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Abstract: Tuberculosis remains a global health concern, with substantial mortality rates worldwide. Genetic factors play a significant role 
in influencing susceptibility to tuberculosis. This review examines the current progress in studying polymorphisms within immune genes 
associated with tuberculosis susceptibility, focusing on African populations. The roles of various proteins, including Toll-like receptors, 
Dendritic Cell-Specific Intercellular Adhesion Molecule-3 Grabbing Non-Integrin, vitamin D nuclear receptor, soluble C-type lectins such 
as surfactant proteins A and D, C-type Lectin Domain Family 4 Member E, and mannose-binding lectin, phagocyte cytokines such as 
Interleukin-1, Interleukin-6, Interleukin-10, Interleukin-12, and Interleukin-18, and chemokines such as Interleukin-8, monocyte chemoat-
tractant protein 1, Regulated upon activation, normal T-cell expressed and secreted are explored in the context of tuberculosis susceptibility. 
We also address the potential impact of genetic variants on protein functions, as well as how these findings align with the genetic 
polymorphisms not associated with tuberculosis. Functional studies in model systems provide insights into the intricate host-pathogen 
interactions and susceptibility mechanisms. Despite progress, gaps in knowledge remain, highlighting the need for further investigations. 
This review emphasizes the association of Single Nucleotide Polymorphisms with diverse aspects of tuberculosis pathogenesis, including 
disease detection and Mycobacterium tuberculosis infection. 
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Background
Tuberculosis (TB) is a pervasive bacterial infection caused by Mycobacterium tuberculosis (Mtb), contributing signifi-
cantly to global mortality. Despite Mtb’s latent infection in a substantial proportion of the global population, only 
a fraction progresses to active TB. The disproportionate burden of TB in Sub-Saharan Africa and Southeast Asia 
underscores its public health significance.1,2 Mycobacterium tuberculosis’s intracellular nature and host-specific interac-
tions highlight the genetic basis of susceptibility.

Numerous studies have explored the connection between genomic loci and TB susceptibility, encompassing candidate 
genes, family aggregation, twin studies, house contacts, and genome-wide analyses.3 Key players in TB susceptibility 
include genes encoding proteins such as major histocompatibility complex/human leukocyte antigen (MHC/HLA), tumor 
necrosis factors (TNFs) and their receptors, immune-related GTPases (IRGs), NRAMP1 (SLC11A1), Toll-like receptors 
(TLRs), vitamin D nuclear receptor (VDR), and cell surface proteins like collectins.4,5

The complex interplay between host genetics and TB susceptibility underscores the need for a nuanced understanding. 
While existing literature offers insights, inconsistencies arise, necessitating a deeper exploration of innate immune genes. 
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Genetic polymorphisms associated with TB susceptibility display varying frequencies across populations, suggesting the role 
of environmental selection pressures.5,6

This review focuses on polymorphisms in immune genes linked to pulmonary TB susceptibility in African popula-
tions, Table 1. By elucidating the interaction between host molecules and Mtb, we aim to contribute to the design of 
effective strategies against tuberculosis.

Table 1 Association Studies of Polymorphisms in Immune Genes and Tuberculosis

Gene Polymorphism/Genetic Loci Population T.B. Association References

DC-SIGN −336G/A(Promoter) South Africa Yes [3]
Tunisia No [4]

−871G/A(Promoter) The Gambia Yes [5]

South Africa Yes [3]
TLR2 R677W(Exon) Tunisia Yes [6]

Insertion/deletion(Promoter) Guinea-Bissau Yes [7]

TLR4 D2999G(Exon) Gambia/Guinea- 
Bissau

No [8,9]

TIRAP S180L(Exon) West Africa Yes [10]

CR1 Q1022H(Exon) Malawi Yes [11]
P2X7 15151A/C(Exon) Gambia No [12]

−762T/C(Promoter) Gambia Yes [12,13]

VDR Apal(Exon) Guinea-Bissau Yes [14]
Tanzania No [15]

Bsm(Exon) Meta-analysis(Africa) No [16]

Folk1(Exon) Tanzania No [15]
Taq1(Exon) The Gambia Yes [17]

Tanzania No [15]

FOLKI Bsm1-Apal-Taq1 West Africa Yes [18]
Haplotype South Africa Yes [19]

SP-A1 307G/A, 776C/T(Exon) Ethiopia Yes [20]

SP-A2 355C/G, 751A/C(Exon) Ethiopia Yes [20]
MBL A/O genotype Tanzania No [15]

G57E(Exon) Ghana Yes [21]

IL1β −511T/C(Promoter) Gambia Yes [22]
IL-8 −251T/A(Promoter) Gambia No [23]

−781T/C(Exon) Gambia No [23]

IL-10 −1082 allele/genotype Egypt No [24]
MCP-1(CCL2) −2518A/G(Promoter) Zambia, Tunisia Yes [25,26]

−2518AA genotype Zambia No [26,27]

−362G/C(Promoter) Ghana Yes
RANTES(CCL5) −403G/A,-28C/G or GG, AC Haplotype Tunisia Yes [28]

iNOS(NOS2) rs9282799, rs8078340(Promoter) haplotypes South Africa Yes [29]

SLCIIA1 
(NRAMP1)

31-UTR Gambia Yes [30,31]
D543N(Exon) Gambia Yes [31]

51(GT)n(Promoter) Gambia/South Africa Yes [31–33]

Tanzania Yes [15]
INT4(Intron) Gambia Yes [31,34]

TLR9 rs352143 Uganda/Tanzania Yes

IL-12 rs4021437 Uganda/Tanzania Yes
HLA-DRB1 HLA-DRB1*1302 South Africa

ILIB
CLEC4E(Mincle) rs10841847 Guinea-Bissau Yes [35]
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The African Context
Understanding the genetic basis of tuberculosis (TB) susceptibility is a complex endeavor that requires careful 
consideration of diverse populations. Focusing on African populations in TB polymorphism studies is a strategic choice 
driven by various scientific, epidemiological, and ethical considerations. This justification aims to elucidate the rationale 
behind concentrating exclusively on African populations.

High TB Burden in Africa
Africa bears a substantial burden of TB, with high prevalence rates and a significant impact on public health.7 By 
concentrating on African populations, we prioritize a region where TB poses a severe threat to community well-being. 
Tuberculosis in Africa is characterized by a multifaceted interplay of factors, including TB-HIV co-infection, poverty, 
weak healthcare systems, and drug resistance. These unique challenges underscore the necessity for tailored interventions 
that address the specific needs of African communities.

Genetic Diversity in African Populations
Africa is characterized by unparalleled genetic diversity, owing to its rich history, diverse ethnicities, and unique 
population structures.8 Investigating TB polymorphisms in this context allows for a nuanced exploration of genetic 
variants that may be specific to African populations. This approach aligns with the growing recognition of the importance 
of population-specific genetic studies.

Prevalence of HIV Co-Infection
TB-HIV co-infection represents a critical aspect of TB epidemiology in Africa. HIV weakens the immune system, 
heightening susceptibility to TB infection and increasing the risk of TB reactivation among individuals with latent TB. 
Numerous studies have underscored the strong association between HIV and TB in Africa, with a significant proportion 
of TB cases occurring among HIV-positive individuals.1,9

Impact of Poverty and Socioeconomic Factors
Poverty and socioeconomic disparities significantly fuel the TB epidemic in Africa. Factors such as poor living 
conditions, overcrowding, limited healthcare access, and inadequate nutrition contribute to the transmission and persis-
tence of TB in many African communities.10 These challenges exacerbate efforts to control TB and impede the 
achievement of optimal treatment outcomes.

Challenges Posed by Weak Healthcare Systems
Africa’s healthcare systems grapple with resource constraints, infrastructure deficiencies, and staffing shortages, presenting 
substantial barriers to effective TB control. Inadequate diagnostic capacities, limited access to quality medications, and 
suboptimal adherence to treatment regimens further complicate TB management in numerous African countries.11 

Strengthening healthcare systems and enhancing access to TB care are paramount for reducing the burden of TB in Africa.

Emergence of Drug Resistance
The emergence of drug-resistant TB strains, including multidrug-resistant (MDR) and extensively drug-resistant (XDR) 
variants, poses a formidable challenge to TB control efforts across Africa. Limited access to quality diagnostic tools, 
inappropriate treatment regimens, and poor treatment adherence contribute to the proliferation of drug-resistant TB 
strains in the region.12 Addressing the menace of drug-resistant TB demands enhanced surveillance, rigorous infection 
control measures, and expanded access to effective treatment modalities.

Environmental and Socioeconomic Factors
The interplay between genetics and environmental factors is a crucial aspect of TB susceptibility. African populations often 
face unique environmental challenges and socioeconomic conditions that influence disease dynamics. Investigating TB 
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polymorphisms in this context allows for a holistic understanding of the gene-environment interactions contributing to TB 
susceptibility.

Precision Medicine and Targeted Interventions
African populations deserve tailored medical interventions that consider their unique genetic makeup. Precision medicine 
initiatives aim to develop therapies specific to individual genetic profiles.13 By focusing on TB polymorphisms in African 
populations, we contribute to the development of targeted interventions that address the specific needs of this population. 
Therefore, the decision to study TB polymorphisms in African populations is rooted in the region’s high TB burden, 
genetic diversity, unique environmental challenges, and the pursuit of precision medicine. By concentrating our efforts in 
this context, we aim to unravel population-specific genetic factors influencing TB susceptibility, ultimately contributing 
to more effective and targeted strategies for TB control in Africa.

Epidemiological Data
Tuberculosis remains a pressing public health concern, particularly in African populations, where it continues to exert 
a significant burden on health systems and communities. The incidence rates, mortality rates, and demographic 
characteristics associated with TB in Africa are shown in Table 2.14

Table 2 The Incidence, Mortality Rates, and Demographic Characteristics Associated 
with TB in Africa

Country Incidence 
(Per 100,000 
People)

Mortality Rate Demographic Characteristics

Lesotho 661 351.9 Gender Females Males

C.A.R 540 364.9 Age group

Gabon 509 63.0 0–4 27,383 30,866

Namibia 450 59.0 5–14 40,771 40,966

South Africa 468 92.0 15–24 100,262 118,373

Congo Rep. 369 169.1 25–34 127,977 192,818

Mozambique 361 308.1 35–44 111,570 192,355

Guinea Bissau 361 276.9 45–54 75,821 131,001

Angola 333 168.0 55–64 53,028 84,921

Eswatini 325 243.5 ≥65 43,331 66,901

Congo.Dem.Rep 317 233.1

Liberia 308 8.84

Sierra Leone 286 243.4

Zambia 295 217.9

Eq. Guinea 273 169.6

Somalia 246 291.0

Madagascar 233 225.0

Kenya 231 154.9

Botswana 229 176.2

South Sudan 227 154.2

Nigeria 219 167.2

Zimbabwe 204 20

Uganda 198 201.1

Tanzania 195 146.8

Guinea 175 263.9

Cameroon 157 240.8

Gambia 145 240.7

Ghana 133 36

Ethiopia 126 160.1

Malawi 125 168.2

Abbreviations: C.A.R, Central African Republic; Eq, Equatorial; Dem, Democratic; Rep, Republic.

https://doi.org/10.2147/TACG.S457395                                                                                                                                                                                                                                

DovePress                                                                                                                                            

The Application of Clinical Genetics 2024:17 36

Wodelo et al                                                                                                                                                         Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


TB Incidence Rates
Countries such as Lesotho, C.A.R, Gabon, South Africa have the highest Tb incident rates on the continent. However, 
progress has been made in reducing TB incidence in several African countries through increased access to diagnostic and 
treatment services, Table 2.

TB Mortality Rates
Somalia, Mozambique, Lesotho and C.A.R are among the countries with the highest TB mortality rates in Africa. TB 
mortality rates in Africa are closely linked to factors such as HIV co-infection, drug resistance, and healthcare access. 
While mortality rates have declined in recent years due to improved TB control efforts, they remain significant, 
particularly in countries with high HIV prevalence.

Demographic Features
Young adults, particularly those in the economically productive age group, are disproportionately affected by TB. 
Additionally, men are more likely to develop TB than women in many African countries, due to social and behavioral 
factors as seen in Table 2. Socioeconomic disparities, including poverty, overcrowding, and limited access to healthcare, 
contribute to the unequal distribution of TB within communities. Urban areas tend to have higher TB burdens due to 
population density and environmental factors, although rural areas are not exempt from the disease.

Roles of Proteins in Host – Pathogen Interaction
In the realm of tuberculosis susceptibility, extensive research is focused on elucidating the intricate roles of various 
proteins to decipher the underlying mechanisms governing host-pathogen interaction. These proteins, encompassing Toll- 
like receptors (TLRs), Dendritic Cell-Specific Intercellular Adhesion Molecule-3 Grabbing Non-Integrin (DC-SIGN), the 
vitamin D nuclear receptor, soluble C-type lectins such as surfactant proteins A and D, C-type Lectin Domain Family 4 
Member E (CLEC4E), and mannose-binding lectin (MBL), represent integral components of the immune system’s 
response to Mycobacterium tuberculosis (MTB) infection.

As we embark on an in-depth exploration of the nuanced interplay between these proteins and MTB, we intent to 
uncover their individual and collective contributions to TB susceptibility. Farthermore, discerning the roles of phagocyte 
cytokines, including Interleukin-1 (IL-1), Interleukin-6 (IL-6), Interleukin-10 (IL-10), Interleukin-12 (IL-12), and 
Interleukin-18 (IL-18), alongside chemokines such as Interleukin-8 (IL-8), monocyte chemoattractant protein 1 (MCP- 
1), and Regulated upon activation, normal T-cell expressed and secreted (RANTES). This comprehensive investigation 
serves to enhance our understanding of the immune response to TB infection, paving the way for novel insights into TB 
susceptibility mechanisms and potential avenues for therapeutic intervention.

The Human Leukocyte Antigens(HLAs)
The Human Leukocyte Antigen (HLA) molecules are proteins found on the surface of cells in the human body. They play 
a crucial role in the immune system by presenting antigens, which are fragments of proteins from pathogens like bacteria 
and viruses, to T cells. This process is essential for the immune system to recognize and respond to foreign invaders 
while distinguishing them from the body’s own cells. HLA molecules are highly diverse and polymorphic, meaning they 
exist in many different forms within human populations. This diversity is important for immune system function and 
contributes to individual differences in immune responses to pathogens, susceptibility to diseases, and compatibility for 
organ and tissue transplantation.

Recent studies have revealed that specific Human Leukocyte Antigen (HLA) alleles might contribute to either 
increased or decreased susceptibility to tuberculosis (TB) within African communities.5 For instance, investigations 
have established correlations between certain HLA class I alleles—such as HLA-B39:01 and HLA-B58:01—and 
elevated TB susceptibility among West African populations. Conversely, alternative HLA class I alleles, like HLA- 
B*57:01, have demonstrated a protective association against TB within African cohorts.15,16

Furthermore, HLA class II alleles have emerged as significant factors in TB susceptibility among African 
populations.16 Notably, research has identified links between particular HLA-DRB1 alleles—such as HLA-DRB115:01 
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and HLA-DRB104:05—and heightened susceptibility to TB among East and West African groups. Conversely, con-
trasting HLA-DRB1 alleles, including HLA-DRB110:01 and HLA-DRB111:01, have shown protective effects against 
TB within African populations.

It is crucial to recognize the intricate nature of the relationship between HLAs and TB susceptibility, influenced by 
diverse factors such as genetic background, environmental exposures, and host-pathogen interactions. Moreover, the 
prevalence of specific HLA alleles may exhibit variability across different African populations, underscoring the 
necessity for population-specific investigations to comprehensively grasp the genetic determinants of TB susceptibility.

Soluble C-Type Lectins (Collectins)
Collectins, including MBL, SP-A, and SP-D, are calcium-dependent lectins crucial for innate immunity. Previous data on 
calcium-dependent (C type) lectins reveals the close relationship between the bacillus with MBL and SP-A, SP-D17 

Specifically, SP-A and SP-D, located in the alveoli and respiratory epithelium, play a pivotal role in the defense against 
intracellular pathogens, including Mtb. SP-A and SP-D, collagen-like glycoproteins, serve as opsonins, enhancing phagocy-
tosis by alveolar macrophages.17–19 Additionally, SP-A interacts with alveolar macrophages, modulating TLR2 and TLR4 
pathways,18 showcasing the intricate immune pathways influenced by these collectins. SP-A’s impact on inflammatory cells 
depends on the cell state, resulting in the inflammatory paradox. While enhancing cytokine release during infection, SP-A also 
suppresses macrophage secretion, revealing a complex regulatory role in the immune response.

Polymorphic changes in the genes encoding SP-A and SP-D, particularly in the amino acid sequences, contribute to 
susceptibility to TB.20 Genetic changes in SP-A and SP-D amino acid sequences have functional consequences. Single 
nucleotide polymorphisms in these proteins occur when a single nucleotide (adenine, thymine, cytosine, or guanine) in a DNA 
sequence is altered or substituted with a different single nucleotide at a specific position in the genome. These genetic variants 
may either result in a synonymous or non-synonymous substitution. Since interactions of SP-A and SP-D with the same and or 
different pathogens occur. A polymorphism in SP-A reduces binding to Mtb, increasing susceptibility, while a genetic change 
in SP-D alters the sequence, affecting bacterial surface binding and increasing uptake by alveolar macrophages.

Membrane Binding Lectins (MBL)
Membrane-binding lectin, a soluble pathogen recognition receptor, plays a pivotal role in host defense against bacterial 
pathogens. Its hexameric structure, akin to the C1q component of the complement system, facilitates the opsonization of 
microbes, enhancing phagocytosis. MBL also contributes to inflammation by clearing apoptotic cells and releasing 
cytokines.21,22 MBL gene polymorphisms contribute to variations in blood levels and hexamer formation. MBL gene 
duplication results in the identification of two genes, MBL1 and MBL2, with MBL2 being the representative in humans. 
The MBL2 gene encompasses four coding regions (exons) separated by three non-coding regions (introns) at codon 
positions 52, 54, and 57, featuring variant alleles, D, B, and C, respectively. Certain alleles are linked to impaired 
hexamer formation and reduced blood levels.5

Mutations at specific codons resulting in low MBL levels increase susceptibility to various infections, particularly in 
individuals with other immune defects. Despite numerous studies exploring MBL alleles and their polymorphisms 
(Table 1), inconsistent results underscore the imperative to comprehensively understand the relationship between TB 
establishment and the polymorphic variants in the MBL gene.

Mannose-binding lectin-2 variants exhibit relatively frequent occurrences, albeit unevenly distributed across human 
populations.23 Notably, allele B is prevalent in Asian and native South African populations but absent in the West African 
population. Conversely, allele D is confined to North Africa and Caucasian populations, while allele C is predominant in 
Sub-Saharan Africa. These allele frequency disparities shed light on the biological advantage of MBL low levels in 
specific populations.

In summary, individuals with low MBL levels face increased susceptibility to various infections, particularly when 
coupled with other immune defects. Despite numerous studies exploring MBL alleles and their polymorphisms (Table 1), 
inconsistent results underscore the imperative to comprehensively understand the relationship between TB establishment 
and the polymorphic variants in the MBL gene. Notably, the allele frequency disparities observed, especially the 
prevalence of allele B in certain populations and the restriction of allele D to specific regions, shed light on the biological 
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advantages associated with MBL low levels in distinct populations. Further investigations are warranted to unravel the 
precise mechanisms linking MBL polymorphisms and TB establishment, paving the way for targeted interventions and 
a deeper understanding of host-pathogen interactions.

CLEC4E (C-Type Lectin Domain Family 4 Member E)
CLEC4E is a calcium-dependent lectin characterized by carbohydrate recognition domains (CRDs), facilitating its 
involvement in pathogen recognition and cellular interactions.24 Specifically, CLEC4E encodes the receptor Mincle, 
situated on the outer membrane of macrophages. Mincle is responsible for recognizing trehalose-6, 6-dimycolate (TDM), 
a component in the mycobacterial cell wall.25 This recognition triggers signaling cascades within the innate immune 
system, initiating a robust response to mycobacterial infection.

A single nucleotide polymorphism (SNP) at rs10841847 within CLEC4E has emerged as a crucial determinant in TB 
susceptibility. The minor allele (G˃A) at this locus is associated with an increased vulnerability to pulmonary TB. This 
emphasizes the significance of CLEC4E in the context of TB pathogenesis.25 However, the complex landscape of TB 
susceptibility is likely influenced by multiple genetic factors, necessitating further investigations. While the association 
between CLEC4E and pulmonary TB is evident, published studies present inconsistent findings. Notably, research in 
admixed South African populations did not yield statistically significant results, while a study in Northern China reported 
a decreased predisposition to active TB associated with CLEC4E minor alleles.24,26,27 These discrepancies underscore the 
need for more comprehensive research to establish the causal link between CLEC4E and TB susceptibility, considering 
potential confounding factors.

Studies involving mice lacking the Mincle gene offer insights into its role in the immune response against 
Mycobacterium tuberculosis (Mtb). Depletion of Mincle resulted in the inability to recruit and adhere neutrophils to 
the site of invasion, impacting the formation of lung granulomas.28 Altered DNA sequences, such as those associated 
with the rs10841847 SNP, disrupt the normal functioning of Mincle receptors, potentially compromising the ability to 
bind tubercle glycolipid and increasing susceptibility to TB. Interestingly, studies with knockout mice showed 
a paradoxical outcome, with a higher bacterial load compared to wild-type mice, suggesting a Mincle-mediated immune 
response against Mtb.29 This paradox may be attributed to additional genetic factors influencing the sustained immune 
response, indicating the complexity of host-pathogen interactions in secondary TB.

Pathogen Recognition Receptors (PRRs)
Pathogen recognition receptors are membrane and transmembrane receptors located on the dendritic cells, macrophages, 
and epithelial cells (exogenous sensors) that recognize different types of Pathogen Associated Molecular Patterns 
(PAMPs). Macrophage PRRs and phagocytic receptors causative to mycobacterial diseases, especially T.B., have been 
discussed in several recent reviews.17,24,25 These include cell membrane-bound receptors, such as the mannose receptor 
(M.R., CD206), dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN) (CD209), Dectin-1, and TLRs. 
However, in this review, we shall focus on the DC-SIGN and TLRs, which have been associated with Tuberculosis in 
the African population. This is because they have been adequately studied and have been associated with tuberculosis 
disease susceptibility and are expressed on many immune cells that recognize numerous molecules of different pathogens 
including the Mycobacterium tuberculosis.

The exploration of Pathogen Recognition Receptors (PRRs) in dendritic cells, macrophages, and epithelial cells is 
crucial for deciphering how these receptors recognize diverse Pathogen Associated Molecular Patterns (PAMPs). The 
emphasis on cell membrane-bound receptors, such as mannose receptor (M.R., CD206), dendritic cell-specific ICAM- 
3-grabbing non-integrin (DC-SIGN), and Toll-Like Receptors (TLRs), provides a foundation for understanding the initial 
steps of host-pathogen recognition.30–32

The selective focus on DC-SIGN and TLRs, particularly TLR2, TLR4, and TLR9, is well-justified, considering their 
extensive associations with TB susceptibility in the African population.31,33,34 These receptors, expressed on various 
immune cells, serve as critical mediators in the immune response against Mycobacterium tuberculosis. Their well-studied 
roles in recognizing M. tuberculosis components make them pivotal players in the host defense against TB.35,36
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The investigation of Toll-Like Receptors (TLRs) further deepens our understanding of the genetic variants associated 
with TB susceptibility. The elucidation of TLR1, TLR2, TLR4, and TLR9 variations across different populations 
provides a nuanced perspective on the global landscape of TB genetics.31 Polymorphisms in these TLRs, including 
TLR1 G1805T, TLR2 T597C, T1350C, TLR6 C745T, and TLR4 Asp 299Gly, Thr399Ile, reveal potential risk factors for 
TB susceptibility.31,33,34,37

The signaling pathways initiated by TLR2 and TLR4, leading to the activation of NF-κB and other cascades, are 
critical in understanding TB susceptibility.35 The identification of specific genetic changes in TLR2, TLR4, and TLR9 
associated with TB susceptibility, such as the R753Q variant in TLR2, adds a layer of complexity to our understanding.38 

The review delves into the influence of these variants on signaling pathways and their impact on TB progression.

Toll-Like Receptors (TLRs)
Toll-like receptors expressed on various immune cell types, serve as critical mediators in the immune response against 
a spectrum of pathogens, including Mtb.31,39 Recognizing a diverse array of microbial molecules, TLRs initiate 
transcription and proinflammatory gene processes. TLRs are categorized based on their cellular localization—surface- 
bound (eg, TLR2 and TLR4) and intracellular (eg, TLR8 and TLR9).35 The mycobacterial cell wall components are 
recognized by multiple TLRs, emphasizing their crucial role in the immune response to MTB.34,40

Genetic variants within TLRs have been identified globally, with polymorphisms in TLR1, TLR2, TLR4, TLR8, and 
TLR9 associated with TB susceptibility.26,31,40 Notably, TLR2 stands out with higher prevalence in genetic variants, 
forming a heterodimer with TLR1 or TLR6.36 The TLR2 signaling pathway, particularly involving the TIR domain- 
containing adaptor protein (TIRAP), plays a pivotal role in the inflammatory response to MTB.35,36

In the context of the African population, TLR-2, TLR-4, and TLR-9 emerge as key players in TB susceptibility. The 
R753Q variant in TLR2 influences disease progression in children.38 Contrasting reports on TLR4 variant D299G 
highlight its association with TB susceptibility in HIV-infected patients in Tanzania.37,41 The intricate interplay between 
HIV and TLR variants underscores the multifactorial nature of susceptibility in co-infected individuals. The signaling 
pathways initiated by TLR2 and TLR4, culminating in the activation of NF-κB, are central to TB susceptibility. 
Noteworthy changes in these domains correlate with variations in TB susceptibility. The nonsynonymous SNP S180L 
in TIRAP confers protective signal transduction within TLR2.10 Additionally, TLR7 and TLR8 genetic polymorphisms 
are associated with TB susceptibility, influencing phagocytosis and immune activation.42 Evidence from TLR9-deficient 
mice further supports the critical role of TLRs in the innate defense against MTB.26 These results provide proof that 
TLRs and their signaling moieties in their pathways possess susceptible genes that are associated with Tuberculosis. 
However, due to variations within individual genes in the different racial populations, it is very hard to make a close 
linkage of the genetic factors that bring about the association.

Dendritic Cell-Specific Intercellular Adhesion Molecule-3 Grabbing Non-Integrin 
(DC-SIGN)
DC-SIGN is characterized by a carbohydrate recognition domain (CRD) at its extracellular COOH-terminal end. Its 
expression on macrophages is influenced by tissue type and activation state.32,39 Notably, DC-SIGN is induced in 
alveolar macrophages from M. tuberculosis-infected patients, marking its relevance in the context of TB infection.35 The 
binding of M. tuberculosis to DC-SIGN initiates phagocytosis, allowing the pathogen to enter human monocyte-derived 
D.C.s. This interaction directly interferes with dendritic cell maturation, contributing to the intricate host-pathogen 
dynamics.33 The cytoplasmic tail of DC-SIGN, housing three conserved motifs, plays a crucial role in ligand binding, 
receptor signaling, phagocytosis, and intracellular trafficking of ligand particles.33 This calcium-dependent lectin, known 
for its affinity for mannose-rich molecules, is expressed predominantly on dendritic cells (D.C.s) and, to varying degrees, 
on macrophages.34 The dynamic interplay between TB and DC-SIGN involves ligand binding, phagocytosis, and 
modulation of dendritic cell maturation.32,39

Genetic variations in DC-SIGN have been implicated in TB susceptibility, with polymorphisms in the promoter 
region (eg, −871A/G and −336A/G) associated with distinct susceptibility patterns (Table 1). Notably, studies in the 
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untranslated regions (UTRs) of CD209 and CD207R genes have revealed variations in gene frequency within African 
indigenous individuals and the Caucasian American population, underscoring the importance of ethnic, racial, and 
geographical diversity in TB susceptibility assessment.36 A genetic comparison between African and Eurasian popula-
tions has revealed notable disparities, particularly in the frequency of the polymorphic allele −871G. This allele is 
significantly more prevalent in Eurasians than in Africans, suggesting a genetic migration and close association leading to 
its introduction into the South African population.43 The absence of haplotypes −871G and −336A in most African 
populations, except for colored South Africans, further emphasizes the impact of genetic migration on TB susceptibility. 
In conclusion, such genetic variations tend to influence translation and gene polymorphisms.

Solute Carrier Family 11A, Member 1, SLC11A1 or Natural Resistance-Associated 
Macrophage Protein 1, or NRAMP1)
The SLC11A1 (NRAMP1) gene encodes a membrane transporter protein whose function is to regulate the cytoplasmic 
cation levels, especially iron. Iron is essential for the cell to generate reactive oxygen and nitrogen intermediates. It, 
therefore, acts as a divalent cation transporter across phagosomal membranes.38 The origin of the gene from a mouse is 
responsible for its resistance to infections by intracellular pathogens, especially the mycobacteria.37

SLC11A1’s function as a divalent cation transporter across phagosomal membranes is critical in modulating the 
concentration of metal ions within the phagosome. This regulation is paramount for macrophage defense against bacterial 
infections, specifically by reducing the metal ion concentration where bacterial pathogens reside. A defective NRAMP 
gene, however, results in increased metal ion accumulation, supporting bacterial growth and compromising the host’s 
ability to resist infection.

Studies across diverse populations and recent meta-analyses have highlighted the influence of SLC11A1 polymorph-
isms on TB susceptibility. Four key polymorphisms (3=-UTR, D543N, 5= (G.T.) and INT4 have been extensively studied 
globally. Although findings exhibit some contradictions in various populations, a meta-analysis in China and an 
association in Turkey underscore the significance of these polymorphisms in TB development.

A systematic review conducted in China further demonstrates the role of SLC11A1 polymorphisms, particularly at the 
D543N and INT4 loci, in response to infection rather than solely to Mycobacterium tuberculosis.42,44,45 Additionally, 
studies in the Gambia suggest potential links between SLC11A1 gene polymorphisms, abnormal iron levels, gene- 
nutrient interactions, and mortality prediction in HIV-infected patients. This raises intriguing questions about the 
potential risk of TB development in HIV patients with clinically abnormal iron levels and gene-nutrient interactions. 
Genetic interactions, such as those observed between TLR2 and polymorphism rs3731865 in African Americans, 
emphasize the significance of gene-gene interactions in host-pathogen genetic studies. These findings highlight the 
complexity of allelic heterogeneity within SLC11A1 and underscore the importance of considering various factors in 
understanding TB susceptibility.

Highlighted associations with SNPs in SLC11A1 are attributed to adjacent SNPs in linkage disequilibrium with 
reported variants. However, the 5- (G.T.) repeat in the promoter region of SLC11A1 has been shown to affect promoter 
activity, with allele 3 displaying greater basal and lipopolysaccharides (LPS)-stimulated activity. This intriguing gene 
activity, although insufficient for establishing clear evidence for in vivo activity, links high activity with resistance and 
low activity with susceptibility to tuberculosis.46

Chemokines (Chemotactic Cytokines)
Chemokines are a large family of structurally homologous cytokines, secreted proteins that signal through cell surface 
G protein-coupled heptahelical chemokine receptors that stimulate leukocyte movement and regulate the migration of 
leukocytes from the blood to tissues. Therefore, chemokines are proinflammatory cytokines of low molecular size, which 
coordinate the migration and activation of different leukocyte populations. The structurally homologous chemokines are 
categorized into four groups based on conserved cysteine arrangement: CXC, CC, C, and CX3C. These low molecular- 
size proinflammatory cytokines play a pivotal role in coordinating the migration and activation of various leukocyte 
populations.1
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Upon activation of alveolar macrophages by intracellular M. tuberculosis, a cascade of chemokines is released. 
Notable among these are IL-8 (CXCL8), monocyte chemoattractant protein 1 (MCP-1, CCL2), RANTES (CCL5), and 
CXCL10 (IP-10). These chemokines act as molecular messengers, orchestrating the migration and activation of T cells 
and macrophages to sites of Mtb infection. This orchestrated response forms the characteristic tuberculous granuloma, 
a fortress against the dissemination of the organism.2 Systematic reviews and research articles have extensively 
documented the significance and genetic variations within various chemokines combating Mycobacterium 
tuberculosis.25,47,48 Polymorphic variations, particularly in the promoter regions of these genes, can modulate transcrip-
tion and translation, influencing the overall production and activity of chemokines.3,4

The production of chemokines is indispensable for recruiting inflammatory cells to the infection site. Early recruitment of 
macrophages is pivotal for infection control.5 M. tuberculosis, a potent inducer of chemokines, triggers protective and 
immunopathogenic host responses. Studies on human macrophages infected in vitro have revealed the induction of CCL2, 
CCL3, CCL4, and CCL5 in response to virulent mycobacterial strains.49 Regulated upon activation, normal T-cell expressed, 
and secreted (RANTES) plays a critical role in T-cell activation and macrophage activation.50 Clinical studies have detected 
the presence of MCP-1, MIP-1a, RANTES, and IP-10 in the serum and bronchoalveolar lavage of TB patients.51 Alveolar 
macrophages, in particular, produce a distinct profile of chemokines, suggesting a role in the influx of cells to the infection site, 
and influencing granuloma formation.52 The expression of chemokines by macrophages not only influences TNF-α production 
but also affects chemokine receptor expression. Specifically, CCL2, CCL3, CCL4, CCL5, CXCL10, and CXCL13 expression 
is modulated by macrophages in response to Mtb infection.53 Furthermore, TNF-α itself can influence the chemokine network 
expression, indirectly impacting granuloma formation.54 This intricate interplay extends to mycobacterial cell wall compo-
nents, regulating the induction of chemokine secretion by macrophages.55

Rantes (Ccl5)
RANTES (regulated upon activation, normal T-cell expressed, and secreted), a member of the C-C chemokine subfamily 
or beta chemokine. RANTES exhibits chemotactic properties for monocytes, memory T cells, and eosinophils. In 
addition, it triggers histamine release from human basophils.56,57 Notably, in a murine model, RANTES has been 
identified as a key player in promoting granuloma formation within M. tuberculosis-infected lungs.56 This process 
involves the recruitment of immune cells to the infected area, subsequently limiting the intracellular growth of 
mycobacteria and inducing direct antimicrobial activity, notably through the release of nitric oxide (NO) in alveolar 
macrophages.58 The protective immunity conferred by RANTES, as evidenced in knockout mice, underscores its 
significance in the defense against TB.20

Exploring the genetic landscape, the promoter region of the RANTES gene reveals two variants, −403G/A and −28C/ 
G, associated with Tuberculosis (Table 1). These single nucleotide polymorphisms may confer either resistance or 
susceptibility to TB.59 A recent discovery highlights a functionally important polymorphism, In1.1T/C, located in the 
intron of RANTES. This polymorphism regulates gene transcription by differentially binding to alternative forms of 
nuclear proteins. The complexity of RANTES transcription regulation is further unraveled through haplotype analysis. 
Haplotypes II (A-C-T) and V (G-C-C) exhibit opposing effects on RANTES transcription, with II up-regulating and 
V down-regulating the process. The luciferase assay, correlating RANTES SNPs with transcription activity, supports this 
functional insight. Consequently, RANTES concentrations in bronchoalveolar lavage fluid of pulmonary TB patients 
demonstrate acute elevation during infection and subsequent decline during convalescence. This underscores the dynamic 
role of RANTES up-regulation in the immune response against M. tuberculosis infection.

Mcp-1 (Ccl2)
The monocyte chemoattractant protein-1, or MCP-1, is a β chemokine and a potent chemotactic factor for monocytes and 
macrophages. During lung infection by M. tuberculosis, the human monocytes within the body are stimulated to release 
MCP-1.60 During the host M. tuberculosis-specific immune response, MCP-1 participates in the inhibition of the in vivo 
dissemination of M. Tuberculosis regulating the secondary immune response. Therefore, MCP-1 is a vital promoter and 
regulator of a host’s defense against Tuberculosis infection. However, experimental studies in mice have shown that 
a deficiency in the chemokine MCP-1 alters the monocyte recruitment and formation of the granuloma, and yet it has the 
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advantage of decreased M. Tuberculosis susceptibility.41 Studies on genotype and allele frequencies especially at the 
locus −2518 have shown contradictory results and have not yielded concrete and adequate proof for the effects of the 
polymorphisms in the MCP-1 gene. However, the carriers of the −2518 GG genotype were reported to produce high 
levels of MCP-1, which inhibits IL-12 production in response to M. Tuberculosis and promotes active pulmonary T.B.,61 

whereas Thye et al62 initially found the association with the −2518G allele with T.B. resistance in Ghana, and further 
genotyping analysis using Microarray technology identified −362C allele as the only true protective variant of MCP-1, 
with a linkage disequilibrium in the region of −2518 and-362. This study is a deterrent note for the need to carry out 
a comprehensive genetic investigation to search for the actual cause of the polymorphism that exists in the variant and 
gene of interest.

Conclusion
In summary, the exploration of genetic factors influencing tuberculosis susceptibility in African populations represents 
a significant step forward in our understanding of the complex interplay between host genetics and infectious diseases. 
The comprehensive analysis presented in this article delves into the polymorphisms within immune genes and their 
association with TB susceptibility specifically within the African context. This study contributes valuable insights into 
the genetic landscape of TB susceptibility in African populations. By focusing on this region, the research sheds light on 
population-specific genetic variants that may play a pivotal role in determining an individual’s susceptibility to TB.

One key research gap pertains to the lack of comprehensive studies that consider the diverse genetic, environmental, 
and socio-economic factors influencing TB outcomes across different African populations. Existing research often fails to 
adequately account for the genetic diversity present within African populations, leading to inconsistent findings and 
limited generalizability of results. Moreover, there is a scarcity of longitudinal studies that can elucidate the temporal 
dynamics of TB susceptibility and progression in African populations, hindering our understanding of the disease’s 
trajectory and the efficacy of interventions over time.

Additionally, the reliance on small sample sizes and single-center studies limits the statistical power and reliability of 
findings, further exacerbating the inconsistency of outcomes observed in earlier research efforts. Furthermore, there is 
a scarcity of studies that integrate genetic, environmental, and socio-economic data to comprehensively assess the 
determinants of TB susceptibility in African populations, impeding our ability to develop targeted interventions tailored 
to the specific needs of these populations.

To address these research gaps and enhance our understanding of TB susceptibility in African populations, we 
propose several suggestions for further similar research. Firstly, there is a need for larger, multicenter studies that 
encompass diverse African populations to ensure the generalizability of findings and account for population-specific 
factors. Such studies should employ longitudinal designs to capture the temporal dynamics of TB susceptibility and 
progression, allowing for the identification of predictive biomarkers and the evaluation of interventions over time.

Moreover, future research efforts should prioritize the integration of genetic, environmental, and socio-economic data 
through interdisciplinary collaborations between geneticists, epidemiologists, clinicians, and social scientists. This holistic 
approach will provide a more nuanced understanding of the complex interactions underlying TB susceptibility in African 
populations and inform the development of targeted interventions that address the multifactorial nature of the disease.

Furthermore, leveraging emerging technologies such as genomic sequencing, big data analytics, and machine learning 
algorithms can facilitate the identification of novel genetic determinants and biomarkers associated with TB susceptibility 
in African populations. By harnessing these innovative approaches, researchers can overcome the limitations of earlier 
studies and advance our understanding of TB epidemiology in Africa, ultimately contributing to the development of 
effective strategies for TB prevention, diagnosis, and treatment tailored to the specific needs of African populations.
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