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Abstract 
Tuberculosis is a devastating disease causing high mortality all over the world, 
especially in the developing countries. Mycobacterium tuberculosis (M. tb) is the 
causative agent of tuberculosis which replicates in the intracellular environment of 
host macrophages. Although the host immune system is capable of completely 
eliminating the pathogen, co-evolution of M. tb with humans has resulted in its 
ability to hijack the host innate and adaptive immune systems in numerous ways. 
Limited recent progress has been made in the understanding of M. tb immune 
escape mechanisms, hence exploration of survival strategies of M. tb has been 
critically reviewed with an insight into understanding its pathogenesis. We 
summarized the recent studies regarding the modulation of innate immune 
response, adaptive immune response, epigenetics and the role of miRNA. All of 
these advancements suggest that M. tb is well-familiarize with the host immune 
system and possess the ability to hijack it for intracellular survival. 

Introduction 
Tuberculosis (TB) is described in almost all of the recorded history of humanity 
(Comas et al., 2013). It is the leading cause of death due to infectious disease 
and, therefore, has been enlisted in the priority list of OIE and WHO (Dean et al., 
2018; Lisdawati et al., 2015). Multidrug-resistant (MDR) and extensively drug-
resistant (XDR) TB have contributed greatly in treatment failure and increasing 
case fatalities (Dean et al., 2018; Lisdawati et al., 2015). M. tb has been evolved 
to endure many different environments ranging from soil dweller to intracellular 
pathogen (Cambier et al., 2014). While infecting macrophages and dendritic cells 
(DCs), M. tb hijacks them for its survival and dissemination (Harding and Boom, 
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2010). It further inhibits the major histocompatibity complex class-II (MHC-II)-
mediated antigen presentation to adaptive immune cells, i.e. CD4+ T cells 
(Harding and Boom, 2010). To survive in the hostile cellular environment, 
pathogenic mycobacteria employ various strategies, such as: phago-lysosome 
maturation inhibition, autophagy suppression, cytokine activation and production, 
reactive oxygen (ROS) and nitrogen species (RNS) inhibition, manipulation of 
antigen presentation to T cells, and epigenetics (Cambier et al., 2014; Harding 
and Boom, 2010). M. tb is recognized by macrophages through pattern 
recognition receptors (PRRs) which include; Toll-like receptors (TLR-2, TLR-4, 
TLR-9), NOD-like receptors (NLR), and C-type lectin receptor (CLR) (Mortaz et 
al., 2015). Recognition activates intracellular signaling cascades, such as IL-1 
receptor-associated kinases (IRAK), TNF receptor-associated factor 6 (TRAF-6), 
TGF-ß-activated protein kinase 1 (TAK1), and mitogen-activated protein kinases 
(MAPK) (Ernst, 1998; Mortaz et al., 2015). TLR signaling leads to the release of 
pro-inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin-12 
(IL-12), and IL-1β. These cytokines recruit adaptive immune cells, T-cells, which 
can aid in the mycobactericidal response by their interferon-gamma (IFN-γ) 
release (Mortaz et al., 2015). IFN-γ increases the microbicidal capacity of 
macrophages by enhancing trafficking of the phagocytosed bacteria to 
lysosomes. Moreover, IFN-γ triggers macrophages to produce damaging radical 
species, such as ROS and RNS (Mortaz et al., 2015). How M. tb successfully 
manipulate these responses of the innate and adaptive immune system of host 
for its persistence is questionable till date? Similar to our present study on M. tb, 
Ahmed et al., (Ahmed et al., 2016) has described the similar stealing strategies of 
another notorious intracellular organism, Brucella. The present review will discuss 
the current knowledge of M. tb survival mechanisms to withstand host cell 
defenses. 

1. Modulation of innate immunity 
Innate immunity is necessary to understand the pathogenicity of intracellular 
bacteria, such as: M. tb, Salmonella spp. etc. Hurley et al., (Hurley et al., 2014) 
has described the interaction of Salmonella enterica with human host regarding 
activation of innate immune system. They also suggested that this interaction is 
necessary for the survival of S. enterica within innate immune cell i.e. 
macrophage. In case of M. tb, the role of innate immunity initiates when an 
individual inhales tubercle bacilli. Macrophages make up the first line of defense 
against M. tb (Figure 1) (Ferraris et al., 2018; Hossain and Norazmi, 2013). They 
eliminate the phagocytosed bacteria by fusing phagosome with lysosomes, which 
contain acidic and hydrolyzing enzymes (Ferraris et al., 2018). Although 
complement pathways are activated during M. tb infection yet the bacteria counter 
or manipulate the host immune system in a very shrewd way. Alternate 
complement pathway is activated when the M. tb infection happened from non-
inhalation route, whereas, classical pathway activated when the infection occur 
from inhalation (lung) route (Ferguson et al., 2004). Normally, innate immune 
cells, macrophages and dendritic cells (DCs), engulf bacteria and present their 
epitopes to helper (HTL) and cytotoxic T-lymphocytes (CTL) (Ferraris et al., 
2018). This process triggers different signaling pathways in the host cell. These 
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epitopes drive HTL/CTL priming and memory generation and induce host 
adaptive immune response.  

Recent studies have suggested that phagosomal maturation inhibition is 
important for the progression of infection, which would otherwise lead to bacterial 
clearance and antigen processing (Torres et al., 2006). Thus, several proteins in 
M. tb play a role in the phagosomal maturation inhibition. For example, Rv0198c 
(Zmp1), a culture filtrate (secretory) protein that functionally acts as a Zn 
metalloproteinase, inhibits the conversion of pro-IL-1β to IL-1β by inhibiting 
caspase-1. Consequently, this suppresses IL-1β-mediated inflammasome 
activation and phagosomal maturation (Figure 1) (Master et al., 2008). 
Phagolysosomal fusion is also inhibited by exotoxins/proteasomes, such as SapM 
(Rv3310), acid phosphatase/ phosphomonoesterase, and serine/ threonine 
kinase (PknG- Rv0410c) (Walburger et al., 2004). Furthermore, a cell wall 
component, lipoarabinomannan (LAM), has been reported to inhibit 
phagolysosomal fusion. This inhibition occurs through the release of 
phosphoinositol-3-phosphate phosphatase enzyme from M. tb that acts against 
host PI3P, which is recruited to phagosomal membranes to attract lysosomes for 
fusion (Deretic et al., 2006). Similarly, another cell wall component, trehalose 
dimycolate (TDM), has also been implicated in delaying phagosome maturation. 
TDM is recognized by CLR (Lang, 2013), TLR2, CD14, and the scavenger 
receptor, MARCO (Bowdish et al., 2009). TDM modulates mincle signaling, which 
triggers pro-inflammatory (TNF-α and NO) and anti-inflammatory (IL-10) cytokines 
by syk/CARD9 signaling in mouse bone marrow-derived macrophages (mBMDM) 
(Patin et al., 2017). Recently, Patin et al. (Patin et al., 2017) have experimentally 
shown the delaying of phagosomal maturation by TDM. Using an IgG antibody-
opsonised bead model, they studied FcɤR-mediated phagosomal formation. TDM 
triggered an inhibitory cross-talk between mincle and the FcɤR, with the end 
result of delayed phagosomal maturation (Patin et al., 2017). Other virulence 
factors negatively modulate pathogen recognition receptors (PRRs), and more 
specifically, TLR2, signaling. These include; 60 kDa chaperonin-2 (GroEL2), 
sulfated glycolipids, 6 kDa early secretory antigen target (ESAT-6), and lipoprotein 
LpqT (Figure 1). Signals from TLR2 activate the transcriptional activator, NF-κB, 
for innate immune cytokine release, phagosome maturation, and apoptosis, which 
are all inhibited by these virulence factors (Li et al., 2018; Naffin-Olivos et al., 
2014).  

Another strategy for M. tb is to manipulate innate immunity indirectly. An example 
is that M. tb recruits the host protein, TACO1/CORO1A, to its phagosome, which 
also prevents phago-lysosomal fusion (Figure 1) (Jayachandran et al., 2007; 
Meena, 2010; Pieters, 2008). In non-infected macrophages, Coronin 1 is 
distributed equally between the cytosol and membranes. It is exclusively recruited 
to the phagosomal membrane surrounding live but not dead M. tb in 
macrophages. In macrophages containing dead M. tb, coronin 1 is initially co-
internalized but rapidly dissociates from phagosomes and non-coated 
phagosomes fuse with lysosomes, resulting in the degradation of mycobacteria. 
Hence, it suggests an essential role for coronin-1 in preventing the fusion of 
phagosomes with lysosomes (Ferrari et al., 1999; Tailleux et al., 2003). However, 
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this recruitment of coronin-1 is specific to alveolar macrophages only and does 
not liable for Kupffer cells, the resident macrophages of the liver (Ferrari et al., 
1999). Regarding molecular activities of coronin-1 in macrophages, these are fully 
dispensable on F-actin-mediated functions, which are analyzed by phagocytosis, 
micropinocytosis and motility. Coronin-1 is required for the activation of the Ca2+-
dependent phosphatase and calcineurin (Jayachandran et al., 2007). In wild-type 
macrophages calcineurin becomes activated upon internalization of M. tb and 
blocks phagosome-lysosome fusion by an unknown mechanism, allowing M. tb 
survival. In the absence of coronin-1, calcineurin activation does not happen 
inhibiting phagosome-lysosome fusion and intracellular degradation of the 
phagocytosed mycobacteria (Jayachandran et al., 2007). Similarly, activation of 
tyrosine phosphatase (PtpA), inhibit the recruitment of vacuolar proton-ATPase to 
the mycobacterium-containing phagosome membrane (Figure 1) (Wong et al., 
2011). This prevents lysosomal acidification despite the membrane surface 
containing molecular markers (CD63, LAMP-1, LAMP-2, transferrin receptors, 
and Rab5) for fusion with lysosomal membranes (Chen et al., 2015; Gidon et al., 
2017).  

M. tb survives and replicates within the acidic environment of lysosome by 
engulfment in macrophages via Fcɤ receptors (Levitte et al., 2016) and Rv3671c 
(MarP: membrane serine protease), an acid endurance and virulence providing 
factor (Levitte et al., 2016). Another host factor, which is an immunosuppressive, 
non-classical, and class Ib molecule, is Human Leukocyte Antigen-G (HLA-G). 
This factor leads to the induction of apoptosis, suppression of cytotoxicity, and 
modulation of cytokine secretion (Saurabh et al., 2018). This immunosuppressive 
function is highly conducive for M. tb evasion from host responses. Countering 
this strategy by blocking HLA-G leads to upregulation of pro-inflammatory 
cytokines (IFN-γ and TNF-α). This upregulation can be observed in M. tb antigen-
specific CD3+ T cells in TB-pulmonary effusion patients (Saurabh et al., 2018). 
Similarly, when host immunity dominates over the pathogen's virulence, innate 
immune cells present antigen to CD4+ T cells by the MHC-II pathway. This 
culminates in the development of a Th1 response with release of IFN-γ (Rohde et 
al., 2007). Here, M. tb uses the host's own negative co-stimulatory receptor, i.e. 
lymphocyte activation gene-3 (LAG-3). LAG-3 favors M. tb survival by interfering 
with the mitochondrial apoptosis pathway. Thus, the silencing/down-regulation of 
LAG-3 in CD4+ T cell leads to an increase in M. tb killing, IFN-γ expression and 
decrease in mitochondrial electron transport (Phillips et al., 2017). 

Intracellular M. tb can also survive in the acidic environment of the 
phagolysosome partially by intrinsic characteristics. For example, mycolic acid 
forms the thick and waxy cell wall that provides a physical barrier against the 
entry of protons of acidic media (Saviola, 2013). Some environmental 
mycobacteria (M. smegmatis), can naturally grow in acidic condition (Saviola, 
2013) while pathogenic mycobacteria (M. tb) has also evolved acid tolerance 
(Saviola, 2013). Genes regulating cell wall structure also upregulate during 
contact with acidic environments, genes involved in cell wall structure, such as 
mymA operon, becomes up-regulated (Singh et al., 2005). On the other hand, the 
production and storage of triacylglycerol starts in an extended period of acidic 
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stress in M. tb (Purdy et al., 2013). Triacylglycerol also acts as an energy source 
to bacilli during the latent phase, representing an important strategy of survival 
(Purdy et al., 2013).  
  
Another strategy for intracellular survival used by M. tb is through the interaction 
of tyrosine phosphatase, PtpA, with the host ubiquitin system. PtpA inhibits innate 
immunity by interacting with the host protein, TRIM27 (Wang et al., 2016). 
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Figure 1. Schematic illustration of M. tb-host interactions with and inside of the alveolar macrophage. 
M. tb processing in alveolar macrophages depicted by its step-wise strategies for its intracellular lifestyle. 1) 
Membranous invagination to entrap M. tb within a phagosome. ESAT-6 and LpqT are involved in the inhibition 
of TLR2 signaling-led recognition and response to invading M. tb. 2) Zmp1 is secreted by phagosomal M. tb 
into the cytosol to complex with/block activated caspase-1. This complex ultimately prevents oxidative stress 
responses by inhibiting the conversion of pro-IL-1β to IL-1β. 3) Phagosomal M. tb releases protease (SapM), 
cell wall component (TDM), and kinase (PknG) to inhibit phagosome-lysosme fusion. 4) Phagosome-lysosome 
fusion is also inhibited by coating phagosomal membrane with host protein coro-1α. Coro-1α activates calcium-
calcineurin complex t and blocks the fusion of the coated phagosome with lysosomes. 5) Activation of bacterial 
factor, tyrosine phosphatase (PtpA), inhibits the recruitment of vacuolar proton-ATPase to the membrane of 
Mycobacterium-containing phagosomes. This ultimately blocks its fusion with lysosome. 6) Secretion of EsxA 
and PDIM led to pore formation in phagosomal membranes. M. tb immediately senses the cytosolic DNA 
sensor, cyclic GMP-AMP synthase (cGAS), which leads to the synthesis of the second messenger, cGAMP. 
The ultimate target of cGAMP is to release the pathogen growth-favoring cytokines, type I IFNs.



TRIM27 is reported to possess a conserved RING domain and usually acts as an 
E3 ubiquitin ligase that promotes apoptosis in macrophages. Thus, this TRIM27-
PtpA interaction could be a potential target for new therapeutic strategies against 
TB (Wang et al., 2016).  

2. Modulation of Adaptive Immunity  
During M. tb infection, optimal T cell activation is possible by transferring M. tb 
from the lung to a local draining lymph node (Srivastava and Ernst, 2014). M. tb-
infected monocyte-derived dendrictic cells are less efficient at activating CD4+ T 
cells because of bacterial inhibition of antigen presentation. Two types of M. tb 
antigens, such as soluble, non-degraded protein (Srivastava and Ernst, 2014) and 
lipid antigens (De Libero and Mori, 2014), are directly released from the infected 
innate immune cells. These antigens are presented to local lymph nodes for the 
priming of T lymphocytes (Figure 2). Lipid antigens are recognized by CD1 
molecules and interact with T-cell receptors (TCRs) to activate T-cells (De Libero 
and Mori, 2014). There are different lipid antigens for the five types (a-e) of CD1 
molecules. Some of the lipid antigens recognized by different CD1 molecules 
include: dideoxymycobactin (precursor of mycobactin and siderophore to 
scavenge iron), glycerol monomycolate, phosphatidylinositol mannoside (PIM), 
lipoarabinomannan (LAM), lipomannan, diacylated sulfoglycolipids, methyl-
lysophosphatidic acids (mLPA), mannosyl β-1-phosphomycoketides (MPM) and 
diphosphatidylglycerol (DPG) (De Libero and Mori, 2014). The identification of 
protein or lipid antigens for M. tb virulence is essential, because it becomes the 
basis for vaccine development (De Libero and Mori, 2014). There is high hope 
that the involvement of these candidates in new vaccine trials would lead to an 
effective vaccination against TB (De Libero and Mori, 2014).  

Studies from the Wang et al., (Wang et al., 2015) laboratory described the 
molecular mechanisms involved in the inhibition of T-cells during M. tb infection. 
Upon active infection, CD244 receptors were upregulated with associated 
signaling in CD8+ T cells (Wang et al., 2015). As a result, there is blockage in the 
production of IFN-γ and TNF-α. This is due to the production and release of high 
levels of a long, noncoding RNA (lncRNA)-BC050410 [called lncRNA-
ASGSTT1(1-72) or lncRNA-CD244] in the CD244+CD8+ T-cell subpopulation 
(Wang et al., 2015). CD244 signaling at lncRNA-CD244 locus maintains a 
permissive chromatin state and hence leads to lncRNA-CD244 expression. On 
contrary, EZH2, polycomb protein enhancer of zeste homolog 2, positioning at 
IFN-γ/TNF-α promoters leads to a repressive chromatin state of IFN-γ/TNF-α loci. 
This occurs by lncRNA-CD244-mediated H3K27 trimethylation at the IFN-γ/TNF-α 
loci (Wang et al., 2015). This inhibits IFN-γ/TNF-α expression in CD8+ T cells. 
This inhibition of IFN-γ and TNF-α release can be reversed by knock down of 
lncRNA-CD244 or by blocking the CD244 receptor (Wang et al., 2015). 

3. M. tb stealthy behavior for virulence 
3.1 Strategy to break from the membranous prison: Access to the cytosol 
M. tb invasion into the cytosolic compartment is highly decisive for both the host 
and the pathogen. PDIM, together with EsxA (ESAT-6), plays an active role in 
phagosomal membrane rupture in host cells (Augenstreich et al., 2017). The 
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study concluded that the cytosolic escape of M. tb is correlated with the 
production and export of phthiocerol dimycocerosates (DIM/PDIM) (Augenstreich 
et al., 2017). The secretion of Esx-1 and PDIM led to pore formation and 
phagosomal membrane disruption (Augenstreich et al., 2017). M. tb immediately 
senses the cytosolic DNA sensor, cyclic GMP-AMP synthase (cGAS), which leads 
to the synthesis of second messenger, cGAMP. The ultimate target of cGAMP is 
to release the bacterial pathogen-favoring cytokines, i.e. type I IFNs (as shown in 
Figure 1), via stimulator of IFN genes (STING) and the TBK-1-IRF-3-IFN-β 
signaling cascade (Watson et al., 2015). The presence of DIM/PDIM also favors 
M. tb replication by arresting phagosomal acidification (Augenstreich et al., 2017). 
  
3.2 Strategy to dampen oxidative damage  
The phagolysosome is basically a toxic environment for pathogens (Swanson, 
2002), as it contains reactive oxygen intermediates (ROIs) (Ehrt and 
Schnappinger, 2009). To combat these intra-phagolysosomal stressors, 
interruption of the oxidative cascade is important for M. tb. For example, 
mycothiol, a functional analog to host glutathione, can become oxidized at its 
cysteine residues to form mycothione, preventing oxidation of other mycobacterial 
molecules (Saviola, 2010). Moreover, host cell glutathione is detrimental for M. tb, 
as it disturbs the oxidation-reduction balance of the pathogen, so it is neutralized 
by bacterial superoxide dismutase (SOD) and catalase (KatG) (Saviola, 2010). 
The toxic effects of oxidative radicals on the pathogen's DNA induces modification 
of its compactness and structural changes. These changes are countered by M. 
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Figure 2. Epigenetic control over innate immune cell physiological mechanisms. The Eis protein of M. tb 
induces miRNA directly involved in regulation of cell physiological pathways, such as phagocytosis, autophagy, 
pyroptosis, and apoptosis. These physiological pathways are involved in antigen (Ag) processing. Inhibition of 
these pathways ultimately blocks or delays antigen Ag processing for T-lymphocytes. 



tb histone-like protein, LSR2, by acting as a physical barrier to protect the DNA 
(Colangeli et al., 2009). 

3.3 Divalent metal homeostasis 
3.3.1 Esx-3 and divalent metal homeostasis 
ESX-3 is essential for optimal growth of M. tb by facilitating uptake of divalent 
metals, such as iron and zinc (Ilghari et al., 2011). Regulatory binding sites for 
three divalent metal regulators, including; manganese transcriptional regulator 
(MntR), zinc uptake regulator (Zur), and iron-dependent regulator (IdeR) can be 
found in the ESX-3 core operon promoter (Ilghari et al., 2011). 

3.3.2 Manganese homeostasis  
Manganese (Mn) is a metal element present in ample amount in nature (Farina et 
al., 2013). Mn is a cofactor of enzymes having diverse functionality from 
photosynthesis to detoxification. For example, Mn is also involved in the synthesis 
and degradation of hydrogen peroxide (H2O2) superoxide, and free radicals 
(Juttukonda and Skaar, 2015). The oxidative burst is an effective bactericidal 
strategy against intracellular pathogens (Kumar et al., 2011). It has been 
previously reported that the manganese transcription regulator (MntR) regulates 
Mn homoeostasis (Zondervan et al., 2018). Mn is necessary for M. tb growth in 
human and/or mouse macrophages due to its restricted availability in the 
phagosome (Zondervan et al., 2018). Mn transport is required for virulence and 
the breakdown of oxygen radicals (Zondervan et al., 2018).  

MntR regulates WhiB6, which regulates espACD and some DevR (previously 
known as DosR)-regulated genes (Zondervan et al., 2018). DevR is the main 
regulator of dormancy, while espACD is involved in pore formation. Zondervan et 
al. proposed that in M. marinum holo-WhiB6 positively regulates the ESX-1 
operon upon reaction with ROS and NO (Zondervan et al., 2018) and Apo-WhiB6 
and WhiB6-DNIC are formed. Both apo-WhiB6 and WhiB6-DNIC activate DevR-
regulated genes to shift metabolism to the dormancy phase by maintaining 
energy and redox homeostasis (Zondervan et al., 2018). MntR also acts as an 
anti-toxin in the toxin-antitoxin system of RelJ and RelK. The VapBC26 and 
VapB30 toxin-antitoxin system also requires Mg or Mn for their ribonuclease 
activity to inhibit growth (Zondervan et al., 2018). These results indicate the 
significance of Mn in regulation of M. tb growth. 

3.3.3 Zinc Homeostasis  
Zinc (Zn) is used as a cofactor for many enzymes and DNA binding proteins 
(Zondervan et al., 2018). The most common enzymes of M. tb that use Zn as 
cofactor, include: alcohol dehydrogenase (Stélandre et al., 1992), carbonic 
anhydrase (Covarrubias et al., 2005) and the Cu-Zn dependent superoxide 
dismutase (SodC) (Wu et al., 1998). Zn-dependent proteins in M. tb are involved 
in the biosynthesis of leucine (Koon et al., 2004), inositol-1-phosphate (Norman et 
al., 2002), glycosylphosphatidylinositol (Urbaniak et al., 2005) and degradation of 
mycothiol-S-conjugates (Steffek et al., 2003). These Zn-dependent proteins are 
also involved in DNA replication (Bhaduri et al., 1998) and removal of N-terminal 
methionine residues from some proteins post translation (Addlagatta et al., 2005). 
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Zn is the only redox-stable divalent metal (Zondervan et al., 2018). This all shows 
that Zn is an important factor in pathogenicity of M. tb. Therefore, this bacterium 
must contain efficient zinc uptake systems. However, similar to other transition 
metals, zinc is also toxic at higher concentrations (Nies, 2007). There is a need 
for transport systems that remove superfluous cytoplasmic Zn2+ by efflux. 
Uncontrolled uptake and efflux reactions might lead to energy-wasting futile 
cycles and, thus, tight regulation is required to sense cytoplasmic (Bhaduri et al., 
1998) Zn2+ concentration and use this information to control both expression of 
genes for and flux of transport systems (Nies, 2007). Zn homeostasis is controlled 
by Zur (FurB), a Zn2+-dependent repressor. Zur directly regulates 8 transcriptional 
units of M. tb. Studies have shown that 32 genes were upregulated in Zur 
knockout strains of which 24 belong to eight transcriptional units. Zur expression 
is controlled by SmtB, which is a transcriptional repressor. SmtB is located 
upstream of Zur in its co-operon. SmtB expression was inactivated upon binding 
to Zn2+, so that Zur could perform its function (Zondervan et al., 2018).  

3.3.4 Control of iron homeostasis in macrophages  
Iron is a necessary micro-element for the survival and normal growth of M. tb 
(Sritharan, 2016). Iron is a part of the pathogen's electron transport chain 
(Sritharan, 2016) and a co-factor of several enzymes involved in respiration and 
DNA replication (Pandey and Rodriguez, 2014). To limit the iron acquisition by M. 
tb, the host cell produces natural resistance-associated macrophage protein 1 
(Nramp1), which inhibits the transport of iron to the phagosome to restrict 
pathogen survival (Johnson and Wessling-Resnick, 2012). However, M. tb can 
take up iron without expending energy by diffusion via porins that channel ferri-
carboxymycobactin through the envelope to membrane or cytoplasmic-associated 
ferrireductase (Banerjee et al., 2011). It is proposed that mycobactins may diffuse 
out through lipid membranes and travel as lipid vesicles in the host cell and 
sequester iron. These structures may recycle back to interact with the 
Mycobacterium. Carboxymycobactins are excreted, possibly by the Esx-3 of the 
type VII secretory system (T7SS). Esx-3 is one of the five clusters of T7SS which 
is involved in the homeostatic regulation Fe and Zn in M. tb (Tufariello et al., 
2016). Externally, the carboxymycobactins bind with available iron from 
transferrin. Porins and ABC transporters may allow the import of these iron-
loaded carboxymycobactins (Banerjee et al., 2011). The host cell addresses this 
situation by producing siderocalins, such as lipocalin-2, that can bind to and 
inactivate mycobactin, interfering with mycobacterial iron acquisition.  

Iron is stored in bacterioferritin and a ferritin-like protein inside the mycobacterial 
cell (Reddy et al., 2012). These proteins are required for replication in 
macrophages to store iron and to limit excess iron, as excess stored iron causes 
oxidative damage by the Fenton reaction (Reddy et al., 2012). M. tb iron-
responsive gene expression is balanced by the iron-dependent regulator, IdeR 
(Reddy et al., 2012). This protein can act both as an activator and a repressor, 
depending on type of mycobacterial promoter to bind with. It also acts as a 
repressor within promoters of mycobactin synthesis genes. It also inhibits the 
expression of these genes due to high iron concentration. In the promoter regions 
of iron storage genes, it acts as an activator by stimulating the expression of 
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these genes at high iron concentrations, thus avoiding iron-stimulated oxidative 
damage (Reddy et al., 2012).  

3.3.5 Redox-potentiated proteins 
Another group of iron regulator proteins, WhiB, leads to iron homeostasis. WhiB3 
regulates virulence-associated lipids, such as sulfolipids, diacyltrehaloses, and 
polyacyltrehaloses, all of which stimulate both higher pro- and anti-inflammatory 
cytokine levels and function in maintaining reduction-oxidation (redox) (Zheng et 
al., 2012). These proteins aid in the survival of M. tb by retaining redox potential in 
the face of ROS and NOS. WhiB4 repression is associated with the oxidative 
stress response by activating antioxidant systems, including alkyl 
hydroperoxidase (ahpC-ahpD) and rubredoxins (rubA-rubB) (Chawla et al., 2012).  

3.4 Survival in the granuloma 
The granuloma provides a safe haven for M. tb to survive. Recent studies have 
shown that M. tb-infected macrophages shift from M1 to M2 (Sica et al., 2015). 
This shift helps M. tb to survive, as M2 macrophages provide a more conducive 
environment for intracellular pathogen(s) (Sica et al., 2015). M2 macrophages are 
also converted to foamy macrophages of the granuloma, which can host M. tb for 
longer periods. These macrophages are also believed to be involved in 
angiogenesis by releasing growth factors, such as vascular endothelial growth 
factor (VEGF). This angiogenesis allows oxygenation of some parts of the 
granuloma to promote survival and reactivation of TB (McClean and Tobin, 2016). 
The shift from M1 to M2 is mostly induced by the cytokines IL-4, IL-13, IL-10, and 
TGF-β (Sica et al., 2015). IL-10 produces an anti-inflammatory response that 
inhibits the formation of dense and hypoxic, fibrotic granulomas (Cyktor et al., 
2013; Silva Miranda et al., 2012). When M. tb encounters low oxygen tension in 
the granuloma, the DosS/DosT-DosR genes of the two-component systems and 
hspX (acr, Rv2031c) are activated, leading the pathogen into dormancy phase 
(Kumar et al., 2007). Further, the hspX chaperonin activity assists in refolding 
proteins that are damaged by low oxygen tension. These refolded proteins 
demonstrate a reactive response in the latently-infected TB patient (Taylor et al., 
2012).  

3.5 Dormancy adaptation: Two-component systems (TCS) 
Dormancy is a highly-refined immune evasion strategy adopted by M. tb to persist 
for indefinite period of time (Peddireddy et al., 2017). To better understand the 
host-pathogen interaction during dormancy, researchers have identified various 
factors by which M. tb tolerates the environmental changes elicited by the 
host's immune system (Chaves et al., 2015).  

The two-component systems (TCS) of M. tb sense and adapt to different 
environmental conditions (Sharma and Tyagi, 2016). The well-recognized TCS in 
M. tb is DevR-DevS or DosR-DosS, which is activated by hypoxia-inducing 
gasses (e.g. nitric oxide or carbon monoxide (Bretl et al., 2011)) and vitamin C 
(Taneja et al., 2010). DevR is also a main regulator for M. tb adaptation in the 
dormant state during infection (Sharma and Tyagi, 2016). Mehra et al. (2015) 
used a macaque model of tuberculosis to show that long-term persistence of 
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DevR knockout strain infection was compromised. Moreover, M. tb dormancy can 
be correlated to inhibition of respiration, as the regulon is induced by hypoxia, 
NO, and CO, which are the inhibitors of aerobic respiration (Drancourt, 2009). The 
study of Leistikow et al. (Leistikow et al., 2010) showed that the DosR regulon 
helps M. tb to survive during anaerobic dormancy by maintaining ATP levels and 
balancing the redox state (NAD/NADH ratio) of the cell.  

3.6 Toxin anti-toxin system 
The toxin anti-toxin (TAT) system is another success story of M. tb survival. Toxins 
are stable and usually target some important cellular function. On the other hand, 
anti-toxins are unstable but bind and inhibit toxins (Ramage et al., 2009). TAT 
genes mostly have a two-gene operon. Therefore, the anti-toxin may act as an 
operon repressor whose degradation is required to liberate the production and 
function of the toxin (Ramage et al., 2009). Until or unless environmental 
influences break the complex to release toxins within bacterial cell, these toxins 
cannot interact with host cellular component(s). The toxins destroy the mRNA of 
the pathogens' own growth-promoting genes, making the bacterial cell dormant. 
The system is functionally analogous to the host miRNA-mRNA interaction. 
Finally, dormancy is helpful for the persistence of M. tb within host, as dormant 
bacteria are more resistant to stress than active bacteria (Ramage et al., 2009). 

4.Micro RNA-mediated immune response modulation 
MicroRNA (miRNA) are studied and utilized as medicine, especially for diseases 
in which the pathogen is intracellular and seizes the host machinery (Liang et al., 
2017). It has been hypothesized that microRNAs (miRNAs) could be the novel 
target(s) of interaction to regulate host gene expression (Wang et al., 2014), as 
shown in Figure 2. M. tb mainly manipulates miRNAs that are directly involved in 
altering innate and adaptive immune functions. Zhou et al., (Zhou et al., 2018) 
have also declared that miRNA and small non-coding RNA have a crucial role in 
the pathogenesis of M. tb infection. These RNAs helps bacterial cells in the 
induction of infection, cell structural remodeling and boosting of innate/adaptive 
immunity. Recent work has also shown that some host miRNA, such as miR146a, 
increases after infection. This miRNA is involved in intra-macrophage 
mycobacterial survival by targeting TRAF6 mRNA and, therefore, suppressing 
iNOS expression (Li et al., 2016). Contrary to miR146a, the level of miR144, 
which is involved in targeting tumor progression locus 2 (TpL2, also known as 
MAP3K8) and Extracellular Signal Regulated Kinase (ERK) signaling, decreases 
during M. tb infection (Liu, 2016). Both MAP3K8 and ERK signaling are important 
for macrophages to clear M. tb infection, through the enhanced production of 
TNF-α, IL1-β, and IL-6 (Liu, 2016). These studies suggest that miRNAs could be 
used as biomarkers of active tuberculosis. Ahmed et al., (Ahmed et al., 2016; 
Ahmed et al., 2018) has revealed the role of small RNA (sRNAs) in Brucella 
pathogenesis. These sRNAs interact with host cell gene expression 
transcriptional product i.e. mRNA and in this way modulate the post-
transcriptional modifications. 

Gene transcription in a normal eukaryotic cell is dependent on several epigenetic 
factors. These factors lead to chromatin conformational modification(s). 
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Therefore, the cellular physiological response is the collective output of chromatin 
organization and the related epigenetic change(s) of an individual gene 
(epigenome) (Khosla et al., 2016). Moreover, during cellular growth and 
differentiation, the cell's microenvironment has a tremendous influence on the cell 
epigenome (Khosla et al., 2016). Pathogenic M. tb has evolved strategies to 
manipulate the host epigenome for its survival by hijacking the transcriptional 
machinery of the host (Khosla et al., 2016). M. tb uses Enhanced intracellular 
survival (Eis) protein to negatively influence normal host cellular mechanisms, 
including JNK-dependent autophagy, phagosome maturation, and ROS 
generation, through its acetylating activity (Kim et al., 2012; Liang et al., 2017). 
Other host genome modulation proteins, such as Rv1988 and Rv2966c, have 
been reported to be histone methyltransferases (Khosla et al., 2016). Rv1988 
targets host defensive proteins, such as reactive oxygen species producing 
proteins, NOX1, NOX4, and NOS2, and TNF receptor-associated factor 3 
(TRAF3) (Khosla et al., 2016). It has been suggested that Rv1988 and Rv2966c 
are a first line of attack during M. tb infection by impairing the ability to mount an 
immune response, then subverting host signaling cascades and paralyzing 
phagosomal machinery. This ultimately helps tilt the balance in favor of the 
pathogen within the hostile environment of the host (Khosla et al., 2016).  

Conclusion 
This review summarizes various intracellular immune escape mechanisms of M. 
tb that manipulates host protective immunity by influencing physiological 
mechanisms and signaling pathways. M. tb has been considered a global havoc 
because of the lack of effective therapeutic strategies to eradicate it. Big leaps in 
the understanding of TB immunology and cell biology become necessary to 
identify new remedial avenues. However, we must not underestimate the power of 
natural selection for the survival of M. tb. 
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