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A B S T R A C T   

Mycobacterium tuberculosis complex (MTBC) refers to a group of mycobacteria encompassing nine members of 
closely related species that causes tuberculosis in animals and humans. Among the nine members, Mycobacterium 
tuberculosis (M. tuberculosis) remains the main causative agent for human tuberculosis that results in high 
mortality and morbidity globally. In general, MTBC species are low in diversity but exhibit distinctive biological 
differences and phenotypes among different MTBC lineages. MTBC species are likely to have evolved from a 
common ancestor through insertions/deletions processes resulting in species speciation with different degrees of 
pathogenicity. The pathogenesis of human tuberculosis is complex and remains poorly understood. It involves 
multi-interactions or evolutionary co-options between host factors and bacterial determinants for survival of the 
MTBC. Granuloma formation as a protection or survival mechanism in hosts by MTBC remains controversial. 
Additionally, MTBC species are capable of modulating host immune response and have adopted several mech-
anisms to evade from host immune attack in order to survive in humans. On the other hand, current diagnostic 
tools for human tuberculosis are inadequate and have several shortcomings. Numerous studies have suggested 
the potential of host biomarkers in early diagnosis of tuberculosis, in disease differentiation and in treatment 
monitoring. “Multi-omics” approaches provide holistic views to dissect the association of MTBC species with 
humans and offer great advantages in host biomarkers discovery. Thus, in this review, we seek to understand 
how the genetic variations in MTBC lead to species speciation with different pathogenicity. Furthermore, we also 
discuss how the host and bacterial players contribute to the pathogenesis of human tuberculosis. Lastly, we 
provide an overview of the journey of “omics” approaches in host biomarkers discovery in human tuberculosis 
and provide some interesting insights on the challenges and directions of “omics” approaches in host biomarkers 
innovation and clinical implementation.   

1. Introduction 

The Mycobacteriaceae family encompasses a diverse group of bac-
teria which show different traits of pathogenicity in animals and humans 
and exhibits various host reservoirs and growth dynamics in culture. 

This group of bacteria are generally non-spore forming, aerobic, non- 
motile Gram-positive, acid- fast bacilli species with slightly curved 
shape which may display some branching from their mycolic acid cell 
wall (Fong, 2020). Members of Mycobacterium genus possess a compli-
cated cell wall envelope that results in low permeability of the cells. 
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Also, the genus can be distinguished from other bacterial genus through 
the differential staining method of Zhiel-Neelsen acid-fast stain. The 
genus of Mycobacterium can be classified into two main groups, which 
includes slow-growing and fast-growing Mycobacteria based on their 
growth rates. For instance, slow-growing Mycobacteria consists of 
Mycobacterium bovis, Mycobacterium tuberculosis and Mycobacterium lep-
rae which are responsible for bovine tuberculosis (BTB), human tuber-
culosis (TB), and leprosy, respectively whilst the fast-growing group 
such as Mycobacterium smegmatis, is considered as an opportunistic or 
non-pathogenic bacteria in general (Forrellad et al., 2013). The Myco-
bacterium tuberculosis complex (MTBC) is a group of Mycobacteria that 
comprises of Mycobacterium tuberculosis (M. tuberculosis), Mycobacterium 
africanum (M. africanum), Mycobacterium bovis (M. bovis), Mycobacte-
rium canettii (M. canettii), Mycobacterium microti (M. microti), Mycobac-
terium pinnipedii (M. pinnipedii) and Mycobacterium caprae (M. caparae) 
that are related genetically (Forrellad et al., 2013). Additionally, two 
novel species (Mycobacterium orygis and Mycobacterium mungi) are 
referred as MTBC besides the seven common species (Pfyffer, 2015). 
Some of the disease-causing species are animal-adapted strains that 
range across different mammalian species. These include Mycobacterium 
bovis (bovine), Mycobacterium caprae (goats and sheep), Mycobacterium 
pinipedii (sea lions or seals), Mycobacterium microti (voles), and Myco-
bacterium orygis (oryxes) (Smith et al., 2006; van Ingen et al., 2012). An 
overview of the characteristics of the members of MTBC is shown in 
Table 1. 

Tuberculosis (TB) is a communicable disease that is of great cause of 
ill health. Tuberculosis is caused by infection with members of Myco-
bacterium tuberculosis complex (MTBC) in particular M. tuberculosis and 
M. africanum (Gagneux, 2013). Globally, about 1.7 billion people are 
infected with M. tuberculosis (Houben and Dodd, 2016). According to the 
latest WHO report, globally, approximately 10 million people are having 
health issues with tuberculosis in 2018 (World Health Organization, 
2019). There were an estimated 1.2 million tuberculosis deaths among 
human immunodeficiency virus (HIV)-negative people in 2018, and 251 
000 deaths among HIV positive individuals. Tuberculosis affects people 
of all ages regardless of gender, but men (those aged above 15 years) 
accounted for 57 % of all TB cases in 2018 (World Health Organization, 
2019). Moreover, the disease’s burden varies greatly among countries. 
Most of the cases in 2018 occurred in the South-East Asia region (44 %), 

followed by Africa region (24 %) and Western Pacific region (18 %) with 
a smaller proportion of cases found in the Eastern Mediterranean region 
(8.1 %), the Americas (2.9 %) and the European region (2.6 %) (World 
Health Organization, 2019). The high incidence rate along with high 
mortality and morbidity of human TB infection have undoubtedly posed 
a huge impact to the affected nations both economically and in terms of 
the health status of its people. Reduced work productivity and the high 
cost of MTBC related disease treatment make it a public health burden to 
the affected countries particularly the high-risk nations. 

M. tuberculosis infection can result in both primary and post-primary/ 
secondary tuberculosis (reactivation TB). Primary TB infection usually 
occurs in individuals with insufficient immunity to control and to 
localize M. tuberculosis in granulomas. The infection results in a broad 
clinical spectrum such as meningitis, disseminated TB in humans with 
AIDS, miliary tuberculosis and extrapulmonary granulomas. It typically 
affects those very young and very old, immunological naïve and 
immunodepression populations. However, in immunocompetent hosts, 
primary TB confers protection in hosts by generating effective systemic 
immunity that is capable to contain and to stop the disseminated 
infection. The infection is well controlled in weeks and the lesions 
recovered (Hunter, 2018). Post-primary/secondary tuberculosis (reac-
tivation TB) is usually begins only after the establishment of systemic 
immunity in primary TB. Post-primary TB, somehow evades and dis-
rupted the systemic immune response, leading to cavity formation that 
enables the replication and escape of mycobacteria to the environment 
(Hunter, 2018). It is a consequence of hypersensitivity to M. tuberculosis 
antigens, but not bacillary loads since most of the post-primary TB 
infection in humans is paucibacillary (Hunter, 2016). Subjects with 
latent TB are at risk of developing reactivation TB at many years after 
infection, which serve as potential reservoirs for the transmission of TB 
(Cadena and Flynn, 2016; Palucci and Delogu, 2018). Patients who 
exhibited robust immune response measured by skin tests are more 
vulnerable to the development of clinical disease (Kumar, 2016). HIV 
infection is the most prominent single risk factor attributed to reac-
tivation TB from LTBI to active TB as the infection depletes the numbers 
of CD4+ T cells and causes functional abnormalities in CD4+ T cells and 
CD8+ T cells which confer protection against active TB (Wells et al., 
2007). Other risk factors that promote the reactivation TB include aging, 
malnutrition and underlying medical conditions that compromise the 
host immune system such as diabetes mellitus, renal failure, cancer and 
immunosuppressive therapy (Guirado and Schlesinger, 2013; Cadena 
and Flynn, 2016). 

Accurate diagnosis with prompt and effective treatment and moni-
toring of tuberculosis infection are needed. The shortcomings of current 
diagnostic tools such as high turnaround time for sputum culture 
(Sambarey et al., 2017), inability of IFN-γ release assays (IGRAs) to 
differentiate between active and latent tuberculosis infection (Herrera 
et al., 2011) and limitations of assays that quantify serum deaminase 
levels (Gui and Xiao, 2014) which rely on single marker-readout warrant 
the development of new diagnostic tools. Growing evidences also sup-
port the change from single marker study to high-throughput studies, for 
example host-related multi integrated markers that hold the potential in 
prognostic research, vaccine trials and treatment monitoring (Maertz-
dorf et al., 2015; Sambarey et al., 2017). Furthermore, recent advances 
in molecular diagnostics and the spike of “omics” studies encompassing 
genomics, transcriptomics, proteomics and metabolomics have provided 
us invaluable data and the possibility of applying “omics” technologies 
in tuberculosis diagnosis. Hence, this current review focuses on the ge-
netic variations in Mycobacterium tuberculosis complex, with an aim to 
provide basic understanding on the complexity of human tuberculosis 
infection coupled with the roles attributed by both host and mycobac-
terial factors in the pathogenesis of human tuberculosis. This review also 
discusses the application of omics technologies in host biomarkers dis-
covery in human tuberculosis and addresses some challenges and di-
rections of omics approaches in the journey of host biomarkers 
discovery. 

Table 1 
Overview of the members of Mycobacterium tuberculosis complex (MTBC) with 
their basic characteristics (Forrellad et al., 2013; Pfyffer, 2015).  

MTBC species General Descriptions 

M. tuberculosis - Most familiar species.  
- Infecting greater than 1/3 of the world’s human 
population.  
- Able to infect animals that are in contact with humans. 

M. canettii and 
M. africanum 

- Close relation with M. tuberculosis.  

- Can also cause human tuberculosis.  
- Generally isolated from African patients. 

M. bovis - Displays the widest spectrum of host infection.  
- Affecting domestic or wild goats, bovines and humans. 

M. bovis var BCG - A laboratory-selected mutant form of M. bovis.  
- Sole vaccine used for TB prevention during early 
childhood. 

M. caprae - Isolated only from goats. 
M. microti - Pathogen from rodents.  

- Isolated from voles usually (rodents from genus Microtus 
or related genera).  
- Can lead to disease especially in immunocompromised 
human patients. 

M. pinnipedii - Infects seals. 
*M. mungi - The causative agent of tuberculosis in banded mongoose 

(Mungo Mungo). 
*M. orygis - Affects bigger mammals, such as waterbucks, antelopes, 

oryxes and gazelles on the African continent.  

* refers to the novel proposed species within the MTBC (Pfyffer, 2015). 

R.D. Kanabalan et al.                                                                                                                                                                                                                          



Microbiological Research 246 (2021) 126674

3

2. Genetic diversity in Mycobacterium tuberculosis complex 
(MTBC) 

There have been extensive genomic studies on MTBC strains after the 
complete genome sequence of M. tuberculosis was first published in 1998 
(Cole et al., 1998). Numerous studies using different molecular typing 
tools have been applied to study genetic variation in MTBC (van Embden 
et al., 1993; Kamerbeek et al., 1997; Supply et al., 2001). These studies 
showed that genetic diversity within MTBC members is much higher 
than previously anticipated, with substantial rearrangements of genome 
rarely found in MTBC strains (Galagan, 2014). A few factors responsible 
for the genetic variation among MTBC members have been identified. 
For instance, the small genetic variation in MTBC could be due to 
disparity in the location and copy number of an insertion (IS) sequence 
specific (IS6110) form of M. bovis and M. tuberculosis. Further, the slight 
genetic changes may be caused by the differences in polymorphic 
GC-rich sequences (PGRS), a subgroup of Pro-Glu (PE) family of pro-
teins. Variation in MTBC could also be due to short DNA sequences 
known as region of difference (RD) (Pym et al., 2002; Lewis et al., 2003). 

Generally, MTBC can be divided into nine phylogenetic lineages (L1- 
L9). L1 lineage is associated with Indian Ocean and Philippines regions, 
L2 lineage is found in East Asia, L3 lineage is identified in East Africa and 
India regions and L4 lineage is discovered in Americas and Europe re-
gions. On the other hand, L5 and L6 lineage (M. africanum lineages) are 
restricted to West Africa regions whilst L7 lineage is linked with Horn of 
African and L8 lineage is limited to African Great Lake region (East 
African), as well as at least nine animal-adapted isolates (Brites et al., 
2018; Devis et al., 2020; Ngabonziza et al., 2020). The divergence of L8 
lineage is likely due to a loss in cobF genome region, which is involved in 
the synthesis of cobalamin/vitamin B12. A recent discovery of a new 
lineage, L9 has linked it to another MTBC lineage in Africa, more spe-
cifically to the Eastern region of Africa (Devis et al., 2020). Amongst 
these lineages, L1-L4 and L7 lineages composed of M. tuberculosis 
sensu-stricto are responsible for most of the tuberculosis cases worldwide 
(Brosch et al., 2002; Smith et al., 2009; Galagan, 2014) whereas L5 and 
L6 lineages are considered less virulent when compared to other lineages 
in animal models and are transmitted less efficiently in clinical settings 
(Coscolla and Gagneux, 2014; Asare et al., 2018). These distinct 
phylogenetic lineages can be further classified into sub-lineage/clonal 
complexes in accordance to their discerning spoligotyping profiles 
(Streicher et al., 2007) or based on their specific genomic signatures 
(Merker et al., 2015; Stucki et al., 2016). Apart from that, MTBC strains 
can be classified into modern strains (TbD1-deleted) which include 
L2− 4 lineages and ancient strains (TbD1-intact) which consist of L1, 
L5− 8 lineages based on the presence or absence of the specific deletion 
in M. tuberculosis genomic TbD1 region (Boritsch et al., 2014). 

The evolution and identification of subspecies in animal-adapted 
MTBC ecotypes such as M. caprae, M. microti, M. bovis and M. orygis, 
among others are largely unknown (Brosch et al., 2002; Rodri-
guez-Campos et al., 2014; Brites et al., 2018). A recent study by Brites 
et al. (2018) had proposed a new phylogenetic framework to elucidate 
the evolution for animals- adapted MTBC. Through the combination of 
ecological data with phylogenomics analysis, the authors deduced that 
all animal- adapted MTBC ecotypes was a generalist pathogen which 
adapted to different host species. The authors also suggested that host 
tropism in animals- adapted MTBC was driven by demographic factors 
and contact rates where the diversity in MTBC nucleotides was not 
positively correlated with host phylogenetic distances (Brites et al., 
2018). The prevalence and clinical impacts caused by animal-adapted 
MTBC in human are thought to be underestimated due to difficulty in 
accurate identification of subspecies related to MTBC animal lineages, 
although limited evidence have been documented on the transmission 
from animals for animal adapted strains to humans, and vice versa 
(Chiner-Oms et al., 2019a). A good example is exemplified in a study by 
Lipworth and his collaborators (2019) where the authors have identified 
a high number of M. orygis isolates from a collection of clinical genomes 

from a UK reference laboratory using SNIP-IT tool, despite M. orygis 
clinical cases have not been previously reported in the UK. The study 
highlights the importance of accurate identification to ease the study on 
host range, clinical phenotypes and transmission mechanisms of all 
subspecies of MTBC (Lipworth et al., 2019). 

Genome sequence of MTBC members are almost identical among 
each other (more than 99 % of similarity) but differ greatly in the 
context of host tropism and pathogenicity (Brosch et al., 2002; Comas 
et al., 2013). MTBC are believed to evolve from a common ancestor 
through successive DNA insertions/deletions which result in species 
speciation and variations in their pathogenicity. Comparative genomic 
analysis had unraveled 14 regions of difference (RD1− 14) that are 
present in the genome of M. tuberculosis H37Rv (reference laboratory 
strain), but are absent from the genome of M. bovis var BCG (vaccine 
strain), which enable the identification of chromosomal genes linked to 
pathogenicity. In contrast, six regions inclusive of M. tuberculosis specific 
deletion 1 (TbD1) and H37Rv deletion 1–5 (RvD1–5) are absent from the 
genome of M. tuberculosis H37Rv in comparison to other members. 
M. canettii comprises all of the TbD1, RvD and RD regions and is 
considered as the most closely associated genome to that of the MTBC 
ancestor (Forrellad et al., 2013). Analysis of the dissemination of these 
different genomic areas in numerous MTBC strains isolated from distinct 
human populations and animal species formed the genetic lineage of 
MTBC (Brosch et al., 2002). 

Also, the MTBC members portray distinctive pathogenic phenotypes, 
which are likely due to the co-evolution of MTBC isolates with a wide 
spectrum of hosts including humans and animals on the long-term basis 
(Comas et al., 2013; Galagan, 2014). Accumulation of “genotypic 
isolation” attributed by the long-term geographical isolation also results 
in diverse phenotypes (Ghebremichael et al., 2010). In regard to the 
ability of different members of MTBC to infect a broad range of hosts, a 
cut off of approximately 2500 single nucleotide polymorphisms (SNPs) 
was found to segregate any two genomes of MTBC (Comas et al., 2013; 
Coscolla and Gagneux, 2014). The most closely related Mycobacterium 
canettii (MCAN) strains that fall outside of the MTBC population are 
differentiated from MTBC strains by tens of thousands of SNPs, which 
mainly caused by recombination events between isolates (Supply et al., 
2013). Some studies suggested that recombination with Mycobacterium 
canettii are associated with early stage of MTBC speciation before the 
MTBC emergence (Mortimer and Pepperell, 2014; Boritsch et al., 2016; 
Chiner-Oms et al., 2018b). Comparative genomic studies have suggested 
the variations in genetic contents between MCAN, MTBC and other 
mycobacteria (Veyrier et al., 2009; Supply et al., 2013) and the genetic 
disparity in virulence-associated loci (Brennan, 2016). Presumably, 
MCAN is considered as an opportunistic pathogen with unknown envi-
ronmental reservoir in contrast to the obligate MTBC pathogen (Koeck 
et al., 2011). Chiner-Oms et al. (2019a) had studied the emergence of 
tuberculosis pathogens through population genomics. Through the 
analysis of genome sequences of thousands of clinical isolates and 
genome sequences of close relatives such as MCAN, the authors indicate 
that the emergence of mycobacteria is due to a combination of recom-
bination events that involved purifying selection on early diverging loci 
and core pathogenesis functions. This is evident in the identification of 
phoR gene, a sensor kinase which acts as an important functional player 
subjected to rigorous positive selection upon divergence of the MTBC 
from its ancestor (Chiner-Oms et al., 2019a). 

The genetic heterogeneity in MTBC has resulted in diverse pheno-
types and differential gene expression in MTBC. Several studies on a 
minimal set of reference isolates have suggested that transcriptional 
changes in the MTBC could be due to differential actions of transcrip-
tional factors. For example, Rustad et al. (2014) had cloned and over-
expressed 206 transcriptional factors from an inducible promoter. The 
authors reported 9335 regulatory consequences of 183 transcriptional 
factors overexpression, which regulate 70 % of the M. tuberculosis 
genome. The transcriptional changes can be caused by DNA methylation 
as well. One study had illustrated that DNA methyltransferase (MamA) 

R.D. Kanabalan et al.                                                                                                                                                                                                                          



Microbiological Research 246 (2021) 126674

4

regulates gene expression in M. tuberculosis and plays a crucial but 
strain–specific role for survival in the hypoxic stage (Shell et al., 2013). 
Non-coding RNAs also influence transcriptional differences in MTBC 
(Arnvig and Young, 2012; Golby et al., 2013; Solans et al., 2014). The 
PhoP-dependent non-coding RNA, Mcr7 was found to modulate Twin 
Arginine Translocation (TAT) secretion system in M. tuberculosis. A re-
view published by Arnvig and Young (2012)addresses the role of 
non-coding RNAs in regulatory networks that contribute to virulence 
and adaptation in M. tuberculosis (Arnvig and Young, 2012). The genetic 
bases for the transcriptional differences in some cases are known, but the 
consequences for the majority of gene expression remain poorly un-
derstood (Chiner-Oms et al., 2019b). By referring to reference strain, 
H37Rv, Chiner-Oms et al. (2018a) had constructed a computation model 
to investigate the transcriptional dynamics in M. tuberculosis H37Rv 
genes. The authors documented that a majority of the transcriptional 
factors across strains in MTBC are likely dysfunctional or deleted. 
Consequently, the authors failed to demonstrate expression changes in 
isolates with diverse genetic backgrounds in comparison with experi-
mental data. This warrants a careful selection of systems biology models 
taking into consideration the genetic diversity of MTBC (Chiner-Oms 
et al., 2018a). Based on the huge datasets that examine the role of almost 
200 transcriptional factors, Chiner-Oms et al. (2018a) showed that 
MTBC regulatory networks differ across strains and lineages, with mu-
tations in a number of transcriptional factors that may impair regulatory 
function (Chiner-Oms et al., 2018a). Furthermore, the major gene 
expression changes can be associated to sequence variants that alter 
coding regions of signaling cascade (Broset et al., 2015) or due to cre-
ation of new transcriptional sites (TSS) (Rose et al., 2013). These new 
transcriptional sites could be due to genome-wide mutation bias in the 
MTBC towards AT variants (Hershberg and Petrov, 2010; Dinan et al., 
2014). A study by Chiner-Oms et al. (2019b) showed that variation in 
transcriptional profiles in MTBC are mostly resulted from TSS mutations 
and have likely evolved because of the discrepancies in host character-
istics. The authors surmise that the universal genome-wide mutational 
bias on MTBC leads to phenotypic plasticity at the transcriptome level 
(Chiner-Oms et al., 2019b). 

The emergence of drug resistance in M. tuberculosis remains a serious 
challenge for global tuberculosis control. Drug resistance in Mycobac-
teria spp. can be driven by mutation in genomic regions or target genes 
which confer protection against anti-tuberculosis drugs. A number of 
studies adopting whole genome sequencing analysis have been per-
formed to study the drug resistance in M. tuberculosis (Cohen et al., 2019; 
Fakhruzzaman et al., 2019; Senghore et al., 2020). Findings from these 
studies showed that genomic mutations in M. tuberculosis are responsible 
for phenotypically diverse drug response within the regions. These 
studies also provide some valuable insights on the evolution of 
drug-resistant M. tuberculosis and the mechanisms involved in main-
taining its fitness to enable it to transmit within or across different 
geographical regions (Cohen et al., 2019; Fakhruzzaman et al., 2019; 
Senghore et al., 2020). Nevertheless, our understanding on the genetic 
diversity in MTBC is far from complete. The complex evolutionary his-
tory including the divergence of subspecies from the MTBC ancestor and 
common ancestor pool with MCAN require further investigation. The 
possible molecular mechanisms involved in pathoadaptive evolution of 
MTBC species with different ecologic variants and hosts and the impact 
of evolutionary forces driven by natural selection and adaption resulting 
in species speciation and functional diversification remain much to 
elucidate. The influence of diverse transcriptional and regulatory net-
works among different MTBC in phenotypic characteristics also neces-
sitates further investigations. The identification of drug-resistance 
factors in M. tuberculosis and a comprehensive elucidation of micro-
evolution in the drug-resistant M. tuberculosis and the mechanistic as-
pects of its transmission and spreading within and across different 
lineages are in need. 

3. Pathogenesis of human tuberculosis 

3.1. Overview of the pathogenesis of human tuberculosis 

The pathogenesis of human tuberculosis caused by MTBC, especially 
M. tuberculosis is a complicated process that involved a complex inter-
action between host immune system and bacterial factors. Host immu-
nity consisting of both innate and adaptive immune responses in 
mediating the pathogenesis of human tuberculosis caused by 
M. tuberculosis have well been illustrated in several recently published 
review (Liu et al., 2017; Martinot, 2018; de Martino et al., 2019). 
Macrophages, granulomas and IFN- γ produced by CD4+ T cells in pri-
mary TB representing the “central dogma” of protective immunity that 
produces systemic immune responses to protect entire body from 
disseminated infection (Nunes-Alves et al., 2014; Queval et al., 2017; 
Martinot, 2018). Fig. 1 depicts the general overview of the pathogenesis 
of human tuberculosis and the disease outcomes caused by exposure to 
droplet nuclei containing M. tuberculosis in immunocompetent hosts. 

The pathogenesis begins with the inhalation of airborne infectious 
particles containing bacilli-droplet nuclei of M. tuberculosis (1–5 μm in 
diameter) from individual with active TB. These infectious droplets will 
travel down the respiratory tract and penetrate terminal alveoli where 
they are phagocytosed by alveolar macrophages and other phagocytic 
immune cells. During the initial stage of infection, M. tuberculosis is 
internalized by alveolar macrophages that provide a primary cellular 
niche for M. tuberculosis to replicate intracellularly (Dannenberg, 1989; 
Ahmad, 2011). Therefore, macrophages, while protecting the hosts from 
invading mycobacteria, also facilitated the establishment of 
M. tuberculosis infection at the early stage of infection and also to allow it 
to stay persistently in the latent stage of infection. The bacteria-laden 
immune cells may be transported across the alveolar barrier to cause 
systemic dissemination (Teitelbaum et al., 1999; Bermudez et al., 2002). 
The intracellular replication and simultaneously spreading of 
M. tuberculosis to adjacent pulmonary lymph nodes and other extrap-
ulmonary tissues sites occur via lymphatics and blood circulation prior 
to the establishment of adaptive immune responses (Ahmad, 2011; 
Guirado and Schlesinger, 2013). The development of adaptive immunity 
begins right after the spreading of M. tuberculosis inside lymph nodes 
(van Crevel et al., 2002). The activation of adaptive immunity is 
depending on the close interaction between dendritic cells and CD4+ T 
cells, while macrophages facilitate both the innate and adaptive immune 
defense mechanisms (de Martino et al., 2019). In majority of the infected 
subjects with M. tuberculosis, an effective cell-mediated immunity that 
prevents the further multiplication of tubercle bacilli developed two to 
eight weeks after infection (Ahmad, 2011). 

Failure to restrict the bacterial replication may cause the release of 
M. tuberculosis to extracellular milieu whereby it undergoes active 
replication and secretes pathogenic proteins and lipids to interact with 
hosts (Palucci and Delogu, 2018). Activation of macrophages, together 
with the elicitation of adaptive immune responses result in 
phagosome-lysosome fusion and production of cytokines such as IFN-α, 
TNF-α, IFN-β, IL-1β, IL-6 and IL-12 that while consolidate the host 
bactericidal response, can also potentially cause significant lung 
inflammation and tissue destruction, a hallmark for active tuberculosis 
(Zumla et al., 2015; Domingo-Gonzalez et al., 2017). Active tubercu-
losis, developed through either reinfection with M. tuberculosis or reac-
tivation from latent infection is manifested by active replication of 
M. tuberculosis and host tissue damage caused by excessive host in-
flammatory responses, leading to necrosis and cavitation (O’Garra et al., 
2013; Kiran et al., 2016, March). It remains largely unknown how does 
the dynamic equilibrium between host immune system and 
M. tuberculosis in immunocompetent hosts that enable the control of 
bacterial replication in a microenvironment that lacks of substantial 
inflammation (LTBI infection), or conversely cause deterioration in host 
tissues due to exaggerated inflammatory responses promoting tissue 
damages in active tuberculosis state (Barry et al., 2009). 
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The hallmark of pulmonary tuberculosis in humans is granuloma 
formation surrounded by the influx of macrophages and other cells 
(dendritic cells, neutrophils, fibroblast, T lymphocytes and B lympho-
cytes), which begins shortly after the infection. Histologically, granu-
lomas are compact and organized immunological structures that are rich 
in a wide spectrum of transformed macrophages such as epithelioid 
cells, multinucleated giant cells and foamy macrophage cells along with 
the presence of other immune cells including dendritic cells, monocytes 
and neutrophils. The granulomas also develop a peripheral lymphatic 
cuff composed of T lymphocytes (CD4+ and CD 8+), B lymphocytes and 
plasma cells, in which numerous granulomas persist and limit the 
mycobacterial replication (Cosma et al., 2003; Ramakrishnan, 2012; 
Martinot, 2018; Palucci and Delogu, 2018). The granuloma might exist 
in different forms in accordance to distinct infectious states. Classical 
caseous granuloma is found in both active TB and LTBI disease state. The 
central necrotic area of this kind of granuloma is hypoxic and comprises 
of dead macrophages and other immune cells. In latent infection, 
M. tuberculosis has been found to reside inside the macrophages in the 
hypoxic center in a metabolically altered state whilst in active disease, 
M. tuberculosis is able to replicate in peripheral oxygenated areas (Via 
et al., 2008; Barry et al., 2009; Ramakrishnan, 2012). Non-necrotizing 
granulomas that usually appear in active infection, are primarily made 
up of macrophages as well as a few lymphocytes, fibrotic granulomas 
and necrotic neutrophilic granulomas. Increased necrotic breakdown of 
granuloma cells and enlargement of lesions in active disease cause the 
erosion of vascular and bronchial walls, result in caseous necrosis and 
granuloma cavitation. Spillage of M. tuberculosis bacilli into the airway 
occur when the granulomas cavitate and collapse in the lung, which 
promote the disease transmission in humans (Medlar, 1956; Flynn et al., 
2011; Ramakrishnan, 2012). Another type of granulomas seen in LTBI in 
both cynomolgus macaques and humans are restrictive granulomas or 
fibrotic lesions. This type of granuloma usually consists of exclusively 
organized fibrotic tissues accompanied with minimal numbers of mac-
rophages which allows the reorganization of cellular infiltrates, 
containment of necrosis and resolution of the pathology (Capuano et al., 
2003; Lin et al., 2006; Barry et al., 2009). 

Granulomas formation is a consequence of a complex and well- 
coordinated mechanism between both innate and adaptive immunity 
that sealed M. tuberculosis inside granulomas. Formation of granuloma is 
to restrict mycobacterial dissemination, and also to control and to limit 
tissue damage at the site of infection through inflammation (Saunders 
et al., 1999; Ramakrishnan, 2012). However, not all granulomatous le-
sions are sterilized, and some lesions might promote the persistence of 

viable M. tuberculosis (non-replicating-persistence phase) in the granu-
loma (Ernst, 2012; Palucci and Delogu, 2018). M. tuberculosis may stay 
dormant in the granuloma for decades in the absence of any active 
clinical signs and symptoms. This condition occurs in at least 90 % of the 
infected individuals which then progresses into latent tuberculosis 
infection. The infected individual will likely be tested positive using 
IGRA and tuberculin skin test (Wayne, 1976; de Martino et al., 2019) . 
Sporulation could be a probable mechanism for mycobacterial 
dormancy, exemplified by the formation of spore-like structures in 
M. marinum, M. bovis BCG, and M. smegmatis in response to nutrient 
starvation or prolonged stationary phase (Anuchin et al., 2009; Ghosh 
et al., 2009). However, dormant mycobacteria may actively replicate 
and disseminate to lungs or extrapulmonary tissues in immunocom-
promised populations. At this stage, the infected individual is able to 
transmit the disease actively due to the opening of granuloma in the 
bronchial lumen where M. tuberculosis is expelled when coughing (Barry 
et al., 2009; Lin and Flynn, 2010; de Martino et al., 2019). 

Experimental evidences from non-human primate model of TB 
showed that lung lesions of animals latently infected with M. tuberculosis 
contain significant numbers of replicating bacilli while animals with 
active TB is only capable to sterilize certain granulomas but not all, due 
to the heterogeneity in host immune responses (innate and adaptive) in 
each individual lesions. Most lung lesions are seeded by single myco-
bacterium which attains a similar maximum mycobacterial burden (Lin 
et al., 2014). The different disease states during M. tuberculosis infection 
(active TB and LTBI) revealed the intrinsic ability of the host responses 
in limiting the mycobacterial replication, or the emergence of active TB 
while protecting the host tissues from excessive destruction as well as 
highlighting the crucial role of host innate and adaptive immune re-
sponses in the early control of mycobacterial infection. The involvement 
of local cytokines, chemokines, different immune cell types and their 
phenotypes at the infection site remain to be investigated (Palucci and 
Delogu, 2018). 

In post-primary tuberculosis, M. tuberculosis manages to manipulate 
the hosts to produce early infiltration that is distinct and is separated 
from the parts of the lungs to enable its survival in alveolar macrophages 
as an obstructive lobular pneumonia. Secreted mycobacterial antigens 
together with host lipids and cells will accumulate in foamy alveolar 
macrophages which are trapped by obstructed bronchioles for a period 
of months (Hunter et al., 2014; Hunter, 2016). The early infiltrations 
will gradually spread through bronchi to bigger areas of the lung. Ma-
jority of the infiltrates regress spontaneously. However, some infiltrates 
will undergo necrosis to form caseous pneumonia and is retained to 

Fig. 1. An overview of the pathogenesis of human tuberculosis and progression of the infection and disease outcomes in immunocompetent hosts following exposure 
to infectious droplet nuclei containing M. tuberculosis. 
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produce fibrocaseous disease and post-primary granuloma or is expelled 
to form cavities (Kumar, 2016). Granuloma formation, in most cases of 
post-primary TB infection is secondary to the subclinical obstructive 
bronchopneumonia, suggesting that M. tuberculosis antigen dose, but not 
mycobacterial load, promotes the spreading of M. tuberculosis and tissue 
necrosis (Hunter, 2016). 

Recognition of primary tuberculosis infection and post-primary 
tuberculosis as two different pathological entities can provide useful 
windows in understanding the intrigued questions of tuberculosis such 
as the concern on the status of MTBC as obligate pathogens in humans, 
in particular, M. tuberculosis (Hunter, 2018). Humans produce effective 
systemic immune responses against primary TB in weeks whilst most 
animals succumbed to death within months as the disease progresses. 
M. tuberculosis is an obligate human pathogen as only humans will 
develop post primary TB that progresses to the formation of pulmonary 
cavities where transmission of the infection to new susceptible hosts is 
feasible. Additionally, the nature of the host immunity that provides the 
protection to majority of people from post-primary tuberculosis remains 
poorly understood. Most current research centralizes on the control of 
primary TB by macrophages and T cells. Nevertheless, post primary 
tuberculosis usually begins after primary TB has accumulated substan-
tial amounts of host immune responses. M. tuberculosis apparently 
modulates, strengthens and utilizes the robust host immune responses 
elicited locally in the early infiltration to develop caseous pneumonia 
and cavity which enable it to escape and infects new hosts. Most of the 
early infiltrations will regress spontaneously. It is imperative to figure 
out the underlying host immune mechanism and develop better ways to 
make these early infiltrations to regress to avoid survival of 
M. tuberculosis. It is also crucial to understand the mechanistic aspects on 
how the multiple pulmonary lesions in a single lung could act inde-
pendently if the other components do not exist. This could be explain-
able by the bronchial obstruction (the local event of the early 
infiltration) occurs at various parts of the lungs at different time in-
tervals, leading to accumulation of host lipids, mycobacterial antigens 
and other cells that drives the formation of lesions at different times 
(Hunter et al., 2014; Hunter, 2018). 

3.2. Host genetic susceptibility and human tuberculosis 

Host genetic variations could impose significant impact on the 
pathogenesis of human tuberculosis. Miscellaneous genetic works 
through different methodological approaches, such as genome-wide 
association studies (GWAS), family studies, case control and candidate 
gene studies highlighted the role of host genetic in shaping the disease 
risk (susceptibility/resistance) to human TB infection in different eth-
nics and populations. The interplay between variations in host genetic 
and TB infection have been discussed extensively (van Tong. et al., 2017; 
Harishankar et al., 2018; Cai et al., 2019). Gene polymorphisms that 
involved in the recognition of M. tuberculosis antigens by PRRs, immune 
cells as well as host immune-related genes constitute the major genetic 
determinants to TB susceptibility and protection. A plethora of poly-
morphisms in genes encoding killer immunoglobulin-like receptor 
(KIR), toll-like receptors (TLRs), vitamin D receptor (VDR), human 
leukocyte antigens (HLAs), chemokines/cytokines and associated re-
ceptors, solute carrier family 11 member 1 (SCL11A1), mannan-binding 
lectin (MBL), speckled 110 (SP110), nitric oxide synthase 2A (NOS2A), 
P2 × 7 receptor (P2 × 7) and many other functional immune compo-
nents have been reported to be genetically associated to TB infection 
(van Tong et al. 2017; Harishankar et al., 2018; Cai et al., 2019). For 
example, polymorphisms in HLA loci involving alteration of peptide 
binding motifs could affect the specificity of antigenic presentation to 
immune cells. Several HLA alleles such as HLA-DRB1 allele (HLA-class 
II) has been related to genetic susceptibility to tuberculosis could be a 
predictive marker for TB development in Asian populations (Har-
ishankar et al., 2018). Polymorphisms in NOD2 receptor, a receptor that 
is involved in the host defense against M. tuberculosis via PRR-dependent 

autophagy activation have also been associated to genetic susceptibility 
to TB. Different population-based studies (African- American (United 
States) and Chinese Han) have associated the variations in NOD2 with 
susceptibility to TB infection (Austin et al., 2008; Pan et al., 2012). 

The aforementioned studies explicit the significant impact of genetic 
polymorphisms in humans and the increase risk in TB development and 
disease progression. These gene variants could also serve as robust ge-
netic predictive markers in different populations and ethnicities where 
variations in certain genes might be predominantly expressed in specific 
population and ethnic. Nevertheless, a larger and homogenous cohort of 
study is required to validate the efficacy and the predictive power of the 
genetic marker identified as well as to avoid genetic heterogeneity in a 
particular population. More biological studies on genetic variation in 
humans with different populations are also needed to assess the func-
tional implications or consequences of genetic variations in human in 
tuberculosis context. This can serve as a basis of translational study 
which converts the genetic findings into clinical applications in future 
for disease control in tuberculosis. 

On the other hand, several epidemiological models and case studies 
demonstrated that about 5%–20% of subjects who have close and pro-
longed contact with individuals with active tuberculosis or subjects who 
are living in small spaces with open tuberculosis did not contract the 
infection or became infected transiently with early clearance of infection 
(Ringshausen et al., 2010). This evidence strongly suggests the existence 
of host genetics in determining the resilience to M. tuberculosis. A 
resilient or resistor is an individual who shows simultaneous negativity 
on IFN-ƴ release assay (IGRA) and skin reactivity test consistently up to 
a year after being exposed to a subject with tuberculosis (Casanova and 
Abel, 2002). Genome-wide linkage analysis had revealed a number of 
loci including 5p13− 5q22, TST1 on 11p14 and 2q21− 2q24 that are 
linked with the resilient phenotype (Stein et al., 2008; Cobat et al., 
2009). A cohort study by Lu et al. (2019) revealed that resisters possess 
class switched IgG, IgM and non-CD4-mediated IFN-γ responses toward 
M. tuberculosis- specific proteins, CPF-10 and ESAT-6. Further analysis 
showed that resisters exhibit higher antibody avidity and specific 
M. tuberculosis-specific IgG Fc signatures (Lu et al., 2019). The findings 
on resisters helps to elucidate the complex pathogenesis of tuberculosis 
and hold the key to develop better treatment regimens. Comprehensive 
understanding of the host immune profile in susceptible and resilient 
subjects together with bacterial determinants can provide a clearer 
picture on tuberculosis immunology for further improvement in disease 
diagnosis and treatment. 

Apart from that, Mendelian susceptibility to mycobacterial diseases 
(MSMD), an inborn error of IFN-γ immunity, is characterized by reduced 
susceptibility to low virulent mycobacteria such as environmental bac-
teria and bacillus Calmette Guérin (BCG) vaccines. So far, disease- 
causing mutations in eleven genes that underlie twenty-one various 
genetic diseases have been reported. The allelic heterogeneity in the 
genes is linked with IFN-ƴ immunity and is attributable to MSMD 
(Rosain et al., 2019). Several transcriptomics studies have described the 
presence of tuberculosis signatures in active tuberculosis which is 
dominated by neutrophil-driven IFN-inducible genes, such as type-1 
IFNs and IFN-ƴ. These studies also highlighted the important role of 
IFN- αβ signaling in tuberculosis pathogenesis, which was unfortunately 
being under-appreciated previously (Berry et al., 2010; O’Garra et al., 
2013; Blankley et al., 2016). Genetic variations in the promoter region of 
the immunity related GTPase family M (IRGM) gene which encodes a 
GTP-binding protein that involves in inducing autophagy have been 
linked to susceptibility to TB (Singh et al., 2006; Chauhan et al., 2016; 
Yuan et al., 2016). Moreover, one study reported that the genetic vari-
ants in IGRM are differ between active TB and LTBI, suggesting that 
IGRM genotype could be associated with disease progression from LTBI 
to active TB (Lu et al., 2016). A better understanding on the genetic role 
on TB susceptibility enables us to elucidate immunopathological 
mechanisms of TB which could serve as the basis of prevention and 
treatment of TB. 
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3.3. Host-mycobacterial interaction and the pathogenesis of human 
tuberculosis 

3.3.1. Overview of mycobacterial essential virulence factors 
The pathogenesis of tuberculosis relies on the delicate interplay be-

tween host defense and different survival strategies employed by 
M. tuberculosis through the expression of various virulence factors. Un-
like other groups of bacteria, mycobacteria lack classical virulence de-
terminants such as toxins production. Most of the MTBC virulence- 
associated genes can be found in non-pathogenic mycobacteria, sug-
gesting that pathogenic mycobacteria could have modified their ge-
nomes with minimal acquisition of prominent virulence genes to adapt 
from free-lifestyle to the intracellular environment. The adoption of 
transposon mutant libraries along with different in vivo screening 
experimental models lead to the discovery of numerous essential 
mycobacterial virulence genes and unravel the underlying mechanisms 
employed by MTBC species to survive and persist in hosts (Forrellad 
et al., 2013; Echeverria-Valencia et al., 2018). 

Mycobacterial virulence is not depending solely on the basis of 
bacteria strains and/or bacteria burden in respiratory secretion but is 
also involved differential expression of M. tuberculosis genes at different 
stages of infections (Forrellad et al., 2013; Echeverria-Valencia et al., 
2018). Extensive reviews and revisions on the mycobacterial virulence 
determinants have been published (Smith, 2013; Forrellad et al., 2013; 
Echeverria-Valencia et al., 2018). Essential virulence factors mainly 
attributed to the genes encoding lipid pathways, proteins and regulators 
of signal transduction systems and cell surface proteins (Forrellad et al., 
2013; Echeverria-Valencia et al., 2018). The pathogenicity of 
M. tuberculosis mainly lies on its capability to manipulate macrophages, 
granulomas and host cellular metabolism (Martinot, 2018; Miggiano 
et al., 2020) (Fig. 2). Also, M. tuberculosis genome undergoes evolu-
tionary changes during its co-adaptation to humans to assure its trans-
missibility and evasion from host immune surveillance (Copin et al., 
2016) (Fig. 2). Hence, this section will provide a brief summary of the 
interplay between M. tuberculosis with host macrophages, granuloma 
and host cellular metabolism as well as the implications of genetic di-
versity of MTBC in the pathogenesis of human tuberculosis that enable 
its survival and persistence within host cells. 

3.3.2. Genetic variation in MTBC and pathogenesis of human tuberculosis 
Numerous genomic studies have revealed that members of MTBC 

have different levels of pathogenicity or the ability to invade host tissue 
(Pirofski and Casadevall, 2012; Forrellad et al., 2013; Chiner-Oms and 
Comas, 2019c). The modern strains (L2- L4) appeared to be more 
virulent to humans as compared to ancient strains (L1, L5-L8). The 
modern lineages (L2- L4) are responsible for the majority of the tuber-
culosis cases reported (Brosch et al., 2002; Gagneux, 2012). Addition-
ally, the Beijing sub-lineage of L2 lineage displays a higher virulence 
than the other modern strains on the basis of its high resistance towards 
vaccination and antibiotic treatment as well as host adaptation (Ida 
et al., 2010; Jia et al., 2017). A recent comparative genomic analysis of 
twelve MTBC strains of different lineages had untangled the linkage 
between MTBC with host association, mycobacterial virulence and 
epitope diversity. In the study, the authors had identified eight mce3 
genes, five PE/PPE family genes and two enoyl-CoA hydratases that 
could play a role in host-pathogen interaction. The authors further 
enriched the virulent properties of Beijing sub-lineage of L2 through 
SNPs and epitope analysis. Also, the authors provide some pertinent 
insights on the pathogenic mechanisms of MTBC members (Jia et al., 
2017). On the other hand, the progression of disease from latent 
tuberculosis infection to active tuberculosis also differs among MTBC 
members. Despite sharing a similar rate of transmission, exposure to 
M. tuberculosis will more likely progress to tuberculosis than when 
exposed to M. africanum (de Jong et al., 2008). Moreover, the 
geographically widespread MTBC lineages (L2 and L4) exhibit higher 
virulence than other lineages. The increased virulence will then enhance 
the transmission of disease, reduction in pro-inflammatory immune re-
sponses and intensify the severity of disease (Coscolla and Gagneux, 
2014). Apart from this, host immune response may vary across different 
MTBC strains. Hyper-virulent MTBC strains seem to elicit lower immune 
responses than the less virulent MTBC strains (Portevin et al., 2011). 
This condition could be due to the sequestration of virulent strains in 
host macrophages to evade from host immune attack (Chen et al., 2006; 
Grace and Ernst, 2016). 

Evidence from several studies suggest that MTBC are highly diverse 
across different geographical regions or among human populations, as 
well as within sites of infection of a subject or within a subject (Hersh-
berg et al., 2008; Coscolla and Gagneux, 2014). This linkage could be 

Fig. 2. Host-mycobacterial interaction and the pathogenesis of human tuberculosis. The pathogenesis of human tuberculosis is mainly lying on the capability of 
M. tuberculosis to manipulate host macrophages responses to avoid from being removal by host immune system after primary infection, to modulate host granuloma 
and host cellular metabolism responses to prevent from host immune attack and to remain dormant and maintaining the dynamic equilibrium with hosts within 
granuloma for many years for survival and persistent infection in humans. 
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further associated with differential transmission efficacy, depending on 
host populations under certain conditions (Gagneux et al., 2006; Fenner 
et al., 2013). An analysis of a massive collection of MTBC strains by DNA 
sequencing also suggests the expansion of genetic diversity in human- 
adapted MTBC is related to human migration (Warner et al., 2015). 
Comas et al. (2010)reported that a large number of T-cell epitopes of 
M. tuberculosis across different lineages are highly conserved and remain 
unchanged, suggesting the presence of a robust selection pressure to 
avoid M. tuberculosis from being recognized by T cells. Also, the diversity 
of M. tuberculosis genome may be increased by T cell responses (Copin 
et al., 2016). This indicates that M. tuberculosis can avoid host immune 
attack with a likelihood to increase the rate of disease transmission. 
Also, these data show that M. tuberculosis is able to adapt to various 
human populations as part of co-evolution mechanism to survive in 
humans Genetic analyses on the evolutionary patterns reveal that 
humans and M. tuberculosis have co-existed for tens of thousands of years 
in Africa where within these periods, M. tuberculosis had evolved tools 
and stratagems that can manipulate human immunity to ensure its 
transmissibility efficacy in humans (Comas et al., 2013; Brites and 
Gagneux, 2015). 

3.3.3. Macrophages and Mycobacterium tuberculosis 
Macrophage play a central role in the pathogenesis of human 

tuberculosis. Engagement of M. tuberculosis PAMPs (carbohydrates, li-
poproteins and glycolipids) with the PRRs (TLR, CLR and NLR) in 
macrophages induces several cellular mechanisms encompassing 
oxidative burst, phagocytosis, apoptosis and autophagy that could 
contribute to the effective control and removal of M. tuberculosis and/or 
intensify the antigen presenting and subsequent induction of adaptive 
immunity (Korbel et al., 2008; Khan et al., 2016; Liu et al., 2017). 
Macrophages can transform into M1 and M2 phenotypes, depending on 
the microenvironment signal inside the host cells (Ginhoux et al., 2016; 
Murray, 2017).Classical M1 macrophages, induced by microbial stimuli 
or cytokines (TNF-α, GM-CSF and IFN-γ) promote inflammatory re-
sponses and enhance apoptosis, are the key effectors against the intra-
cellular M. tuberculosis. Alternative M2 macrophages, triggered by 
cytokines including IL-4, Il-10, IL-13 and TGF-β are poor 
antigen-presenting cells that attenuate inflammation and inhibit Th1 
responses and apoptosis (Sica et al., 2015), promoting the intracellular 
growth of M. tuberculosis within macrophages. This can be exemplified 
by the loss of Arg1, a critical enzyme of M2 macrophages in mice results 
in a better controlling of M. tuberculosis infection (Duque-Correa et al., 
2014). 

M. tuberculosis is capable to reprogrammed host macrophages to 
prevent its own elimination after primary tuberculosis infection (Mig-
giano et al., 2020). Numerous M. tuberculosis virulence factors that 
interrupt PRRs signaling pathways to ensure its persistence within 
macrophages have been well reviewed (Liu et al., 2017). M. tuberculosis 
deploys multiple strategies and expresses miscellaneous virulence fac-
tors that counteract macrophages efforts to ensure its intracellular sur-
vival in macrophages. Such mechanisms include suppression of 
intracellular trafficking, prevention of phagosome-lysosome fusion and 
acidification inside the phagolysosome, inhibition of phagosome matu-
ration and autophagy, modulation of macrophage apoptosis (induction 
or inhibition of apoptosis), inhibits the acquisition of cytosol access and 
neutralization of toxic compounds such as toxic metals and ROS (Lerner 
et al., 2015; Liu et al., 2017; de Martino et al., 2019). M. tuberculosis, 
through its ESX secretion machinery penetrates the phagosome during 
the onset of the infection and blocks the phagosome maturation via 
nucleoside diphosphate kinase (Npk), which suppresses the lysosomal 
traffic and NADPH-oxidase activity (Mihret, 2012). M. tuberculosis also 
employs SecA2 system to subvert phagosome maturation to continue its 
growth in macrophages (Sullivan et al., 2012). Additionally, 
M. tuberculosis DNA can inhibit the activation of AIM2 inflammasome 
which blocks the production of IL-1β and IL-18 and prevents the phag-
osome maturation on macrophages. Similarly, M. tuberculosis can inhibit 

the activation of AIM2 by restricting the production of type I IFN 
through its ESX secretion system. (Mihret, 2012). 

IFN-γ and TNF-α are two key mediators involved in controlling TB 
infection. IFN-γ synergizes with TNF-α augmented the expression of 
iNOS and increase the killing of M. tuberculosis through nitric oxide and 
other reactive nitrogen intermediates in macrophages (Scanga et al., 
2001; Chan and Flynn, 2004). Nevertheless, M. tuberculosis develops 
ways to mediate the killing by IFN-γ or TNF-α. The phenolic glycolipid in 
the cell wall of a highly virulent M. tuberculosis (W-Beijing family) 
suppresses the release of IL-6, TNF-α and IL-12 in macrophages (Reed 
et al., 2004). M. tuberculosis, through secretion of 19-kDa lipoprotein 
attenuates macrophages response to IFN-γ by disrupting the transcrip-
tion of IFN-γ-responsive genes (Gehring et al., 2003; Pai et al., 2003). 
M. tuberculosis also prolongs the activation of TLR2, thus suppressing the 
expression of MHC class II induced by IFN-ƴ on macrophages (Mihret, 
2012). Further, M. tuberculosis manages to halt the presentation of an-
tigens in even cells that already express class II MHC molecules through 
endosomal sorting complexes required for transport (ESCRT) which is 
derived from its EsxG⋅EsxH protein (Mihret, 2012; de Martino et al., 
2019). It has been shown that granuloma formation is induced by 
macrophage reprogramming that involved epithelioid transformation of 
macrophages to parallel E-cadherin-dependent mesenchymal-epithelial. 
Defective in E-cadherin results in disorganized granuloma that restricts 
mycobacteria growth and is accompanied with the increase in immune 
cells access to the interior site of granuloma (Cronan et al., 2016). The 
authors suggested that pathogenic mycobacteria manipulate macro-
phage responses (recruitment, phagocytosis, apoptosis) through 
ESX-1/RD1 virulence factor to regulate the granuloma response during 
the innate immune stage for local expansion and systemic dissemina-
tion. The primary granuloma seeded the formation of a distant sec-
ondary granuloma via egression of infected macrophages (Davis and 
Ramakrishnan, 2009). 

3.3.4. Mycobacterium tuberculosis and granuloma formation 
M. tuberculosis pathogenicity is also lying on its capability to modu-

late the host granuloma response and retains its survival inside the 
granuloma (Miggiano et al., 2020). Classical granuloma can be a perfect 
niche for mycobacteria (Ramakrishnan, 2012). At the initial stage of 
infection, M. tuberculosis relies on an environment with inflammatory 
traits to form granuloma. Nevertheless, its survival is associated with an 
environment lacking or with low grade of inflammation. This switching 
is provoked by 6 kDa early secretory antigenic target (ESAT-6), a widely 
recognized M. tuberculosis virulence factor that participates in the 
ESAT-6-secretion systems (ESX-1). Expression of ESAT-6 results in the 
transformation of macrophage with phenotype M1, which secrete 
TNF-α, IL-12 and IL-6 that promote inflammation, into macrophages 
with phenotype M2, which in turn produce IL-10 that possesses 
anti-inflammatory effect (Refai et al., 2018; Martinot, 2018; de Martino 
et al., 2019). 

Adoption of zebrafish model for TB pathogenesis study have high-
lighted on how the mycobacteria have co-opted with host immune 
system to promote the dissemination of mycobacteria in the granuloma 
(Tobin et al., 2012; Martinot, 2018). The potential role of granuloma in 
promoting the dissemination of mycobacterial infection has been illus-
trated (Davis and Ramakrishnan, 2009). The role of angiogenesis on 
bactericidal function and granuloma structure and the involvement of 
host-derived inflammatory lipids mediators in mediating disease 
severity have been documented (Cambier et al., 2014; Oehlers et al., 
2015). It has been demonstrated that mycobacteria stimulate the 
granuloma-associated angiogenesis formation and subsequently pro-
motes the mycobacteria growth and dissemination of mycobacteria to 
different new tissue sites (Cambier et al., 2014; Oehlers et al., 2015). 
Fibroblasts also express MHC class II molecule in antigen presentation to 
CD4 + T cells upon activation by IFN-γ. It is shown that fibroblasts 
infected with M. tuberculosis has loss the antigen presentation capability 
to T cells, indicating that M. tuberculosis can evade from T-helper 
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immune cell surveillance by infecting fibroblast (Mariotti et al., 2013). 
Different studies reported that the microenvironment of the granuloma 
(low pH, hypoxia, high concentrations of carbon monoxide (CO) and 
nitric oxide (NO) and absence of carbon and nutrients) promotes the 
expressions of M. tuberculosis genes that are critical in dormancy in-
duction (Ahmad, 2011). For example, stimulation of DosR regulon in 
vitro is linked with the initiation of M. tuberculosis dormancy (Leistikow 
et al., 2010). 

The mystery behind the formation of granuloma, either as part of the 
host’s immune response to protect against pathogen infections, or as a 
survival mechanism by the M. tuberculosis as it is embedded by protec-
tive cholesterol layers, which avoid the trigger of tissue damage and 
disease progression remains much to be debated. This ambiguity relies 
on the extreme heterogeneity observed in the morphology of granuloma 
at various stages of infection, hypoxia, lipid metabolism manipulation, 
differential M. tuberculosis gene expression and on the role of inflam-
mation inside the granulomas of active tuberculosis and latent tuber-
culosis patients (Russell et al., 2009). The best explanation for these is 
the existence of homeostatic interactions between host and 
M. tuberculosis where granuloma acts as a perfect shelter for both 
M. tuberculosis long-term survival and host protection (Ramakrishnan, 
2012). 

3.3.5. Mycobacterium tuberculosis and host cellular metabolism 
M. tuberculosis pathogenicity attributed by its ability to modulate 

both host and M. tuberculosis cellular metabolism (Miggiano et al., 
2020). M. tuberculosis alters the host lipid synthesis which promotes the 
formation of lipid body (LB) as seen in foamy macrophages which have 
high amounts of intracellular triacylglycerol (TAG), a storage lipid for 
M. tuberculosis. Foamy macrophages possess poorer bactericidal effect 
and have disrupted autophagy and lysosomal acidification (Mahajan 
et al., 2012; Singh et al., 2012). The necrotic foamy macrophages 
directly contribute to the caseum formation and the release of the 
intracellular lipids and LB-associated mycobacteria to the extracellular 
space in patients who have progressed to active TB (Russell et al., 2009). 
Host-derived cholesterol is the primary carbon source for M. tuberculosis 
in vivo and is important for its survival in granuloma. This is proven 
where inhibition of cholesterol levels by statin within phagosomal 
membranes promotes the induction of autophagy that confers host 
protection against M. tuberculosis (Pandey and Sassetti, 2008; Parihar 
et al., 2014; Martinot, 2018). M. tuberculosis adapts metabolically during 
the formation of necrotic core of the granuloma and inducing compen-
satory alterations in host-cell metabolism that will produce a niche and 
long-term supply of cellular cholesterol for persistent M. tuberculosis 
growth. The catabolism of cholesterols in the hypoxic, necrotic granu-
loma core shifted the metabolic state of granuloma from aerobic to 
anaerobic functioning. This transition is likely resulting in dormant-like 
state in M. tuberculosis (Gengenbacher and Kaufmann, 2012; Lee et al., 
2013; Martinot, 2018). M. tuberculosis remodels its cell wall under this 
stress and produces massive amounts of TAG. Two important lipid 
transporter genes, LprG and Rv1410 have been identified as essential 
regulators for in vivo M. tuberculosis growth wherein the depletion of 
these genes increase the cellular TAG levels in M. tuberculosis and sup-
pressed the growth of M. tuberculosis, with cholesterol remains the pri-
mary carbon source (Martinot et al., 2016; Martinot, 2018). 

The pathogenesis of human tuberculosis remains complex. The risk 
factors and outcome of tuberculosis infection are in the hands of a few 
crucial players such as host genetic and immunity factors along with 
diverse genomic and virulence factors of MTBC. The ability of 
M. tuberculosis to evade and modulate host immune responses to its own 
benefit through numerous strategies reflect the extraordinarily capa-
bility of M. tuberculosis to co-adapt with humans, to remain survive at 
the onset of infection and maintains the dynamic equilibrium with hosts 
within granulomas during latent infection. To successfully eliminate this 
highly pathogenic mycobacteria, the only way to go is to mount a rapid 
and focus immune response at the initial stage of infection. Therefore, 

in-depth studies on the mechanisms of host evasion and associated 
virulence factors on M. tuberculosis, identification of putative 
M. tuberculosis effectors and signaling pathways at molecular level that 
are involved in manipulating host immune responses will enable us to 
develop a novel approach to control human tuberculosis. 

4. “Omics” approaches and host biomarkers discovery 

4.1. Current challenges in the diagnosis of tuberculosis 

At present, diagnosis of tuberculosis in humans is based on the 
detection of M. tuberculosis in patient sputum along with radiological 
assessments. However, these assays have some shortcomings. For 
instance, the microscopic detection of acid-fast bacilli (AFB) in sputum 
yields poor sensitivity and requires a minimum of 10,000 bacilli/mL of 
sputum to produce a positive result (Davies and Pai, 2008; Desikan, 
2013). Although sputum culture for M. tuberculosis is relatively more 
sensitive than sputum AFB assay, the culture requires 3–6 weeks for a 
confirmatory result, which delays the initiation of anti-tuberculosis drug 
therapy (Sambarey et al., 2017). In addition, sputum-based diagnostic 
tests are not feasible to diagnose extra-pulmonary tuberculosis disease 
(EPTB). The diagnosis of EPTB requires invasive sampling at site-specific 
tissues and on biological fluids such as cerebrospinal and pleural fluids 
(Goletti et al., 2016). Furthermore, it is also a challenge to obtain 
sputum samples from neonates, who are even more frequently to have 
extra-pulmonary tuberculosis infection (Weiner and Kaufmann, 2017). 
Therefore, the usage of host biomarkers that are responsive to patho-
logical events or host immune responses to extra-pulmonary disease, 
active tuberculosis and latent tuberculosis is deemed to be a better 
choice. 

Adoption of molecular-based detection assay such as GeneXpert 
MTB/RIF has greatly improved the diagnosis of tuberculosis. The rapid 
diagnostic assay is able to detect both M. tuberculosis and rifampicin- 
resistance simultaneously in various clinical specimens including 
urine, blood and cerebrospinal fluid (CSF) within two hours (Zeka et al., 
2011; Kwak et al., 2013; Maynard-Smith et al., 2014). However, the 
assay has poor specificity due to its ability to detect the total DNA of 
both dead and alive bacilli in clinical specimens. Also, its application is 
restricted to active pulmonary tuberculosis, and not to latent pulmonary 
tuberculosis infection (LTBI) (Zeka et al., 2011; Marlowe et al., 2011; 
Friedrich et al., 2013). A recent advancement in molecular-based 
tuberculosis diagnosis is the development of digital PCR (dPCR) that 
detects M. tuberculosis DNA using M. tuberculosis insertional sequence 
IS6110. The study had shown that the sensitivity of droplet digital PCR is 
about two-fold higher than GeneXpert MTB/RIF in detecting probable 
and possible tuberculosis meningitis cases (Li et al., 2020). 

Host biomarkers, in particular host-antibodies that are responsive to 
M. tuberculosis antigens could be good candidates for pathogen di-
agnostics. A number of M. tuberculosis antigen-specific antibodies 
against antigen 60, PPD, CFP-10, ESAT-6, heat shock protein and lipid- 
derived antigens have been reviewed extensively (Verma and Jain, 
2007). CFP-10 and ESAT-6 are among M. tuberculosis antigens used in 
serological diagnosis of tuberculosis. This is due to the absence of 
CFP-10 and ESAT-6 antigens in the genome of BCG strain. Therefore, 
host immune response elicited against these antigens can be used to 
differentiate M. tuberculosis infection from vaccination reaction 
(Andersen et al., 2000; Arend et al., 2000). However, several studies 
documented that the developed assays for these antigens showed poor 
sensitivity and specificity (Achkar and Ziegenbalg, 2012; Lagrange et al., 
2014). On the other hand, a number of highly antigenic M. tuberculosis 
antigens with improved sensitivity and specificity in serodiagnosis of 
tuberculosis compared to classical CFP-10 and ESAT-6 antigens have 
been discovered recently (Luo et al., 2017; Abraham et al., 2018; 
López-Ramos et al., 2018; Maekura et al., 2019). Nevertheless, the 
antibody responses towards M. tuberculosis antigens are usually low in 
children (Achkar and Ziegenbalg, 2012). Hence, the application of 
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serological assays for the diagnosis and prognosis of tuberculosis, 
treatment and monitoring can only benefit adult patients. 

T cells-based detection, focusing on cytokines against M. tuberculosis 
specific antigens has gained traction nowadays. Previously, tuberculin 
skin test (TST) has been widely utilized to diagnose active tuberculosis 
and latent tuberculosis infection. Nonetheless, concerns on the presence 
of cross reactivity in TST and poor sensitivity of TST in immunocom-
promised patients with tuberculosis (Nahid et al., 2006; Frahm et al., 
2011) has shifted to the use of T-cell based detection, which is a sensitive 
and more specific assay than TST in clinical settings (Pai et al., 2008). 
T-cell based IFN-γ release assays (IGRA) such as Quanti-FERON-TB Gold 
in tube (Sultan et al., 2010) and T-SPOT. TB (Richeldi, 2006; Pai et al., 
2014) measure the IFN-γ production in response to ex vivo stimulation 
with M. tuberculosis- ESAT-6- CFP-10 antigens (Mazurek and Villarino, 
2003; Ravn et al., 2005). IGRAs assay can discriminate M. tuberculosis 
infection from BCG vaccination, but are unable to distinguish between 
active and latent tuberculosis infection (Richeldi, 2006; Parida and 
Kaufmann, 2010). Further, IGRA is not able to mark the disease status in 
high tuberculosis burden settings. This is due to the intrinsic response of 
the infection where high levels of CFP-10 and ESAT-6 are secreted 
during active infection (Sharma et al., 2017). 

The advancement of “omics” technologies such as genomics, tran-
scriptomics, proteomics, metabolomics and deep sequencing technolo-
gies have enabled us to understand Mycobacterium tuberculosis complex 
and tuberculosis infection from multi-dimensional views and in an un-
biased manner. The holistic “omics” approaches can be applied to source 
for good host biomarkers in the diagnosis of tuberculosis infection, to 
dissect the mycobacterial virulence components, and also to assist in 
resistance diagnosis. Thus, in this section, we will discuss the application 
of various “omics” approaches, in particular genomics, transcriptomics, 
proteomics and metabolomics in the discovery of host biomarkers for 
tuberculosis infection. A schematic diagram on the current challenges 
and shortcomings of using available diagnostic methods in distinguish-
ing active TB and LTBI and the potentials and drawbacks of omics” 
applications in host biomarkers discovery to improve tuberculosis 
diagnosis is shown in Fig. 3. 

4.2. Genomics and host biomarkers discovery 

The drastic spike in host omics data accompanied with the discovery 

of unique signatures of gene variations in MTBC, in particular 
M. tuberculosis infection has provided a useful window in understanding 
the impact of genetic variation in diagnosis of tuberculosis. For example, 
Chang et al. (2018) had done an analysis on the genetic variants of the 
gene encoding IFN-induced protein-SP110 in a large cohort of patients in 
Taiwan consisting of 278 healthy controls, 301 active tuberculosis and 
68 latent tuberculosis infection. The authors revealed that rs9061 is 
significantly linked with disease susceptibility to LTB1 among the five 
SNPs in SP110 gene which include rs7580912, rs7580900, rs9061, 
rs2241525 and rs11556887. Further analysis by the authors indicates 
that SP110 rs9061 SNP is associated with the decreased levels of plasma 
TNF-α in subjects with latent tuberculosis infection, which suggests that 
genetic polymorphisms in SP110 may serve as genetic markers for sus-
ceptibility to active tuberculosis and latent tuberculosis infection in 
humans (Chang et al., 2018). On the other hand, a pilot study investi-
gating on the potential of epigenetic modifications in immune cells as 
tuberculosis biomarker had been performed (Esterhuyse et al., 2015). 
The authors had simultaneously conducted the transcriptomic profiles, 
epigenome, and proteome analysis of neutrophils and monocytes iso-
lated from patients with active tuberculosis and latent tuberculosis 
infection. The authors highlighted that epigenome (DNA methylation 
profiles) and microRNAs are involved in the regulation of function in 
active tuberculosis and latent tuberculosis infection. Therefore, 
large-scale analysis of DNA methylome based on age, gender and cell 
types in tuberculosis infection are needed (Esterhuyse et al., 2015). 

4.3. Transcriptomics and host biomarkers discovery 

Transcriptomics is widely applied since the last decade to untangle 
the complexity in host-mycobacterial interaction and to identify po-
tential host biomarkers in the diagnosis of tuberculosis (Maertzdorf 
et al., 2011a; Joosten et al., 2013). Investigation of blood tran-
scriptomics profiles also grant us access in understanding the intertwine 
between host components and underlying molecular mechanism in 
M. tuberculosis infection. Further, pathological events occurring during 
tuberculosis infection are usually reflected in the peripheral blood by 
circulating host immune cells, although the primary immune response 
against M. tuberculosis is focused on lungs (Weiner et al., 2013). Abun-
dance of studies have employed blood transcriptomics analysis in host 
biomarkers discovery. For instance, microarray study followed by 

Fig. 3. Challenges and shortcomings of currently available diagnostic tools in tuberculosis diagnosis, in particular to differentiate between active tuberculosis (active 
TB) and latent tuberculosis infection (LTBI) and the potentials and considerations of adopting different “omics” approaches as alternatives in the quest for promising 
host biomarkers to improve tuberculosis diagnosis and to discern between active TB and LTBI. 
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quantitative polymerase chain reaction analysis had revealed a number 
of differentially expressed genes predominantly derived from monocytes 
between M. tuberculosis-infected healthy donors and peripheral blood 
mononuclear cells from tuberculosis patients (Jacobsen et al., 2007). 
Sutherland and his collaborators (2014) identified that high-affinity IgG 
Fc receptor 1 (FCGR1A or CD64) was the only marker that was signifi-
cantly increased in patients with active tuberculosis than in patients 
with latent tuberculosis prior to treatment, regardless of genetic back-
ground or HIV status (Sutherland et al., 2014). Another blood tran-
scriptomic study conducted by Berry et al. (2010) had identified a panel 
of 393 transcripts in active tuberculosis. The authors further discovered 
86 transcript signatures that can be used specifically to differentiate 
tuberculosis from other inflammatory and infectious diseases. The au-
thors highlighted that neutrophil-driven interferon-inducible genes 
encompassing type-1 IFN-αβ signaling and IFN-ƴ are predominantly 
expressed in active tuberculosis (Berry et al., 2010). Likewise, similar 
findings that active tuberculosis is driven by neutrophil-driven inter-
feron signature were reported (Maertzdorf et al., 2011a; Ottenhoff et al., 
2012; Bloom et al., 2013). In addition, Lee et al. (2016) demonstrated 
that the expression of innate immune-related genes are highly correlated 
with active tuberculosis whilst the expression of genes associated with 
natural killer cell activation and apoptosis are profoundly found in pa-
tients with latent tuberculosis infection (Lee et al., 2016). 

Furthermore, a number of studies have identified a biosignature 
which consists of minimal genes that are suitable to discriminate active 
tuberculosis from latent tuberculosis infection (Jacobsen et al., 2007; 
Maertzdorf et al., 2011b, 2016; Sweeney et al., 2016; Sambarey et al., 
2017). These studies suggest that concise biosignature consisting of 
minimal genes hold a promising discriminative power in differentiating 
active tuberculosis from latent infection and other pulmonary diseases. 
Further, the specificity and sensitivity of biosignature consisting of 
minimal genes is better than a large-gene signature. This is because a 
larger gene set may include more general inflammatory markers and the 
expressions tend to overlap with other inflammatory diseases (Maertz-
dorf et al., 2016). Several recently published studies also demonstrated 
the potential of biosignature in prediction of disease progression and 
diagnosis of active tuberculosis (Leong et al., 2020; Turner et al., 2020). 
Nevertheless, careful selection of variables and appropriate integrated 
analysis tools, coupled with acquisition and evaluation of these bio-
signatures from ethnically distinctive cohorts and cross-validation with 
all available cohorts are required to ensure that these biosignatures are 
universally applicable. 

The adoption of transcript signature as a risk predictor and/or dif-
ferentiator between active tuberculosis from latent tuberculosis. 
Kaforou et al. (2013) observed that a 44-transcript signature can be used 
to distinguish tuberculosis from other diseases. Further, in the inde-
pendent validation cohort, the authors reported that a 27-transcript 
signature can differentiate patients with active tuberculosis (inclusive 
of HIV+ and HIV− populations) from latent tuberculosis infection. The 
authors also proposed a computation method to assess the disease risk 
score (DSR) for each patient. The risk score was first evaluated in the test 
cohort before validation in an independent available public database. 
The disease risk score is able to distinguish active tuberculosis from 
latent tuberculosis infection and other diseases in independent valida-
tion cohort (Kaforou et al., 2013). Hence, translation of multiple 
RNA-transcript signatures into disease risk score could be an unbiased 
approach in a resource-limited setting that could minimize the running 
cost and bioinformatics analysis. Likewise, based on microanalysis of 
RNA expression on blood in children, Anderson et al. (2014) reported a 
51-specific transcript that differentiate tuberculosis from other diseases. 
The authors detected a 42-specific transcript set that discriminated 
against active tuberculosis from latent tuberculosis infection. The au-
thors also developed a risk score to provide a clearer picture on the 
prevalence of tuberculosis in each diagnosis group and highlights the 
usefulness of risk score in populations where latent tuberculosis infec-
tion is common (Anderson et al., 2014). A study by Zak et al. (2016) also 

demonstrated that a set of whole blood profiles can be used to predict 
the risk of developing active tuberculosis in latent infections through 
RNA sequencing (Zak et al., 2016). 

There is also growing evidence on using RNA sequencing to study the 
influence of non-coding RNA in different stages of tuberculosis infection. 
Several studies have identified the differential expression of a panel of 
microRNAs (miRNAs) between active tuberculosis and latent tubercu-
losis infection, highlighting the potential of miRNAs as promising bio-
markers in tuberculosis infection (Miotto et al., 2013; Esterhuyse et al., 
2015; Chakrabarty et al., 2019; Lvu et al., 2019). Another study by de 
Araujo et al. (2019) demonstrated that besides miRNA, PIWI-interacting 
RNA (piRNA) and small nucleolar RNA (snoRNA) could serve as po-
tential biomarkers to discriminate active tuberculosis from latent 
tuberculosis infection (de Araujo et al., 2019). On the other hand, Fu 
et al. (2019) had explored the potential of circular RNA (circRNA) as a 
biomarker for tuberculosis. The authors observed 171 deregulated 
circRNA in tuberculosis where circRNA_101128, circRNA_103017 and 
circRNA_059914 were highly up-regulated whilst circRNA_062400 level 
was reduced (Fu et al., 2019). Lv et al. (2017) had documented differ-
ential expression of exosomes between active tuberculosis and latent 
tuberculosis infection, suggesting selective packaging of RNA cargoes 
into exosomes in response to different stages of M. tuberculosis infection. 
Further pathway and functional analysis revealed the downregulation of 
signaling pathway/immune response and up-regulation of apopto-
sis/necrosis (Lv et al., 2017). More studies to enhance the understanding 
on the association of non-coding RNAs with tuberculosis are pertinent. 
In-depth computational and experimental assessments are in need to 
unravel the biological functionality of non–coding RNAs in tuberculosis 
infection. Additional validation is warranted before advancing specific 
non-coding RNA biomarkers into clinical settings. 

4.4. Proteomics and host biomarkers discovery 

Proteomics has gathered remarkable attention since its birth and is 
currently in the transition from benchwork to clinical implementation. 
Proteomics profiling enables massive identification of functional pro-
teins that possess high value in therapeutics or as host biomarkers in the 
diagnosis, treatment and prevention of diseases (Bisht et al., 2019). A 
number of studies have been conducted using proteomic approaches to 
identify suitable host biomarkers in tuberculosis. Through a large-scale 
multiplexed proteomics approach, De Groote et al. (2013) had identified 
several promising protein biomarkers from the paired serum samples of 
patients with tuberculosis before and after treatment. The authors also 
discovered a number of biological and functional pathways such as tis-
sue healing and remodeling, protease, apoptosis, coagulation and com-
plement cascade, pattern recognition, antimicrobial defense, immunity 
and inflammation and acute phase response. Nevertheless, the expres-
sion of cytokines pathway, for example interferon-gamma was lower 
than predicted (De Groote et al., 2013). Another large-scale proteomics 
study that focused on the association of host proteins biomarkers in 
active tuberculosis in HIV-uninfected subjects and co-infected subjects 
had been performed (Achkar et al., 2015). In the study, the authors 
demonstrated differential expression in host protein biomarkers 
involved in tissue repair, lipid metabolism and immune response in 
patients with active tuberculosis. The authors identified a panel of eight 
to ten host proteins that can be potentially applied to discriminate active 
tuberculosis from latent tuberculosis infection and other respiratory 
diseases (Achkar et al., 2015). Another study by Pandey et al. (2016) had 
illustrated that serum adenosine deaminase, which converts adenosine 
to inosine enzymatically as a potential serum proteomic biomarker for 
tuberculosis (Pandey et al., 2016). 

Cao et al. (2018) have utilized proteome microarray to screen for 
potential serum biomarkers to distinguish between active tuberculosis 
and latent tuberculosis infection. In the study, the authors screened 
4262 M. tuberculosis antigens of 40 serum patients with active tubercu-
losis and latent tuberculosis infection at systems level. The authors 
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identified that 152 M. tuberculosis antigen-specific IgG were significantly 
increased in patients with active tuberculosis as compared to patients 
with latent tuberculosis infection. From the study, eleven candidate 
antigens were further validated using ELISA and the findings obtained 
showed consistency with proteome microarray analysis. The authors 
reported that RV2031c, RV2421c and RV1408 could be potential serum 
biomarkers to differentiate between active tuberculosis and latent 
tuberculosis infection (Cao et al., 2018). Another study by Liu et al. 
(2018) reported that among 1011 host serum biomarkers studied, 153 
proteins were significantly increased in patients with severe pulmonary 
tuberculosis. These proteins include s100 calcium-binding protein 
(S100-A9), a-1-acid glycoprotein 2 (ORM2), superoxide dismutase 
(SOD) and IL-36a. The authors suggested that the proteins identified are 
linked with the development of tuberculosis where these proteins can be 
used to identify the different stages of tuberculosis (Liu et al., 2018). 
Other proteomic studies such as Sun et al. (2018) had identified an array 
of 31 plasma proteins that were significantly expressed in patients with 
pulmonary tuberculosis compared to subjects with latent tuberculosis 
infection and healthy controls through label-free quantitative prote-
omics. Further analysis had revealed that a diagnostic model comprising 
of alpha-1-acid glycoprotein 1 (AGP1), alpha-1-antichymotrypsin (ACT) 
and E-cadherin (CDH1) can discriminate pulmonary tuberculosis from 
latent tuberculosis infection, with sensitivity and specificity of 81.2 % 
and 95.2 %, respectively (Sun et al., 2018). 

Several studies had investigated the diagnostic performance of serum 
protein biosignature in the diagnosis of active tuberculosis (Achkar 
et al., 2015; Chegou et al., 2016; De Groote et al., 2017). Chegou et al. 
(2016) had identified seven protein-based biomarkers that are suitable 
to detect active tuberculosis in patients, regardless of HIV-infection 
status or ethnicity in Africa (Chegou et al., 2016). Likewise, De Groote 
et al. (2017) has identified six-protein signature markers (HR6) that can 
be useful in diagnosing active pulmonary tuberculosis (De Groote et al., 
2017). The identification of a panel of protein biosignature aids in the 
development of point-of-care screening for active tuberculosis (Chegou 
et al., 2016; De Groote et al., 2017). On the other side, Penn-Nicholson 
et al. (2019) had identified two prognostic proteome biomarkers, TRM5 
signature and 3PR signature which can be used to predict the progres-
sion to incident tuberculosis within a year of diagnosis. Nevertheless, 
validation of these protein-based signatures in other ethnicities besides 
Africans are needed to evaluate the universal performance and validity 
of the proteomic biosignatures (Penn-Nicholson et al., 2019). It is likely 
that proteomics hold the promise as a valuable approach in the diagnosis 
of tuberculosis and in the search of therapeutic biomarkers, where 
translation of these biomarkers from laboratory into clinical imple-
mentation can be performed. 

4.5. Metabolomics and host biomarkers discovery 

A number of metabolomics studies using different biological samples 
such as breath (Phillips et al., 2010; Kolk et al., 2012), blood (Weiner 
et al., 2012; Che et al., 2013; Zhou et al., 2013; Frediani et al., 2014; 
Feng et al., 2015; Lau et al., 2015; Duffy et al., 2019; Cho et al., 2020), 
urine (Mahapatra et al., 2014; Isa et al., 2018) and sputum (Schoeman 
et al., 2012; du Preez and Loots, 2013d) have been conducted. For 
example, metabolome analysis of more than 400 small molecules in 
serum of patients with active tuberculosis, uninfected individuals and 
patients with latent tuberculosis infection revealed changes in amino 
acid, lipid and nucleotide metabolism pathways, indicating the 
involvement of anti-inflammatory metabolites in active tuberculosis. 
Through random forest analysis, Weiner et al. (2012) had identified 20 
metabolites that can discriminate between active tuberculosis and latent 
tuberculosis infection. Metabolic profiles of active tuberculosis showed 
increased activity of indoleamine 2,3 dioxygenase 1 (IDO1) which could 
be related to kynurenine upon contact with M. tuberculosis together with 
expansion of adenosine metabolism products, a decline in phospholipase 
activity and the presence of fibrotic lesions. In addition, the authors 

observed an association of metabolic profiles with cytokine signaling 
(Weiner et al., 2012). 

On the other hand, Che et al. (2013) had identified a reduction of 
5-oxoproline in serum samples of patients with active tuberculosis and is 
linked to pathological damage of the lung, independent of sex, age and 
burden of diseases (Che et al., 2013). Frediani et al. (2014) had per-
formed high resolution metabolomics studies between 17 patients with 
active tuberculosis and their asymptomatic household contacts. The 
authors identified eight metabolic clusters with largely up-regulated 
metabolites in plasma of patients with active tuberculosis. Moreover, 
the authors demonstrated several specific metabolites that hold the 
potential as metabolite markers and could unravel the underlying 
pathways involved in the pathogenesis of tuberculosis (Frediani et al., 
2014). Lau et al. (2015) had suggested that several plasma metabolites, 
in particular 14Z-eicosatetraenoic acid (12(R)-HETE), when used alone 
and in combination is a potential biomarker for tuberculosis (Lau et al., 
2015). Another study by Zhong et al. (2016) had revealed significant 
changes of 99 serum metabolites in patients with tuberculosis. The au-
thors reported that glycerophospholipid and arachidonic acid metabolic 
pathways were involved in the regulation of tuberculosis (Zhong et al., 
2016). 

Isa et al. (2018) had identified a specific combination of neopterin, 
diacetylspermine, N-acetylhexosamine and sialic acid that could po-
tential be used to discern active infection from non-tuberculous pul-
monary disease (Isa et al., 2018). Through high resolution metabolomics 
profiling, Collins et al. (2018) had discovered three 
M. tuberculosis-associated metabolites (lysophosphatidylinositol 
(Lyso-PI), acylphosphatidylinositol mannoside (Ac1PIM1) and phos-
phatidylglycerol (PG)) that showed significantly increased in patients 
with active tuberculosis when compared to their household contacts. 
Further analysis by ion dissociation spectra (tandem MS/MS) showed 
that both PG and Lyso-PI were found in the plasma samples of patients 
with active pulmonary tuberculosis (Collins et al., 2018). Duffy and his 
co-workers (2019) had integrated both blood transcriptomic and serum 
metabolomics profiles for pathway and correlation analysis. The authors 
identified a putative immunemetabolic panel consisting of tryptophan, 
cortisol, tRNA acylation and gluthathione that was linked with the 
progression of latent infection to active tuberculosis (Duffy et al., 2019). 
A targeted metabolomics study by Cho et al. (2020) had identified 
abundance of serum metabolites such as glutamate, aspartate and sul-
foxy methionine and lower levels of glutamine, asparagine and methi-
onine in active tuberculosis than in latent tuberculosis infection and 
healthy controls. Additionally, the authors reported that no significant 
correlation between these serum metabolites with disease severity and 
risk of relapse in patients with active tuberculosis were recorded. Thus, 
these novel serum metabolites findings represent potential biomarkers 
in diagnosis of active pulmonary tuberculosis (Cho et al., 2020). 

Adoption of metabolomics in novel biomarker research on tubercu-
losis is still in its infancy. Findings from aforementioned studies suggest 
that metabolites from various biological samples could be potentially 
rapid, adjunct, and non-invasive biomarkers in pulmonary tuberculosis 
diagnosis and treatment monitoring. Additionally, the metabolomics 
technologies aid us in attaining a comprehensive understanding on the 
biology and functional role of metabolites and their novel metabolic 
pathways which are affected in tuberculosis infection. It also helps us in 
capturing the actual host response during tuberculosis for designing 
suitable diagnosis and treatment regimens. Nevertheless, comprehen-
sive assessment of metabolites requires highly specialized and skillful 
analytical techniques along with sophisticated bioinformatics analyses 
which remains a huge challenge in poor-resource settings where 
tuberculosis is endemic. 

5. Challenges and future directions of omics-based host 
biomarkers discovery 

Most of the aforementioned studies regardless of the type of omics 
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approach leads to identification of an abundance of potential host bio-
markers. These identified biomarkers could just represent general host 
responses and are not specific enough to draw robust conclusion for 
tuberculosis infection. Other infectious diseases may share similar host 
responses, which may affect the specificity of host biomarkers. For 
example, IFN signaling pathway which is predominantly expressed in 
majority of the blood transcriptomic studies is also an essential tran-
scriptional response in untreated HIV infection (Esmail et al., 2018). 
Therefore, there is a need to refine and narrow down the biomarkers 
discovered to a more specific yet minimal numbers of biosignatures 
through rigorous selective approach. 

Numerous omics- based host biomarkers published to date are quite 
challenging to compare. These studies tend to focus on specific 
geographical regions with variations in the number of enrolled subjects 
and control populations, and without comprehensive information on the 
status of the latent tuberculosis infection or on other infectious/in-
flammatory diseases. Furthermore, the reporting and analytical tools 
often differ in each study. Thus, lack of standardization in study design 
may lead to a loss of credibility and reliability in the quest for host 
biomarkers in tackling tuberculosis disease. To overcome this, careful 
design of the study is very much needed. Appropriate data mining 
including supervised and unsupervised learning and analysis tools 
together with new algorithms must be carefully designed to fit all these 
big data (Weiner and Kaufmann, 2017; Yong et al., 2019). Also, 
combining and integration of host biomolecules identified from different 
platforms could improve the overall performance of these biosignatures. 
This warrants the need of having new, independent studies involving 
larger cohorts with different populations to allow cross-validation and 
meta-analysis for the development of precise biosignatures that can be 
applied as simple yet reliable point-of-care tests. 

World Health Organization (WHO) and Foundation for Innovative 
New Diagnostics (FIND) have approved target product profiles (TPPs) 
for the development of novel diagnostic tests to diagnose active tuber-
culosis infection and to predict the disease progression from latent 
tuberculosis infection to active tuberculosis. The approved TPPs rec-
ommended for disease prediction in tuberculosis, both the sensitivity 
and specificity of new diagnostic tools for active disease progression 
must achieve at least 75 % (minimal) to 90 % (optimum) over a two-year 
period. This approach will lead to a decrease in numbers needed to treat 
(NNT) to 10–15 (World Health Organization, 2017; Kik et al., 2018). 
Warsinske et al. (2019) had performed a systematic comparison of 
published host-response-based signatures to assess their performance 
with approved TPPs. Several signatures published that meet WHO 
thresholds were identified. The authors reported that Sweeney3 signa-
ture (Sweeney et al., 2016) was performed well across all comparisons. 
However, the performance of some signatures was less efficient in study 
cohorts outside from where they were initially discovered. The authors 
surmise host-response-based diagnostics could be useful to diagnose 
patients with active tuberculosis and to predict subjects with heightened 
risk on disease progression from latent tuberculosis infection to active 
tuberculosis (Warsinske et al., 2019). Another meta-analysis study had 
evaluated 17 published candidate mRNA signatures against a pooled 
dataset from four eligible studies involving 127 incipient tuberculosis. 
The authors identified eight signatures that performed equivalently. 
Nevertheless, none of these signatures fulfill the minimal requirement of 
WHO target product profile for incipient tuberculosis over a two-year 
period. This study highlights blood transcripts meant for short-term 
risk assessment for tuberculosis and only meet WHO benchmarks for 
3–6 months periods. Serial testing is thus required for selected target 
groups for proper implementation of these biomarkers (Gupta et al., 
2020). Similarly, two proteomic biosignatures, TRM5 and 3PR identified 
by Penn-Nicholson et al. (2019)did not meet the minimum thresholds of 
TPPs (Penn-Nicholson et al., 2019). Thus, consideration of adhering to 
WHO-endorsed TPPs guidelines in the designation and analysis phases 
are warranted to produce biosignatures that are clinically useful. 

For promising host biomarkers to be utilized in clinical settings, there 

is a need to translate them for routine use (Gliddon et al., 2018). For 
instance, biosignature derived from whole genome study can be trans-
lated into more practical form, such as NanoString’s Counter technology 
or multiplex PCR. Additionally, labour-intensive RNA extraction pro-
tocols need to be simplified and integrated into diagnostic platforms. 
Diagnostic thresholds values need to be determined through proper 
scoring methods. The developed assays should be assessed in prospec-
tive studies in populations of their intended use for clinical and public 
health utility (World Health Organization, 2017). On the other hand, 
careful consideration on the suitability of transcriptional-based bio-
markers in guiding preventive therapy in immune-compromised pop-
ulations such as in individuals living with HIV, people with impaired 
cell-mediated immunity, pre-transplant patients is needed as disease 
progression caused by M. tuberculosis in these target groups may occur 
rapidly. This will eventually lead to insufficient time to diagnose 
incipient tuberculosis (Getahun et al., 2015). Also, there is heightened 
concern on the availability of conclusive findings and what treatment 
needs to be applied when omics-based biomarkers yield a positive pre-
dictive result in contrast with negative findings from sputum culture or 
molecular assay. 

6. Conclusion 

Mycobacterium tuberculosis complex is a group of closely related 
species causing tuberculosis in humans that contributes to the globally 
increasing mortality and morbidity. This comprehensive review article 
covers the genetic diversity of Mycobacterium tuberculosis complex, 
pathogenesis and drug resistance mechanisms of human tuberculosis in 
relation to MTBC together with the broad application of omics tech-
nologies and Mycobacterium tuberculosis complex which include the as-
pects of genomics, transcriptomics, proteomics and metabolomics. The 
avalanche of various omics approaches in dealing with the sheer 
complexity of Mycobacterium tuberculosis complex in general and 
M. tuberculosis in particular offers a complete holistic view to tackle 
human tuberculosis from a multidimensional perspective. Moving for-
ward from there, the journey to successfully identify a specific host 
response biomarker perhaps in the form of precise biosignatures towards 
tuberculosis infection will likely see the light at the end of the tunnel in 
the near future. 
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