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A B S T R A C T

Pattern Recognition Receptors (PRRs) play a central role in the recognition of numerous pathogens, including
Mycobacterium tuberculosis, resulting in activation of innate and adaptive immune responses. Besides Toll Like
Receptors, C-type Lectin Receptors and Nod Like Receptors are now being recognized for their involvement in
inducing immune response against M. tuberculosis infection. Although, a functional redundancy of the PRRs has
also been reported in many studies, emerging evidences support the notion that a cooperative and coordinated
response generated by these receptors is critical to sustain the full immune control of M. tuberculosis infection.
Many of the PRRs are now found to be involved in various cellular host defenses, such as inflammasome
activation, phagosome biogenesis, endosomal trafficking, and antigen processing pathways that are all very
critical for an effective immune response against M. tuberculosis. In support, polymorphism in several of these
receptors has also been found associated with increased susceptibility to tuberculosis in humans. Nonetheless,
increasing evidences also show that in order to enhance its intracellular survival, M. tuberculosis has also evolved
multiple strategies to subvert and reprogram PPR-mediated immune responses. In light of these findings, this
review analyzes the interaction of bacterial and host factors at the intersections of PRR signaling pathways that
could provide integrative insights for the development of better vaccines and therapeutics for tuberculosis.

1. Introduction

Pattern Recognition Receptors (PRRs) are a family of receptor
proteins through which mammalian cells sense the microbial infection
by recognizing distinct molecular patterns associated with pathogens.
Although, PRRs are one of the components of innate immune system
and have been thought firstly to play a role in early host defense against
invading pathogens, emerging evidences supports the notion that PRRs
also play a crucial role in the initiation of adaptive immune response
(Akira et al., 2006; Iwasaki and Medzhitov, 2015; Palm and Medzhitov,
2009). This is also based on the fact that activation of the innate
immune system is a prerequisite for the induction of acquired im-
munity. A coordinated response of cells of innate and adaptive immune
system is known to play a vital role in controlling the infection caused
by Mycobacterium tuberculosis (O’Garra et al., 2013). Several PRRs,
including Toll Like Receptors (TLRs), C-type Lectin Receptors (CLRs),
Nucleotide oligomerization domain Like Receptors (NLRs), Dendritic
Cell-Specific Intercellular adhesion molecule Grabbing Nonintegrin
(DC-SIGN), Fc receptor, Mannose Receptor (MR) and Scavenger Re-
ceptors have been shown to mediate the recognition of M. tuberculosis

(Killick et al., 2013; Stamm et al., 2015). However, the role of various
PRRs in initiating innate and adaptive immune responses during M.
tuberculosis infection is rather ambiguous. Within TLR family of PRRs,
only TLR2 and TLR4 have been extensively studied and implicated in
controlling the disease based on the evidences of increased bacterial
burden and inflammation in lungs of mice deficient for these two
receptors (Drennan et al., 2004; Heldwein et al., 2003). Mice deficient
for MyD88 (an adaptor molecule required for TLR2 and TLR4 signaling)
though could still acquire adaptive immune response against the
pathogen, which suggested that other PRRs that employ MyD88
independent signaling could be involved during M. tuberculosis infec-
tion (Fremond et al., 2004). In order to better define the immune
mechanisms and components critical for protection against tuberculosis
(TB), signaling pathways of many more surface associated and intra-
cellular PRRs that could be involved during M. tuberculosis infection
have been dissected, in more recent time. It is also becoming clearer
that the redundancy observed in PRRs functions may only be partial
and a cooperation and coordination of immune response initiated by
multiple PRRs assists in effective control of M. tuberculosis (Bafica et al.,
2005; Court et al., 2010; Ferwerda et al., 2005; Trinchieri and Sher,
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2007).From the inclusive analysis of mechanisms and molecules
involved in various PRR mediated signaling, it has emerged that
activation of many cellular processes such as apoptosis, antigen
processing/presentation, inflammasome activation, phagosome ma-
turation and autophagy are linked with stimulation of certain PRRs.
Elucidation of molecular machinery involved in various PRR signaling
and their crosstalk with key cellular processes critical for innate and
adaptive immunity, has provided a closer insight about the mechanism
through which multiple PRRs could orchestrate a successful protection
against TB. Nonetheless, newer mechanisms that M. tuberculosis could
employ to inhibit some of the PRR signaling mechanisms, have also
been identified in recent time. This review first provides an updated
illustration of the signaling pathways orchestrated by all PRRs that have
been implicated in TB immunopathogenesis. PRR associated molecular
and cellular events that are targeted by M. tuberculosis for immune
evasion have also been analyzed to identify the critical bacterial and
host components of therapeutic interest.

2. Current overview of pattern recognition receptors and
mediated cellular processes implicated in immunity against M.
tuberculosis

2.1. Toll like receptors

M. tuberculosis is known to produce several molecules that can
activate mammalian PRRs during infection. Many of the mycobacterial
cell wall components including Lipomannan (LM), Lipoarabinomannan
(LAM) and Phosphatidyl-myo- inositol mannoside (PIM) are associated
with activation of surface associated TLRs;TLR1, TLR2, TLR4, and TLR6
(Quesniaux et al., 2004). Non cell wall component of M. tuberculosis,
such as lipoproteins, have also been found to ligate with certain TLRs
(TLR2/1/6). While some mycobacterial cell wall ligands can activate an
individual TLR, others may require cooperation between 2 different
TLRs. For instance, di-acylated lipoproteins require heterodimer of
TLR2 and 6 whereas tri-acylated lipoproteins require a heterodimer of
TLR1 and TLR2 to stimulate the signaling downstream (Morr et al.,
2002).

One of the most common downstream signaling used by many TLRs
(TLR1/2, TLR2/6 and TLR4) after ligation with agonists, starts with
binding of the adaptor protein MyD88 (Myeloid Differentiation protein
88) to the cytoplasmic TIR (Toll Interleukin Receptor) domain of TLRs,
followed by recruitment of IL-1 receptor-associated kinases (IRAK4,
1 & 2), TNF receptor-associated factor (TRAF) 6, B cell lymphoma
protein 10 (Bcl-10) and Mucosa-associated lymphoid tissue lymphoma
translocation protein (1MALT1) in a protein complex. This complex
further recruits TGF-β activated protein kinase 1 (TAK1), TAK1 binding
protein (TAB) 2 & 3 to activate NF-κB (Nuclear Factor-κB) essential
modulator (NEMO) and MAP kinase kinases (MKKs). NEMO and MKKs
mediated signaling further downstream leads to nuclear translocation
of transcription regulators NF-κB and Activator protein 1(AP1) respec-
tively, which separately regulate expression of many pro-inflammatory
cytokines (Akira and Takeda, 2004; Kawai and Akira, 2010). TLR4, on
the other hand can transduce the signals independent of MyD88 as well.
TLR4 signaling through MyD88 independent pathway involves another
adaptor called Toll-interleukin-1 receptor containing adaptor inducing
IFN-β (TRIF), which is also known as TIR containing adaptor molecule-
1 (TICAM-1). TRIF dependent signaling through TLR4 is mediated by
IRF (Interferon Regulatory Factor) 3 and leads to the activation of IFN-β
inducible genes which can regulate the production of many pro-
inflammatory cytokines (Fig. 1). Signaling through TLR1, TLR2,
TLR4, and TLR6 has been demonstrated to occur during M. tuberculosis
infection as evidenced by ligation of various mycobacterial cell wall
components with these receptors and their essentiality for infection
control (Krutzik and Modlin, 2004; Nicolle et al., 2004).

Nonetheless, redundant function of some of the TLRs during M.
tuberculosis infection has also been suggested in other studies. In a low

dose aerosol based infection model of tuberculosis, mice deficient for
TLR2 as well as TLR4 were able to resist M. tuberculosis infection in a
manner similar to congenic wild type mice (Reiling et al., 2002).
Immunopathological events such as secretion of pro-inflammatory
cytokines, granuloma formation and macrophage activation in response
to low-dose infection was found identical in mutant and control mice.
Remarkably, during high dose aerosol challenge, TLR2 mutant mice
were found susceptible to M. tuberculosis infection but not TLR4
defective mice. A later study also revealed that not only TLR2 and
TLR4, but TLR9 was also not essential for induction of immunity against
M. tuberculosis infection in mice (Hölscher et al., 2008). Post aerosol
infection, both TLR2/4/9-deficient and wild-type mice were able to
express pro-inflammatory cytokines secreting antigen-specific T cells
and could produce IFN-γ, inducible nitric oxide synthase and anti-
microbial peptide LRG-47 in infected lungs to similar extents. Even
MyD88 deficient mice were able to express pro-inflammatory cytokines
and expand IFN-γ producing antigen-specific T cells, though in a
delayed fashion. However, mice that were deficient for MyD88, rapidly
succumbed to unrestricted mycobacterial growth, whereas TLR2/4/9-
deficient mice were able to control M. tuberculosis replication. These
evidences suggest that during M. tuberculosis infection, neither TLR2/
TLR4/TLR9 nor MyD88 might be required for the induction of adaptive
T cell responses. Rather, MyD88, but not TLR2, TLR4 and TLR9, is
critical for initiating macrophage effector mechanisms for anti-myco-
bacterial defense. It was also discovered later that post M. tuberculosis
infection, expressions of IL-12, TNF-α, IFN-γ, and nitric oxide synthase
2 were markedly decreased in the MyD88 knockout mice compared to
wild type (Scanga et al., 2004). Thus it could be perhaps contended that
some of the TLRs may be redundant for protection against M.
tuberculosis and resistance to this pathogen may also depend on
MyD88-dependent signals that are mediated by other PRRs or through
a combination of them. In humans as well, the critical role of surface
TLRs; TLR1, TLR2, TLR4 and TLR6 in immunity against M. tuberculosis
could be gauged from the association of polymorphisms in these genes
and susceptibility to TB (Dittrich et al., 2015; Guo and Xia, 2015; Najmi
et al., 2010; Randhawa et al., 2011).

Endosomal TLRs, TLR7/8 and TLR9 transduce signal in a MyD88
dependent manner, involving activation of NEMO as well as IRF7
downstream, which results in production of pro-inflammatory cyto-
kines and INF-α respectively (Fig. 1). Since mycobacterial RNA/DNA
must remain accessible to endosomes, TLR7 and TLR9, activated by
ssRNA and CpG DNA, have been suggested to be stimulated as well
during M. tuberculosis infection. An indirect evidence of involvement of
TLR9 comes from the effective cooperation of this endosomal receptor
with surface receptors TLR2 to regulate the Th1 responses in pursuit of
optimal resistance against M. tuberculosis (Bafica et al., 2005). A clear
association between polymorphism in TLR8 and TLR9 gene regions and
susceptibility to pulmonary TB has also been reported in earlier studies,
which further indicate the importance of endosomal TLRs in protection
against M. tuberculosis infection (Davila et al., 2008; Graustein et al.,
2015; Torres-García et al., 2013). In a more recent report, demonstra-
tion of increased antigen presentation by mouse macrophages when
agonist of TLR7 and TLR9 were added externally as adjuvants with
BCG, suggest that signaling through these endosomal PRRs by myco-
bacteria may remain inhibited or compromised during the normal
course of infection (Bakhru et al., 2014). The exact mechanism through
which TLR7 and TLR9 signaling induce antigen presentation remains to
be understood though. Induction of autophagic pathways by endosomal
TLRs have been reported during mycobacterial as well as other
intracellular infection, and autophagy mediated increased phagosome
maturation has been suggested as one possible mechanism through
which antigen processing is enhanced (Crotzer and Blum, 2009;
Delgado et al., 2008; Kuchtey et al., 2005). Autophagy, which is a
specific biological process involved in maintaining homeostasis through
the degradation of long-lived cellular proteins and organelles has been
demonstrated to be induced by TLRs, resulting in enhanced phagosome
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maturation and antigen presentation during M. tuberculosis infection
(Bento et al., 2015; Oh and Lee, 2014). TLR2/1/CD14 stimulation by
Mycobacterial lipoprotein LpqH is also known to induce autophagy by
triggering AMPK-p38 MAPK pathways via activating Vitamin D recep-
tor and regulating Phosphoinositide 3-kinase class3 (PI3KC3) (Shin
et al., 2010) (Fig. 1). Altogether, review of many studies and meta-
analysis of the data clearly suggest significant associations between
polymorphisms of several surface as well as endosomal TLRs and
susceptibility to TB (Schurz et al., 2015; Sun et al., 2015; Thada
et al., 2013).

2.2. Nod like receptors and cytosolic receptors

Lately importance of cytosolic receptors has also been recognized
for their contribution in both innate and adaptive immune responses
against TB. Individuals homozygous for the 3020insC NOD2 mutation,
showed an 80% defective cytokine response after stimulation with M.
tuberculosis bacilli, which underscores the importance NOD2 in host

defense against the pathogen (Ferwerda et al., 2005). The signaling
pathway of NOD2 is illustrated in Fig. 2. Cooperation between TLR2
and NOD2 was also observed for induction of pro-inflammatory
cytokine response, and this synergism was abrogated in cells defective
for either TLR2 or NOD2. This also demonstrated that TLR and NOD2
pathways are non-redundant mechanisms of M. tuberculosis recognition
and host defense. Studies later on have extended the biological activity
of NOD2 to include the induction of autophagy as well as in mediating
direct T cell activation during M. tuberculosis and other viral infections
(Shaw et al., 2011). NOD2-mediated autophagy was essential for both
bacterial control and generation of major histocompatibility complex
(MHC) class II antigen-specific CD4+ T cell response in Crohn’s
disease, which is now being associated with mycobacterial infections
(Cooney et al., 2010; Greenstein, 2003). NOD2-induced autophagy was
not dependent on NF-κB signaling but required interaction between
NOD2 and a known autophagy protein, ATG16L1 (Travassos et al.,
2010). Polymorphisms in NOD2 and ATG16L1 were also found
associated with defective autophagy, bacterial killing, antigen presen-

Fig. 1. A schematic representation of PRR signaling pathways activated during M. tuberculosis infection.Binding of mycobacterial ligand Ara-LAM/PIM2/PIM6 of M. tuberculosis to TLR 1
and 2 or 2 and 6 stimulates MyD88 dependent signaling cascade which eventually results in AP1 and NF-κB mediated secretion of pro-inflammatory cytokines (Quesniaux et al., 2004;
Akira and Takeda, 2004; Kawai and Akira, 2010). Mycobacterial ligands of TLR4 such as Lipomannans/HSP65/HSP70 on the other hand induce signaling via MyD88 as well as MyD88
independent pathways by utilizing different adaptor molecules downstream. While MyD88 dependent signaling by TLR4 leads to secretion of AP1 and NF-κB mediated pro-inflammatory
cytokines, MyD88 independent signaling of the same receptor on endosome results in secretion of IRF3 mediated type 1 interferon IFN-β. Endosomal TLR7 and TLR9 that respectively
recognize ssRNA and CpG DNA of M. tuberculosis induce NF− κB mediated secretion of pro-inflammatory cytokines as well as IRF7 mediated IFN-α cytokine. Cell surface associated C
type lectin receptors, Mincle and Dectine-1 upon respective recognition by TDM and unknown ligand of M. tuberculosis, lead to Syk and CARD9 mediated secretion of pro-inflammatory
cytokines via NF-κB (Schoenen et al., 2010; Yadav and Schorey, 2006). Abbreviations: Ara-LAM-Arabinosylated lipoarabinomannan; PIM- Phosphatidyl-myo-inositol mannoside; HSP- Heat
shock protein; JNK-Jun amino-terminal kinases; ERK-Extracellular signal–regulated kinases; TANK- TRAF family member-associated NF-kappa-B activator; TBK1-TANK binding kinase1; NAP1-
NAK/TBK-associated protein 1; IKK- I κB kinase; IκB- Inhibitor of NF-κB; ISRE- Interferon-sensitive response element; Syk- Spleen tyrosine kinase.
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tation in host DCs and increased risk for Crohn’s disease (Homer et al.,
2010). Polymorphism in some of the cytosolic and surface PRRs has also
been found associated with altered immune response against leprosy,
which is caused by M. leprae, a close relative of M. tuberculosis
(Berrington et al., 2010; Kang and Chae, 2001; Kang et al., 2002).
These evidences suggest an apparent link between PRR signaling,
autophagy and antigen presentation which may prove to be valuable
information in context of mechanisms of immune response against
Mycobacterial infections.

In more recent past, other cytosolic PRRs have also been discovered
to be involved in recognition of M. tuberculosis and induction of specific
immune responses subsequently. Limited perforation of the phagosome
membrane mediated by the ESX-1 secretion system of M. tuberculosis
has been shown to allow the access of bacterial DNA and RNA to
cytosolic nucleic acid sensors (Manzanillo et al., 2012). The host
protein STING (Stimulator of interferon genes) was identified as a
central signaling molecule involved in sensing unique bacterial dsDNA/
cyclic dinucleotides, and upon activation induced signaling through the
TBK1/IRF3 pathway to produce type 1 interferon IFN-β (Fig. 2). Type I
IFN selectively have been reported to limit the production of IL-1β
during M. tuberculosis infection (Novikov et al., 2011). The regulation of
IL-1β through Type I interferon was found to occur at mRNA level and
this mechanism was preferentially utilized by virulent mycobacteria.

Since IL-1β is a critical pro-inflammatory cytokine, inhibition of its
production through STING activation dependent type 1 interferon
secretion could help in survival of M. tuberculosis. Irf3(-/-) mice, unable
to respond to cytosolic DNA, were more resistant to long-term M.
tuberculosis infection, indeed suggest that production of type 1 IFNs may
promote M. tuberculosis infection (Manzanillo et al., 2012). Contrary to
that however, recognition of extracellular mycobacterial DNA by the
STING-dependent cytosolic pathway was demonstrated to assist in
marking bacteria with ubiquitin, for delivery of bacilli to autophago-
somes via ubiquitin-autophagy receptors p62 and NDP52 and the DNA-
responsive kinase TBK1 (Watson et al., 2012). More recently it was also
demonstrated that the cytosolic DNA sensor cyclic GMP-AMP synthase
(cGAS) could also essentially initiate the recognition of cytosolic M.
tuberculosis DNA which then engages STING as a secondary receptor
(Wassermann et al., 2015). These results thus suggest that activation of
cytosolic DNA sensing pathways lead to ubiquitin-mediated targeting of
M. tuberculosis to autophagic process, which is known to play a critical
role in generating immune response as well as resistance to M.
tuberculosis infection.

Inflammasomes, that belong to NLR/ALR family of PRRs, have also
been implicated in triggering immune responses against M. tuberculosis
(Koo et al., 2008). Activation of NLRP3 (NACHT, LRR and PYD
domains-containing protein 3) inflammasome through ESAT-6 of M.

Fig. 2. A schematic representation of cytosolic PRR; NOD2, cGAS and Inflammasome signaling pathways activated during M. tuberculosis infection.Cytosolic receptor NOD2 which
recognizes MDP of M. tuberculosis also utilizes the CARD9 dependent signaling but activates AP1 as well as NF-κB mediated pro-inflammatory cytokine secretion pathways (Caruso et al.,
2014). Cytosolic DNA of M. tuberculosis could be recognized by cGAS/STING which stimulates IRF3 mediated secretion of IFN-β (Wassermann et al., 2015; Watson et al., 2012)⋅ Cytosolic
presence of M. tuberculosis DNA also activates the assembly of NLRP3 and AIM2 inflammasomes, which results in caspase-1 dependent maturation of pro-inflammatory cytokine IL-1β
(Mishra et al., 2010; Shah et al., 2013)⋅ Abbreviations:CARD9- Caspase recruitment domain-containing protein 9; RIPK2- Receptor-interacting serine/threonine-protein kinase 2; MDP-Muramyl
dipeptide.
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tuberculosis leads to activation of caspase-1 and increased expression of
IL-1β in human macrophages (Mishra et al., 2010). Via using IL-1α/β
and IL-1R knockout (KO) mice, importance of pro-inflammatory func-
tion of IL-1β has been shown to be critical in limiting bacterial burden
in the lung, regulating the subsequent expression of other cytokines and
formation of granulomas (Bourigault et al., 2013; Sugawara et al.,
2001).

Apart from regulation of cytokine production, autophagy, antigen
presentation and inflammasome formation, maturation of bacteria
containing phagosome has also been associated with PRR signaling.
Modulation of phagosome biogenesis and maturation is one of the vital
survival strategy employed by M. tuberculosis within macrophages
(Fratti et al., 2003). It has been shown that fusion of phagosome with
lysosome is accelerated by PRR signaling based on the evidences that it
took much longer for phagolysosome formation and degradation of M.
tuberculosis by macrophages which lacked either TLR2/4 or MyD88
compared to macrophages having functional TLR2/4 and MyD88
pathway (Blander and Medzhitov, 2004). Furthermore, the maturation
of phagosomes in cells undergoing apoptosis was found slower com-
pared to the cells infected with bacteria, which indicated that the
presence of TLR signaling helps the acceleration of phagosome matura-
tion. Morphological evidence suggests that lysosomes dock onto TLR or
MyD88 deficient macrophages but do not fuse efficiently with them
possibly due to the blockage in membrane addition. The fusogenic
properties and biochemistry of bacterial phagosomes need to be studied
in details to know how exactly PRR signaling helps in fusion of
phagosomal and lysosomal membranes. It was also found in the
subsequent studies that activation of p38 mitogen- activated protein
(MAP) kinase that is essential of downstream signaling of many PRRs is
needed for accelerated phagosome maturation during M. tuberculosis
infection. One of the substrates for p38 is rab guanine nucleotide
dissociation inhibitor (GD1), which becomes activated when phos-
phorylated by p38 (Vergne et al., 2004). Rab GD1 consequently
controls the balance of membrane bound and soluble pool of rab (Ras
related protein) 5 and rab7, that are key regulators of the endocytic
pathways. The evidence of reduced uptake of bacteria in macrophages
lacking TLR or MyD88, also supports the notion that TLR signaling is
required for efficient phagocytosis and maturation of phagosome
(Blander and Medzhitov, 2004). Th1 type pro-inflammatory cytokines
TNF-α and IFN-γ produced due to activation of certain PRRs are also
known to assist phagosome maturation process via induction of
autophagy whereas Th2 cytokines IL-10 resulted in blockage of
phagosome maturation in M. tuberculosis (Chauhan et al., 2015;
Harris et al., 2008; O’Leary et al., 2011). NLRP3 inflammasome
mediated production of IL-1β, has also been shown to enhance
maturation of M. tuberculosis containing phagosomes in macrophages,
though the mechanism remains unclear (Master et al., 2008). Thus, it
could be suggested from above evidences that in addition to driving the
long term transcriptional programs associated with macrophages and
dendritic cells (DC) activation, selective PRR signaling also modulates
phagosome maturation.

2.3. C-type lectin receptors

Mincle, a C-type lectin receptor, which is predominantly expressed
on macrophages, has also been suggested as key PRR for defense against
invading M. tuberculosis. Trehalose-6,6′-dimycolate (TDM), which is the
most abundant glycolipid in the mycobacterial cell wall and a major
mycobacterial virulence factor, is known to specifically ligate with
Mincle (Ishikawa et al., 2009). Signaling through Mincle occurs via
activation of CARD9–Bcl10–MALT1 complex which results in marked
production of several cytokines including IL-6, MIP-2 and TNF-α in
murine model of TB (Fig. 1) (Schoenen et al., 2010). Besides pro-
inflammatory cytokines, generation of Th1/Th17 immune responses
and contribution to granulomagenesis has been shown to be mediated
through Mincle. However, 4 different Single nucleotide polymorphisms

in the Mincle gene (CLEC4E) were not found associated with TB in
African population in a very recent study, which indicates that perhaps
function of Mincle in the human immune system could be dispensable
(Bowker et al., 2016). On the other hand, Mincle encoded by CLEC4D
gene was found to be a key component for antimycobacterial immunity
in another study (Wilson et al., 2015). Mice deficient for CLEC4D
exhibited neutrophilic inflammation, higher mycobacterial burdens,
and increased mortality upon M. tuberculosis infection. Furthermore, a
CLEC4D polymorphism in humans was also found associated with
susceptibility to pulmonary tuberculosis.

Dectin-1 (encoded by gene CLEC7A), whose mycobacterial ligand
remains unknown, is another CLR known to play a significant role in
activating macrophage's pro-inflammatory response in cooperation
with TLR2 (Yadav and Schorey, 2006). Dectin-1 operates through
Syk/CARD9 dependent signaling mechanism that results in production
of IL12p40, TNF-α, RANTES, G-CSF and IL-6 (Fig. 1). However, the role
of Dectin-1 in host defense remains more controversial as evidenced by
later study that intriguingly showed reduced microbial burden in
Clec7a-/- knockout mice (Marakalala et al., 2011). Thus, further studies
are required to clearly define the protective role of Dectin-1 against M.
tuberculosis infection.

Collectin CL-LK, another soluble C-type lectin which recognizes
mannose-capped lipoarabinomannan of M. tuberculosis has also been
characterized recently (Troegeler et al., 2015). Although, mice deficient
in CL-K1, one of the CL-LK subunits, did not display altered suscept-
ibility to M. tuberculosis, the amount of CL-LK in the serum of patients
with active TB was found much reduced, compared to that in controls.
These findings indicate the possibility of polymorphism CL-CK and its
link with susceptibility to TB in human population. M. tuberculosis has
also been reported to produces a range of immunogenic β-gentiobiosyl
diacylglycerides which could only induce a weak immune response in
mice but much stronger in humans cells (Richardson et al., 2015).
Dendritic Cell ImmunoReceptor (DCIR), a C-type lectin receptor
expressed by DCs, was also recently found to modulate immunity to
TB by sustaining type I IFN signaling (Troegeler et al., 2017). DCIR-
deficient mice were able to control M. tuberculosis infection better than
WT animals but also developed more inflammation through an
increased production of TNF-α and inducible NOS (iNOS) in the lungs.
Many members of C type lectin receptor family thus appear to play a
non-redundant role in anti-mycobacterial immunity by participating in
cross-talk with other PRRs to induce or modulate the inflammatory
response during mycobacterial infection to maintain the equilibrium
between infection-driven inflammation and pathogen’s control (Lugo-
Villarino et al., 2011; Troegeler et al., 2017).

3. Strategies of M. tuberculosis to evade PRR mediated host
defense

Evidences summarized in the previous section delineate that a
combined and concerted activation of various PRRs is required for an
efficient immune response against M. tuberculosis. However, with the
revelation of PRRs involved in TB immunopathogenesis and their
crosstalk with key cellular pathways of host defense, survival strategies
employed by pathogen to interfere with them are also being recognized
concurrently. From increasing number of evidences, it is now clear that
the pathogen has evolved multiple mechanisms to intercept PRR
signaling at multiple steps which eventually helps the survival of
bacterium (Goldberg et al., 2014; Khan et al., 2016). One such
comprehensively documented PRR intervention mechanism employed
by M. tuberculosis is to subvert antigen presentation by modulating PRR
signaling via some of its lipoproteins (Baena and Porcelli, 2009). LprG
and LprA lipoproteins of M. tuberculosis have been shown to exploit
TLR-2 signaling to inhibit MHC-II Ag processing in human macrophages
(Gehring et al., 2004; Pecora et al., 2006). TLR2-dependent inhibition
of MHC class II transactivator expression, MHC class II molecule
expression and antigen presentation by specific mycobacterial lipopro-
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teins thus assisted in evading recognition of infected macrophages by
CD4 T cells. However, antigen specific CD4+ T cell mediated immune
response with substantial amount of IFN-γ production against TB
antigens in human population exposed to M. tuberculosis suggests that
inhibition of antigen presentation may not occur in vivo in humans
unlike those seen in in vitro infection studies. Increased production of
immunosuppressive IL-6 and IL-10 predominantly via TLR2, by DCs in
response to M. tuberculosis infection indicated the inhibition of pro-
inflammatory response as well through prolonged TLR signaling (Jang
et al., 2004). Supporting the same, in a more recent study, the
trisaccharide domain of the PGLs from M. tuberculosis has also been
shown to inhibit TLR2-triggered NF-κB activation, and thus the
production of inflammatory cytokines (Arbués et al., 2016). Inability
of TLR2 knockout mice to recruit Foxp3+ T regulatory cells (Tregs) in
pulmonary granulomas leading to inflammation and tissue damage
further supports that extended TLR2 signaling mediates suppression of
pro-inflammatory response and establishment of chronic M. tuberculosis
infection (McBride et al., 2013). It is known that when a prolonged PRR
signaling occurs, inhibition of antigen presentation is a general negative
feedback mechanism employed by host cells to control inflammation.
However, pathogen M. tuberculosis seems to have exploited TLR2
mediated feedback regulation of inflammation and antigen presentation
for its own advantage to create a niche for survival in infected
macrophages.

M. tuberculosis has also evolved tactics to protect itself against
autophagy-mediated clearance. Many surface associated as well as
cytosolic PRRs involve activation of ERK, JNK and p38 map kinases
downstream which leads to stimulation of autophagy.M. tuberculosis-Eis
gene that codes for a secreted protein with N-acetyltransferase activity,
has been shown to inhibit autophagy by reducing the JNK phosphor-
ylation (Kim et al., 2012). Being the last event triggering autophagy,
JNK plays a critical role in induction of the autophagic signaling
machinery. M. tuberculosis-Eis mediated blockade of JNK dependent
autophagy also contributed to enhanced survival of M. tuberculosis
within the macrophages (Wei et al., 2000). Moreover, inhibition of JNK
pathway also results in upregulation of B cell lymphoma protein 2 (Bcl-
2), which further contributes in inhibition of autophagy (Wei et al.,
2008). Thus, inhibition of JNK by M. tuberculosis via interfering with
PRR signaling could lead to blockade of multiple autophagic signaling.

Evasion of inflammasome activation is another key mechanism that
M. tuberculosis has developed to intercept PRR signaling to enhance its
intracellular survival. M. tuberculosis through its zinc metalloprotease
Zmp1, inhibits NLRC4 (NLR family CARD domain-containing protein 4)
and NLRP3 inflammasome signaling, though the exact mechanism
remains unknown (Master et al., 2008). By inhibiting the inflamma-
some, M. tuberculosis limits the production and activation of IL-1β,
which is an important pro-inflammatory cytokine implicated in anti-
mycobacterial defenses. Prevention of IL-1β/inflammasome activation
by M. tuberculosis was also found associated with decreased phagosome
maturation, lower levels of reactive oxygen species and increased
bacterial burden in macrophages compared to a zmp1 (Zinc metallo-
protease) mutant strain of M. tuberculosis that was unable to inhibit
NLRP3/NLRC4 inflammasome. M. tuberculosis is known to inhibit
activation of AIM2 (Absent in melanoma 2)-inflammasome as well via
its ESX-1 secretion system (Shah et al., 2013). Putative effectors
secreted by M. tuberculosis via its ESX-1 system, either directly or
indirectly inhibit AIM2-inflammasome to limit IL-1β and IL-18 produc-
tion. Critical role of AIM2 for immunity has also been shown in an
earlier study when AIM2-deficient mice were found highly susceptible
to intratracheal infection with M. tuberculosis that was associated with
defective IL-1β and IL-18 production together with impaired Th1
responses (Saiga et al., 2012). Association of inflammasome inhibition
with virulence was also evident from the fact that non-virulent
mycobacteria such as M. smegmatis could induce AIM2-inflammasome
activation but not M. tuberculosis. These evidences overall suggest that
disruption of inflammasome mediated intracellular PRR signaling byM.

tuberculosis contributes in phagosome maturation block, intracellular
survival and virulence of the pathogen.

Engagement of phagocytic receptors DC-SIGN and MR mediated
signaling via its mannose-capped cell-wall component lipoarabinoman-
nan (ManLAM), is another key evasion strategy that M. tuberculosis
utilizes to compromise PRR signaling and enhance its survival (van
Kooyk and Geijtenbeek, 2003). Increased secretion of ManLAM by
infected macrophages results in inhibitory signals that interfere with
the TLR-signaling and promote the secretion of immunosuppressive
cytokine interleukin-10 (IL-10), thereby averting an efficient cellular
immune response against M. tuberculosis infection (Teunis B H
Geijtenbeek et al., 2003). MR mediated phagocytosis of M. tuberculosis
has also been shown to limit phagosome lysosome fusion as the fusion
of ManLAM microspheres with lysosome was significantly decreased in
human macrophages and MR-expressing cell line but not in monocytes
that lack the receptor (Kang et al., 2005). Moreover, phagocytosis of the
virulent Erdman and H37Rv strains of M. tuberculosis, but not attenu-
ated H37Ra strain, by human macrophages was mediated by the MR
(Schlesinger et al., 1996). Similarly for DCs, M. tuberculosis ManLAM
targets phagocytic receptor DC-SIGN to interfere with the TLR signaling
which eventually results in inhibition of DC maturation and subsequent
T cell response (Teunis B.H. Geijtenbeek et al., 2003). Thus via
targeting certain phagocytic receptors of macrophages and DCs, M.
tuberculosis inhibits the priming of T cells, production of inflammatory
cytokines as well phagosome maturation.

4. Conclusions and perspectives

Although the significance of PRRs in generating innate and adaptive
immune response to defend the host against microbial infections is well
recognized, their role in protection against M. tuberculosis infection
remained a rather debatable subject in the past. TLRs that were more
extensively studied among PRRs in the earlier studies were found to be
dispensable for adaptive immunity against M. tuberculosis in mice, but
at the same time their contribution in controlling the infection was also
clear (Quesniaux et al., 2004). Evidences of involvement of more and
more PRRs in M. tuberculosis infection in subsequent studies support the
emerging paradigm that in order to generate efficient immune re-
sponse, activation of multiple cell defense mechanisms is required and
blockage of any one of these pathways could significantly affect the
ability of the host to resolve the infection (Ferwerda et al., 2005; Mortaz
et al., 2015; Trinchieri and Sher, 2007). While activation of certain
PRRs can lead to production of pro-inflammatory cytokines, other PRRs
can regulate the inflammation by producing anti-inflammatory re-
sponse. This could be one important mechanism of host to balance
Th1/Th2 cytokine response, which has been suggested to be very
critical in determining the outcome of TB disease (Hossain and
Norazmi, 2013). Apart from that several critical cellular processes of
host defense including, inflammation, antigen presentation, apoptosis,
autophagy and phagosome maturation are now known to be induced
individually as well as by combined effort of many PRRs during M.
tuberculosis infection. Individual importance of many PRRs could be
gauged by the fact that deficiency of a single PRR could lead to
increased disease pathology/bacterial burden/inflammation and other
defects in immune response in animal model of TB. Critical role of many
of individual PRRs for their contribution in overall immunity is also
being corroborated in humans with studies demonstrating a clear link
between susceptibility to TB and polymorphism in many PRRs (Fol
et al., 2015; Sun et al., 2015; Thada et al., 2013). On the other hand,
many PRR variants also did not show any significant association with
TB in other studies (Schurz et al., 2015). Many of these studies that
evaluated the variation in PRRs and susceptibility to TB had the
limitation of population size and included ethnic groups in the analysis.
Demonstration of functional phenotype in PRR variants and its
association with TB is also lacking in most of these polymorphism
studies. Additional studies investigating immune function among PRRs
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variants and their association with TB on a larger population size across
all ethnic groups is thus required to gain a better understanding about
the role of various receptors during M. tuberculosis infection in human
host.

Nevertheless, we might underestimate the survival strategies
evolved by M. tuberculosis based on the redundancy and time spatial
role of PRR activation during infection. Although M. tuberculosis
contains several Pathogen Associated Molecular Patterns which can
be recognized by the host PRRs, the pathogen is still able to avoid the
immune defense mechanisms of the host cells. The ability of mycobac-
teria to avoid PRR recognition by modifying or hiding the exposure of
PRR agonists to host cells has been suggested as one of the major reason
of their successful evasion of host immune system. The strategies, which
mycobacteria have evolved to counteract the host immune system,
revolve around their perspicacity to inhibit or block PRR mediated
activation of cellular pathways. Inhibition of TLR2 signaling via specific
lipoproteins of mycobacteria, is an example of how pathogen keeps the
antigen presentation and T cell activation inhibited (Gehring et al.,
2004; Pecora et al., 2006). This allows the pathogen to evade the
immune system and cause chronic infection. Similarly M. tuberculosis
can also inhibit phagosome maturation by interfering with other PRR
signaling pathways (Kang et al., 2005). Targeting PRR mediated
defense thus could be one key persistence mechanism of M. tuberculosis.
Altogether, the discovery of various PRRs, their downstream signaling
mechanism and regulated cellular pathways should greatly assist in
translating these advances into designing novel vaccines and immu-
notherapies for TB. Natural bacterial agonists of various PRRs and other
small molecule modulators of PRR signaling downstream could thus
have great potential for development of adjuvants and therapeutics for
TB and other infectious disease.
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