC molecules are
extremely varied with polymorphisms occurring at multiple
sites which bind to antigen.26 This variable binding of
mycobacterial antigen to HLA molecules may affect the
intensity of the adaptive immune response and influence
susceptibility to TB.27,28

Thus, early studies of genetic susceptibility to TB have
focused on MHC antigens from the HLA D region. McPeek
et al29 showed that monocytes from white donors expressed
HLA-DR molecules more effectively (against protein
synthesis inhibition with cyclohexamide) than from black
donors. This might account for the racial differences in
relative permissiveness of macrophages for mycobacteria
observed by Crowle et al.30 More recently, Agrewala et al31

showed that host MHC can strongly influence the phenotype
of CD4 + helper T cells. They found that antigen presenting
cells which express HLA DRB1*0101, *1501 and *0401
induced the most profound proliferation and highest IFNγ
secretion in CD4+ T cells in response to mycobacteria
antigen.

The HLA system was initially typed by serological
methods. Results of serotyping studies were inconsistent
but suggested that susceptibility to TB was associated with
HLA DR2 in Indian, Indonesian and Russian populations
but not among the Chinese.32,33 However, Rajalingam et al34

were not able to confirm the association of TB with HLA
DR2 in Indians by using more accurate molecular methods.
Goldfeld et al,35 using a two-staged molecular typing study
in rural Cambodia, reported association between a HLA
DQ allele (B1*0503) and progressive TB. They noted that
the DQB1*0503 allele encodes for a change at amino acid
position 57 of the beta chain (beta57), which influences the
charge (more negative) in the putative peptide binding
pocket, P9, of the DQ molecule. They further suggest that
MHC-restricted presentation of peptides by TB-infected
macrophages may be affected in patients who express this
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particular P9 pocket. The negatively charged P9-binding
pocket may bind TB antigens less effectively or elicit a
diminished immunogenic response. Teran-Escandon et
al,36 in a similar study of Mexican patients, found
significantly increased frequencies of HLA DQA1*0101,
HLA DQB1*0501 and HLA DRB1*1501 alleles and
reduced frequencies of DQB1*0402 alleles in patients
with TB compared with controls. Thus, two recent studies
using molecular typing concur that some alleles of the
HLA belonging to the locus DQ1 may influence the
susceptibility to TB in humans. However, a study by
Blackwell,37 using family-based linkage analysis in Brazil
has failed to show either linkage or allelic association
between HLA and TB.

Natural Resistance-associated Macrophage Protein 1

M. tuberculosis is an obligate intracellular pathogen and
phagocytosis by pulmonary macrophages is the very first
event in the host-pathogen relationship (Fig. 1, step 1). The
ability of these macrophages to eliminate mycobacteria in
the early pre-immune phase of infection is the hallmark of
innate resistance. Thus, the factors which determine the
viability of M. tuberculosis within pulmonary macrophages
are the most extensively researched aspects of the host
response. An important breakthrough in the understanding
of resistance against M. tuberculosis has arisen from
comparative genomic studies using a mouse model of
susceptibility to TB.38

Vidal and colleagues39 were able to show that natural
resistance of in-bred mice to BCG, M. lepraemurium,
Salmonella and Leishmania, all obigate intracellular
parasites, was controlled by a single Bcg gene. Bcg is
inherited as an autosomal dominant Mendelian trait in
mouse chromosome 1. Using high resolution positional
gene mapping techniques followed by a single disruption
(aspartic acid for glycine at position 169), they were able
to prove conclusively that a point mutation of the natural
resistance-associated macrophage protein 1 (Nramp1) is
the cause of mouse susceptibility to Bovis, S. typhimurium
and L. donovani.

Nramp1 is an integral structural glycoprotein of the late
endosomal/lysosomal compartment in macrophages (Fig.1,
step 2 *).38 It is a member of an ancient and very highly
conserved family of cellular proteins found in all living
organisms from bacteria to man. While the exact mechanism
of Nramp1 in bacterial defence remains undefined, recent
evidence suggest that it may be a free iron transport protein
with a possible regulatory role in apoptosis.40-42

The human Nramp1 gene has been mapped to
chromosome 2 q35.11 It has a high degree of sequence
homology with murine Nramp1 and is strongly expressed
in the lung. Polymorphisms in the human Nramp1 gene

have been used to study the association between Nramp1
and susceptibility to mycobacterial infections. Abel et al,43

using segregation analysis in 20 multiplex families
comprising 168 individuals from South Vietnam, were
able to show that Nramp1 gene was associated with leprosy.
Bellamy et al,44 in a microsatellite analysis of Nramp1
polymorphisms in 410 adults in Gambia with smear positive
TB and 417 matched controls, showed significant
associations between 4 Nramp 1 polymorphisms and
susceptibility to TB. There is, however, variation in the
role of Nramp 1 between ethnic groups. For example,
Blackwell et al37 found no evidence for linkage between
Nramp 1 and susceptibility to TB or leishmaniasis in
Brazil. They suggest instead that allelic variations in the
promoter of human Nramp1 gene may influence
susceptibility to infective versus autoimmune disease.45,46

Cytokines and Hormones

The genetic basis for susceptibility to human
mycobacterial (and salmonella) infections have been most
clearly proven for INFγ and IL-12 mediated immunity.47

Several families, with rare Mendelian disorders of autosomal
recessive inheritance which predispose subjects to
overwhelming infections by relatively avirulent
mycobacteria such as BCG and non-tuberculous
mycobacteria, have been elucidated.47,48 Recessive
mutations in four genes encoding: IFNγ R1, IFNγR2, IL-12
p40 and IL-12 Rβ1 have been identified.47-49 These are
isolated defects along a common positive feedback pathway
for macrophage stimulation involving IFNγ and IL-12
(Fig. 1, step 5). These defects are thus genetically distinct
but immunologically related. The clinical phenotype
depends upon the nature and severity (partial versus
complete) of the defect. Most patients present in early
childhood and idiopathic disseminated BCG infection is a
common presenting problem. Complete IRNγ R1 and IFNγ
R2 deficiencies result in severe, usually fatal mycobacterial
infections with impaired granuloma formation.48 The
phenotype for complete IL-12 p40 and IL-12 Rβ1 deficiency
is less severe with curable infections and well-developed
BCG granulomas.49 Partial IFNγ R deficiency is similarly
a milder illness. These single gene defects highlight the
important roles of IFNγ and IL-12 in the immunity to
mycobacteria. However, they are rare disorders. While
disseminated BCG infections have been reported in Indians
and Pakistanis, it has not been reported in Chinese or
Singaporeans despite only 98% compliance with BCG
vaccination in infancy. Thus, such rare single gene defects
are unlikely to account for most of the variations in
susceptibility in the general population.

Allelic variations in the gene for the vitamin D3 receptor
have been reported to be associated with susceptibility to
leprosy in Bengali patients from Calcutta and TB in
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Gambia.50,51 There have been earlier reports of associations
between such variations (at codon 353) and osteoporosis.52

The notion that vitamin D supplementation may prevent
both TB and osteoporosis is an intriguing one.

The production of early phase pro-inflammatory cytokines
such as interleukin-1β (IL-1β), tumour necrosis factor α
and interleukin-8 and their down regulation by cytokines
such as transforming growth factor-β, interleukin-10 and
the IL-1 receptor antagonist (IL-1Ra) may also play
important regulator roles in the early stages of TB.5

Polymorphisms in the IL-1Ra gene have been directly
associated with variations in IL-1Ra protein production.
Individuals positive for allele 2 (IL-1Ra A2+) produce
more IL-1Ra. Wilkinson et al53 conducted a case controlled
study on the influence of polymorphism in the genes for IL-
1β and IL-1Ra on TB susceptibility and clinical presentation
in a population of Gujarati Hindus from Harrow, England.
They found that, among 89 patients with TB and 114
controls (mostly non-consanguineous spouses), the IL-
1Ra A2+ haplotype was associated with a reduced Mantoux
skin reaction while the IL-1Ra A2- haplotype (more pro-
inflammatory) was more common in patients with pleural
TB and less common in extrapulmonary TB.53 Thus, genetic
polymorphisms which regulate IL-1 activity may determine
both the strength of delayed-type hypersensitivity and
clinical disease expression in TB.

Human Chromosome 17q

Blackwell and colleagues used complex segregation
analysis in multi-case families in a genome wide screen for
gene regions which segregate with TB.37,45 They combined
family-based linkage analysis with transmission
disequilibrium testing in 98 pedigrees, 704 individuals and
205 nuclear families from Brazil.45 They concluded that
TB susceptibility was under oligogenic control (the data
best fitted either a 1 or 2 locus model) and identified a
region of chromosome 17q (candidates NOS2A, SCYA2-
5) homologous with mouse chromosome 11 as the likely
location.37

Conclusion

In the past decade, major advances in the understanding
of genetic susceptibility to TB have resulted from the
application of molecular techniques. They include family-
based linkage studies to locate major susceptibility genes37,45

and population-based case-control studies to identify less
influential candidate genes.54-56 These are complimentary
methods and have been augmented by comparative genomic
studies using animal models.38 Comprehensive studies
have so far only been conducted by a small group of
researchers in a few well-defined populations.37,54-56 Because
there is much variation in the results between populations,
these studies should be repeated for different geographic

locations and ethnic groups.54-56 This process may be
facilitated by more efficient methods of gene mapping and
sequencing such as using sequence tagged sites as common
genetic landmarks.57 It is also very likely that new
susceptibility genes will be discovered by comprehensive
cataloging of known genes and their variations in sequence
by the Human Genome Project57 and the identification of
single-nucleotide polymorphisms within several thousand
candidate genes by the National Cancer Institute’s Genetic
Annotation Initiative58 using a combination of gel and
silicon chip-based techniques.59-61

At this present moment it may be reasonable to speculate
that further research in genetic regulation of the early
events in the encounter between M. tuberculosis and the
human immune system, such as the IL-1 feedback loop and
Nramp 1 mechanism, are most likely to yield advances in
immunotherapy or prophylaxis against TB.
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