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Abstract
There is robust epidemiological evidence that susceptibility to tuberculosis is in part heritable.  This has driven the use of genetics to try to find the genes and pathways involved that could in the longer term contribute towards the development of new therapies and a better vaccine for this major global health problem.  This paper reviews the progress made in the field to date, and discusses the challenges inherent in undertaking genetics studies on a complex disease with clinically diverse phenotypes, that affects many genetically different populations and which is further complicated by the presence of a pathogen which has a genome too.  
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Introduction
In 1997 Dye et al. estimated that there were approximately 8 million new cases of tuberculosis (TB) globally and between 1.4 and 2.8 million deaths [1].  At this time, TB rates were on the rise, partly driven by the human immunodeficiency virus (HIV) pandemic, to peak in around 2003 [2].  The efforts of global TB control initiatives such as the World Health Organization STOP TB partnership have helped reverse this trend such that by 2011 the statistics were similar to those for 1997 [3] [4].  Even so, TB remains one of the most important global public health challenges of our time.  Dye et al. also estimated that 32% of the world’s population at the time was infected with Mycobacterium tuberculosis (MTB), the bacterium that causes TB.  Thus, although TB is one of the commonest infectious diseases in the world, the vast majority of people infected with MTB do not go on to develop clinical disease.  Increased understanding of the host factors that are associated with resistance (or susceptibility) to TB could be key to the development of improved TB control strategies that require the development of new treatments and a better vaccine.  

Many factors are recognised to predispose to TB.  Poverty, and its knock-on effects including overcrowding, living or working in poorly ventilated environments, lack of access to health care and poor nutrition, is globally the most important risk factor for the development of TB [5-7]  Immunosuppression, whether secondary to co-infection with HIV [8], recent measles infection [9] or iatrogenic causes (for example anti-tumour necrosis factor- treatments for autoimmune disorders [10]) is also a recognised risk factor.  However, even allowing for environmental and pathogen factors that contribute to disease there is clear evidence that host genetic factors are also important determinants of the outcome of the encounter between an individual and MTB.  The year 2013 harbours two significant genetics anniversaries: it is 60 years since the structure of DNA was elucidated [11] and 10 years since the Human Genome Project (HGP) was completed [12].  It is therefore timely to review advances in our understanding of the contribution of host genetics to TB in the ‘post-genome era’.

Evidence that susceptibility to TB is genetically regulated
It has been observed that susceptibility to TB varies between populations of different genetic origin [13].  Accidental inoculation of 251 children with virulent MTB in 1926 (which contaminated the BCG vaccine they received to protect them against TB) provided early evidence of variation in host susceptibility to disease once infected with MTB.  All infants were given the same oral dose and strain of infection yet the outcome varied considerably.  Seventy-seven infants died, 72 of whom had confirmed TB at autopsy, 47 remained healthy without evidence of TB and 127 had radiological evidence of TB [14].  More direct evidence that this variation in susceptibility has a genetic basis comes from twin studies which have shown higher concordance rates in genetically identical monozygous twins than in dizygous twins who on average shared only 50% on their genes, suggesting a heritable component to TB [15, 16].  Twin studies have also been used to assess the genetic contribution to immune responses relevant to TB such as cellular responses to purified protein derivative (PPD) used for tuberculin skin testing and to killed MTB.  These studies reported heritabilities of between 39-71% [17, 18].  Finally, a number of monogenic disorders, reviewed below, have also indicated that genetic variants predispose to mycobacterial infections including TB.  Here, the spectrum and severity of the clinical phenotypes correlate with the functional impact of the various mutations suggesting a model of susceptibility that can be extrapolated to the outbred population.  Single mutations with extreme effects are lethal and tend to cluster in families, but combinations of more subtle genetic variants in the same genes (for example, those that affect gene regulation not protein function) may contributing towards TB susceptibility at the population level [19].

However, identification of the molecular mechanisms that underlie these observations - i.e. elucidation of the genes and the proteins they encode – is not straightforward.  The genetic model for inheritance of susceptibility to TB is not understood, beyond it being a multi-factorial trait in which multiple genes interact with each other, with environmental factors and with the pathogen which has a genome of its own. Indeed, with a generation time of around 20 hours MTB evolves far more quickly than its human counterpart and has developed a range of mechanisms to survive through subversion of host immune responses [20].  It is also not understood whether there are several genes with small additive effects or a few major genes whose effects are modified by other genes, whether the same gene variant functions differently in different environments (e.g. according to micronutrient levels) or when interacting with different strains of MTB (of which there are many) and whether different genes are involved depending on the clinical phenotype or the population under investigation.

Approaches towards identifying TB susceptibility genes
Approaches towards the identification of human TB susceptibility genes include: the extrapolation of studies done in other organisms, most commonly mice; learning from studying human families with rare single gene disorders that predispose to mycobacterial infection, also known as Mendelian susceptibility to mycobacterial disease (MSMD); studies of multi-case families where genetic similarities are correlated with phenotypic similarities (resistant or susceptible to TB) within families, known as linkage studies; and population studies where genetic differences are correlated between those who have or do not have the disease, known as association studies that usually follow a case control study design.  

Linkage and association studies can focus on individual (candidate) genes or take a genome wide perspective.  Given the importance of a competent immune response in controlling infection with MTB, most candidate gene studies have focused on immune response genes, particularly those involved in innate and cell mediated immunity which deal with intracellular pathogens such as MTB.  The key players include macrophages which phagocytose mycobacteria, triggering a range of secondary responses that upregulate macrophage function to kill the organism, and the activation of other components of the immune system through secretion of critical cytokines such as interleukin (IL)-12 and IL-18.  These cytokines act on lymphocytes to induce interferon- (IFN-) production which further upregulates macrophage function and enhances antigen presentation by these cells ultimately to stimulate antigen-specific responses, typically but not exclusively, by CD4 type 1 helper T-lymphocytes.  However, it has become clear that this is a highly simplistic model.  There is evidence that other lymphocyte subsets including CD8 T-lymphocytes and B –lymphocytes are involved, as are neutrophils that previously have not been thought to be important in immunity to mycobacteria [21].  Clearly the number of molecules and therefore potential candidate genes involved is enormous.  Readers are referred to more detailed reviews of the immune response to TB published elsewhere that include helpful figures [22-24].  

Before the HGP, the main shortcoming of candidate gene studies was that studies were limited to genes that had already been discovered.  Publication of the human genome sequence and its gene content changed this, but more importantly paved the way for other genome projects such as International HapMap and the 1000 genomes project that characterised the variation within the human genome in population specific ways that were required to map disease genes [25] [26].  Concurrent technological advances that allowed high-throughput low-cost genotyping enabled systematic ‘hypothesis-free’ interrogation of the genome and the focus switched from candidate gene studies to genome-wide studies in much larger, statistically more powerful population samples.  

Animal studies
Animal studies have contributed much to our understanding of the functional components of the immune system and their role in immunity to mycobacterial infection.  Differential susceptibility to infection with M. bovis BCG, Salmonella typhimurium and Leishmania donovani in strains of inbred laboratory mice led to the discovery of the Bcg/Ity/Lsh gene, later renamed Nramp1 (natural resistance associated macrophage protein and then Slc11a1 (solute carrier family 11a member 1) as an infection susceptibility gene [27] [28].  The human homologue NRAMP1/SLC11A1 has been extensively studied as a human TB susceptibility gene with data both supporting and refuting an association between variation in the NRAMP1 gene and TB.  A recent meta-analysis of all published human data concluded that there is a role for this gene is TB susceptibility [29].

As gene disruption techniques became available, various ‘knockout’ mice which lacked functional copies of specific genes were shown to be more susceptible to mycobacterial infection.  This approach identified several genes that when disrupted altered murine susceptibility to TB [30].  These genes are intrinsic to innate and adaptive pathways as well as for granuloma formation, the hallmark of TB pathology, underlining the complexity of the immune response s to MTB infection.  However, few of these genes have been convincing as human susceptibility genes.  Even when there is effectively an equivalent human ‘knockout’ (i.e. people with MSMD, described in more detail below) the effects of null mutations (i.e. no gene function) can be less severe in humans suggesting the possibility of redundancy in humans for some molecules such as IL-12 [31].

More recently, elegant studies in a zebrafish model led to the identification of a variant in the gene that encodes leukotriene A(4) hydrolase (lta4h) that predisposed fish to disease caused by its natural pathogen M. marinum, a close relative of MTB [32].  This enzyme is involved in the synthesis of the chemoattractant molecule leukotriene B(4) and two intronic variants in the human LTA4H gene were found to be associated with protection from tuberculosis and leprosy in Vietnamese and Nepalese population respectively [32].  Being heterozygous for both polymorphisms conferred protection against TB compared to the homozygous states.  In the zebrafish model, dysfunction of the lta4h gene led both to the build up of an anti-inflammatory agent lipoxin A4 and a proinflammatory state due to independent interaction with the tumour-necrosis factor - pathway.  Demonstrating how studies on host genetics can potentially lead to therapeutic benefits, a functional polymorphism was identified in the promoter region of the LTA4H gene in humans that was associated with inflammatory cell recruitment, patient survival and response to dexamethasone therapy in TB meningitis [33].  The dichotomous situation, where both hypo- and hyper-inflammatory states contributed to poor outcome was highlighted, leading to the suggestion that LTA4H genotype could predict outcome and response to treatment in TB.  Further clinical studies will be required to test this hypothesis.  The association between LTA4H variants and TB was not replicated in a study of over 9000 Russians [34].  The reasons for inconsistencies between study results, which occur frequently in association studies, are discussed in more detail later.  

Mendelian disorders associated with increased susceptibility to mycobacterial infection (Mendelian Susceptibility to Mycobacterial Disease, MSMD)
Genetic analysis of primary human immunodeficiency disorders has shed light on the critical pathways and genes required to control mycobacterial infections in humans. These rare ‘experiments of nature’ have especially highlighted the role of the IFN-/IL-12/23 pathway in immunity to mycobacteria.  The first mutation leading to disseminated mycobacterial infection was reported in a consanguineous Maltese family, where a point mutation causing a premature stop codon in the gene encoding the IFN- receptor ligand binding chain (IFNGR1) was identified [35]. The affected children were homozygous for the same mutation and did not express the receptor on their immune cells leading to a severe clinical phenotype.  Three out of four children died and the fourth survived as a result of a bone marrow transplant.  A different mutation was identified in the same gene to explain disseminated BCG-osis in a vaccinated infant whose parents were first cousins [36].  These families defined a new clinical syndrome: an inherited immunodeficiency that predisposed to mycobacterial infection, coined MSMD.  However, mutation in IFNGR1 did not explain all cases of MSMD.  Further investigation of other children with severe mycobacterial infections led to the discovery of mutations in six other genes within the IFN-/IL-12/23 pathway reviewed in more detail elsewhere [37-39].  These genes encode the signal transducing chain of the IFN- receptor (IFNGR2), the p40 subunit of IL-12 (IL12B), the beta subunit of the IL-12 receptor (IL12RB1 which is shared with the IL-23 receptor), the signal transducing and activator of transcription molecule 1 (STAT1), nuclear factor-κB-essential modulator (NEMO) and tyrosine kinase 2 (TYK2).  MSMD caused by mutations in NEMO is X-linked, while the other genes are autosomal, but may have recessive or dominant effects depending on the nature of the mutation.  There are many different mutations described for most of these genes leading to a spectrum of clinical presentation and disease severity [40].  These genes became obvious candidate TB susceptibility genes in outbred populations.

Linkage studies
Linkage studies were originally developed to map the genes responsible for single gene Mendelian traits such as cystic fibrosis.  The general principles are based on the fact that the closer together two loci are on a given chromosome the less likely they are to be separated during recombination, when paternal and maternal copies of the chromosome exchange genetic material before the hybrid chromosomes are transmitted to the next generation.  If the loci are both polymorphic it is possible to track them through families: when the same variant of a genetic marker is co-inherited with the disease in a family the two are said to be linked - i.e. in close physical proximity on the chromosome.  Knowing the genomic location of the markers used allows mapping of the disease gene.  

This methodology was adapted for use in the study of multi-factorial traits and the affected sibling pair study design became popular.  According to Mendelian rules, siblings are expected to inherit the same copy of a gene (or genetic marker) from their parents 50% of the time.  Thus if siblings who both have a disease such as TB are also inherited specific variants of a genetic marker from their parents more often than expected by chance, then that marker is linked to the trait.  This approach led to the identification of Nucleotide-binding Oligomerization Domain containing 2 (NOD2) as a biologically plausible Crohn’s disease susceptibility gene that has subsequently been confirmed in other studies [41].  

Regarding TB, linkage studies on populations from South Africa, The Gambia, Malawi, Uganda, Brazil, Morocco and Thailand have to date identified linkage with regions on chromosomes 5, 6, 7, 8, 10, 11, 15, 17, 20 and the X chromosome [42-47].  Only one of these was identified independently in two populations (chromosome 20).  Fine mapping studies on some of these regions have been undertaken, but have not identified any functional mutations that could be implicated in TB susceptibility [48].  However, linkage studies were another source of candidate genes that could be tested in association studies [49, 50]. 

Association studies
Association studies investigating the role of candidate genes have been the commonest studies undertaken towards identifying TB susceptibility genes.  For diseases such as TB it is much easier to collect cases and controls than multi-case families and there were many candidates to test based on what was known about immunity in TB and from the animal, MSMD and linkage studies described above.  Candidates tested included genes encoding innate immune response proteins (e.g. toll-like receptors 2 and 9, and toll-interleukin 1 receptor domain containing adaptor protein TIRAP), cytokines and their receptors (including IL-10, IFN- and IL-12), proteins involved in phagocytosis and intracellular killing of mycobacteria (e.g. NRAMP1, mannose receptor, complement 3 receptor, purinergic receptor P2X and nitric oxide synthase) and the vitamin D receptor.  Summarising the results of hundreds of reported studies, with a few exceptions such as NRAMP1 and the class II human leukocyte antigen (HLA) locus where there is consistent association across populations [29] [51], few genes that have been found to be associated with TB by one group have been confirmed convincingly by others.  Reasons for this are multiple and include statistically underpowered studies, a lack of rigorous phenotyping (which for a disease such as TB is critical given that the clinical manifestations are so diverse), genetically heterogenous populations and publication bias.  Comprehensive reviews of the results of candidate gene association studies in TB, including summary tables, have been published elsewhere [52-54].

Once the variation in the human genome has been extensively characterised and the technology became available to allow hundreds of thousands of single nucleotide polymorphisms (SNPs) to be genotyped per individual in one experiment, attention turned to genome-wide association studies (GWAS).  In GWAS, SNP variants across the genome are tested for association with the disease of interest.  Large numbers of SNPs need to be tested to get adequate coverage of the genome (typically between 0.5 and 1 million) and large sample sizes are required, because gene effects are likely to be small, multiple loci are likely to contribute and statistical correction is required given the large numbers of tests undertaken.  Proof of principle for this approach was demonstrated by the Wellcome Trust Case Control Consortium (WTCCC) which investigated seven common diseases in Caucasian populations [55]  Known associations, for example between the HLA region and type 1 diabetes, and NOD2 and Crohn’s disease were reassuringly identified in addition to several new loci for many of the diseases.  The WTCCC extended its studies to GWAS for malaria and TB in a Gambian population sample.  The initial analysis for the Gambian population did not reveal any significant associations but when the data were combined with genome-wide data from a Ghanaian population a TB susceptibility locus was identified on chromosome 18 [56]. The effect was small (odd ratio of 1.19, 95% CI= 1.13-1.27) and the associated SNP was located in a gene desert.  Interestingly, none of the previous associations (e.g. with NRAMP1 or HLA) were unequivocally detected in this study.  However, the malaria GWAS in a Gambian population did not identify the expected strong association between the sickle polymorphism in the -globin gene and malaria despite its known protective effect.  When this region of chromosome 11 was sequenced in the study population and population-specific SNPs tested the association signal was much stronger.  This highlights the challenges of undertaking GWAS in African populations which are older, have smaller blocks of DNA markers in linkage disequilibrium and harbour more genetic diversity than the Caucasian populations in which the GWAS tools used in these studies had been developed.  This can be overcome by including more SNPs and by using population specific variants [57].  Indeed, as such data became available through the 1000 genomes project, a statistical technique known as imputing was used to supplement the GWAS data from the Ghana study and a new locus on chromosome 11 was found to be associated with TB and replicated in the Gambian data as well as in Russian and Indonesian samples [58].  One of the SNPs on chromosome 18 associated with susceptibility to TB in 11425 Africans was replicated in one Chinese population sample of 2280 people, though interestingly the SNP had a protective effect [59].  The association was not identified in a second study in China, though at 1218 individuals the samples size was smaller and therefore an effect may have been missed [60].

GWAS studies have been undertaken in other populations where TB is endemic.  No association was found in a mixed Japanese and Thai population, but when the data were analysed by age, an locus on chromosome 20q 12 was identified [61].  In Indonesia, a small GWAS using 259 samples led to the identification of 2453 promising SNPs (p value of <0.05) that were genotyped in a larger Indonesian sample of 1189 subjects.  From this study 251 SNPs with suggestive association (p<0.05) were typed in 3760 Russian samples.  Eight loci were identified with suggestive association (p values ranging from 0.0004-0.0067) [62].  Selecting a threshold for statistical significance is an area of much debate in GWAS studies.  Given the large number of markers being tested (100,000 to over 1 million) in samples sizes that may include over 10,000 individuals, many argue that a rigorous approach is required to avoid false positive results arising from multiple testing.  On the other hand, given the usually small effect of each genetic variant and the ‘hypothesis-generating’ nature of the GWAS approach it may be reasonable to make the case for less stringent cut-offs so that potential real loci are not discarded in under-powered studies and data suggestive of association can be further investigated in larger samples [63].  


Discussion and future directions
In summary, a lot of studies have been undertaken in order to identify the molecular basis of the epidemiologically well-defined contribution of host genetics to susceptibility to TB.  However, progress remains slow, especially when compared to other complex traits.  There are a number of reasons for this, some of which have already been discussed.  Starting with the basics, any genetic study must begin with a clearly defined phenotype.  TB has a reputation for its myriad of clinical presentations and even pulmonary TB can be diverse in its clinical presentation.  If, as is quite possible, different genes regulate the different clinical phenotypes there is plenty of scope for results to be confounded if meticulous phenotyping is not undertaken when enrolling cases to studies.  

Many genetic candidate gene association studies were underpowered to detect effects, or the small sample size led to spurious false positive results.  The advent of the GWAS was expected to overcome this issue but for TB the results so far have not been as promising.  This may be due to a number of reasons.  The majority of TB cases live in low-and middle income countries where development of genomics capacity has not been a priority [64].  The need for population specific data to underpin the choice and number of SNPs to be typed has already been highlighted and this is now being addressed through initiatives such as the African Genome Variation Project (http://www.sanger.ac.uk/research/initiatives/globalhealth/research/africangenome.html) and the H3 Africa programme (http://www.h3africa.org).  

Secondly, the genetic architecture of TB is poorly understood.  In other words, it is not known whether disease results from a cumulative effect of a few common variants or from the cumulative effects of many rare variants [65, 66].  This is important because different experimental designs are required.  To be successful, the GWAS approach requires that disease is due to the former and common variants will be detected because they are in linkage disequilibrium with the SNPs included in the SNP array Thus, the SNP array does not need to include every one of the roughly 10 million SNPs in the human genome because, due to the phenomenon of linkage disequilibrium, one SNP can be used to represent a block of SNPs located in the same chromosomal region.  However, if disease is due to the effects of rare variants, these will not be represented on the SNP array due to a lack of linkage disequilibrium and a sequencing approach to identify the rare variants is required.

These matters could be overcome either through GWAS using much larger numbers of SNPs to increase coverage across the genome and thereby detect more of the common variants (if common variants are important), or alternatively through sequencing the exons across the whole genomes of cases and controls (the exome i.e. the sum of all parts of the genome that encode amino acids) which is where the rare functional variants implicated in the second model are thought likely to be found.  These variants could then be typed in much larger case control association studies.  Whole genome sequencing would be a step up from whole exome sequencing and ensure all potential rare variants (i.e. include non-coding functional SNPs) are captured but the main limitation here is cost.  Neither approach has been applied in TB yet but one proof of principle study supporting the exome sequencing approach identified a higher frequency of amino-acid altering variants in TB cases than controls when the exons were sequenced from Toll-like receptor genes [67].    

In the studies described above, family and population genetic studies are used as tools to identify critical pathways as targets for new therapies and vaccines.  Advances in technology in other molecular areas have allowed the development of other approaches to address this aim and to bypass the genetics stage, moving downstream to the molecules that the genes encode.  For example, whole genome studies of RNA expression at the cellular level in the context of MTB infection have been revealing.  Gene expression profiling in macrophages (the cells which MTB preferentially infects and which orchestrate the immune response once infected) infected with MTB from healthy individuals with different clinical manifestations of TB were undertaken in a Vietnamese population [68].  Expression of 16 genes was significantly different in cells from individuals with latent, pulmonary and meninigeal TB (studied after successful completion of treatment for the latter two groups).  Replication studies in larger sample of individuals identified a single gene that was differentially expressed when compared between the different clinical phenotypes, the chemokine (C-C motif) ligand 1 gene CCL1.  SNPs in this gene were typed in a case control genetic study and found to be associated with susceptibility to TB.

In another study, macrophages were transfected in vitro with small interference RNA (siRNA) molecules that bind to mRNA molecules and prevent their translation into functional proteins [69].  The effect of silencing these genes on MTB growth was measured.  In the initial screen, silencing of 1138 of 18,174 targeted genes resulted in either an increase or a decrease in the mycobacterial load within the cells.  An iterative process that became more stringent with each round led to the identification of 275 validated, functionally-associated proteins organised into networks that were either engaged by or suppressed by MTB infection.  This work will contribute to the understanding the mechanisms of persistence of mycobacteria in latent infection and has identified potential therapeutic targets.  

[bookmark: _GoBack]TB is an excellent example of how the host response to a pathogen determines the clinical outcome in infectious diseases.  At one end of the spectrum a weak response allows uncontrolled replication and dissemination of infection, while at the other end of the spectrum, vigorous but ineffective responses lead to pathology and death if untreated.  Whilst host genetics plays a role there is also good evidence that genetic variation in the pathogen can modulate this response and given the co-evolution of MTB and humans, such that specific MTB lineages are associated with specific human populations [70],. it is imperative that both partners are considered.  Studies have demonstrated a correlation between clinical phenotype and MTB strains [71] , host genotype and MTB strain in individuals with confirmed pulmonary TB [72], ethnicity, MTB strain and clinical phenotype [73] and a relationship between host and bacterial genetics and clinical phenotype [74].  The siRNA study described above also demonstrated that the host response varied according to the strain of infecting MTB, highlighting the importance of considering host and pathogen factors in unison.  

Conclusions
Whilst there has not been a major breakthrough in TB genetics equivalent to the discovery of a deletion mutation in the chemokine CCR5 receptor that protects against HIV infection and that led to the development of a new class of anti-retroviral drugs [75], much has been learnt over the years in the field of host genetics and TB.  We have certainly learnt that it is proving to be more complicated than perhaps originally anticipated and when compared to other complex disease such as Crohn’s disease.  As technology develops and the knowledge gained so far from various disciplines is integrated it is likely that a large-scale, multidisciplinary effort involving epidemiology, clinical medicine, host and pathogen genetics, systems biology and bioinformatics, will ultimate bear fruit towards control of a major global health problem.
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