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Abstract

Tuberculosis is the most lethal infectious disease globally, but the vast majority of people who are 

exposed to the primary causative pathogen, Mycobacterium tuberculosis (MTB), do not develop 

active disease. Most people do, however, show signs of infection that remain throughout their 

lifetimes. In this review, we develop of framework that describes several possible transitions from 

pathogen exposure to TB disease and reflect on the genetics studies to address many of these. The 

evidence strongly supports a human genetic component for both infection and active disease, but 

many of the existing studies, including some of our own, do not clearly delineate what transition(s) 

is being explicitly examined. This can make interpretation difficult in terms of why only some 

people develop active disease. Nonetheless, both linkage peaks and associations with either active 

disease or latent infection have been identified. For transition to active disease, pathways defined 

as active TB altered T and B cell signaling in rheumatoid arthritis and T helper cell differentiation 

are significantly associated. Pathways that affect transition from exposure to infection are less 

clear-cut, as studies of this phenotype are less common, and a primary response, if it exists, is not 

yet well defined. Lastly, we discuss the role that interaction between the MTB lineage and human 

genetics can play in TB disease, especially severity. Severity of TB is at present the only way to 

study putative co-evolution between MTB and humans as it is impossible in the absence of disease 

to know the MTB lineage(s) to which an individual has been exposed. In addition, even though 

severity has been defined in multiple heterogeneous ways, it appears that MTB-human co-

evolution may shape pathogenicity. Further analysis of co-evolution, requiring careful analysis of 

paired samples, may be the best way to completely assess the genetic basis of TB.
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1. Introduction

Pulmonary tuberculosis (TB) is a major public health problem, as it causes more deaths than 

any other pathogen[1]. It is also the leading cause of death among people infected with 

human immunodeficiency virus (HIV)[2]. In Sub-Saharan Africa and Southeast Asia TB is a 

re-emerging disease, even though incidence is decreasing globally[1]. The bacterium, 

Mycobacterium tuberculosis (MTB), causes most TB, and is transmitted via airborne 

droplets from coughing and sneezing by people with active disease, meaning that it can be a 

very mobile pathogen in the age of frequent global travel; hence global exposure is high with 

between one fourth and one third of the entire global population being infected. However, 

most people exposed to MTB do not develop active disease. In 2017, only 10 million people 

developed active disease and 1.6 million people died[1]. These numbers are of interest 

because they demonstrate that the vast majority of people have resistance to TB. 

Additionally, some people do not even show signs of having been infected. Examining 

patterns of resistance to either disease or infection can be extremely useful in developing 

policies to prevent TB and may be elucidated by understanding the long and complex history 

of MTB and humans.

Host genetic factors can affect TB risk, and may influence other outcomes that occur 

between exposure to MTB and development of active TB disease (Figure 1). Following 

exposure to MTB, a necessary cause of TB, several outcomes or clinical trajectories exist 

that can be detected using different means (Figure 1). For example, infected individuals are 

identified with tuberculin skin tests (TST) using purified protein derivative (PPD) and/or 

interferon-γ release assays (IGRA) (eg. Quantiferon (QFT)). Most exposed individuals will 

exhibit signs of infection (latent MTB infection or LTBI), but not active disease. However, 

some individuals never even develop LTBI, even in the face of prolonged and persistent 

exposure to an infectious TB case and hence MTB[3, 4]. These latter individuals are 

described as resistant to MTB infection, and have been termed resisters (RSTRs)[5]. 

Prevalence of RSTR varies as a function of follow-up time and use of TST and/or IGRA, so 

current estimates of the prevalence of RSTR in high-exposure settings range from 7–25% 

[5–7]. The path an individual traverses post-exposure is related to differences in immune 

response and this can have a strong genetic component driven by the long evolutionary co-

existence of MTB and humans.

2. Overview from infection to TB

TB is the outward manifestation of the immune response to MTB, and in understanding 

genetic factors as potential markers and/or therapeutic targets of disease, it is important to 

understand the natural course from exposure to TB. The progression can manifest via 

multiple paths. Post exposure to MTB some people exhibit signs of infection (arrow A), 

while others never become infected (arrow B). Following infection, there is an innate 
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response by the immune system that, in a small number of people, may lead to early 

clearance of the bacteria (arrow E)[6, 8, 9]. However, in most people, the bacteria persist, 

and stimulate an adaptive response to control the bacteria. At this point, mycobacterial 

antigens are presented, and T and B cells are recruited and utilized to control the 

infection[10]. In some people, mostly young children or those with immunodeficiencies, 

primary active disease can develop (arrow C)[11]. If the infection is controlled, a granuloma 

is formed and the host enters a stage of latent infection (arrow D), with bacteria persisting 

inside macrophages. If the infection remains in this state, there are neither symptoms nor 

transmission (as far as is currently understood). If the host immune system is unable to 

control the bacteria after the primary infection, then the host progresses from LTBI to active 

TB (arrow F), at which time he/she will experience symptoms and potentially transmit the 

infection[12]. Those in a state of latent infection can live their entire life in latency or have 

an activation of disease later in life. However, transition from LTBI to active TB is more 

likely to occur in the presence of immunosuppression or other stressors on the immune 

system; this is why HIV co-infection is so perilous. In this review we use this transition map 

to understand the current genetic literature of host genetics of TB and how it can influence 

each stage of pathogenesis. We also discuss the pieces of the overall picture that are still 

missing.

3. Exposure to infection: Who is resistant?

The first process of interest is the transition from exposure to infection. While only a 

minority of people resist infection (Figure 1, arrow B), studying them is of particular interest 

as they may be especially useful in elucidating the natural history of TB and knowing their 

genetic constitutions may be useful in developing prevention and/or treatment strategies. 

Genetic influences on resistance to infection have been studied in two ways. Some studies 

have examined LTBI as the trait of interest, using cross-sectional study design, without any 

long-term follow-up. Other studies have conducted longitudinal follow-up to identify 

individuals who started as uninfected (TST or IGRA negative), but eventually converted to 

TST/IGRA positive or LTBI. We contend that RSTRs cannot be defined based on a single 

assessment without longitudinal follow-up, as conversion to test positivity may occur later 

[4–7].

It remains to be seen to what extent resistance to infection is driven by genetics. However, 

PPD reactivity is correlated among siblings, but not among unrelated children who live in 

the same household who have similar exposures to TB[13]. Such data are indicative of a 

genetic component for RSTR. In addition, linkage analyses, candidate gene studies, and 

genome-wide association studies (GWAS) have added to the evidence that genetic variation 

associates with MTB infection. A genome-wide linkage analysis in Uganda suggested that 

regions on 2q21–2q24 and on 5p13–5q22 were linked to the RSTR phenotype[14]. The 

chromosome 2 locus was later fine-mapped to two potential candidate genes, GTDC1 and 

ZEB2 [15]; the locus identified on chromosome 5 was later fine-mapped to a gene, 

SLC6A3[16], and this result was replicated in a candidate gene study of RSTR [17]. A 

genome-wide linkage study of PPD reactivity as a binary (cross-sectional) trait in South 

Africa found a locus at 11p14, termed TST1[16]. This locus was found in a later study to be 

identical to a QTL controlling TNF expression and production[18]. When PPD reactivity 
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was analyzed as a quantitative outcome in the same cross-sectional study, another locus 

termed TST2 on 5p15 was identified that is thought to modulate T cell responses[18]. 

Finally, a genome-wide association study of TST reactivity among HIV-infected individuals 

from Tanzania and Uganda, defining the trait both as binary and quantitative phenotypes, 

identified a region on chromosome 5q31 that included the IL9 gene [19]. This latter study is 

interesting because in the Tanzanian population, the phenotype was defined cross-

sectionally, while in the Ugandan population, the longitudinally-characterized RSTR 

definition was used. Since this association was replicated across different phenotype 

definitions, the association with chromosome 5q31 was robust to phenotype definition. This 

study also examined association with the previously identified loci described above (5p15, 

11p14, 2q21-q24, and 5p13–5q22) and observed replication at the p<0.001 level with all 

these loci.

One study in Ghana found a haplotype that associated with low levels of circulating IL-10 

with an increased likelihood of PPD positivity (but not with pulmonary disease)[20]. 

Another study focused on ULK1, a gene thought to be important in signal transduction of 

autophagy effectors, and showed an association with LTBI risk[21, 22]. Autophagy 

pathways, which are responsible for the destruction of infected cells, are thought to be the 

most influential host factors in restricting intracellular growth of MTB in macrophages and 

regulation of the maturation of the mycobacterial phagosome [23].

While the role of antibodies in many infectious diseases is well documented, the role of this 

response in TB remains unclear. There is likely a role for B cells in susceptibility to MTB 

infection, but it is likely that the effects go beyond their direct antibody-mediated effector 

functions[5]. This conclusion is based on the idea that passive transfer of antibodies has not 

been associated with protection against TB and IgG levels do not appear to be consistently 

associated with control of bacterial infection. Instead, depletion of B cells is associated with 

a higher bacterial burden. Furthermore, antibodies, plasma cells, and anti-responsive innate 

immune cells are found in MTB granulomas[24, 25]. There is even evidence that IgG can 

“cure” infected macrophages if presented at the right time [26]. A recent study has shown 

that RSTRs show immunological evidence of exposure to MTB (shown by IgM, class-

switched IgG, and non IFN-γ T cell responses to MTB specific proteins) and that these 

RSTRs show enhanced antibody avidity and IgG Fc profiles specific to MTB. This result 

indicates that there is an adaptive immune response to MTB exposure that involves 

antibodies[27]. Overall, these results point to a number of genes and their downstream 

products that may influence the initial response to MTB exposure and potentially prevent 

infection.

4. Primary Active Disease

While the vast majority of healthy individuals who become infected enter a state of latent 

infection, a small portion of people (~5%) develop active tuberculosis either right away or 

after a relatively brief period of latency[11](Figure 1, arrow C). This state is known as 

primary active tuberculosis and is most common in adults with immunodeficiencies or 

children, especially those who are very young (less than 2 years old) and/or have inherited a 

primary immunodeficiency (such as chronic granulomatous disease or Mendelian 
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susceptibility to mycobacterial disease)[28]. These children often manifest a severe 

disseminated form of TB that can infect the central nervous system and is extremely life-

threatening. Prior to the widespread use of the BCG vaccine and increased availability of 

antibiotics, this form of TB was common among children in endemic areas[28, 29]. While 

these advances have decreased mortality, 230,000 children died from TB in 2018 (including 

those infected with HIV) and there remains a strong correlation between younger age and 

death from TB[1, 30].

There are different types of evidence pointing to the influence of host genetics on 

susceptibility to TB, and these genetic influences may affect timing of transition to active 

TB. Twin and Mendelian Susceptibility to Mycobacterial Disease (MSMD) studies together 

support the conclusion that TB susceptibility is influenced by genetic variation. MSMD is an 

immunodeficiency disorder in children characterized by mutations in the IFN-γ and IL-12 

signaling pathways[31–33]. Children with MSMD are extremely vulnerable to weakly 

virulent mycobacterial species and can even get sick from the BCG vaccine. These children 

often suffer from a number of other bacterial infections as well[34]. MSMD associates with 

a number of different genotypes, including mutations in seven autosomal and two X-linked 

genes (IFNGR1/2, STAT1, IRF8, CYBB, IL12B, IL12RB1, NEMO, and ISH15 genes), all 

of which lead to impairment of IFN-γ immune function. [28, 34, 35]. However, these loci 

only account for about half of known MSMD cases. Many siblings of children with MSMD 

often get severe primary TB (but are not susceptible to weak environmental mycobacteria). 

Defects in the IFN-γ response have also been shown to be present in the siblings, but the 

most common characteristic is a complete IL-12Rβ1 deficiency[36, 37]. Taken together, 

these deficiencies point to the importance of the IFN-γ response in controlling the initial TB 

infection and leading to a state of latency, rather than a severe primary disease. The response 

appears to be affected by multiple genes.

Genetic association studies of children with active TB have not been common, but there are 

some associations reported in the literature. There have been two studies, one in China and 

one in the USA, that have associated variants in SLC11A1 with pediatric disease[38, 39]. 

Another study in Turkey found that TLR8 polymorphisms are associated with pediatric 

TB[40]. Two studies have also examined the association between genetic variants and BCG 

vaccine induced production of cytokines that are known to be an important part of the 

response to BCG vaccination. One study found that SIGLEC14 variants were associated 

with increased BCG-induced IL-2 and IL-17 production in South African children[41]. The 

other found that variants in HSP90B1 (a chaperone protein for multiple toll-like receptors) 

were associated with higher BCG-induced IL-2 production in South African children[42].

4.1 Delayed transition from latent infection to active TB

Most people infected with MTB enter a state of latency. However, a portion of these people 

(~5–10%) will go on to develop active pulmonary tuberculosis later in life. This transition 

can happen many decades later, but likelihood of transition to TB decreases the longer a 

person remains in a latent state [11, 28]. States of immunodeficiency have been observed to 

trigger reactivation, such as HIV or the use of immunosuppressant drugs (especially anti-

TNF drugs), but reactivation can also happen in people without known immunodeficiency. 
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The transition in seemingly healthy individuals is not well understood but it is generally 

thought to be distinct from that of children who have severe primary TB[43]. As many 

healthy adults who develop active TB and are included in genetic epidemiology studies will 

likely have been latently infected prior to activation, most case-control studies on 

susceptibility probably capture host genetic variation related to reactivation of TB. 

Unfortunately, based on the design of current TB susceptibility studies that usually do not 

explicitly test for LTBI, we have not been able to say with certainty which variants are 

related directly to progression from LTBI to TB as opposed to primary active disease.

5. Studies of Susceptibility to Pulmonary TB

Susceptibility to TB is distinct from resistance to MTB infection and is central in 

understanding genetic factors underlying TB pathogenesis. From a design standpoint, there 

are problems with the approach taken in many case-control studies of active TB. Not all 

studies have ensured that exposure status is similar between cases and controls, and in some 

studies controls could contain the unexposed, the exposed and infected (LTBI), and 

RSTRs[44, 45]. Assuming the study participants are adults, most cases probably were latent 

prior to active disease in endemic areas. In the context of Figure 1 and our understanding of 

TB pathogenesis, susceptibility studies do not neatly fit into a single biological process. The 

number of potential steps and paths to active TB may affect our ability to detect meaningful 

results, as we often do not determine a priori which of the steps we are assessing in a given 

study. Nonetheless, the most likely scenario of the progression to active disease in adults is 

that they have had a (re)activation of latent infection. Confirming this scenario may 

substantially improve power to detect genetic actors in TB risk, if studied explicitly.

Hundreds of candidate gene studies have been published focusing on pulmonary TB as the 

phenotype. A recent review summarized 15 genes with robust, replicable associations, 

although many other variants have been reported[19]. The majority of these 15 genes 

variants code for human leukocyte antigen (HLA) (with variants in HLA-DRB1 especially 

well represented), but multiple studies have also reported associations for variants in IFNG, 
IFNGR1, IL10, MBL2, MCP1, SLC11A1, TLR2, TLR4, TLR9, TNF, and VDR[19]. 

Pathway analysis of these genes revealed multiple canonical pathways to be significantly 

associated with TB susceptibility. The most significant pathway was in altered T and B cell 

signaling in rheumatoid arthritis and T helper cell differentiation[19]. Other pathways 

include the innate and adaptive immune responses, and helper T cell cytokine responses. 

Since the vast majority of candidate gene studies have examined one gene at a time, and 

often only a few variants within each gene, pathway analysis may provide clearer insight 

into the biological mechanisms underlying TB risk. Considering most candidate genes were 

studied due to their suspected role in the immunological response, it can help us better 

match our understanding of genetic variation in susceptibility studies to the pathophysiology 

of TB, if we discuss these 15 results (which are also found in Table 1 of Stein et al. [19]) in 

the context of their role within the immunological response to TB and the rest of this section 

will focus on the genes listed in this paragraph.

HLA is an important type of protein for recognition of both foreign and host cells by the 

immune system and represents the major system by which “self” is distinguished from 
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“other” in the human body. As stated above, many variants related to TB susceptibility are 

associated with polymorphisms in various HLA genes and these have a wide-ranging impact 

on regulating the immune system and host response to infection[46].

VDR codes for the vitamin D receptor and MBL2 codes for mannose binding lectin 2, both 

are which found throughout cells of the innate immune system. The MBL2 protein functions 

by binding to sugars found on the surface of many pathogens. This serves as a signal to 

activate the complement system, which is a host immune response that can destroy invading 

pathogens and trigger inflammation[47]. The role of vitamin D in infection is still being 

examined but it is known that vitamin D can activate transcription and studies have indicated 

that it can regulate the expression of many genes in the immune system, including genes 

coding for important components of the innate immune response[48].

When MTB enters the lung, it must contend with the resident alveolar macrophages. And as 

stated above, LTBI is an intracellular infection of macrophages and active TB disease can 

occur when macrophages do not adequately contain the mycobacterium. Thus, macrophage 

related variants are thought to be important in TB risk. There have been a number of 

associations reported that pertain to this response (including those above), which is part of 

the innate immune system (the initial response to infection) and variants pertaining to the 

macrophage response may contribute to resistance and susceptibility. MCP1 (also known as 

CCL2) codes for monocyte chemoattractant protein 1 (known as CCL2), and functions to 

recruit immune cells to a site of infection (such as MTB in the lungs). The immune cells 

recruited to the site of the infection including monocytes, precursor cells that may eventually 

become macrophages[49]. TNF codes for tumor necrosis factor, a cytokine that is a key 

driver of the inflammatory response, which is important to fighting a myriad of pathogens 

and is chiefly produced by activated macrophages.

SLC11A1 (previously called NRAMP1), is one of the most well studied genes for 

association with pulmonary TB susceptibility and a large number of studies have found 

associations between SLC11A1 and susceptibility[19]. It is an important regulator of 

macrophage responses to MTB [19, 50, 51]. SLC11A1 functions within macrophages, 

regulating changes in iron transport and the transport of other cations in response to 

infection, thus depriving MTB of the iron it needs to replicate and spread within the body 

[50–53].

One of the most well studied pathways in genetic susceptibility to TB in humans is that of 

toll-like receptors (TLRs). TLRs are part of the innate immune system, found primarily on 

macrophages and other antigen presenting cells such as dendritic cells, and function to 

recognize conserved ligands in microbes. In essence, they help mount a proper immune 

response to specific microbes, including MTB. There are a number of polymorphisms that 

have associated with TB susceptibility in the pathways for toll-like receptors (TLRs) and 

other genes that affect TLR function[22, 54–60]. Unfortunately, with the exception of TLR2, 

TLR4, and TLR9 (as reported above and in Table 1 of Stein et al. [19]), not all of these 

polymorphisms have an obvious functional role and some lack adequate replication in the 

literature[5]. However, toll-like receptors, as a family, show a clear role in both 

immunological and genetic studies of TB.

McHenry et al. Page 7

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Autophagy is the process by which the immune system clears out infected cells (including 

macrophages). Although polymorphisms in autophagy pathways are not included in the 15 

robust associations described above, immunological studies have strongly suggested a role 

for autophagy variants in the host response to MTB infection and TB disease. And 

polymorphisms in ATG5 and IRGM, both of which are involved in autophagy, have been 

associated with TB susceptibility [61–64].

T cells also play an important role in regulating the host response to infection by MTB. HIV-

positive individuals (who have low CD4+ cell counts) are more likely to progress to active 

disease than those without HIV. Consistent with this observation, mouse studies have shown 

that IFN-γ production by T-cells is important in controlling MTB replication, survival, and 

the formation of the granulomas that sustain latency[65–73]. Several of the robust 

associations are key players in the IFN-γ response (e.g., IFNG and IFNGR1). There may 

also be IFN-γ independent T cell responses that play a role in TB pathogenesis; for example 

SNPs in IL10 that have shown strong association with TB [5, 19, 27]. Another important T-

cell response associated with TB is the recognition of non-protein mycobacterial antigens. 

CD1 and MR1 proteins function in this capacity and the genes coding for these (CD1 and 

MR1) both have polymorphisms that may be associated with TB susceptibility, although 

these findings are not considered as robust as some other genes [74, 75].

In addition to candidate gene studies, six linkage studies have identified loci that influence 

TB susceptibility (Table 2). These studies, performed in Southeast Asia, South America and 

both West and East Africa, identified several putatively linked loci, but the linkage regions 

differed across studies. One study in Thailand identified suggestive evidence of linkage at 

loci on chromosomes 5q23.2–31.3, 17p13.3–13.1, and 20p13–12.3 [76]. A study in West 

Africans found evidence of putative linkage with TB on 6p21–23 and 20q13.31–33 that 

were later mapped to the CTSZ and MC3R [77]. A study of TB in Brazilians identified loci 

on chromosomes 10q26.13, 11q12.3, and 20p12[78]. A different study of TB in Brazil found 

a cluster of four genes (NOS2A, CCL18, CCL4, and STAT5B) on 17q11–21 that showed 

linkage with TB[79]. This chromosome 17 region was chosen as the syntenic region in mice 

had been shown to affect intra-macrophage infections in mice[79]. A study performed in 

The Gambia and South Africa provided evidence of linkage with TB on chromosome 15q 

and Xq[80]. Finally, a study in Uganda identified linkage with TB on 7p22–21, and nominal 

linkage for IL1 and IL12A[14]. Of note, these linkage signals generally differ among 

populations leaving many unanswered questions about universal versus population specific 

effects. One limitation of interpreting these studies is that linkage peaks are wide, and in 

most cases these significantly linked chromosomal regions do not contain any established 

TB candidate genes.

Genome-wide association studies (GWAS) studies have also yielded valuable insights into 

TB susceptibility, with 9 case-control studies finding associations with pulmonary TB[19] 

(Table 2). WT1 was originally identified on chromosome 18q11.2 and found to be associated 

with susceptibility in a cohort of Ghanaians, Gambians, and Malawians[81]. It was then 

replicated in Russians, Indonesians, admixed South Africans, and a different cohort of 

Gambians [82, 83]. The study in South Africa also identified loci on chromosomes 14q24.2 

and 11q21–22[82]. Loci on chromosomes 11 and 18 were found in a Russian cohort that 
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replicated the locus on chromosome 11 but not 18. This study did, however, identify a novel 

gene, ASAP1 [84]. When researchers examining a Moroccan cohort attempted to replicate 

the results on chromosomes 11 and 18, they failed to do so at a level of genome-wide 

significance (but did so at a nominal significance, p=0.05)[85]. HLA variants showed 

associations in Russian, Icelandic, and Croation cohorts, but these same studies did not 

replicate the aforementioned loci on chromosomes 11 and 18[86]. A study of a Japanese 

cohort identified a locus on chromosome 20q12 that was significantly associated with 

younger age of TB onset[87]. A cohort of HIV-positive subjects showed a significant 

association at 5q33.3 and a subsequent haplotype analysis was consistent with this 

association being caused by variation in IL12B [88]. In summary, GWAS studies have 

yielded a number of insights. These are in need of replication and may differ with respect to 

populations, which may be due to different frequencies of certain polymorphisms in these 

populations[19] (Table 2). Furthermore, none of the linkage peaks or associating loci 

replicated with genome-significance across studies. However, in at least one GWAS it was 

shown that 8 of 22 previously associating candidate genes did replicate at a nominal p-value 

(p < 0.05)[84]. This is unlikely to have occurred by chance alone.

Gene expression studies have also yielded insights into host genomics of TB. Most of these 

studies have focused on transcripts that are unique to TB cases and found in peripheral blood 

[89–96]. However, one study used cells stimulated with MTB after isolation from circulating 

blood[97]. These studies varied greatly with respect to control groups and the transcripts 

they studied, making it difficult to draw generalizable conclusions [19]. Some studies 

reported differential expression of type I and II interferon pathways in TB cases [90, 94, 95]. 

One study showed differential expression for CCL1[96]. Interestingly, the transcriptomic 

signatures in some of these studies normalized during or after treatment, indicating that 

these signatures may be specific to active disease[90, 95, 96].

6. Genetics of Severity of TB disease

Studies examining severity are less common than those studying association or linkage with 

disease. And those that do study TB severity use a wide variety of severity definitions, 

making comparisons difficult. Phenotypes utilized include TBscore (a validated outcome 

based on 11 clinically relevant symptoms), disease progression, cavitary disease, lung 

lesions, bacterial load, or parenchymal involvement as markers of severity [98–109] (Table 

3). In these studies of phenotypes related to clinical severity, the MCP-1/MMP-1/PAR-1 

pathway was associated with more severe disease based on the Bandim TBscore[99]. A 

recent study also found an association between SNPs in IL12B and the Bandim 

TBscore[109]. Variants in TLR4 were correlated with bacillary load and lung involvement 

on radiological examination[105], TLR8 variants were associated with bacterial load in one 

study[98]. One study found a CTLA4 haplotype was less common in patients with larger 

chest opacities[108]. HLA-DRB1 variants associated with more advanced lung lesions[102]. 

Variants in both SLC11A1 and IL23R have been associated with cavitary disease[100, 106].

In transcriptomic studies, greater expression of genes in the SOCS family were associated 

with more lung parenchymal involvement upon radiological examination[104]. Higher 

expression of IL17 and IFNG in peripheral blood was associated with radiological and 
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clinical parameters that describe disease severity in patients with active disease compared to 

healthy BCG-vaccinated controls[101].

In summary, severity as a phenotype is understudied, and it is not obvious how the different 

phenotype definitions are related. Notably, some of the severity associating genes (i.e., 

IFNG, SLC11A1, MCP1, TLR variants, and HLA variants) are similar or identical to those 

implicated in previous studies of susceptibility or resistance to TB. How TB risk and 

severity relate will require more work to better define how the genetics of risk and 

progression do or do not correlate across severity definitions. This will be useful in 

understanding functional aspects TB genetics.

7. MTB Lineage, Human Disease, and Co-evolution

There are seven currently described lineages of MTB that cause disease in humans. Two are 

ancient and 5 are modern. In addition, there are numerous sub-lineages that are often highly 

limited in their geographical distribution, some to a single country. Many of these sub-

lineages are thought to be recently diverged and many of them are thought to have come 

from lineage, L4, that is the most widespread lineage of MTB. L4 was originally found in 

Europe, and potentially moved to other continents with Europeans [110]. Studies have 

indicated that MTB lineage can affect the probability of developing TB disease [111–114]. 

However, two studies in Uganda have shown no association between an MTB sub-lineage 

unique to Uganda and severity of disease, as measured by presence of cavitary disease and 

extent of lung involvement[115, 116]. A major question arises when trying to assess the 

diversity of MTB, namely, whether pathogenicity or virulence is a function of the host, 

MTB, or both. This is especially pertinent to TB, as most infections do not cause disease.

7.1 Human-MTB interaction and TB

Although it is clear that both human and MTB genetic variants can affect TB risk, it is also 

possible that combinations of the two impact risk. Such a model posits that human-MTB co-

evolution exists and that risk and/or severity is determined by the exact combination of 

human genes and MTB genes[117]. Studies examining possible interaction between host 

genotype and MTB lineage are sparse. It is especially difficult for the study of TB 

susceptibility as it is virtually impossible to know what MTB lineages a specific host has 

been exposed to prior to enrollment in a study. One way to circumvent this problem is to 

study how interaction affects disease severity.

TB severity in the context of co-evolution is especially important as evolutionary theories 

hypothesize that long-term coexistence between the human genome and MTB lineage may 

decrease risk of developing active TB or minimize the severity of disease, if disease is 

present[117]. This concept is referred to as co-evolution. Co-evolution implies concordant 

genetic variation of both MTB lineages and human variation as a product of long term 

coexistence that promotes mutual adaptation and thereby modulates the effects of infection. 

Co-evolution has been hypothesized to lead to prudent exploitation or covert infection, such 

that exposure and latent infection does not necessarily lead to active disease and will cause 

less virulent disease, when present[118, 119]. A pathogen that is prudently exploiting the 

human host would be evolutionarily incentivized to persist and be transmitted, but not cause 
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disease severe enough to cause rapid death that could lead to the extinction of the host 

population and ultimately the MTB population. [120]. Under the co-evolution model, a 

newly divergent MTB lineage that did not historically co-exist with the human population in 

question is more likely be associated with disease and also more likely to cause severe 

disease [121]. In practice, only the latter can be explicitly studied as exposure histories are 

impossible to know in the absence of disease. Consistent with this possibility and the 

conditions that could lead to co-evolution, humans and MTB have a very long history and 

most people exposed to MTB do not progress to active disease, making MTB a likely 

prudent exploiter [122].

The potential for human-MTB co-evolution has been explored in human and model systems, 

but studies have not yet identified a clear effect at the population level[111, 114, 123–127]. 

Studying co-evolution in TB risk can be problematic because even within a household the 

strain to which an individual is predominantly exposed may not match that of the index case, 

since community exposure can be the major source of exposure[128]. Thus, due to the idea 

that co-existence would decrease severity over time and prolong the co-existence of the two 

species, one way to approach possible co-evolution is to study TB severity. Another limit to 

studying people with only TB compared to LTBI is that those who are latently infected 

cannot usually be examined for MTB strain. Hence, all existing studies of host-MTB 

genome interaction have been case-only studies that at best examine association between 

lineage and host genotypes, but not explicit interactions [53, 124, 126, 129]. However, a 

recent study of ours has shown that interaction between host variants in SLC11A1 and MTB 

lineage can affect severity of TB, measured by the Bandim TBscore[109]. Specifically, we 

found that the recently diverged Ugandan L4 sub-lineage caused more severe disease, but 

only in individuals with an ancestral SLC11A1 genotype; those with the ancestral genotype 

and the older MTB lineages did not have as severe disease. In general, the combinations of 

host genotype and MTB lineage that had co-existed longer had less severe disease, lending 

support to the model of co-evolution and prudent exploitation of humans by MTB. Relevant 

to SLC11A1, this gene has bene a well-studied candidate gene for TB susceptibility but not 

all studies found an association. It is possible that failure to replicate was a function of MTB 

lineage among those with disease. Given how lineage can affect the relationship between 

host genotype and TB, and that interactions between the two genomes may drive disease 

processes, it will be important to improve our understanding of the role that the MTB 

lineage - human genome interaction plays.

Beyond examination of MTB genetics classified by lineage, it will be important to 

understand how the MTB genome and specific variants can affect severity and susceptibility 

in humans. Some work has indicated that there may genetic diversity of MTB within a given 

host and that MTB can evolve within the host it has infected, affecting both transmission and 

drug resistance[130]. Elucidating the evolutionary process of MTB both within a host and on 

a population level will allow for a deeper biological understanding of the interaction 

between the host and MTB than examining lineages or human genomes alone. Future work 

should be done in this area as it may elucidate what makes MTB pathogenic.
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8. Conclusions

Previous study of human genetics in the context of TB has been extensive, but there are still 

important gaps in the existing literature. Resistance to MTB infection has great relevance for 

TB research, but has been relatively understudied with respect to human genetic influences. 

Susceptibility has been the most extensively studied phenotype and there are a number of 

robust associations reported. However, there is still variation between populations and 

inconsistency in many results, with many associations not replicating across distinct study 

populations. Severity is a field of study with little to no consistency in phenotype and only a 

few studies in the context of genetics. We are beginning to recognize and understand the role 

of MTB lineage and MTB genotypes but there is a need for population level studies looking 

at the interaction between human genetic variants and the lineage and/or genotype of MTB. 

This will at present need to be assessed in the context of severity. All of these factors are 

important considerations and should help us better understand TB pathogenesis in a way that 

helps to control disease or improve treatment.

Acknowledgements:

Funding for this work was provided by the Tuberculosis Research Unit (grant N01-AI95383 and 
HHSN266200700022C/ N01-AI70022 from the NIAID) and R56 AI130947 from the National Institutes of Health.

References

1. Organization WH. Global Tuberculosis Report 2018 Factsheet. 2018.

2. Bell LCK, Noursadeghi M. Pathogenesis of HIV-1 and Mycobacterium tuberculosis co-infection. 
Nature Reviews Microbiology. 2017;16:80. doi: 10.1038/nrmicro.2017.128. [PubMed: 29109555] 

3. Ma N, Zalwango S, Malone LL, Nsereko M, Wampande EM, Thiel BA, et al. Clinical and 
epidemiological characteristics of individuals resistant to M. tuberculosis infection in a longitudinal 
TB household contact study in Kampala, Uganda. BMC infectious diseases. 2014;14(1):352. doi: 
10.1186/1471-2334-14-352. [PubMed: 24970328] 

4. Stein CM, Zalwango S, Malone LL, Thiel B, Mupere E, Nsereko M, et al. Resistance and 
Susceptibility to Mycobacterium tuberculosis Infection and Disease in Tuberculosis Households in 
Kampala, Uganda. American journal of epidemiology. 2018;187(7):1477–89. Epub 2018/01/06. doi: 
10.1093/aje/kwx380. [PubMed: 29304247] 

5. Simmons JD, Stein CM, Seshadri C, Campo M, Alter G, Fortune S, et al. Immunological 
mechanisms of human resistance to persistent Mycobacterium tuberculosis infection. Nature 
reviews Immunology. 2018;18(9):575–89. Epub 2018/06/14. doi: 10.1038/s41577-018-0025-3.

6. Verrall AJ, Alisjahbana B, Apriani L, Novianty N, Nurani AC, van Laarhoven A, et al. Early 
Clearance of Mycobacterium tuberculosis: The INFECT Case Contact Cohort Study in Indonesia. 
The Journal of infectious diseases. 2019. Epub 2019/07/13. doi: 10.1093/infdis/jiz168.

7. Mave V, Chandrasekaran P, Chavan A, Shivakumar S, Danasekaran K, Paradkar M, et al. Infection 
free “resisters” among household contacts of adult pulmonary tuberculosis. PloS one. 
2019;14(7):e0218034. Epub 2019/07/19. doi: 10.1371/journal.pone.0218034.

8. Nemes E, Geldenhuys H, Rozot V, Rutkowski KT, Ratangee F, Bilek N, et al. Prevention of M. 
tuberculosis Infection with H4:IC31 Vaccine or BCG Revaccination. The New England journal of 
medicine. 2018;379(2):138–49. Epub 2018/07/12. doi: 10.1056/NEJMoa1714021. [PubMed: 
29996082] 

9. Andrews JR, Nemes E, Tameris M, Landry BS, Mahomed H, McClain JB, et al. Serial 
QuantiFERON testing and tuberculosis disease risk among young children: an observational cohort 
study. The Lancet Respiratory medicine. 2017;5(4):282–90. Epub 2017/02/22. doi: 10.1016/
s22132600(17)30060-7. [PubMed: 28215501] 

McHenry et al. Page 12

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Jasenosky LD, Scriba TJ, Hanekom WA, Goldfeld AE. T cells and adaptive immunity to 
Mycobacterium tuberculosis in humans. Immunol Rev. 2015;264(1):74–87. Epub 2015/02/24. doi: 
10.1111/imr.12274. [PubMed: 25703553] 

11. Harding CV, Boom WH. Regulation of antigen presentation by Mycobacterium tuberculosis: a role 
for Toll-like receptors. Nature reviews Microbiology. 2010;8(4):296–307. Epub 2010/03/18. doi: 
10.1038/nrmicro2321. [PubMed: 20234378] 

12. Philips JA, Ernst JD. Tuberculosis pathogenesis and immunity. Annual review of pathology. 
2012;7:353–84. Epub 2011/11/08. doi: 10.1146/annurev-pathol-011811-132458.

13. Sepulveda RL, Heiba IM, King A, Gonzalez B, Elston RC, Sorensen RU. Evaluation of tuberculin 
reactivity in BCG-immunized siblings. American journal of respiratory and critical care medicine. 
1994;149(3 Pt 1):620–4. doi: 10.1164/ajrccm.149.3.8118628. [PubMed: 8118628] 

14. Stein CM, Zalwango S, Malone LL, Won S, Mayanja-Kizza H, Mugerwa RD, et al. Genome scan 
of M. tuberculosis infection and disease in Ugandans. PloS one. 2008;3(12):e4094.

15. Igo RP Jr, Hall NB, Malone LL, Hall JB, Truitt B, Qiu F, et al. Fine-mapping analysis of a 
chromosome 2 region linked to resistance to Mycobacterium tuberculosis infection in Uganda 
reveals potential regulatory variants. Genes Immun. 2018. Epub 2018/08/14. doi: 10.1038/
s41435-018-0040-1.

16. Cobat A, Gallant CJ, Simkin L, Black GF, Stanley K, Hughes J, et al. Two loci control tuberculin 
skin test reactivity in an area hyperendemic for tuberculosis. J Exp Med. 2009;206(12):2583–91. 
Epub 2009/11/11. doi: 10.1084/jem.20090892. [PubMed: 19901083] 

17. Hall NB, Igo RP Jr, Malone LL, Truitt B, Schnell A, Tao L, et al. Polymorphisms in TICAM2 and 
IL1B are associated with TB. Genes Immun. 2015;16(2):127–33. doi: 10.1038/gene.2014.77. 
[PubMed: 25521228] 

18. Cobat A, Hoal EG, Gallant CJ, Simkin L, Black GF, Stanley K, et al. Identification of a major 
locus, TNF1, that controls BCG-triggered tumor necrosis factor production by leukocytes in an 
area hyperendemic for tuberculosis. Clin Infect Dis. 2013;57(7):963–70. Epub 2013/06/27. doi: 
10.1093/cid/cit438. [PubMed: 23800941] 

19. Stein CM, Sausville L, Wejse C, Sobota RS, Zetola NM, Hill PC, et al. Genomics of Human 
Pulmonary Tuberculosis: from Genes to Pathways. Current Genetic Medicine Reports. 
2017;5(4):149–66. doi: 10.1007/s40142-017-0130-9. [PubMed: 29805915] 

20. Thye T, Browne EN, Chinbuah MA, Gyapong J, Osei I, Owusu-Dabo E, et al. IL10 haplotype 
associated with tuberculin skin test response but not with pulmonary TB. PLoS One. 
2009;4(5):e5420. Epub 2009/05/05. doi: 10.1371/journal.pone.0005420.

21. Horne DJ, Graustein AD, Shah JA, Peterson G, Savlov M, Steele S, et al. Human ULK1Variation 
and Susceptibility to Mycobacterium tuberculosis Infection. The Journal of infectious diseases. 
2016;214(8):1260–7. Epub 2016/08/04. doi: 10.1093/infdis/jiw347. [PubMed: 27485354] 

22. Shah JA, Musvosvi M, Shey M, Horne DJ, Wells RD, Peterson GJ, et al. A Functional Toll-
Interacting Protein Variant Is Associated with Bacillus Calmette-Guerin-Specific Immune 
Responses and Tuberculosis. American journal of respiratory and critical care medicine. 
2017;196(4):502–11. Epub 2017/05/04. doi: 10.1164/rccm.201611-2346OC. [PubMed: 28463648] 

23. Kumar D, Nath L, Kamal MA, Varshney A, Jain A, Singh S, et al. Genome-wide analysis of the 
host intracellular network that regulates survival of Mycobacterium tuberculosis. Cell. 
2010;140(5):731–43. Epub 2010/03/10. doi: 10.1016/j.cell.2010.02.012. [PubMed: 20211141] 

24. Phuah JY, Mattila JT, Lin PL, Flynn JL. Activated B cells in the granulomas of nonhuman primates 
infected with Mycobacterium tuberculosis. The American journal of pathology. 2012;181(2):508–
14. Epub 2012/06/23. doi: 10.1016/j.ajpath.2012.05.009. [PubMed: 22721647] 

25. Tsai MC, Chakravarty S, Zhu G, Xu J, Tanaka K, Koch C, et al. Characterization of the tuberculous 
granuloma in murine and human lungs: cellular composition and relative tissue oxygen tension. 
Cellular microbiology. 2006;8(2):218–32. Epub 2006/01/31. doi: 10.1111/
j.1462-5822.2005.00612.x. [PubMed: 16441433] 

26. Lu LL, Chung AW, Rosebrock TR, Ghebremichael M, Yu WH, Grace PS, et al. A Functional Role 
for Antibodies in Tuberculosis. Cell. 2016;167(2):433–43.e14. Epub 2016/09/27. doi: 10.1016/
j.cell.2016.08.072. [PubMed: 27667685] 

McHenry et al. Page 13

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Lu LL, Smith MT, Yu KKQ, Luedemann C, Suscovich TJ, Grace PS, et al. IFN-γ-independent 
immune markers of Mycobacterium tuberculosis exposure. Nature Medicine. 2019;25(6):977–87. 
doi: 10.1038/s41591-019-0441-3.

28. Abel L, El-Baghdadi J, Bousfiha AA, Casanova J-L, Schurr E. Human genetics of tuberculosis: a 
long and winding road. Philos Trans R Soc Lond B Biol Sci. 2014;369(1645):20130428-. doi: 
10.1098/rstb.2013.0428.

29. Casanova J-L, Abel L. The genetic theory of infectious diseases: a brief history and selected 
illustrations. Annu Rev Genomics Hum Genet. 2013;14:215–43. Epub 2013/05/29. doi: 10.1146/
annurev-genom-091212-153448. [PubMed: 23724903] 

30. Beckman RA, Schemmann GS, Yeang CH. Impact of genetic dynamics and single-cell 
heterogeneity on development of nonstandard personalized medicine strategies for cancer. 
Proceedings of the National Academy of Sciences of the United States of America. 
2012;109(36):14586–91. Epub 2012/08/15. doi: 10.1073/pnas.1203559109. [PubMed: 22891318] 

31. Casanova JL, Abel L. Genetic dissection of immunity to mycobacteria: the human model. Annual 
review of immunology. 2002;20:581–620. Epub 2002/02/28. doi: 10.1146/
annurev.immunol.20.081501.125851.

32. Comstock GW. Tuberculosis in twins: a re-analysis of the Prophit survey. The American review of 
respiratory disease. 1978;117(4):621–4. Epub 1978/04/01. doi: 10.1164/arrd.1978.117.4.621. 
[PubMed: 565607] 

33. Kallmann FJ, Reisner D. Twin Studies on the Significance of Genetic Factors in Tuberculosis. 
American Review of Tuberculosis. 1943;47(6):549–74. doi: 10.1164/art.1943.47.6.549.

34. Bustamante J, Boisson-Dupuis S, Abel L, Casanova JL. Mendelian susceptibility to mycobacterial 
disease: genetic, immunological, and clinical features of inborn errors of IFN-gamma immunity. 
Semin Immunol. 2014;26(6):454–70. doi: 10.1016/j.smim.2014.09.008. [PubMed: 25453225] 

35. Boisson-Dupuis S, Bustamante J, El-Baghdadi J, Camcioglu Y, Parvaneh N, El Azbaoui S, et al. 
Inherited and acquired immunodeficiencies underlying tuberculosis in childhood. Immunol Rev. 
2015;264(1):103–20. doi: 10.1111/imr.12272. [PubMed: 25703555] 

36. Picard C, Fieschi C, Altare F, Al-Jumaah S, Al-Hajjar S, Feinberg J, et al. Inherited interleukin-12 
deficiency: IL12B genotype and clinical phenotype of 13 patients from six kindreds. American 
journal of human genetics. 2002;70(2):336–48. Epub 2001/12/26. doi: 10.1086/338625. [PubMed: 
11753820] 

37. de Beaucoudrey L, Samarina A, Bustamante J, Cobat A, Boisson-Dupuis S, Feinberg J, et al. 
Revisiting human IL-12Rβ1 deficiency: a survey of 141 patients from 30 countries. Medicine 
(Baltimore). 2010;89(6):381–402. doi: 10.1097/MD.0b013e3181fdd832. [PubMed: 21057261] 

38. Jin J, Sun L, Jiao W, Zhao S, Li H, Guan X, et al. SLC11A1 (Formerly NRAMP1) Gene 
Polymorphisms Associated with Pediatric Tuberculosis in China. Clinical Infectious Diseases. 
2009;48(6):733–8. doi: 10.1086/597034. [PubMed: 19193106] 

39. Malik S, Abel L, Tooker H, Poon A, Simkin L, Girard M, et al. Alleles of the NRAMP1 gene are 
risk factors for pediatric tuberculosis disease. Proceedings of the National Academy of Sciences of 
the United States of America. 2005;102(34):12183. doi: 10.1073/pnas.0503368102. [PubMed: 
16103355] 

40. Dalgic N, Tekin D, Kayaalti Z, Cakir E, Soylemezoglu T, Sancar M. Relationship between Toll-
Like Receptor 8 Gene Polymorphisms and Pediatric Pulmonary Tuberculosis. Disease Markers. 
2011;31(1). doi: 10.3233/dma-2011-0800.

41. Graustein AD, Horne DJ, Fong JJ, Schwarz F, Mefford HC, Peterson GJ, et al. The SIGLEC14 null 
allele is associated with Mycobacterium tuberculosis- and BCG-induced clinical and immunologic 
outcomes. Tuberculosis (Edinburgh, Scotland). 2017;104:38–45. Epub 2017/04/30. doi: 10.1016/
j.tube.2017.02.005.

42. Graustein AD, Misch EA, Musvosvi M, Shey M, Shah JA, Seshadri C, et al. Toll-like receptor 
chaperone HSP90B1 and the immune response to Mycobacteria. PloS one. 2018;13(12):e0208940. 
Epub 2018/12/15. doi: 10.1371/journal.pone.0208940.

43. Alcaïs A, Fieschi C, Abel L, Casanova J-L. Tuberculosis in children and adults: two distinct 
genetic diseases. The Journal of experimental medicine. 2005;202(12):1617–21. doi: 10.1084/
jem.20052302. [PubMed: 16365144] 

McHenry et al. Page 14

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Stein CM, Baker AR. Tuberculosis as a complex trait: impact of genetic epidemiological study 
design. Mammalian genome : official journal of the International Mammalian Genome Society. 
2011;22(1–2):91–9. Epub 2010/1½3. doi: 10.1007/s00335-010-9301-7. [PubMed: 21104256] 

45. Stein CM. Genetic Epidemiology of Tuberculosis Susceptibility: Impact of Study Design. PLoS 
pathogens. 2011;7(1):e1001189. doi: 10.1371/journal.ppat.1001189.

46. Bodis G, Toth V, Schwarting A. Role of Human Leukocyte Antigens (HLA) in Autoimmune 
Diseases. Rheumatology and therapy. 2018;5(1):5–20. Epub 2018/03/09. doi: 10.1007/
s40744-018-0100-z. [PubMed: 29516402] 

47. Denholm JT, McBryde ES, Eisen DP. Mannose-binding lectin and susceptibility to tuberculosis: a 
meta-analysis. Clinical and experimental immunology. 2010;162(1):84–90. Epub 2010/08/19. doi: 
10.1111/j.1365-2249.2010.04221.x. [PubMed: 20636396] 

48. White JH. Vitamin D Signaling, Infectious Diseases, and Regulation of Innate Immunity. Infection 
and immunity. 2008;76(9):3837. doi: 10.1128/IAI.00353-08. [PubMed: 18505808] 

49. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1 (MCP-1): an 
overview. Journal of interferon & cytokine research : the official journal of the International 
Society for Interferon and Cytokine Research. 2009;29(6):313–26. Epub 2009/05/16. doi: 10.1089/
jir.2008.0027.

50. Agranoff D, Monahan IM, Mangan JA, Butcher PD, Krishna S. Mycobacterium tuberculosis 
expresses a novel pH-dependent divalent cation transporter belonging to the Nramp family. J Exp 
Med. 1999;190(5):717–24. Epub 1999/09/08. [PubMed: 10477555] 

51. Blackwell JM, Goswami T, Evans CA, Sibthorpe D, Papo N, White JK, et al. SLC11A1 (formerly 
NRAMP1) and disease resistance. Cellular microbiology. 2001;3(12):773–84. Epub 2001/12/12. 
[PubMed: 11736990] 

52. Singh N, Gedda MR, Tiwari N, Singh SP, Bajpai S, Singh RK. Solute carrier protein family 11 
member 1 (Slc11a1) activation efficiently inhibits Leishmania donovani survival in host 
macrophages. Journal of parasitic diseases : official organ of the Indian Society for Parasitology. 
2017;41(3):671–7. Epub 2017/08/30. doi: 10.1007/s12639-016-0864-4. [PubMed: 28848257] 

53. van Crevel R, Parwati I, Sahiratmadja E, Marzuki S, Ottenhoff TH, Netea MG, et al. Infection with 
Mycobacterium tuberculosis Beijing genotype strains is associated with polymorphisms in 
SLC11A1/NRAMP1 in Indonesian patients with tuberculosis. The Journal of infectious diseases. 
2009;200(11):1671–4. Epub 2009/10/30. doi: 10.1086/648477. [PubMed: 19863441] 

54. Thuong NT, Hawn TR, Thwaites GE, Chau TT, Lan NT, Quy HT, et al. A polymorphism in human 
TLR2 is associated with increased susceptibility to tuberculous meningitis. Genes and immunity. 
2007;8(5):422–8. Epub 2007/06/08. doi: 10.1038/sj.gene.6364405. [PubMed: 17554342] 

55. Shah JA, Vary JC, Chau TT, Bang ND, Yen NT, Farrar JJ, et al. Human TOLLIP regulates TLR2 
and TLR4 signaling and its polymorphisms are associated with susceptibility to tuberculosis. 
Journal of immunology (Baltimore, Md : 1950). 2012;189(4):1737–46. Epub 2012/07/11. doi: 
10.4049/jimmunol.1103541.

56. Meyer CG, Reiling N, Ehmen C, Ruge G, Owusu-Dabo E, Horstmann RD, et al. TLR1 Variant 
H305L Associated with Protection from Pulmonary Tuberculosis. PloS one. 2016;11(5):e0156046. 
Epub 2016/05/24. doi: 10.1371/journal.pone.0156046.

57. Ma X, Liu Y, Gowen BB, Graviss EA, Clark AG, Musser JM. Full-exon resequencing reveals toll-
like receptor variants contribute to human susceptibility to tuberculosis disease. PloS one. 
2007;2(12):e1318. Epub 2007/12/20. doi: 10.1371/journal.pone.0001318.

58. Khor CC, Chapman SJ, Vannberg FO, Dunne A, Murphy C, Ling EY, et al. A Mal functional 
variant is associated with protection against invasive pneumococcal disease, bacteremia, malaria 
and tuberculosis. Nature genetics. 2007;39(4):523–8. Epub 2007/02/27. doi: 10.1038/ng1976. 
[PubMed: 17322885] 

59. Johnson CM, Lyle EA, Omueti KO, Stepensky VA, Yegin O, Alpsoy E, et al. Cutting edge: A 
common polymorphism impairs cell surface trafficking and functional responses of TLR1 but 
protects against leprosy. The Journal of Immunology. 2007;178(12):7520–4. [PubMed: 17548585] 

60. Barreiro LB, Neyrolles O, Babb CL, Tailleux L, Quach H, McElreavey K, et al. Promoter variation 
in the DC-SIGN-encoding gene CD209 is associated with tuberculosis. PLoS medicine. 
2006;3(2):e20. Epub 2005/12/29. doi: 10.1371/journal.pmed.0030020. [PubMed: 16379498] 

McHenry et al. Page 15

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Castillo EF, Dekonenko A, Arko-Mensah J, Mandell MA, Dupont N, Jiang S, et al. Autophagy 
protects against active tuberculosis by suppressing bacterial burden and inflammation. Proceedings 
of the National Academy of Sciences of the United States of America. 2012;109(46):E3168–76. 
Epub 2012/10/25. doi: 10.1073/pnas.1210500109. [PubMed: 23093667] 

62. Kimmey JM, Huynh JP, Weiss LA, Park S, Kambal A, Debnath J, et al. Unique role for ATG5 in 
neutrophil-mediated immunopathology during M. tuberculosis infection. Nature. 
2015;528(7583):565–9. Epub 2015/12/10. doi: 10.1038/nature16451. [PubMed: 26649827] 

63. Lu Y, Li Q, Peng J, Zhu Y, Wang F, Wang C, et al. Association of autophagy-related IRGM 
polymorphisms with latent versus active tuberculosis infection in a Chinese population. 
Tuberculosis (Edinburgh, Scotland). 2016;97:47–51. Epub 2016/03/17. doi: 10.1016/
j.tube.2016.01.001.

64. Intemann CD, Thye T, Niemann S, Browne EN, Amanua Chinbuah M, Enimil A, et al. Autophagy 
gene variant IRGM −261T contributes to protection from tuberculosis caused by Mycobacterium 
tuberculosis but not by M. africanum strains. PLoS pathogens. 2009;5(9):e1000577. Epub 
2009/09/15. doi: 10.1371/journal.ppat.1000577.

65. Tameris MD, Hatherill M, Landry BS, Scriba TJ, Snowden MA, Lockhart S, et al. Safety and 
efficacy of MVA85A, a new tuberculosis vaccine, in infants previously vaccinated with BCG: a 
randomised, placebo-controlled phase 2b trial. Lancet. 2013;381(9871):1021–8. doi: 10.1016/
S0140-6736(13)60177-4. [PubMed: 23391465] 

66. Sakai S, Kauffman KD, Sallin MA, Sharpe AH, Young HA, Ganusov VV, et al. CD4 T Cell-
Derived IFN-gamma Plays a Minimal Role in Control of Pulmonary Mycobacterium tuberculosis 
Infection and Must Be Actively Repressed by PD-1 to Prevent Lethal Disease. PLoS pathogens. 
2016;12(5):e1005667. Epub 2016/06/01. doi: 10.1371/journal.ppat.1005667.

67. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative importance of T cell subsets 
in immunity and immunopathology of airborne Mycobacterium tuberculosis infection in mice. The 
Journal of experimental medicine. 2001;193(3):271–80. Epub 2001/02/07. doi: 10.1084/
jem.193.3.271. [PubMed: 11157048] 

68. Lin PL, Rutledge T, Green AM, Bigbee M, Fuhrman C, Klein E, et al. CD4 T cell depletion 
exacerbates acute Mycobacterium tuberculosis while reactivation of latent infection is dependent 
on severity of tissue depletion in cynomolgus macaques. AIDS research and human retroviruses. 
2012;28(12):1693–702. Epub 2012/04/07. doi: 10.1089/aid.2012.0028. [PubMed: 22480184] 

69. Kagina BM, Abel B, Scriba TJ, Hughes EJ, Keyser A, Soares A, et al. Specific T cell frequency 
and cytokine expression profile do not correlate with protection against tuberculosis after bacillus 
Calmette-Guerin vaccination of newborns. American journal of respiratory and critical care 
medicine. 2010;182(8):1073–9. Epub 2010/06/19. doi: 10.1164/rccm.201003-0334OC. [PubMed: 
20558627] 

70. Green AM, Difazio R, Flynn JL. IFN-gamma from CD4 T cells is essential for host survival and 
enhances CD8 T cell function during Mycobacterium tuberculosis infection. Journal of 
immunology (Baltimore, Md : 1950). 2013;190(1):270–7. Epub 2012/12/13. doi: 10.4049/
jimmunol.1200061.

71. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential role for interferon 
gamma in resistance to Mycobacterium tuberculosis infection. The Journal of experimental 
medicine. 1993;178(6):2249–54. Epub 1993/12/01. doi: 10.1084/jem.178.6.2249. [PubMed: 
7504064] 

72. Cowley SC, Elkins KL. CD4+ T cells mediate IFN-gamma-independent control of Mycobacterium 
tuberculosis infection both in vitro and in vivo. Journal of immunology (Baltimore, Md : 1950). 
2003;171(9):4689–99. Epub 2003/10/22. doi: 10.4049/jimmunol.171.9.4689.

73. Behar SM, Dascher CC, Grusby MJ, Wang CR, Brenner MB. Susceptibility of mice deficient in 
CD1D or TAP1 to infection with Mycobacterium tuberculosis. The Journal of experimental 
medicine. 1999;189(12):1973–80. Epub 1999/06/22. doi: 10.1084/jem.189.12.1973. [PubMed: 
10377193] 

74. Seshadri C, Thuong NTT, Mai NTH, Bang ND, Chau TTH, Lewinsohn DM, et al. A 
polymorphism in human MR1 is associated with mRNA expression and susceptibility to 
tuberculosis. Genes and immunity. 2017;18(1):8–14. Epub 2016/1½4. doi: 10.1038/gene.2016.41. 
[PubMed: 27881839] 

McHenry et al. Page 16

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Seshadri C, Thuong NT, Yen NT, Bang ND, Chau TT, Thwaites GE, et al. A polymorphism in 
human CD1A is associated with susceptibility to tuberculosis. Genes and immunity. 
2014;15(3):195–8. Epub 2014/02/07. doi: 10.1038/gene.2014.5. [PubMed: 24500401] 

76. Mahasirimongkol S, Yanai H, Nishida N, Ridruechai C, Matsushita I, Ohashi J, et al. Genome-
wide SNP-based linkage analysis of tuberculosis in Thais. Genes and immunity. 2008;10:77. doi: 
10.1038/gene.2008.8110.1038/gene.2008.81https://www.nature.com/articles/
gene200881#supplementary-informationhttps://www.nature.com/articles/
gene200881#supplementary-information . [PubMed: 18843276] 

77. Cooke GS, Campbell SJ, Bennett S, Lienhardt C, McAdam KP, Sirugo G, et al. Mapping of a novel 
susceptibility locus suggests a role for MC3R and CTSZ in human tuberculosis. American journal 
of respiratory and critical care medicine. 2008;178(2):203–7. Epub 2008/04/19. doi: 10.1164/
rccm.200710-1554OC. [PubMed: 18420963] 

78. Miller EN, Jamieson SE, Joberty C, Fakiola M, Hudson D, Peacock CS, et al. Genome-wide scans 
for leprosy and tuberculosis susceptibility genes in Brazilians. Genes & Immunity. 2004;5(1):63–
7. doi: 10.1038/sj.gene.6364031.

79. Jamieson SE, Miller EN, Black GF, Peacock CS, Cordell HJ, Howson JMM, et al. Evidence for a 
cluster of genes on chromosome 17q11–q21 controlling susceptibility to tuberculosis and leprosy 
in Brazilians. Genes & Immunity. 2004;5(1):46–57. doi: 10.1038/sj.gene.6364029. [PubMed: 
14735149] 

80. Bellamy R, Beyers N, McAdam KPWJ, Ruwende C, Gie R, Samaai P, et al. Genetic susceptibility 
to tuberculosis in Africans: A genome-wide scan. Proceedings of the National Academy of 
Sciences. 2000;97(14):8005. doi: 10.1073/pnas.140201897.

81. Thye T, Vannberg FO, Wong SH, Owusu-Dabo E, Osei I, Gyapong J, et al. Genome-wide 
association analyses identifies a susceptibility locus for tuberculosis on chromosome 18q11.2. 
Nature genetics. 2010;42(9):739–41. Epub 2010/08/10. doi: 10.1038/ng.639. [PubMed: 20694014] 

82. Chimusa ER, Zaitlen N, Daya M, Moller M, van Helden PD, Mulder NJ, et al. Genome-wide 
association study of ancestry-specific TB risk in the South African Coloured population. Hum Mol 
Genet. 2014;23(3):796–809. Epub 2013/09/24. doi: 10.1093/hmg/ddt462. [PubMed: 24057671] 

83. Thye T, Owusu-Dabo E, Vannberg FO, van Crevel R, Curtis J, Sahiratmadja E, et al. Common 
variants at 11p13 are associated with susceptibility to tuberculosis. Nature genetics. 
2012;44(3):257–9. Epub 2012/02/07. doi: 10.1038/ng.1080. [PubMed: 22306650] 

84. Curtis J, Luo Y, Zenner HL, Cuchet-Lourenco D, Wu C, Lo K, et al. Susceptibility to tuberculosis 
is associated with variants in the ASAP1 gene encoding a regulator of dendritic cell migration. 
Nature genetics. 2015;47(5):523–7. doi: 10.1038/ng.3248. [PubMed: 25774636] 

85. Grant AV, Sabri A, Abid A, Abderrahmani Rhorfi I, Benkirane M, Souhi H, et al. A genome-wide 
association study of pulmonary tuberculosis in Morocco. Hum Genet. 2016;135(3):299–307. Epub 
2016/01/16. doi: 10.1007/s00439-016-1633-2. [PubMed: 26767831] 

86. Sveinbjornsson G, Gudbjartsson DF, Halldorsson BV, Kristinsson KG, Gottfredsson M, Barrett JC, 
et al. HLA class II sequence variants influence tuberculosis risk in populations of European 
ancestry. Nature genetics. 2016;48(3):318–22. Epub 2016/02/02. doi: 10.1038/ng.3498. [PubMed: 
26829749] 

87. Mahasirimongkol S, Yanai H, Mushiroda T, Promphittayarat W, Wattanapokayakit S, Phromjai J, 
et al. Genome-wide association studies of tuberculosis in Asians identify distinct at-risk locus for 
young tuberculosis. Journal of human genetics. 2012;57(6):363–7. Epub 2012/05/04. doi: 10.1038/
jhg.2012.35. [PubMed: 22551897] 

88. Sobota RS, Stein CM, Kodaman N, Scheinfeldt LB, Maro I, Wieland-Alter W, et al. A Locus at 
5q33.3 Confers Resistance to Tuberculosis in Highly Susceptible Individuals. American journal of 
human genetics. 2016;98(3):514–24. doi: 10.1016/j.ajhg.2016.01.015. [PubMed: 26942285] 

89. Anderson ST, Kaforou M, Brent AJ, Wright VJ, Banwell CM, Chagaluka G, et al. Diagnosis of 
childhood tuberculosis and host RNA expression in Africa. The New England journal of medicine. 
2014;370(18):1712–23. Epub 2014/05/03. doi: 10.1056/NEJMoa1303657. [PubMed: 24785206] 

90. Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, et al. An interferon-inducible 
neutrophil-driven blood transcriptional signature in human tuberculosis. Nature. 
2010;466(7309):973–7. doi: 10.1038/nature09247. [PubMed: 20725040] 

McHenry et al. Page 17

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



91. Bloom CI, Graham CM, Berry MP, Wilkinson KA, Oni T, Rozakeas F, et al. Detectable changes in 
the blood transcriptome are present after two weeks of antituberculosis therapy. PloS one. 
2012;7(10):e46191. doi: 10.1371/journal.pone.0046191.

92. Kaforou M, Wright VJ, Oni T, French N, Anderson ST, Bangani N, et al. Detection of tuberculosis 
in HIV-infected and -uninfected African adults using whole blood RNA expression signatures: a 
case-control study. PLoS medicine. 2013;10(10):e1001538. Epub 2013/10/30. doi: 10.1371/
journal.pmed.1001538.

93. Maertzdorf J, Repsilber D, Parida SK, Stanley K, Roberts T, Black G, et al. Human gene 
expression profiles of susceptibility and resistance in tuberculosis. Genes and immunity. 
2011;12(1):15–22. Epub 2010/09/24. doi: 10.1038/gene.2010.51. [PubMed: 20861863] 

94. Maertzdorf J, Weiner J 3rd, Mollenkopf HJ, Bauer T, Prasse A, Muller-Quernheim J, et al. 
Common patterns and disease-related signatures in tuberculosis and sarcoidosis. Proceedings of 
the National Academy of Sciences of the United States of America. 2012;109(20):7853–8. Epub 
2012/05/02. doi: 10.1073/pnas.1121072109. [PubMed: 22547807] 

95. Ottenhoff TH, Dass RH, Yang N, Zhang MM, Wong HE, Sahiratmadja E, et al. Genome-wide 
expression profiling identifies type 1 interferon response pathways in active tuberculosis. PloS 
one. 2012;7(9):e45839. Epub 2012/10/03. doi: 10.1371/journal.pone.0045839.

96. Zak DE, Penn-Nicholson A, Scriba TJ, Thompson E, Suliman S, Amon LM, et al. A blood RNA 
signature for tuberculosis disease risk: a prospective cohort study. Lancet (London, England). 
2016;387(10035):2312–22. Epub 2016/03/28. doi: 10.1016/s0140-6736(15)01316-1.

97. Thuong NT, Dunstan SJ, Chau TT, Thorsson V, Simmons CP, Quyen NT, et al. Identification of 
tuberculosis susceptibility genes with human macrophage gene expression profiles. PLoS Pathog. 
2008;4(12):e1000229. Epub 2008/12/06. doi: 10.1371/journal.ppat.1000229.

98. Bukhari M, Aslam MA, Khan A, Iram Q, Akbar A, Naz AG, et al. TLR8 gene polymorphism and 
association in bacterial load in southern Punjab of Pakistan: an association study with pulmonary 
tuberculosis. International journal of immunogenetics. 2015;42(1):46–51. Epub 2015/01/13. doi: 
10.1111/iji.12170. [PubMed: 25572425] 

99. Ganachari M, Guio H, Zhao N, Flores-Villanueva PO. Host gene-encoded severe lung TB: from 
genes to the potential pathways. Genes and immunity. 2012;13(8):605–20. Epub 2012/09/21. doi: 
10.1038/gene.2012.39. [PubMed: 22992722] 

100. Jiang D, Wubuli A, Hu X, Ikramullah S, Maimaiti A, Zhang W, et al. The variations of IL-23R 
are associated with susceptibility and severe clinical forms of pulmonary tuberculosis in Chinese 
Uygurs. BMC infectious diseases. 2015;15:550. Epub 2015/12/03. doi: 10.1186/
s12879-015-1284-2. [PubMed: 26626589] 

101. Jurado JO, Pasquinelli V, Alvarez IB, Pena D, Rovetta AI, Tateosian NL, et al. IL-17 and IFN-
gamma expression in lymphocytes from patients with active tuberculosis correlates with the 
severity of the disease. Journal of leukocyte biology. 2012;91(6):991–1002. Epub 2012/03/15. 
doi: 10.1189/jlb.1211619. [PubMed: 22416258] 

102. Kim HS, Park MH, Song EY, Park H, Kwon SY, Han SK, et al. Association of HLA-DR and 
HLA-DQ genes with susceptibility to pulmonary tuberculosis in Koreans: preliminary evidence 
of associations with drug resistance, disease severity, and disease recurrence. Hum Immunol. 
2005;66(10):1074–81. Epub 2006/01/03. doi: 10.1016/j.humimm.2005.08.242. [PubMed: 
16386650] 

103. Magee MJ, Sun YV, Brust JCM, Shah NS, Ning Y, Allana S, et al. Polymorphisms in the vitamin 
D receptor gene are associated with reduced rate of sputum culture conversion in multidrug-
resistant tuberculosis patients in South Africa. PloS one. 2017;12(7):e0180916. Epub 2017/07/13. 
doi: 10.1371/journal.pone.0180916.

104. Masood KI, Rottenberg ME, Carow B, Rao N, Ashraf M, Hussain R, et al. SOCS1 gene 
expression is increased in severe pulmonary tuberculosis. Scandinavian journal of immunology. 
2012;76(4):398–404. Epub 2012/06/08. doi: 10.1111/j.1365-3083.2012.02731.x. [PubMed: 
22670716] 

105. Najmi N, Kaur G, Sharma SK, Mehra NK. Human Toll-like receptor 4 polymorphisms TLR4 
Asp299Gly and Thr399Ile influence susceptibility and severity of pulmonary tuberculosis in the 
Asian Indian population. Tissue Antigens. 2010;76(2):102–9. doi: 10.1111/
j.1399-0039.2010.01481.x. [PubMed: 20403143] 

McHenry et al. Page 18

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



106. Singh A, Gaughan JP, Kashyap VK. SLC11A1 and VDR gene variants and susceptibility to 
tuberculosis and disease progression in East India. Int J Tuberc Lung Dis. 2011;15(11):1468–74, 
i. Epub 2011/10/20. doi: 10.5588/ijtld.11.0089. [PubMed: 22008758] 

107. Streata I, Weiner J 3rd, Iannaconne M, McEwen G, Ciontea MS, Olaru M, et al. The CARD9 
Polymorphisms rs4077515, rs10870077 and rs10781499 Are Uncoupled from Susceptibility to 
and Severity of Pulmonary Tuberculosis. PloS one. 2016;11(9):e0163662. Epub 2016/09/30. doi: 
10.1371/journal.pone.0163662.

108. Thye T, Scarisbrick G, Browne EN, Chinbuah MA, Gyapong J, Osei I, et al. CTLA4 
autoimmunity-associated genotype contributes to severe pulmonary tuberculosis in an African 
population. PloS one. 2009;4(7):e6307. Epub 2009/07/18. doi: 10.1371/journal.pone.0006307.

109. McHenry ML, Bartlett J, Igo RP, Wampande E, Benchek P, Mayanja-Kizza H, et al. Interaction 
between host genes and M. tuberculosis lineage can affect tuberculosis severity: evidence for 
coevolution. bioRxiv. 2019:769448. doi: 10.1101/769448.

110. Stucki D, Brites D, Jeljeli L, Coscolla M, Liu Q, Trauner A, et al. Mycobacterium tuberculosis 
lineage 4 comprises globally distributed and geographically restricted sublineages. Nature 
genetics. 2016;48(12):1535–43. Epub 2016/11/01. doi: 10.1038/ng.3704. [PubMed: 27798628] 

111. Coscolla M, Gagneux S. Consequences of genomic diversity in Mycobacterium tuberculosis. 
Seminars in immunology. 2014;26(6):431–44. Epub 2014/10/22. doi: 10.1016/
j.smim.2014.09.012. [PubMed: 25453224] 

112. Di Pietrantonio T, Hernandez C, Girard M, Verville A, Orlova M, Belley A, et al. Strain-specific 
differences in the genetic control of two closely related mycobacteria. PLoS pathogens. 
2010;6(10):e1001169-e. doi: 10.1371/journal.ppat.1001169.

113. Di Pietrantonio T, Schurr E. Host-pathogen specificity in tuberculosis. Adv Exp Med Biol. 
2013;783:33–44. Epub 2013/03/08. doi: 10.1007/978-1-4614-6111-1_2. [PubMed: 23468102] 

114. Tientcheu LD, Koch A, Ndengane M, Andoseh G, Kampmann B, Wilkinson RJ. Immunological 
consequences of strain variation within the Mycobacterium tuberculosis complex. European 
journal of immunology. 2017;47(3):432–45. Epub 2017/02/06. doi: 10.1002/eji.201646562. 
[PubMed: 28150302] 

115. Wampande EM, Mupere E, Debanne SM, Asiimwe BB, Nsereko M, Mayanja H, et al. Long-term 
dominance of Mycobacterium tuberculosis Uganda family in peri-urban Kampala-Uganda is not 
associated with cavitary disease. BMC infectious diseases. 2013;13:484. Epub 2013/10/19. doi: 
10.1186/1471-2334-13-484. [PubMed: 24134504] 

116. Wampande EM, Naniima P, Mupere E, Kateete DP, Malone LL, Stein CM, et al. Genetic 
variability and consequence of Mycobacterium tuberculosis lineage 3 in Kampala-Uganda. PLOS 
ONE. 2019;14(9):e0221644. doi: 10.1371/journal.pone.0221644.

117. Kodaman N, Sobota RS, Mera R, Schneider BG, Williams SM. Disrupted human-pathogen co-
evolution: a model for disease. Front Genet. 2014;5:290. Epub 2014/09/10. doi: 10.3389/
fgene.2014.00290. [PubMed: 25202324] 

118. Frank SA. Models of parasite virulence. The Quarterly review of biology. 1996;71(1):37–78. 
[PubMed: 8919665] 

119. Sorrell I, White A, Pedersen AB, Hails RS, Boots M. The evolution of covert, silent infection as a 
parasite strategy. Proceedings of the Royal Society B: Biological Sciences. 
2009;276(1665):2217–26.

120. Abel L, Fellay J, Haas DW, Schurr E, Srikrishna G, Urbanowski M, et al. Genetics of human 
susceptibility to active and latent tuberculosis: present knowledge and future perspectives. Lancet 
Infect Dis. 2018;18(3):e64–e75. Epub 2017/11/08. doi: 10.1016/s1473-3099(17)30623-0. 
[PubMed: 29111156] 

121. Anderson RM, May RM. Coevolution of hosts and parasites. Parasitology. 1982;85 (Pt 2):411–26. 
[PubMed: 6755367] 

122. O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP. The immune response 
in tuberculosis. Annu Rev Immunol. 2013;31:475–527. doi: 10.1146/annurev-
immunol-032712-095939. [PubMed: 23516984] 

McHenry et al. Page 19

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



123. Hoal EG, Dippenaar A, Kinnear C, van Helden PD, Moller M. The arms race between man and 
Mycobacterium tuberculosis: Time to regroup. Infect Genet Evol. 2017. Epub 2017/08/28. doi: 
10.1016/j.meegid.2017.08.021.

124. Nahid P, Jarlsberg LG, Kato-Maeda M, Segal MR, Osmond DH, Gagneux S, et al. Interplay of 
strain and race/ethnicity in the innate immune response to M. tuberculosis. PloS one. 
2018;13(5):e0195392. Epub 2018/05/23. doi: 10.1371/journal.pone.0195392.

125. Orlova M, Schurr E. Human Genomics of Mycobacterium tuberculosis Infection and Disease. 
Current genetic medicine reports. 2017;5(3):125–31. Epub 2017/07/25. doi: 10.1007/
s40142-017-0124-7. [PubMed: 29201558] 

126. Salie M, van der Merwe L, Moller M, Daya M, van der Spuy GD, van Helden PD, et al. 
Associations between human leukocyte antigen class I variants and the Mycobacterium 
tuberculosis subtypes causing disease. J Infect Dis. 2014;209(2):216–23. Epub 2013/08/16. doi: 
10.1093/infdis/jit443. [PubMed: 23945374] 

127. Thuong NT, Tram TT, Dinh TD, Thai PV, Heemskerk D, Bang ND, et al. MARCO variants are 
associated with phagocytosis, pulmonary tuberculosis susceptibility and Beijing lineage. Genes 
Immun. 2016;17(7):419–25. Epub 2016/11/18. doi: 10.1038/gene.2016.43. [PubMed: 27853145] 

128. Whalen CC, Zalwango S, Chiunda A, Malone L, Eisenach K, Joloba M, et al. Secondary attack 
rate of tuberculosis in urban households in Kampala, Uganda. PloS one. 2011;6(2):e16137-e. doi: 
10.1371/journal.pone.0016137.

129. Caws M, Thwaites G, Dunstan S, Hawn TR, Lan NT, Thuong NT, et al. The influence of host and 
bacterial genotype on the development of disseminated disease with Mycobacterium tuberculosis. 
PLoS Pathog. 2008;4(3):e1000034. Epub 2008/03/29. doi: 10.1371/journal.ppat.1000034.

130. Didelot X, Walker AS, Peto TE, Crook DW, Wilson DJ. Within-host evolution of bacterial 
pathogens. Nature reviews Microbiology. 2016;14(3):150–62. Epub 2016/0½6. doi: 10.1038/
nrmicro.2015.13. [PubMed: 26806595] 

McHenry et al. Page 20

Infect Genet Evol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Tuberculosis usually requires several steps from exposure to disease

• Human genetic variation associates with most transitions among TB related 

phenotypes

• Mycobacterium-human coevolution can affect TB severity and likely risk
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Figure 1. Tuberculosis Disease Progression.
Possible paths from exposure to disease. A: Transition from Exposure to Infection (usually 

leading to LTBI); B: RSTRs or those who never become infected (a minority of those 

exposed); C: Development of primary active disease (usually in children or individuals who 

are immunocompromised, rare or non-existent in others); D: Transition from infection to a 

state of latency (LTBI, presumably the most common transition post exposure and 

infection); E: Early clearance of infection, manifested as reversion of TST/QFT; F: Re-

activation of disease following a period of latency. Arrow sizes are proportional to likelihood 

of transition.
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Table 1.

Summary of findings for resistance to MTB infection, by phenotype definition and approach

Type of study Gene/Locus Phenotype Population References

Candidate gene ULK1 TST positivity Seattle [21, 22]

SLC6A3 RSTR Uganda [17]

IL10 TST positivity Ghana [20]

Genome-wide 2q21-q24 (GTDC1 and ZEB2) 5p13-q22 RSTR (longitudinal) Uganda [14] [16] [15]

11p14 (TST1) TST positivity (cross-sectional) South Africa [16]

5p15 (TST2) Reactivity (quantitative) [18]

5q31 (including IL9) TST positivity and reactivity Tanzania and Uganda [19]
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Table 2.

Summary of findings from genome-wide scans of TB disease

Approach Locus (nearby gene) Population References

Linkage

5q23.2–31.3, 17p13.3–13.1, 20p13–12.3 Thais [76]

6p21–23 and 20q13.31–33 West Africans [77]

15q and Xq Gambia and South Africa [80]

10q26.13, 11q12.3, and 20p12 Brazilians [78]

17q11–q21 Brazilians [79]

7p22–7p21 Uganda [14]

Association

*3 studies replicating 
same locus

18q11.2 (WT1) Ghana, Gambia, Malawia, Indonesia, South Africa, 
Russia

[81] [82, 83]

14q24.2 11q21-q22 South Africa [82]

ASAP1 Russia [84]

HLA Variants Russia, Iceland, Croatia [86]

20q12 Japan (young onset TB) [87]

5q33.3 (IL12B) Uganda and Tanzania (HIV+) [88]
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Table 3.

Genes associated with severity

Gene Definition of severity Population References

MCP1/MMP1/PAR1 Bandim TBscore Peru [99]

IL12B Bandim TBscore Uganda [109]

SOCS Parenchymal Involvement Pakistan [104]

IL17 & IFNG Radiological/Clinical Severity Argentina [101]

TLR4 Bacillary load & Lung Involvement India [105]

CTLA4 Chest opacity size Ghana [108]

HLA-DRB1 Advanced nature of lung lesions Korea [102]

IL23R Cavitary Disease China (Uygur) [100]

SLC11A1 Cavitary Disease East India [106]

TLR8 Bacterial Load Pakistan [98]
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