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Abstract 27 

T cells play a cardinal role in imparting adaptive immunity against Mycobacterium tuberculosis 28 

(Mtb). However, ample time is required before T-cells are able to evoke efficient effector 29 

responses in the lung, where the mycobacterium inflicts disease. This delay in T cells priming, 30 

which is termed as lag phase, provides sufficient time for Mtb to replicate and establish itself 31 

within the host. In contrast, innate immunity efficiently curb the growth of Mtb during initial 32 

phase of infection through several mechanisms. Pathogen recognition by innate cells rapidly 33 

triggers a cascade of events, such as apoptosis, autophagy, inflammasome formation and nitric 34 

oxide production to kill intracellular pathogens. Furthermore, bactericidal mechanisms such as 35 

autophagy and apoptosis, augment the antigen processing and presentation, thereby contributing 36 

substantially to the induction of adaptive immunity. This manuscript highlights the role of innate 37 

immune mechanisms in restricting the survival of Mtb during lag phase. Finally, this article 38 

provides new insight for designing immuno-therapies by targeting innate immune mechanisms to 39 

achieve optimum immune response to cure TB. 40 
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Introduction 51 

Tuberculosis (TB) continues to affect public health worldwide. About one third of the global 52 

population is infected with Mtb but only 3%-10% succumb to disease (Barry et al., 53 

2009;Ottenhoff and Kaufmann, 2012). Therefore, greater than >90% of infected population 54 

remains asymptomatic, which determines the intricate balance between host immunity and Mtb. 55 

Understanding the immune response of these asymptomatic individuals can be highly 56 

informative and will provide potentially new pathways for the development of anti-TB drugs and 57 

vaccines.  58 

Over the past several decades, research related to defense against Mtb was largely focused on the 59 

T cells because of their  remarkable ability to generate Mtb specific immunity, followed by an  60 

enduring memory response to counter subsequent infections (Stenger and Modlin, 1999). 61 

Undoubtedly, T cells play a crucial role in protection against Mtb. However, recent information 62 

has chiseled the long belief that T cells are the sentinels in Mtb protection, in part due to the 63 

substantial lag period between infection and the establishment of specific T-cell responses 64 

(Shaler et al., 2012). Recruitment of dendritic cells (DCs) to the site of infection, followed by 65 

their Mtb acquisition and transportation towards draining lymph nodes to prime naïve T cells 66 

takes 9-11 days after the invasion of the pathogen. Hence, T cell activation occurs after 67 

considerable time of infection. This delay between the onset of infection and generation of 68 

specific effector T cells provides enough time for Mtb to establish an infection [Fig. 1]. Once 69 

established, Mtb ultimately hampers the antigen processing and priming of naïve T cells (Roberts 70 

and Robinson, 2014). Eventually, obstructs the generation and propagation of anti-Mtb T cell 71 

responses. However, despite the lag phase in T-cell responses, >90% of infected individuals are 72 

asymptomatic, raising the possibility of the involvement of other factors in controlling TB.   73 
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Lurie’s fundamental studies with resistant and susceptible inbred rabbits proved that the innate 74 

response effectively controls the growth of Mtb at early times of infection. After 7 days of 75 

inhalation of tubercle bacilli, lungs of susceptible animals showed 20 to 30 fold more bacteria 76 

than resistant strain (Lurie, 1964;Arthur M. Dannenberg and Rook, 1994) (van Crevel et al., 77 

2002) [Fig. 1]. Protection during the initial phase of infection clearly indicates that T cells are not 78 

at the forefront in controlling the infection, but, rather that components of the innate immune 79 

system play a pivotal role in generating efficient immunity against Mtb. Therefore, it is important 80 

to dissect the mechanisms responsible for curbing the growth of Mtb during the lag phase of T 81 

cell response. Understanding these mechanisms could pave ways in designing novel therapeutic 82 

strategies and vaccines to enhance the immune response more efficiently against Mtb. 83 

Why focus more on innate immunity? In the past, the role of innate immunity was ignored in 84 

inducing a protective response against Mtb. Recent reports show that the function of innate 85 

immunity is even more effective than T cell response against Mtb (Fremond et al., 2004;Nicolle 86 

et al., 2004).  Mice with defective MyD88 signaling show optimal T cell response, yet there is no 87 

significant reduction in the lung bacterial burden of Mtb challenged mice, compared to wild type 88 

(Nicolle et al., 2004).  In another study it was  shown that MyD88 knockout mice show 89 

interferon-(IFN)-γ production in response to mycobacterial antigens but Mtb infection became 90 

lethal within 4 weeks of post infection with 2 log10 higher CFUs in the lung (Fremond et al., 91 

2004). TLR-2 deficient or TLR-9 KO mice show high levels of IFN-γ and tumor necrosis factor 92 

(TNF)-α, with high infiltration of CD4 T cells and CD8 T cells in lungs but these mice succumb 93 

to Mtb infection (Carlos et al., 2009). These reports indicate that innate immunity has a more 94 

profound role than to simply assist adaptive immunity. Moreover, an optimal acquired immune 95 

response is not sufficient to compensate for defective innate immunity. Collectively, these 96 
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studies suggest that it is important to dissect out the functions assisted by innate immunity to 97 

induce a protective response against Mtb.  98 

Innate mechanisms act and foster T cells to react against Mtb. Based on the current studies, 99 

innate immunity has gained much more impetus due to its profound role in early control of Mtb 100 

infection and in sustaining the T cell response (Sia et al., 2015). Whether or not these 101 

mechanisms represent the target to explore in designing new strategies to control Mtb needs to be 102 

explored. Taking into consideration all these facts, herein we compile the contribution of the 103 

bactericidal mechanisms: autophagy, apoptosis, inflammasome formation, and nitric oxide 104 

production in limiting the growth of Mtb (Table 1). Additionally, we will discuss how innate 105 

signaling delivered through pattern recognition receptors (PRRs) such as toll like receptors 106 

(TLRs), nucleotide binding oligomerization domain like receptors (NLRs) can augment these 107 

mechanisms. 108 

Autophagy. Autophagy is evolved as a stress response that endows cells with a capability to 109 

adjust their biomass and turn over constituents at the time of starvation. It targets the cytoplasmic 110 

material, including macromolecules, organelles and cells undergoing unscheduled apoptosis to 111 

lysosomes for degradation, thus periodically cleaning their interiors. Furthermore, autophagy has 112 

crucial roles in various biological processes, which include aging, development, degenerative 113 

diseases, and cancer (Huang and Brumell, 2014;Jiang and Mizushima, 2014). In addition, it also 114 

helps in elimination of pathogens, which exploit the cytosolic compartment for their regular life 115 

cycle, or those that are evolved with the capability to arrest phago-lysosome biogenesis 116 

(Flannagan et al., 2009). Autophagy is initiated with the sequestering of pathogens intracellularly 117 

to form a double membrane envelope that is known as autophagosome. Autophagosome fuses 118 

with lysosomes to form autolysosome to degrade pathogens. Thereby, autophagy facilitates the 119 
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trafficking of mycobacteria to the lysosome for degradation (Gutierrez et al., 2004; Deretic et al., 120 

2009). Similar results are reported in the case of Bacillus Calmette–Guerin (BCG). In addition, 121 

autophagy also transports a large proportion of ubiquitinated proteins to lysosomes and augments 122 

the bactericidal capacity of lysosomal fraction (Alonso et al., 2007). Mtb escapes the immune 123 

mechanism by neutralizing the acidification of phagosomes (Deretic et al., 2006; Russell, 2011). 124 

Autophagy overcomes this Mtb evasion strategy by targeting  phagosomes containing bacterium 125 

to lysosomes (Jo, 2013). Thus, autophagy provides an additional barrier to neutralize an attempt 126 

made by the mycobacterium to manipulate phagosomes maturation.  127 

Noteworthy, autophagy processes bacteria for degradation within early hours of infection, as 128 

evidenced by conversion of autophagy marker LC3-I to LC3-II in Mtb infected DCs and Mφ 129 

(Khan et al., 2016). This experiment categorically indicates that autophagy guards the host 130 

against Mtb during the initial phase of infection. Importantly, animals with defective autophagy 131 

showed increase in the bacterial burden in lungs of Mtb challenged animals despite of 132 

predominance of Th17 immunity (Castillo et al., 2012). Furthermore, these animals showed 133 

remarkable gross tubercle lesions, in contrast to the smaller infected foci in the lungs of control 134 

animals. It signifies that autophagy also aid in preventing excessive inflammatory reactions in 135 

the host.                                                                                                                                                                                                                                136 

Currently, the only available vaccine for TB is BCG. Nonetheless, BCG has failed to reduce the 137 

global TB burden. Interestingly, one of the factors associated with the failure of BCG in TB-138 

endemic areas is BCG ability to hamper the fusion of phagosome with lysosomes (Soualhine et 139 

al., 2007;Sun et al., 2007;Gowthaman et al., 2012). This interference in the antigen processing 140 

and presentation to T cells, results in defective T cell response. Since autophagy can overcome 141 

the problem of phago-lysosome biogenesis, targeting autophagy can substantially contribute to 142 
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improve efficacy of BCG vaccine (Jagannath et al., 2009). It has been shown in a very elegant 143 

study that mice immunized with rapamycin-treated DCs infected with BCG showed enhanced 144 

Th1 cells mediated protection when challenged with virulent Mtb. Rapamycin induced 145 

enhancement in antigen presentation was attenuated when autophagy was suppressed by 3-146 

methyladenine or by small interfering RNA against beclin-1 (Jagannath et al., 2009). Targeting 147 

autophagy may open new avenues in boostering the efficacy of BCG or immune response against 148 

Mtb. Dissecting the host factors that regulates autophagy can help in restricting the growth of 149 

Mtb and simultaneously improving the processing and presentation of antigen and enhancing T 150 

cell immunity.  151 

Autophagy can be induced due to starvation, treatment with IFN-γ or rapamycin (Bento et al., 152 

2015). Additionally, triggering through PRRs has direct correlation with the induction of 153 

autophagy. Signaling through TLR-4, TLR-3, TLR-7 and NOD-2 receptor can potently induce 154 

autophagy (Delgado et al., 2008;Delgado and Deretic, 2009;Cooney et al., 2010;Yuk et al., 155 

2012). TLR-7 triggering enables Mφs to reduce the survival of Mtb via induction of autophagy 156 

(Delgado et al., 2008). It was further supported through suppression of autophagy by knocking 157 

down beclin and Atg5 through siRNA. Innate triggering through NOD-1 and NOD-2 enhances 158 

autophagy induction and reduces the bacterial burden within 6h of infection (Travassos et al., 159 

2010). Murine immunity related to guanosine tri-phosphate induces autophagy and generate 160 

large autolysosomal organelles, as a mechanism for the elimination of intracellular Mtb. 161 

Furthermore, human Irgm1 ortholog (IRGM) augments autophagy and reduces intracellular 162 

bacillary load (Singh et al., 2006). Many evidences have been documented to show the potential 163 

for autophagy based therapies to target Mtb (Bento et al., 2015). Similarly, exploring innate 164 

receptors to augment autophagy could also be one of the strategies to boost the host immunity 165 
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against Mtb. Moreover, it would be beneficial in overcoming the failure associated with BCG 166 

vaccine.  167 

Reactive nitrogen and oxygen intermediates. Nitric oxide (NO) and reactive nitrogen 168 

intermediates (RNI) are considered potent antimicrobial agents acquired by innate cells. Mφs are 169 

the major producer of NO. It is released by inducible nitric oxide synthase (iNOs), a heme-170 

protein that catalyses the oxidation of L-arginine to NO and citrulline. NO production is a critical 171 

defense mechanism in determining the outcome of TB infection, since it reduces the survival of 172 

Mtb (Rich et al., 1997). This information was corroborated with the result observed in mouse 173 

model where abrogation of iNOs activity produces dramatic increase in microbial burden 174 

(MacMicking et al., 1997). Further, disruption of iNOs gene expression results in a high rate of 175 

Mtb dissemination and mortality. Stimulation of innate molecules, such as TLRs or NODs 176 

trigger the expression of iNOs, which ultimately kills the Mtb, as evidenced by colony forming 177 

units (CFU) assay (Chan et al., 2001). In the mouse model of TB, NO secretion is well known to 178 

be an antimicrobial defense mechanism. However, its role in humans is still controversial. 179 

Forthcoming evidences indicate that human Mφs and alveolar epithelial cells upon infection with 180 

Mtb secrete NO to inhibit the intracellular growth of Mtb. Additionally, iNOs and markers 181 

associated with NO are highly expressed in the Mφs obtained from broncho-alveolar lavage of 182 

TB patients and not healthy individuals (Nicholson et al., 1996). Interestingly, patients infected 183 

with multidrug resistant (MDR) strain of Mtb produce less NO (Sharma et al., 2004). More 184 

startling observation came from the report that chemotherapy appears to cure Mtb in immune-185 

competent mice but fails to do so in NOS2-deficient animals (Nathan and Shiloh, 2000). It 186 

concludes that bactericidal drug uses NO pathway for efficient killing of Mtb (Ciccone et al., 187 

2003). 188 
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IFN-γ induces the production of NO (Flesch and Kaufmann, 1991). After several days of Mtb 189 

infection, T cells produce IFN-γ. However, production and action of NO is observed within 3h 190 

and it persists for few days in the circulation (Akaki et al., 1997; Rich et al., 1997). Early 191 

production of NO signifies that IFN-γ, which is a potential stimulator for NO release, is not 192 

being released by T cells, but instead by the cells of innate immunity such as natural killer (NK) 193 

cells and γδ T cells (Sada-Ovalle et al., 2008). It suggests that innate immune cells are 194 

responsible for early release of NO to restrict the growth of Mtb during the initial period of 195 

infection. NO is also reported to regulate the synthesis and release of several pro-inflammatory 196 

cytokines including IL-1β, TNF-α and IL-8, which subsequently affect the production of NO in 197 

the feedback loop (Kuo et al., 2000). Microbicidal activity of Mφs is also associated with 198 

reactive oxygen intermediates (ROI). However, their role in constraining the growth of Mtb is 199 

not highly significant (Chan et al., 1992;Akaki et al., 1997;Lamichhane, 2011a;b). Probable 200 

reason documented is that although ROI appear immediately upon Mtb infection but Mφs ceases 201 

to produce it within 2h of infection. Further, ROI also have shorter half-lives. 202 

In essence, the NO kills Mtb and as well as its augment of the host immunity against the 203 

pathogen is well documented in the literature (Chan et al., 2001). It is important to mention that 204 

TLRs signaling contributes substantially in release of NO (West et al., 2011). 1, 25-205 

dihydroxyvitamin D is a potent inducer of NO and suppresses the growth of Mtb (Rockett et al., 206 

1998). TLRs triggering enhances the bactericidal activity of Mφs by upregulating the expression 207 

of the vitamin D receptor and by inducing the enzyme that catalyzes the conversion of 25-208 

dihydroxyvitamin D3 to active 1, 25-dihydroxyvitamin D leading to the induction of 209 

antimicrobial peptide cathelicidin (Liu et al., 2006). Hence, it may be considered as a critical 210 

molecule to consider while designing new therapeutic strategies to treat TB. TLR ligands are 211 
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known to induce NO production in antigen presenting cells (APCs) and NO restricts the growth 212 

of Mtb (Khan et al., 2015).  213 

Apoptosis. Apoptosis is commonly known as ‘programmed cell death (PCD)’. It is a 214 

phenomenon that occurs when a cell committing suicide confines its cytoplasmic content within 215 

membrane bound vesicles named as apoptotic bodies. These membrane bound vesicles express 216 

molecules known as ‘eat me or find me’ signals. ‘Eat me’ signals helps in the recognition of 217 

these unwanted moieties by phagocytic cells (Behar et al., 2011). Furthermore, phagocytic cells 218 

remove them through a mechanism known as efferocytosis; the process known to engulf and 219 

remove apoptotic cells. Failure in efferocytosis results in the disintegration of apoptotic bodies 220 

and release of intracellular contents. This causes inflammation that is known as secondary 221 

necrosis (Martin et al., 2012). Importantly, apoptosis makes a crucial contribution to the host 222 

immune response and determines the outcome of infection. It abolishes the protected 223 

intracellular niche favoring the replication of Mtb, thus forcing the bacteria to search for a new 224 

habitat. The caspase family of serine proteases is the central molecules responsible for the 225 

execution of apoptosis. Apoptosis is classically induced by three pathways. First is through 226 

ligation or oligomerization of tumor necrosis factor receptor (TNFR) family. Ligation of cell 227 

surface receptor such as TNFR or Fas, results in the subsequent activation of caspases and the 228 

induction of apoptotic vesicles. Intrinsic apoptosis occurs in response to oxidative stress, nutrient 229 

starvation or intracellular stress, which changes the mitochondrial membrane permeability. It 230 

results in the translocation of cytochrome c from mitochondria to the cytoplasm, leading to the 231 

activation of caspases. The third pathway is mediated by granzyme B released from cytolytic T 232 

cells and NK cells. 233 
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Mtb induces apoptosis through the classical extrinsic pathway. Encounter of Mtb with innate 234 

cells such as DCs and Mφs induces the release of TNF-α and triggers apoptosis. Apoptosis limits 235 

the replication of Mtb by sequestering bacilli in apoptotic vesicles and by activating nearby 236 

uninfected Mφs. This phenomenon has been demonstrated through a classical experiment in 237 

which uninfected autologous Mφs were cultured with apoptotic or necrotic or non-apoptotic 238 

infected Mφs. Interestingly, significant inhibition in the growth of Mtb was seen when apoptotic 239 

cells were cultured with uninfected Mφs. In coculture experiments, elimination of Mtb was 240 

anticipated through efferocytosis. Later, antimicrobial effect enacted by naïve Mφs was shown to 241 

be contact independent (Hartman and Kornfeld, 2011). Interleukin-1 signaling in naïve Mφs 242 

mediates the cross-talk with infected-Mφs. It exhibits NO-dependent antimicrobial activity 243 

against bacilli in autolysosomes of heavily infected Mφs (Hartman and Kornfeld, 2011). 244 

Noteworthy, the discrepancy occurs in the induction of apoptosis by avirulent versus virulent 245 

Mtb (Chen et al., 2006). Multiple reports indicate that virulent Mtb induces necrosis to avoid host 246 

defensive strategies, whereas attenuated strain is associated with apoptosis (Chen et al., 2006; 247 

Divangahi et al., 2009). Despite comparable amount of TNF-α, cells infected with avirulent 248 

strain are more susceptible to apoptosis. It was revealed that difference in level of apoptosis 249 

between Mtb strains is due to an evasion strategy used by the virulent strain of Mtb. Cells 250 

infected with virulent Mtb secrete more IL-10, which induces the release of TNFR-2. Soluble 251 

TNFR-2 forms a complex with TNF-α and downregulates the TNF-α induced apoptosis 252 

(Balcewicz-Sablinska et al., 1998). Furthermore, it has been demonstrated by Annexin V binding 253 

and intracellular caspase staining that early secretory antigen target (ESAT)-6 of Mtb induces 254 

apoptosis in human Mφs (Choi et al., 2010). Additionally, the expression profile of apoptotic 255 

genes shows up-regulation of anti-apoptotic genes in virulent Mtb infected Mφs.  256 
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In addition to the restriction of the Mtb growth during early phase of infection, apoptosis has a 257 

considerable role in the induction of the acquired cellular immune response (Winau et al., 2006). 258 

Both CD4 T cells and CD8 T cells are well documented in immunity against Mtb. However, the 259 

mechanism underlying the presentation of antigens to CD8 T cells in context with MHC-I 260 

molecules remains enigmatic. Recently, it has been shown that apoptosis of infected Mφs 261 

facilitates the release of mycobacterial antigens in apoptotic vesicles, thereby allowing their 262 

access to bystander APCs to present antigen to CD8 T cells. Inhibition of apoptotic blebbing 263 

using caspase inhibitors, hampers the CD8 T cell response (Winau et al., 2006). Therefore, it 264 

may be concluded that triggering of apoptosis can efficiently control the Mtb growth at early 265 

time points; and at later stages it potentially contributes in the generation of antigen specific CD8 266 

T cells.  267 

Neutrophils are important cells of innate immunity. They play a significant role in imparting 268 

protection to Mtb (Andersson et al., 2014). These are the first cells to be recruited at the site of 269 

infection. Neutrophils phagocytose Mtb. Furthermore, Mtb infected neutrophils undergo 270 

apoptosis and are phagocytosed by Mφs. These Mφs then release TNF-α to form granulomas and 271 

control acute Mtb infection (Perskvist et al., 2002). Further, inhibition of apoptosis in neutrophils 272 

delays the priming of CD4 T cells. Hence it implies that apoptosis plays a decisive role in 273 

controlling Mtb infection by activating innate as well as adaptive immunity. TLRs induced 274 

apoptosis such as TLR-3, 4 has been explored for cancer therapy (Salaun et al., 2007). 275 

Interestingly, TLRs show enough potential for triggering apoptosis in Mtb infected cells.  LpqH, 276 

a 19 kDa and 38 kDa lipoprotein of Mtb induces the Mφ cell death in TLR-2 dependent manner 277 

(Ciaramella et al., 2000;Sanchez et al., 2012). 38 kDa lipoprotein of Mtb elicits the TNF-α 278 

release in TLR-2 dependent manner and induces apoptosis in infected Mφ (Sanchez et al., 2009). 279 
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Apoptosis has been shown to improve the efficacy of BCG vaccine. Deletion of the secA2 gene 280 

of Mtb, which encodes a component of a virulence-associated bacterial protein, triggers the 281 

apoptosis of infected cells and enhances the priming of antigen specific CD8 T cells. Vaccination 282 

with secA2 deleted Mtb mutant induces better protection than BCG against Mtb (Boom, 283 

2007;Hinchey et al., 2007). rBCG strain that secretes listeriolysin of Lysteria monocytogens 284 

induces more efficacious protection than BCG against Mtb by facilitating the cross priming by 285 

inducing apoptosis (Grode et al., 2005). This evidence indicates that targeting apoptosis could be 286 

one of the potential strategies to prevent TB.  287 

Although apoptosis is the well-studied PCD, but it is not the only mechanism responsible for this 288 

process. A new form of non-apoptotic PCD has been termed as paraptosis. Insulin like growth 289 

factor I receptor has been identified as a molecule involved in inducing paroptosis. It is 290 

characterized by cytoplasmic vacuolation, along with mitochondrial swelling, lack of apoptotic 291 

morphology, caspase activation and inhibition by caspase inhibitors (Sperandio et al., 2004). A 292 

few reports suggest that this form of cell death is driven by an alternative caspase-9 activity that 293 

is Apaf-1-independent (Sperandio et al., 2000). Since, paraptosis follows the pathway different 294 

from apoptosis, it could be a novel therapeutic target to kill pathogens that inhibits apoptosis. 295 

Little is known about the effect of paraptosis on the immune system and moieties involved in it. 296 

A few apoptotic inducers have been shown to elicit paraptosis (Amarante-Mendes et al., 1998). 297 

Nothing is known about its role in TB. In the future, it may be an interesting line of investigation 298 

to understand the contribution of paraptosis in limiting the Mtb growth.  299 

Inflammasome. Mtb activates the cascade of events mediating the release of an array of pro-300 

inflammatory cytokines such as  IL-6, IL-12 and TNF-α that play a defensive role in eliciting 301 

innate immunity (Cooper et al., 2011). Similarly, IL-1β and IL-18 have an influential role in 302 
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imparting protection to Mtb. IL-18 enhances the production of IFN-γ and its abrogation results in 303 

less IFN-γ release and impaired NK cell function (Kawakami et al., 2000). Simultaneously, IL-304 

1R1-deficient mice show 2-log increase in bacterial load in the lung and necrotic pneumonia 305 

within 4 wks of Mtb exposure. It is notable to mention that cell mediated immunity (CMI), which 306 

is considered  the hallmark of protection against Mtb is not sufficient in restricting bacterial 307 

burden in IL-1R deficient mice, despite  efficient pulmonary CD4 T cells and CD8 T cell 308 

responses (Fremond et al., 2007).  309 

Unlike other proinflammatory cytokines, IL-1β and IL-18 are synthesized as precursors known 310 

as pro-IL-1β and pro-IL-18 (Sansonetti et al., 2000). Multiple signaling pathways triggered 311 

through TLRs and cytokines result in the transcription of pro-IL-1β and pro-IL-18. However, 312 

their maturation requires processing by active caspases. Distinct caspases regulate the apoptosis 313 

and maturation of IL-1β and IL-18. Caspase-1 regulates the maturation of IL-1β and IL-18 314 

(Dinarello, 2006). Importantly, release of IL-1β and IL-18 is highly regulated phenomenon, 315 

which is dependent on the activation of caspase-1 and its homolog by multimeric protein 316 

complex termed as inflammasomes (Vladimer et al., 2013). These complexes are critical in the 317 

proteolytic processing of pro-IL-1β and pro-IL-18 into their active form (Netea et al., 318 

2010;Briken et al., 2013). The inflammasome is classically composed of NOD like receptors 319 

(NLRs), the adaptor molecule PYCARD/ASC, and pro-caspase-1, which when proteolyzed to 320 

caspase-1 provides the enzymatic activity of the inflammasome. Pro-caspase-1 forms the core of 321 

the inflammasome. However, the constitution of NLRs within the inflammasome varies 322 

according to the type of pathogen involved. The NLR family members NALP3, NAIP5 or IPAF 323 

and the adaptor apoptosis speck-like protein (ASC) are involved in caspase-1 activation. 324 

Inflammasome plays an important role in host defense against Mtb, since mice deficient in IL-1 325 
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receptor (IL-1RI), IL-1β or IL-18 are more susceptible to infection with Mtb. Furthermore, a 326 

defect in ASC adaptor protein shows the exacerbation of disease without restricting the Mtb 327 

growth. Early secreted antigenic target protein 6 kilodalton secretion system (ESX)-1 encoded in 328 

RD-1 region of Mtb promotes the release of IL-1β by inflammasome activation. ESX-1 mediated 329 

inflammasome formation depends on host NLRP-3 and ASC protein (Mishra et al., 2010). RD-1 330 

deficient Mtb fails to induce a strong activation of caspase-1 resulting in inefficient secretion of 331 

IL-1β and IL-18. This observation signifies that the failure of BCG to mount optimal protection 332 

against Mtb is due to absence of RD-1 dependent induction of IL-1β and IL-18 (Kurenuma et al., 333 

2009). Interestingly, treatment with exogenous IL-18 reduces the bacterial load in mice. 334 

Recently, viral and bacterial RNA have been shown to trigger NLRP3 and activate 335 

inflammasome (Mitoma et al., 2013). It suggests that prophylactic strategies employing 336 

recombinant BCG expressing innate ligands, which are efficient in inducing inflammasome 337 

formation, can boost its protective efficacy against TB. Mtb genes Rv0198c (zmp1), plays a 338 

critical role in preventing caspase-1-dependent activation and secretion of IL-1β. zmp1-deleted 339 

Mtb triggered activation of the inflammasome, resulting in increased release of IL-1β, enhanced 340 

maturation of Mtb containing phagosomes, improved mycobacterial clearance by macrophages, 341 

and reduction in bacterial load in the lungs of Mtb aerosol-infected mice (Master et al., 2008). 342 

Zmp1 is an important virulence determinant and represents a potentially useful drug target. 343 

Furthermore, it has been shown that binding of vitamin D induces IL-1β secretion and prevent 344 

infection. This information supports the idea of exploiting vitamin D in clinical trials against Mtb 345 

(Verway et al., 2013). 346 

Inflammasomes are also reported to play an important part in amplifying the adaptive immune 347 

response. Importantly, inflammasome processed IL-1β promotes the differentiation of naïve CD4 348 
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T cells to Th17 subtype. It synergizes with IL-6 and promotes Th17 cell development via up-349 

regulation of key cytokine IL-17, transcription factors, IRF4 and RORγt. Furthermore, IL-1β can 350 

coordinate with IL-6 and IL-23 in the absence of TGF-β signaling to induce pathogenic Th17 351 

cells (Ghoreschi et al., 2010). In addition to Th1 cells, Th17 cells also play a cardinal role in 352 

generating anti-Mtb response. IL-17 induces the expression of chemokines that results in the 353 

recruitment of various cells to site of infection. Furthermore, memory Th17 cells promote rapid 354 

migration of Th1 cells by enhancing the expression of chemokines (Khader and Cooper, 2008). 355 

Toll-like receptors and NOD-2 expressed on antigen presenting cells are responsible for the 356 

induction and release of cytokines like IL-6, TGF-β, and IL-12 that are responsible for the 357 

differentiation of Th17 cells and Th1 cells, respectively (Khan et al., 2016). Hence 358 

immunotherapies involving agonists of innate immunity can be explored in the generation of 359 

protective immunity against Mtb (Chodisetti et al., 2015). The above showcased points indicate 360 

that innate immunity efficiently controls the Mtb growth during early phase of infection. 361 

Moreover, it creates a platform for adaptive immunity.   362 

Conclusion 363 

Continuous efforts are undertaken to generate an effective vaccine against TB. However, a 364 

possible candidate that can achieve the WHO-STOP-TB program has not yet been formulated. 365 

Eleven candidate vaccines are currently in clinical trials.  Failure of BCG to protect against Mtb 366 

warrants a serious attempt to reinvigorate BCG potency for inducing optimal immune response 367 

(Singh et al., 2010;Gowthaman et al., 2011;Gowthaman et al., 2012).   368 

Recently, innate immunity has emerged as a cornerstone in limiting the growth of Mtb (Fremond 369 

et al., 2004;Nicolle et al., 2004;Carlos et al., 2009). Innate immunity not only initiates series of 370 

events to assist adaptive immunity but also restricts the growth of TB bacilli at the initial phase 371 
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of infection. Nonetheless, failure of innate killing mechanisms results in unobstructed growth of 372 

Mtb and provides enough opportunity for the pathogen to breach the barrier of the immune 373 

system. It indicates that targeting innate immunity is a judicious approach to consider while 374 

designing vaccines or therapeutics. Inefficiency of innate immunity provides an opportunity for 375 

unimpeded Mtb growth. Later, the Mtb conquers the adaptive immunity. Adequate innate 376 

immunity is capable of restricting the growth of Mtb during the “lag phase” of T cell response. 377 

Limiting the growth of Mtb during the initial phase of infection provides enough time for T cells 378 

to reach the site of infection and curtail Mtb replication. However, impaired innate immunity is 379 

incompetent in curbing the proliferation of Mtb. It results in unhindered growth of Mtb, which 380 

ultimately interferes in the activation of adaptive immunity. Biological therapies involving innate 381 

ligands for TLRs and NLRs will benefit the quest for novel treatment modalities for TB. We 382 

speculate that mycobacterial vaccines engineered with ligands for PRRs may enhance the 383 

potency of innate immunity to limit the Mtb growth and sustain the adaptive arm of immunity.   384 

 385 

Abbreviations  386 

Mycobacterium tuberculosis: Mtb; dendritic cells: DCs; tuberculosis: TB; Bacillus Calmette–387 
Guerin: BCG; programmed cell death: PCD 388 

 389 

Acknowledgement  390 

This study is supported by the Council of Scientific and Industrial Research (CSIR), New Delhi, 391 

India. We are thankful to M. Amir and Drs. Jeffery Downey, Atul K Verma, Gurpreet Kaur for 392 

English editing of the manuscript.  393 

 394 

Declaration of interest  395 

Provisional



18 
 

Authors declare no conflict of interest. 396 

 397 

References 398 

Akaki, T., Sato, K., Shimizu, T., Sano, C., Kajitani, H., Dekio, S., and Tomioka, H. (1997). Effector molecules 399 
in expression of the antimicrobial activity of macrophages against Mycobacterium avium 400 
complex: roles of reactive nitrogen intermediates, reactive oxygen intermediates, and free fatty 401 
acids. J Leukoc Biol 62, 795-804. 402 

Alonso, S., Pethe, K., Russell, D.G., and Purdy, G.E. (2007). Lysosomal killing of Mycobacterium mediated 403 
by ubiquitin-derived peptides is enhanced by autophagy. Proc Natl Acad Sci U S A 104, 6031-404 
6036. 405 

Amarante-Mendes, G.P., Finucane, D.M., Martin, S.J., Cotter, T.G., Salvesen, G.S., and Green, D.R. 406 
(1998). Anti-apoptotic oncogenes prevent caspase-dependent and independent commitment 407 
for cell death. Cell Death Differ 5, 298-306. 408 

Andersson, H., Andersson, B., Eklund, D., Ngoh, E., Persson, A., Svensson, K., Lerm, M., Blomgran, R., and 409 
Stendahl, O. (2014). Apoptotic neutrophils augment the inflammatory response to 410 
Mycobacterium tuberculosis infection in human macrophages. PLoS One 9, e101514. 411 

Arthur M. Dannenberg, J., and Rook, G.a.W. (1994). "Tuberculosis: Pathogenesis, Protection, and Control 412 

" in Tuberculosis: Pathogenesis, Protection, and Control. ASM Press, Washington, DC), 459-483. 413 
Balcewicz-Sablinska, M.K., Keane, J., Kornfeld, H., and Remold, H.G. (1998). Pathogenic Mycobacterium 414 

tuberculosis evades apoptosis of host macrophages by release of TNF-R2, resulting in 415 
inactivation of TNF-alpha. J Immunol 161, 2636-2641. 416 

Barry, C.E., 3rd, Boshoff, H.I., Dartois, V., Dick, T., Ehrt, S., Flynn, J., Schnappinger, D., Wilkinson, R.J., and 417 
Young, D. (2009). The spectrum of latent tuberculosis: rethinking the biology and intervention 418 
strategies. Nat Rev Microbiol 7, 845-855. 419 

Behar, S.M., Martin, C.J., Booty, M.G., Nishimura, T., Zhao, X., Gan, H.X., Divangahi, M., and Remold, 420 
H.G. (2011). Apoptosis is an innate defense function of macrophages against Mycobacterium 421 
tuberculosis. Mucosal Immunol 4, 279-287. 422 

Bento, C.F., Empadinhas, N., and Mendes, V. (2015). Autophagy in the fight against tuberculosis. DNA 423 
Cell Biol 34, 228-242. 424 

Boom, W.H. (2007). New TB vaccines: is there a requirement for CD8 T cells? J Clin Invest 117, 2092-425 
2094. 426 

Briken, V., Ahlbrand, S.E., and Shah, S. (2013). Mycobacterium tuberculosis and the host cell 427 
inflammasome: a complex relationship. Front Cell Infect Microbiol 3, 62. 428 

Carlos, D., Frantz, F.G., Souza-Junior, D.A., Jamur, M.C., Oliver, C., Ramos, S.G., Quesniaux, V.F., Ryffel, 429 
B., Silva, C.L., Bozza, M.T., and Faccioli, L.H. (2009). TLR2-dependent mast cell activation 430 
contributes to the control of Mycobacterium tuberculosis infection. Microbes Infect 11, 770-778. 431 

Castillo, E.F., Dekonenko, A., Arko-Mensah, J., Mandell, M.A., Dupont, N., Jiang, S., Delgado-Vargas, M., 432 
Timmins, G.S., Bhattacharya, D., Yang, H., Hutt, J., Lyons, C.R., Dobos, K.M., and Deretic, V. 433 
(2012). Autophagy protects against active tuberculosis by suppressing bacterial burden and 434 
inflammation. Proc Natl Acad Sci U S A 109, E3168-3176. 435 

Chan, E.D., Chan, J., and Schluger, N.W. (2001). What is the role of nitric oxide in murine and human 436 
host defense against tuberculosis?Current knowledge. Am J Respir Cell Mol Biol 25, 606-612. 437 

Provisional



19 
 

Chan, J., Xing, Y., Magliozzo, R.S., and Bloom, B.R. (1992). Killing of virulent Mycobacterium tuberculosis 438 
by reactive nitrogen intermediates produced by activated murine macrophages. J Exp Med 175, 439 
1111-1122. 440 

Chen, M., Gan, H., and Remold, H.G. (2006). A mechanism of virulence: virulent Mycobacterium 441 
tuberculosis strain H37Rv, but not attenuated H37Ra, causes significant mitochondrial inner 442 
membrane disruption in macrophages leading to necrosis. J Immunol 176, 3707-3716. 443 

Chodisetti, S.B., Gowthaman, U., Rai, P.K., Vidyarthi, A., Khan, N., and Agrewala, J.N. (2015). Triggering 444 
through Toll-like receptor 2 limits chronically stimulated T-helper type 1 cells from undergoing 445 
exhaustion. J Infect Dis 211, 486-496. 446 

Choi, H.H., Shin, D.M., Kang, G., Kim, K.H., Park, J.B., Hur, G.M., Lee, H.M., Lim, Y.J., Park, J.K., Jo, E.K., 447 
and Song, C.H. (2010). Endoplasmic reticulum stress response is involved in Mycobacterium 448 
tuberculosis protein ESAT-6-mediated apoptosis. FEBS Lett 584, 2445-2454. 449 

Ciaramella, A., Martino, A., Cicconi, R., Colizzi, V., and Fraziano, M. (2000). Mycobacterial 19-kDa 450 
lipoprotein mediates Mycobacterium tuberculosis-induced apoptosis in 451 
monocytes/macrophages at early stages of infection. Cell Death Differ 7, 1270-1272. 452 

Ciccone, R., Mariani, F., Cavone, A., Persichini, T., Venturini, G., Ongini, E., Colizzi, V., and Colasanti, M. 453 
(2003). Inhibitory effect of NO-releasing ciprofloxacin (NCX 976) on Mycobacterium tuberculosis 454 
survival. Antimicrob Agents Chemother 47, 2299-2302. 455 

Cooney, R., Baker, J., Brain, O., Danis, B., Pichulik, T., Allan, P., Ferguson, D.J., Campbell, B.J., Jewell, D., 456 
and Simmons, A. (2010). NOD2 stimulation induces autophagy in dendritic cells influencing 457 
bacterial handling and antigen presentation. Nat Med 16, 90-97. 458 

Cooper, A.M., Mayer-Barber, K.D., and Sher, A. (2011). Role of innate cytokines in mycobacterial 459 
infection. Mucosal Immunol 4, 252-260. 460 

Delgado, M.A., and Deretic, V. (2009). Toll-like receptors in control of immunological autophagy. Cell 461 
Death Differ 16, 976-983. 462 

Delgado, M.A., Elmaoued, R.A., Davis, A.S., Kyei, G., and Deretic, V. (2008). Toll-like receptors control 463 
autophagy. EMBO J 27, 1110-1121. 464 

Deretic, V., Delgado, M., Vergne, I., Master, S., De Haro, S., Ponpuak, M., and Singh, S. (2009). 465 
Autophagy in immunity against mycobacterium tuberculosis: a model system to dissect 466 
immunological roles of autophagy. Curr Top Microbiol Immunol 335, 169-188. 467 

Deretic, V., Singh, S., Master, S., Harris, J., Roberts, E., Kyei, G., Davis, A., De Haro, S., Naylor, J., Lee, H.H., 468 
and Vergne, I. (2006). Mycobacterium tuberculosis inhibition of phagolysosome biogenesis and 469 
autophagy as a host defence mechanism. Cell Microbiol 8, 719-727. 470 

Dinarello, C.A. (2006). Interleukin 1 and interleukin 18 as mediators of inflammation and the aging 471 
process. Am J Clin Nutr 83, 447S-455S. 472 

Divangahi, M., Chen, M., Gan, H., Desjardins, D., Hickman, T.T., Lee, D.M., Fortune, S., Behar, S.M., and 473 
Remold, H.G. (2009). Mycobacterium tuberculosis evades macrophage defenses by inhibiting 474 
plasma membrane repair. Nat Immunol 10, 899-906. 475 

Flannagan, R.S., Cosio, G., and Grinstein, S. (2009). Antimicrobial mechanisms of phagocytes and 476 
bacterial evasion strategies. Nat Rev Microbiol 7, 355-366. 477 

Flesch, I.E., and Kaufmann, S.H. (1991). Mechanisms involved in mycobacterial growth inhibition by 478 
gamma interferon-activated bone marrow macrophages: role of reactive nitrogen 479 
intermediates. Infect Immun 59, 3213-3218. 480 

Fremond, C.M., Togbe, D., Doz, E., Rose, S., Vasseur, V., Maillet, I., Jacobs, M., Ryffel, B., and Quesniaux, 481 
V.F. (2007). IL-1 receptor-mediated signal is an essential component of MyD88-dependent 482 
innate response to Mycobacterium tuberculosis infection. J Immunol 179, 1178-1189. 483 

Provisional



20 
 

Fremond, C.M., Yeremeev, V., Nicolle, D.M., Jacobs, M., Quesniaux, V.F., and Ryffel, B. (2004). Fatal 484 
Mycobacterium tuberculosis infection despite adaptive immune response in the absence of 485 
MyD88. J Clin Invest 114, 1790-1799. 486 

Ghoreschi, K., Laurence, A., Yang, X.P., Tato, C.M., Mcgeachy, M.J., Konkel, J.E., Ramos, H.L., Wei, L., 487 
Davidson, T.S., Bouladoux, N., Grainger, J.R., Chen, Q., Kanno, Y., Watford, W.T., Sun, H.W., 488 
Eberl, G., Shevach, E.M., Belkaid, Y., Cua, D.J., Chen, W., and O'shea, J.J. (2010). Generation of 489 
pathogenic T(H)17 cells in the absence of TGF-beta signalling. Nature 467, 967-971. 490 

Gowthaman, U., Rai, P.K., Khan, N., Jackson, D.C., and Agrewala, J.N. (2012). Lipidated promiscuous 491 
peptides vaccine for tuberculosis-endemic regions. Trends Mol Med 18, 607-614. 492 

Gowthaman, U., Singh, V., Zeng, W., Jain, S., Siddiqui, K.F., Chodisetti, S.B., Gurram, R.K., Parihar, P., 493 
Gupta, P., Gupta, U.D., Jackson, D.C., and Agrewala, J.N. (2011). Promiscuous peptide of 16 kDa 494 
antigen linked to Pam2Cys protects against Mycobacterium tuberculosis by evoking enduring 495 
memory T-cell response. J Infect Dis 204, 1328-1338. 496 

Grode, L., Seiler, P., Baumann, S., Hess, J., Brinkmann, V., Nasser Eddine, A., Mann, P., Goosmann, C., 497 
Bandermann, S., Smith, D., Bancroft, G.J., Reyrat, J.M., Van Soolingen, D., Raupach, B., and 498 
Kaufmann, S.H. (2005). Increased vaccine efficacy against tuberculosis of recombinant 499 
Mycobacterium bovis bacille Calmette-Guerin mutants that secrete listeriolysin. J Clin Invest 500 
115, 2472-2479. 501 

Gutierrez, M.G., Master, S.S., Singh, S.B., Taylor, G.A., Colombo, M.I., and Deretic, V. (2004). Autophagy 502 
is a defense mechanism inhibiting BCG and Mycobacterium tuberculosis survival in infected 503 
macrophages. Cell 119, 753-766. 504 

Hartman, M.L., and Kornfeld, H. (2011). Interactions between naive and infected macrophages reduce 505 
Mycobacterium tuberculosis viability. PLoS One 6, e27972. 506 

Hinchey, J., Lee, S., Jeon, B.Y., Basaraba, R.J., Venkataswamy, M.M., Chen, B., Chan, J., Braunstein, M., 507 
Orme, I.M., Derrick, S.C., Morris, S.L., Jacobs, W.R., Jr., and Porcelli, S.A. (2007). Enhanced 508 
priming of adaptive immunity by a proapoptotic mutant of Mycobacterium tuberculosis. J Clin 509 
Invest 117, 2279-2288. 510 

Huang, J., and Brumell, J.H. (2014). Bacteria-autophagy interplay: a battle for survival. Nat Rev Microbiol 511 
12, 101-114. 512 

Jagannath, C., Lindsey, D.R., Dhandayuthapani, S., Xu, Y., Hunter, R.L., Jr., and Eissa, N.T. (2009). 513 
Autophagy enhances the efficacy of BCG vaccine by increasing peptide presentation in mouse 514 
dendritic cells. Nat Med 15, 267-276. 515 

Jiang, P., and Mizushima, N. (2014). Autophagy and human diseases. Cell Res 24, 69-79. 516 
Jo, E.K. (2013). Autophagy as an innate defense against mycobacteria. Pathog Dis 67, 108-118. 517 
Kawakami, K., Koguchi, Y., Qureshi, M.H., Miyazato, A., Yara, S., Kinjo, Y., Iwakura, Y., Takeda, K., Akira, 518 

S., Kurimoto, M., and Saito, A. (2000). IL-18 contributes to host resistance against infection with 519 
Cryptococcus neoformans in mice with defective IL-12 synthesis through induction of IFN-520 
gamma production by NK cells. J Immunol 165, 941-947. 521 

Khader, S.A., and Cooper, A.M. (2008). IL-23 and IL-17 in tuberculosis. Cytokine 41, 79-83. 522 
Khan, N., Pahari, S., Vidyarthi, A., Aqdas, M., and Agrewala, J.N. (2015). NOD-2 and TLR-4 Signaling 523 

Reinforces the Efficacy of Dendritic Cells and Reduces the Dose of TB Drugs against 524 
Mycobacterium tuberculosis. J Innate Immun. 525 

Khan, N., Vidyarthi, A., Pahari, S., Negi, S., Aqdas, M., Nadeem, S., Agnihotri, T., and Agrewala, J.N. 526 
(2016). Signaling through NOD-2 and TLR-4 Bolsters the T cell Priming Capability of Dendritic 527 
cells by Inducing Autophagy. Sci Rep 6, 19084. 528 

Kuo, H.P., Wang, C.H., Huang, K.S., Lin, H.C., Yu, C.T., Liu, C.Y., and Lu, L.C. (2000). Nitric oxide modulates 529 
interleukin-1beta and tumor necrosis factor-alpha synthesis by alveolar macrophages in 530 
pulmonary tuberculosis. Am J Respir Crit Care Med 161, 192-199. 531 

Provisional



21 
 

Kurenuma, T., Kawamura, I., Hara, H., Uchiyama, R., Daim, S., Dewamitta, S.R., Sakai, S., Tsuchiya, K., 532 
Nomura, T., and Mitsuyama, M. (2009). The RD1 locus in the Mycobacterium tuberculosis 533 
genome contributes to activation of caspase-1 via induction of potassium ion efflux in infected 534 
macrophages. Infect Immun 77, 3992-4001. 535 

Lamichhane, G. (2011a). "Mycobacterium tuberculosis response to stress from reactive oxygen and 536 
nitrogen species", in: Front Microbiol.). 537 

Lamichhane, G. (2011b). Mycobacterium tuberculosis response to stress from reactive oxygen and 538 
nitrogen species. Front Microbiol 2, 176. 539 

Liu, P.T., Stenger, S., Li, H., Wenzel, L., Tan, B.H., Krutzik, S.R., Ochoa, M.T., Schauber, J., Wu, K., 540 
Meinken, C., Kamen, D.L., Wagner, M., Bals, R., Steinmeyer, A., Zugel, U., Gallo, R.L., Eisenberg, 541 
D., Hewison, M., Hollis, B.W., Adams, J.S., Bloom, B.R., and Modlin, R.L. (2006). Toll-like receptor 542 
triggering of a vitamin D-mediated human antimicrobial response. Science 311, 1770-1773. 543 

Lurie, M.B. (1964). Resistance to tuberculosis: experimental studies in native and acquired defensive 544 
mechanisms. Published for the Commonwealth Fund by Harvard University Press. 545 

Macmicking, J.D., North, R.J., Lacourse, R., Mudgett, J.S., Shah, S.K., and Nathan, C.F. (1997). 546 
Identification of nitric oxide synthase as a protective locus against tuberculosis. Proc Natl Acad 547 
Sci U S A 94, 5243-5248. 548 

Martin, C.J., Booty, M.G., Rosebrock, T.R., Nunes-Alves, C., Desjardins, D.M., Keren, I., Fortune, S.M., 549 
Remold, H.G., and Behar, S.M. (2012). Efferocytosis is an innate antibacterial mechanism. Cell 550 
Host Microbe 12, 289-300. 551 

Master, S.S., Rampini, S.K., Davis, A.S., Keller, C., Ehlers, S., Springer, B., Timmins, G.S., Sander, P., and 552 
Deretic, V. (2008). Mycobacterium tuberculosis prevents inflammasome activation. Cell Host 553 
Microbe 3, 224-232. 554 

Mishra, B.B., Moura-Alves, P., Sonawane, A., Hacohen, N., Griffiths, G., Moita, L.F., and Anes, E. (2010). 555 
Mycobacterium tuberculosis protein ESAT-6 is a potent activator of the NLRP3/ASC 556 
inflammasome. Cell Microbiol 12, 1046-1063. 557 

Mitoma, H., Hanabuchi, S., Kim, T., Bao, M., Zhang, Z., Sugimoto, N., and Liu, Y.J. (2013). The DHX33 RNA 558 
helicase senses cytosolic RNA and activates the NLRP3 inflammasome. Immunity 39, 123-135. 559 

Nathan, C., and Shiloh, M.U. (2000). Reactive oxygen and nitrogen intermediates in the relationship 560 
between mammalian hosts and microbial pathogens. Proc Natl Acad Sci U S A 97, 8841-8848. 561 

Netea, M.G., Simon, A., Van De Veerdonk, F., Kullberg, B.J., Van Der Meer, J.W., and Joosten, L.A. (2010). 562 
IL-1beta processing in host defense: beyond the inflammasomes. PLoS Pathog 6, e1000661. 563 

Nicholson, S., Bonecini-Almeida Mda, G., Lapa E Silva, J.R., Nathan, C., Xie, Q.W., Mumford, R., Weidner, 564 
J.R., Calaycay, J., Geng, J., Boechat, N., Linhares, C., Rom, W., and Ho, J.L. (1996). Inducible nitric 565 
oxide synthase in pulmonary alveolar macrophages from patients with tuberculosis. J Exp Med 566 
183, 2293-2302. 567 

Nicolle, D.M., Pichon, X., Bouchot, A., Maillet, I., Erard, F., Akira, S., Ryffel, B., and Quesniaux, V.F. (2004). 568 
Chronic pneumonia despite adaptive immune response to Mycobacterium bovis BCG in MyD88-569 
deficient mice. Lab Invest 84, 1305-1321. 570 

Ottenhoff, T.H., and Kaufmann, S.H. (2012). Vaccines against tuberculosis: where are we and where do 571 
we need to go? PLoS Pathog 8, e1002607. 572 

Perskvist, N., Long, M., Stendahl, O., and Zheng, L. (2002). Mycobacterium tuberculosis promotes 573 
apoptosis in human neutrophils by activating caspase-3 and altering expression of Bax/Bcl-xL via 574 
an oxygen-dependent pathway. J Immunol 168, 6358-6365. 575 

Rich, E.A., Torres, M., Sada, E., Finegan, C.K., Hamilton, B.D., and Toossi, Z. (1997). Mycobacterium 576 
tuberculosis (MTB)-stimulated production of nitric oxide by human alveolar macrophages and 577 
relationship of nitric oxide production to growth inhibition of MTB. Tuber Lung Dis 78, 247-255. 578 

Provisional



22 
 

Roberts, L.L., and Robinson, C.M. (2014). Mycobacterium tuberculosis infection of human dendritic cells 579 
decreases integrin expression, adhesion and migration to chemokines. Immunology 141, 39-51. 580 

Rockett, K.A., Brookes, R., Udalova, I., Vidal, V., Hill, A.V., and Kwiatkowski, D. (1998). 1,25-581 
Dihydroxyvitamin D3 induces nitric oxide synthase and suppresses growth of Mycobacterium 582 
tuberculosis in a human macrophage-like cell line. Infect Immun 66, 5314-5321. 583 

Russell, D.G. (2011). Mycobacterium tuberculosis and the intimate discourse of a chronic infection. 584 
Immunol Rev 240, 252-268. 585 

Sada-Ovalle, I., Chiba, A., Gonzales, A., Brenner, M.B., and Behar, S.M. (2008). Innate invariant NKT cells 586 
recognize Mycobacterium tuberculosis-infected macrophages, produce interferon-gamma, and 587 
kill intracellular bacteria. PLoS Pathog 4, e1000239. 588 

Salaun, B., Romero, P., and Lebecque, S. (2007). Toll-like receptors' two-edged sword: when immunity 589 
meets apoptosis. Eur J Immunol 37, 3311-3318. 590 

Sanchez, A., Espinosa, P., Esparza, M.A., Colon, M., Bernal, G., and Mancilla, R. (2009). Mycobacterium 591 
tuberculosis 38-kDa lipoprotein is apoptogenic for human monocyte-derived macrophages. 592 
Scand J Immunol 69, 20-28. 593 

Sanchez, A., Espinosa, P., Garcia, T., and Mancilla, R. (2012). The 19 kDa Mycobacterium tuberculosis 594 
lipoprotein (LpqH) induces macrophage apoptosis through extrinsic and intrinsic pathways: a 595 
role for the mitochondrial apoptosis-inducing factor. Clin Dev Immunol 2012, 950503. 596 

Sansonetti, P.J., Phalipon, A., Arondel, J., Thirumalai, K., Banerjee, S., Akira, S., Takeda, K., and 597 
Zychlinsky, A. (2000). Caspase-1 activation of IL-1beta and IL-18 are essential for Shigella 598 
flexneri-induced inflammation. Immunity 12, 581-590. 599 

Shaler, C.R., Horvath, C., Lai, R., and Xing, Z. (2012). Understanding delayed T-cell priming, lung 600 
recruitment, and airway luminal T-cell responses in host defense against pulmonary 601 
tuberculosis. Clin Dev Immunol 2012, 628293. 602 

Sharma, S., Sharma, M., Roy, S., Kumar, P., and Bose, M. (2004). Mycobacterium tuberculosis induces 603 
high production of nitric oxide in coordination with production of tumour necrosis factor-alpha 604 
in patients with fresh active tuberculosis but not in MDR tuberculosis. Immunol Cell Biol 82, 377-605 
382. 606 

Sia, J.K., Georgieva, M., and Rengarajan, J. (2015). Innate Immune Defenses in Human Tuberculosis: An 607 
Overview of the Interactions between Mycobacterium tuberculosis and Innate Immune Cells. J 608 
Immunol Res 2015, 747543. 609 

Singh, S.B., Davis, A.S., Taylor, G.A., and Deretic, V. (2006). Human IRGM induces autophagy to eliminate 610 
intracellular mycobacteria. Science 313, 1438-1441. 611 

Singh, V., Gowthaman, U., Jain, S., Parihar, P., Banskar, S., Gupta, P., Gupta, U.D., and Agrewala, J.N. 612 
(2010). Coadministration of interleukins 7 and 15 with bacille Calmette-Guerin mounts enduring 613 
T cell memory response against Mycobacterium tuberculosis. J Infect Dis 202, 480-489. 614 

Soualhine, H., Deghmane, A.E., Sun, J., Mak, K., Talal, A., Av-Gay, Y., and Hmama, Z. (2007). 615 
Mycobacterium bovis bacillus Calmette-Guerin secreting active cathepsin S stimulates 616 
expression of mature MHC class II molecules and antigen presentation in human macrophages. J 617 
Immunol 179, 5137-5145. 618 

Sperandio, S., De Belle, I., and Bredesen, D.E. (2000). An alternative, nonapoptotic form of programmed 619 
cell death. Proc Natl Acad Sci U S A 97, 14376-14381. 620 

Sperandio, S., Poksay, K., De Belle, I., Lafuente, M.J., Liu, B., Nasir, J., and Bredesen, D.E. (2004). 621 
Paraptosis: mediation by MAP kinases and inhibition by AIP-1/Alix. Cell Death Differ 11, 1066-622 
1075. 623 

Stenger, S., and Modlin, R.L. (1999). T cell mediated immunity to Mycobacterium tuberculosis. Curr Opin 624 
Microbiol 2, 89-93. 625 

Provisional



23 
 

Sun, J., Deghmane, A.E., Soualhine, H., Hong, T., Bucci, C., Solodkin, A., and Hmama, Z. (2007). 626 
Mycobacterium bovis BCG disrupts the interaction of Rab7 with RILP contributing to inhibition 627 
of phagosome maturation. J Leukoc Biol 82, 1437-1445. 628 

Travassos, L.H., Carneiro, L.A., Ramjeet, M., Hussey, S., Kim, Y.G., Magalhaes, J.G., Yuan, L., Soares, F., 629 
Chea, E., Le Bourhis, L., Boneca, I.G., Allaoui, A., Jones, N.L., Nunez, G., Girardin, S.E., and 630 
Philpott, D.J. (2010). Nod1 and Nod2 direct autophagy by recruiting ATG16L1 to the plasma 631 
membrane at the site of bacterial entry. Nat Immunol 11, 55-62. 632 

Van Crevel, R., Ottenhoff, T.H., and Van Der Meer, J.W. (2002). Innate immunity to Mycobacterium 633 
tuberculosis. Clin Microbiol Rev 15, 294-309. 634 

Verway, M., Bouttier, M., Wang, T.T., Carrier, M., Calderon, M., An, B.S., Devemy, E., Mcintosh, F., 635 
Divangahi, M., Behr, M.A., and White, J.H. (2013). Vitamin D induces interleukin-1beta 636 
expression: paracrine macrophage epithelial signaling controls M. tuberculosis infection. PLoS 637 
Pathog 9, e1003407. 638 

Vladimer, G.I., Marty-Roix, R., Ghosh, S., Weng, D., and Lien, E. (2013). Inflammasomes and host 639 
defenses against bacterial infections. Curr Opin Microbiol 16, 23-31. 640 

West, A.P., Brodsky, I.E., Rahner, C., Woo, D.K., Erdjument-Bromage, H., Tempst, P., Walsh, M.C., Choi, 641 
Y., Shadel, G.S., and Ghosh, S. (2011). TLR signalling augments macrophage bactericidal activity 642 
through mitochondrial ROS. Nature 472, 476-480. 643 

Winau, F., Weber, S., Sad, S., De Diego, J., Hoops, S.L., Breiden, B., Sandhoff, K., Brinkmann, V., 644 
Kaufmann, S.H., and Schaible, U.E. (2006). Apoptotic vesicles crossprime CD8 T cells and protect 645 
against tuberculosis. Immunity 24, 105-117. 646 

Yuk, J.M., Yoshimori, T., and Jo, E.K. (2012). Autophagy and bacterial infectious diseases. Exp Mol Med 647 
44, 99-108. 648 

 649 

 650 

 651 

 652 

 653 

Figure Legends 654 

Fig. 1. Innate immunity restricts the bacterial burden during lag phase of T cell response. 655 

Initiation of T cell response occurs after 9-11 days of Mtb infection and peaks at 20-25 days (-). 656 

Delay in the duration for the generation of effective T cell response is considered as its “lag 657 

phase”. Susceptible strain (-) of rabbit shows high bacterial burden during lag phase of T cell 658 

response; whereas resistant strain (-) signifies lesser bacterial burden. However, after initiation of 659 

T cell response, both the strains restrict Mtb growth. It indicates that lesser bacterial burden 660 

during lag phase of T cell response in resistant strain of rabbit is due to involvement of innate 661 

immunity.  662 
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Table 1 664 

Mechanism Function References 

Autophagy Provide the alternative route for antigen 

processing and presentation. 

Target cytosolic antigen to lysosome for 

degradation. 

Overcome the evasion strategy of Mtb to 

inhibit phagolysosome biogenesis. 

(Jagannath et al., 

2009;Cooney et al., 2010) 

Apoptosis Facilitates the presentation of antigen to 

CD8T cells. 

Restrict the bacterial burden.  

(Winau et al., 

2006;Andersson et al., 2014) 

Inflammasome Involved in maturation of IL-1β and IL-18. (Fremond et al., 2007) 

Nitric oxide Intracellular killing of pathogen. 

Regulate IL-1β secretion to control 

inflammation. 

 

(Flesch and Kaufmann, 

1991;Chan et al., 

1992;Nicholson et al., 

1996;Akaki et al., 

1997;MacMicking et al., 

1997;Rich et al., 1997;Kuo et 

al., 2000;Nathan and Shiloh, 

2000;Chan et al., 

2001;Ciccone et al., 

2003;Sharma et al., 

2004;Lamichhane, 2011a) 
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