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Introduction
Ineffective activation of immune responses, commonly 
observed in patients with active tuberculosis (TB), compro-
mises mycobacterial control, leading to disease progression and 
increased morbidity and mortality. Despite tremendous invest-
ments fostering advances in prophylactic and therapeutic strat-
egies from both governmental and private sectors, TB continues 
to be the leading cause of death due to a single infection agent.1 
Understanding the mechanisms by which Mycobacterium tuber-
culosis (M. tuberculosis) drives immune activation and evades 
antimycobacterial effector functions is of utmost importance to 
guide improvement of the TB control.

One of the most important molecular discoveries, which 
caused direct impact on the understanding of the cellular 
responses to M. tuberculosis and to many other stimuli, was the 
identification of the members of the nuclear factor κB (NF-
κB) protein family. Nuclear factor κB regulates a wide range of 
cellular processes by orchestrating transcription of genes, which 
are required for many key activities, such as cell growth and 
development, as well as for production of inflammatory and 
immune mediators. A large variety of signals can trigger activa-
tion of the NF-κB complex, including oxidative injuries, expo-
sure to microbial-associated molecular patterns, hormones, and 
cytokines.2 Thus, NF-κB complex could be considered a com-
mon molecular player that overlaps several pathways, leading to 
distinct cellular outcomes on stimulation.

In resting cells, NF-κB is found inhibited by binding to IκB 
(an inhibitory protein). In this context, the complex NF-κB/IκB 
remains located in the cytosolic compartment, and there is no 

binding to nuclear DNA. On extracellular stimuli with either 
direct identification of M. tuberculosis molecular patterns or of 
cytokines produced by M. tuberculosis-infected macrophages, 
the activation of NF-κB is initiated. Several receptors anchored 
to plasma membrane, such as Toll-like receptors (TLRs), 
cytokine receptors, and many others, will recognize their ligands, 
and then the signal is transduced into the cell through a series 
of adaptor signaling proteins, which are located in the cytoplasm. 
This process results in activation of a synchronized signaling 
cascade leading to proteasome-mediated degradation of IκB 
and consequently translocation of NF-κB to cellular nucleus 
where it activates gene transcription. Nuclear factor κB signal-
ing is critical for cell response against M. tuberculosis and its 
inhibition or dysfunction is detrimental for the host defense.  
In this review, we summarize the current knowledge concern-
ing the requirements for NF-κB signaling and its importance 
for immune response against M. tuberculosis infection.

NF-κB Signaling Overview
In humans, NF-κB family contains 5 members, p65 (RelA), 
RelB, c-Rel, p50 (p105 precursor), and p52 (p100 precursor),2,3 
which are encoded by RELA, RELB, REL, NFKB1, and 
NFKB2 genes, respectively. These molecules share a N-terminal 
Rel homology domain (RHD), which is required for DNA 
binding and oligomerization. Another subunit of NF-κB that 
is observed only in p65, c-Rel, and RelB is called transcription 
activation domain (TAD) and it is necessary for positive regu-
lation of gene expression. In contrast, p50 and p52 lack TADs, 
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and for this reason, they are unable to transduce the original 
transcription signal (Figure 1).

In many cells, NF-κB proteins are found as homodimeric or 
heterodimeric structures inside cytoplasm and, commonly, are 
bound to inhibitory proteins named IκBs. Basically, IκB binds 
to the RHD region of the NF-κB, compromising its contact to 
DNA.4 Three typical IκB proteins, such as IκBα (encoded by 
NFKBIA), IκBβ (encoded by NFKBIB), and IκBε (encoded 
by NFKBIE), or the precursor proteins, such as p100 (encoded 
by NFKB2) and p105 (encoded by NFKB1), are found bound 
to NF-κB in its inactive stage. Nuclear factor κB can be acti-
vated by several pathways during which it converts to a 700- to 
900-kDa complex containing a serin-specific IκB kinase 
(IKK), designated IKK complex. This complex consists of 2 
catalytic subunits, IKKα and IKKβ, forming homodimer or 
heterodimer, which are stoichiometrically bound to a regula-
tory subunit named NEMO (NF-κB essential modifier) or 
IKKγ5 (Figure 1). Both IKKα and IKKβ present a site for 
binding for NEMO named NEMO-binding domain (NBD) 
(Figure 1). In this scenario, NEMO interacts with IKK dimer 
conformation and stabilizes the whole structure. Nuclear factor 
κB essential modifier is known to be a regulatory subunit of the 
IKK complex and displays an important domain required for 
binding to IKKβ named kinase-binding domain. Interestingly, 
macrophages from a patient presenting with a novel hypomor-
phic NEMO mutation were recently shown to exhibit increased 
susceptibility to M. tuberculosis infection.6 Persons with 
immunodeficiency related to NEMO dysfunction frequently 
develop bacille Calmette-Guérin (BCG) infection and failure 
of IκB in lymphocytes.6

The IKK complex is responsible for the phosphorylation of 
2 serine residues (Ser32/36) of IκB,7–9 which drives IκB for 
degradation. The degradation of IκB releases NF-κB proteins 
from their inhibitory complex, which facilitates the transloca-
tion of activated NF-κB to the nucleus.3,10 Nuclear factor κB 
becomes activated under a wide variety of cellular stimuli by 2 
distinct pathways named canonical and noncanonical NF-κB 
pathways. Briefly, canonical pathway requires the phosphoryla-
tion of IκBα dependent on IKKβ activity, whereas noncanoni-
cal NF-κB pathway is regulated by an IKKα homodimer.3 
Both NF-κB pathways and their implications during  
M. tuberculosis infection are dissected below.

Canonical NF-κB pathway

Pathogen-associated molecular patterns and danger-associated 
molecular patterns (DAMPs) represent major triggers of the 
NF-κB canonical pathway activation. Two classical cascades 
triggered by the tumor necrosis factor receptor (TNFR) super-
family and TLR/interleukin (IL)-1R superfamily are used here 
to illustrate this process.

Signaling via the TNFR superfamily.  Tumor necrosis factor 
receptor superfamily is composed of at least 19 ligands and 29 

receptors and displays variability in terms of expression and 
physiological action in different tissues.11 Tumor necrosis factor 
α (TNF-α) is a widely studied member of this cytokine family 
and plays multiple roles in both innate and adaptive immune 
responses. It is well established that TNF signaling regulates the 
expression of antiapoptotic genes, such as cIAP1/2 and Bcl-XL, 
through activation of NF-κB,12 evoking pro-survival signals. In 
contrast, under inhibition of NF-κB signaling, TNFR activa-
tion triggers a cascade that rapidly drives apoptotic cell death 
through its cytosolic domain TNFR-associated death domain 
(TRADD). In other settings, TNFR signaling induces necrop-
tosis under inhibition of caspase 8.13–15 Because TNF signaling 
has been implicated in the pathogenesis of many diseases, the 
clinical use of anti-TNF antibodies opened important perspec-
tives for the treatment of inflammatory diseases, such as rheu-
matoid arthritis.16–18 However, the administration of anti-TNF 

Figure 1.  Molecular members of the nuclear factor κB (NF-κB) pathway. 

Schematic representation of domain structures of NF-κB family members 

with indication of their functional domains and their direct modulators IκB 

and IκB kinase (IKK). All members of NF-κB family share a common 

domain named N-terminal Rel homology domain (RHD) which is critical 

for binding to DNA site, protein dimerization, and interaction with IκB. Rel 

subfamily—RelA, RelB, and c-Rel—displays a transcriptional activation 

domain (TAD) in their C-terminal portion, and the subunit RelB has an 

additional leucine zipper (LZ) in its N-terminal site. NF-κB members, p50 

and p52, resulted from the processing of p105 and p100 in their C-terminal 

portion, respectively. IκB proteins contain ankyrin-repeat motifs (ANK) in 

their C-terminal region (also found on p100 and p105) which interact with 

the RHD of NF-κB proteins, preventing their nuclear translocation. 

Between the RHD and ANK lies a glycine-rich region (GRR). Upon 

activation, GRR provide signal for cleavage of p105 and possibly p100 by 

another protease, resulting in the release of p50 and p52 and the 

C-terminus which is ubiquitinated and degraded by the proteasome. IKK 

complex is primarily composed of the 2 catalytic subunits IKKα and IKKβ 

and the scaffolding protein IKKγ (or NF-κB essential modifier [NEMO]). 

IKKα and IKKβ are structurally related, displaying an LZ domain, a 

helix-loop-helix region (HLH), and NEMO-binding domain (NBD). IKKγ has 

an alpha helical region along with 2 coiled-coil (CC) regions and a zinc 

finger (ZF) domain at the C-terminal portion.
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antibodies has been described to promote the reactivation  
of other diseases, such as TB, facilitating the dissemination of 
the bacilli and consequently the disease progression. For these 
reasons, understanding TNF-α–mediated activation of NF-κB 
continues be an important focus of research in numerous 
laboratories.

Trimeric TNF-α ligation to TNFR1 is needed for the 
aggregation of the receptor and association of silencer of death 
domain (SODD), an endogenous inhibitor of the TNFR activ-
ity, allowing the binding of TRADD.19 Despite its supposed 
importance for TNF signaling, it has been reported that 
SODD-deficient mice still present marginal effects on TNF-α 
signaling to NF-κB canonical pathway,20,21 suggesting that a 
redundant signaling cascade may account for activation of this 
pathway. The TNFR-associated factor (TRAF) family repre-
sents an important and critical set of adaptor molecules that are 
required for the transduction of TNF signal. TRAF2, TRAF3, 
and TRAF5 have been implicated in TNF signaling. However, 
these molecules apparently present redundant functions with 
each other. Indeed, mice deficient in TRAF2 or TRAF5  
display intact TNF signaling through NF-κB,22 whereas 
TRAF2/5 double knockout cells show substantially reduced 
TNF-induced IKK activation.22–24 Through interaction of 
TRAF with TRADD, TRAF2 recruits the IKK complex via a 
direct interaction with the leucine zipper region of IKKα or 
IKKβ. TRAF2 also interacts with a receptor-interacting pro-
tein 1 (RIP1), which can also be independently recruited to 
TRADD. Receptor-interacting protein 1 kinase is crucial for 
TNF-induced NF-κB activation,25 and RIP-deficient cells  
are susceptible to apoptosis after TNF-α stimulation.26 
Interestingly, RIP works as a scaffold protein, binding directly 
to NEMO, promoting the recruitment of IKK complex to 
TNFR independently of TRAF2.27 Despite this role, the 
recruitment of IKK complex via TRAF2 independently of 
RIP2 is not sufficient for IKK activation,28 suggesting the cru-
cial role of RIP in TNF-induced canonical NF-κB pathway. In 
both cases, RIP may nucleate the assembly of signaling com-
plex that induces IKK activation via oligomerization of NEMO 
and then autophosphorylation of IKK.29 The phosphorylation 
of IKKβ is a hallmark of canonical pathway because its activity 
will guarantee the phosphorylation of IκB and release of p65 to 
translocate into the nucleus.

Signaling through the TLR/IL-1R superfamily.  Toll-like recep-
tor signaling has been reported to play a fundamental role in 
mycobacterial recognition by macrophages and other myeloid 
cell types.30,31 Toll-like receptor–driven activation of innate 
immune cells is crucial for the control of bacterial proliferation 
and for adequate activation of cells from adaptive immunity. 
Also, in addition to recognizing pathogens, TLRs can sense 
danger signals released from dead cells, such as heat shock pro-
teins (HSP) and high-mobility group box 1 (HMGB-1).32–35 
Thus, TLRs display important protagonism in self-nonself 
decisions, playing a central role in the innate immunity, as well 
as in the initiation of adaptive immune responses. Distinct 

from TLRs, IL-1R recognizes immature/mature IL-1α and 
IL-1β, and its signaling was reported to be requested for host 
protection in several infections, including mycobacterial infec-
tion.36–38 Interestingly, both TLR and IL-1R pathways activate 
NF-κB through canonical pathway. Despite exhibiting distinct 
extracellular portion, TLRs and IL-1R bear strong homology 
to their intracellular portions, sharing the Toll/IL-1R (TIR) 
domain,39,40 which mediates interaction with downstream sig-
naling adaptors required for the activation of transcription fac-
tors, such as NF-κB, AP-1, and IRF3.41 The adaptor protein 
shared by TLRs/IL-1R and which is responsible for that signal-
ing transduction is called MyD88. All TLRs require engage-
ment of MyD88 to initiate downstream cascade, except TLR3 
which engages only TIR domain–containing adaptor-inducing 
interferon β (TRIF) as adaptor protein. MyD88 interacts 
directly with TIR domains on TLRs or IL-1R cytoplasmic tails, 
and it is fundamental for normal NF-κB induction in their 
response to its ligands.39,41–43 Once bound to the TIR domain, 
MyD88 connects with members of the IL-1R–associated kinase 
(IRAK) family,41,44,45 including IRAK1, IRAK2, IRAK4, and 
IRAK-M. The large oligomeric complex that resulted from the 
assembling of MyD88 and IRAKs is named Myddosome.46 
Studies in genetically deficient mice reported that IRAK1, 
IRAK2, and IRAK4 serve as activators, whereas IRAK-M acts 
as a negative regulator of the NF-κB canonical pathway.47–51 
Monarch-1 (also known as NLRP12) is also known to be  
an important negative regulator of the NF-κB pathway by 
binding to IRAK1/2, and not MyD88, which results in the 
blockage of IRAK1/2 hyperphosphorylation, avoiding NF-κB 
activation during M. tuberculosis infection.52,53 Instead, phos-
phorylated IRAK4 induces IRAK1/2 phosphorylation.54,55 
Once phosphorylated, IRAK1/2 promotes engagement of 
TNFR-associated factor 6 (TRAF6), an E3 ubiquitin ligase, to 
the TLR/IL-1R-signaling complex on the cytoplasmic side of 
cell membrane.56–59 This activation step is critical for MyD88-
dependent activation of NF-κb53,56,60,61 because TRAF6-
deficient cells show impaired NF-κB activation under 
stimulation of IL-1R and TLR4, directly affecting cytokine 
production.62,63 On activation, TRAF6 induces docking and 
activation of the TAB1, TAB2, and TAB3 adaptors, leading to 
the recruitment of serine-threonine kinase TAK1 into the com-
plex named TAK complex.64 TAK1 requires TAB1 for its kinase 
activity.65,66 TAB2 and TAB3 recognize Lys-63-polyubiquitin 
chains that are found anchored on TRAF6, bringing the kinase 
domain of TAK1 near each other.67 Thus, TAK1 promotes its 
autophosphorylation and activation, which in turn can phos-
phorylate and activate IKKβ, culminating on IκB proteasomal 
degradation and NF-κB translocation into the nucleus.68,69 
TNFR-associated factor 6 has also been reported to induce 
RIP1 kinase recruitment into the complex triggered by TLR3/
TRIF, allowing the activation of NF-κB by RIP1 kinase70  
(Figure 2A).

Noncanonical NF-κB pathway

Activation of both canonical and noncanonical NF-κB path-
ways involves ubiquitination of its inhibitor IκB by the IKK 
complex or semiproteolysis of p100 by IKKα homodimer.71,72 
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Canonical NF-κB pathway has been implicated in mediating 
proinflammatory responses in innate immune cells, whereas the 
noncanonical pathway (RelB/p50 or RelB/p52 proteins) is asso-
ciated classically with the regulation of secondary lymphoid 
organ development and acquired immunity.73 The major reason 
for this attribution of noncanonical pathway is because this 
pathway is strongly induced under B cell–activating factor recep-
tor (BAFF-R) and lymphotoxin beta receptor (LT-βR) stimula-
tion.74 However, there is evidence indicating that noncanonical 
NF-κB pathway is required for the regulation of macrophage 
and dendritic cell (DC) activation. Gasparini and colleagues 
have recently demonstrated that RelB/p50 regulates TNF-α 
production in both macrophages and DC on lipopolysaccharide 
(LPS) stimulation.75 Lipopolysaccharide is widely known to 
trigger TLR4 and induce macrophage and DC activation 
through canonical pathway. However, during later time points 
after LPS stimulation, RelB involvement seems to play a role in 
induction of CCL19,76 a homeostatic chemokine relevant to 
DC interaction with T cells, as well as in inhibiting TNF-α  
generation but not affecting IL-6 production in macrophages.75 
In addition, noncanonical NF-κB pathway is suggested to be 
crucial to maintain CXCL12 autocrine loop in macrophages in 
response to HMGB1, affecting cell migration.77

Some specific subsets of TNFR superfamily members are 
described to induce noncanonical NF-κB pathway, such as 
LT-βR, CD40 BAFF-R, receptor activator of nuclear factor 
κB (RANK), TNFR2, and CD27.78–82 Nuclear factor κB–
inducing kinase (NIK) is the central signaling component of 
the noncanonical NF-κB pathway and acts together with 
IKKα to induce phosphorylation-dependent ubiquitination 
and processing of p100.83,84 Under unstimulated conditions, 
the expression of NIK is maintained at low levels, but after 
stimulation through some receptors from the TNFR super-
family, NIK expression is upregulated.85 Downregulation of 
NIK under resting condition occurs because TRAF3 can inter-
act directly with NIK, leading to its degradation. Another 
manner for regulation of noncanonical NF-κB pathway is 
mediated by Monarch-1/NLRP12 through association with 
NIK, inducing its proteasome-mediated degradation.86,87 For 
NIK activation, TRAF3 needs to be downregulated, which is 
facilitated by cIAP2 and TRAF2 under noncanonical NF-κB 
inducers.88 TRAF2 activates cIAP2, which in turn targets 
TRAF3 for K48 ubiquitination and degradation, leading to 
NIK accumulation and its transphosphorylation.82,84 Once 
phosphorylated, NIK activates IKKα homodimer, which pro-
motes p100 processing, culminating in nuclear translocation of 
RelB/p52 (Figure 2B).

Modulation of Canonical and Noncanonical NF-κB 
Pathways During Mycobacterial Infection
Nuclear factor κB activation plays a key role in the immune 
responses against M. tuberculosis. Indeed, mice with genetic 

Figure 2.  Activating nuclear factor κB (NF-κB) pathways. Schematic 

illustration of (A) canonical and (B) noncanonical NF-κB pathways. (A) 

Tumor necrosis factor (TNF)–dependent (on left) and Toll-like receptor 

(TLR)/interleukin (IL)-1R–dependent (on right) NF-κB signaling pathways 

are represented. Once triggered, tumor necrosis factor receptor (TNFR) 

(left) recruits TNFR-associated factor (TRAF) family that represents a 

critical adaptor molecule required for the transduction of TNF signal. 

Already anchored to TNFR-associated death domain (TRADD), TRAF 

recruits IKK complex via a direct interaction with the leucine zipper region 

of IKKα or IKKβ. TRAF also interacts with receptor-interacting protein 1 

(RIP1) which can be independently recruited to TRADD. In the last case, 

RIP works as a scaffold protein, binding directly to NEMO, promoting the 

recruitment of IKK complex to TNFR. TLR/IL-1R (on right) when activated 

recruits MyD88 by binding to their TIR domain. Once bound to TIR domain, 

MyD88 connects with IRAK members, resulting in a large oligomeric 

complex named Myddosome. Phosphorylated IRAK4 induces IRAK1/2 

phosphorylation, which in turn promotes engagement of TRAF6. On 

activation, TRAF6 induces docking and activation of the TAB1, TAB2, and 

TAB3 adaptors, leading to the recruitment of TAK1. In turn, TAK1 promotes 

its autophosphorylation and then phosphorylates IKKβ. Activated IKK 

complex phosphorylates IκB, leading to its degradation by the proteasome. 

On IκB degradation, NF-κB subunits will be released and then allowed to 

translocate into the nucleus. (B) Noncanonical NF-κB signaling has a 

central signaling component named nuclear factor κB–inducing kinase 

(NIK) which acts together with IKKα to induce phosphorylation and 

processing of p100. For NIK activation, TRAF3, a negative regulation of 

NIK expression, is downregulated by cIAP2 and TRAF2, facilitating NIK 

accumulation in the cytosol and its transphosphorylation. As it is activated, 

NIK phosphorylates IKKα, which in turn promotes p100 processing, 

allowing RelB/52 translocation into the nucleus.
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disruption of NF-κB subunit p50 are dramatically more sus-
ceptible to M. tuberculosis infection compared with wild-type 
(WT) mice.89 After reaching the lungs, the M. tuberculosis 
bacilli are recognized by pattern recognition receptors (PRRs) 
expressed on the surface of alveolar macrophages, which repre-
sent the main cell population in the front line of host defense 
in pulmonary infection.30 Mutations in genes transcribing 
PRRs or molecules required for their downstream signaling 
lead to increased host susceptibility to TB in humans and 
mice.30,31 Among TLRs, TLR2 recognizes mycobacterial  
glycolipids, such as lipomanan, lipoarabinomannan, 19-kDa 
glycoprotein, phosphatidylinositol mannoside, triacylated and 
diacylated lipoprotein, as well as early secreted antigenic target 
of 6-kDa (ESAT-6) protein.90,91 Work by Richardson and col-
leagues has demonstrated that M. tuberculosis induces rapid 
TLR2-dependent NF-κB activation, which is evidenced by 
IκBα degradation in infected WT macrophages, but not in 
those deficient in TLR2.92 TLR2 also recognizes DAMPs, 
such as HMGB1 released from necrotic cells, representing a 
mechanism that regulates apoptosis during M. tuberculosis 
infection.33,93,94 TLR4 recognizes the mycobacterial HSP, 
mitochondrial 50S ribosomal protein, and 38-kDa glyco-
proptein.95–98 TIR domain–containing adaptor-inducing inter-
feron β/MyD88 signaling is responsible for NF-κB activation 
in response to M. tuberculosis Hsp70-mediated activation of 
DCs.98 TLR9 has been described to recognize mycobacterial 
DNA in the endosome and phagosomes, cooperating with 
TLR2 in mediating optimal host resistance to M. tuberculosis 
infection.99 Mice deficient in TLR2, TLR4 or TLR9, TLR2/9 
double deficient or TLR2/4/9 triple deficient, are reported to 
be more susceptible to M. tuberculosis infection than WT ani-
mals.99–102 Importantly, all these TLRs require the engagement 
of MyD88, an important adaptor protein for NF-κB signaling. 
Mice deficient in MyD88 are highly susceptible to M. tuber-
culosis infection,36,100,103,104 confirming the essential role of 
NF-κB pathway for host protection in TB. In addition, the 
signaling through the TLR2/MyD88 pathway has been 
reported to aid confining avirulent mycobacteria inside phago-
lysosomes during macrophage infection. Such roles have not 
been observed for virulent mycobacterial strains, suggesting 
that virulent M. tuberculosis may subvert TLR2/MyD88 path-
way and thus favor their escape from phagosomes into cyto-
sol.105 Interestingly, MyD88 does not only play significant role 
in TLR signaling, but it is also required for signal transduction 
triggered by IL-1R. By infecting IL-1R–deficient mice, 
Fremond and colleagues106 demonstrated that IL-1R–mediated 
signal is a crucial component of MyD88-dependent innate 
response to M. tuberculosis infection. These findings were  
further confirmed by Mayer-Barber et al.36,38

In addition to its critical roles in innate immune responses, 
the MyD88 pathway is also important for effectiveness of adap-
tive immunity. In agreement with this idea, MyD88 has been 
reported to contribute to Th1 polarization of activated T cells 
once it is required for IL-12 induction.92 Virulent  

M. tuberculosis drives anti-inflammatory responses in infected 
macrophages and inhibits Th1 polarization of T cells through 
induction of extracellular signal–regulated kinase (ERK)  
phosphorylation, apart from inducing NF-κB activation. 
Pharmacologic inhibition of ERK, as well as genetic deficiency 
of Tpl2 (required for ERK activation), has been shown to result 
in lower IL-10 production and enhanced IL-12 secretion by  
M. tuberculosis-infected macrophages, which skews adaptive 
immune response to a Th1 profile.92 However, the recombinant 
proteins TB9.8 from Mycobacterium bovis and PPE57 from  
M. tuberculosis have been described to induce high levels of 
IL-6 and IL-12p40 in macrophage cultures through activa-
tion of p38, ERK, and NF-κB signaling pathways.107,108 
Overexpression of PPE57 in BCG strain improves protective 
host response against M. tuberculosis compared with BCG vac-
cine strain, suggesting that TLR2/MyD88/NF-κB pathway 
activation through PPE57 may positively regulate innate and 
adaptive immune responses.108 Moreover, a proline-glutamate 
(PE) named PE27 (Rv2769), the major PE member of PE 
family, was recently described to induce DC maturation through 
a mechanism dependent on NF-κB and mitogen-activated 
protein kinase (MAPK) activation, resulting in increased 
expression of CD80, CD86, major histocompatibility complex 
(MHC) class I and MHC class II, as well as of proinflamma-
tory cytokines, such as TNF-α, IL-6, and IL-12p70. This phe-
notype favors induction of IFN-γ–producing memory T-cell 
responses in M. tuberculosis-infected mice, suggesting that 
PE27 may be an important molecule from M. tuberculosis to 
elicit Th1 polarization in the host.109 Thus, bacterial virulence 
factors modulate macrophage responses by tipping the balance 
between activation of NF-κB and ERK pathways, which can 
directly influence the efficacy of the antimycobacterial immune 
responses.

Mycobacterium tuberculosis is also recognized by binding to 
dectin-1, which enhances IL-12p40 production by splenic 
DCs through NF-κB activation.110 However, single deficiency 
of dectin-1 was not required for host resistance to M. tubercu-
losis in a murine model of TB.111 A possible explanation for 
these discrepancies is that dectin-1 plays relevant role in the 
cytokine production when it is associated with TLR2.112–115 
Once activated, dectin-1 induces the recruitment of salt-
inducible kinase (SIK) via a single Src homology 2 domain 
(SH2). In turn, phosphorylated SIK induces the recruitment 
of the CARD9/Bcl-10/Malt1 complex, which phosphorylates 
IκBα, facilitating nuclear translocation of NF-κB via its 
canonical pathway while also promoting NIK phosphorylation, 
required for the activation of the noncanonical NF-κB path-
way.114,116 Although dectin-1 is described to induce both 
canonical and noncanonical NF-κB pathways, the importance 
of both intracellular pathways elicited by dectin-1 in the con-
text of M. tuberculosis infection remains unclear. Another 
C-type lectin receptor named mincle has been reported to rec-
ognize the mycobacterial glycolipid trehalose dimycolate 
(cord factor). Recently, mincle/CARD9 signaling has been 
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implicated in the induction of Th17-promoting adjuvant 
activity of mycobacterial antigens by facilitating the inflam-
masome activation.117,118

The role of noncanonical NF-κB pathway activation trig-
gered by LT-βR and CD40L in TB has been reported.119,120 
Ehlers and colleagues have shown that deficiency of LT-βR 
in mice increases susceptibility to M. tuberculosis infection, 
evidenced by higher bacterial burden in the lung, widespread 
pulmonary necrosis, and increased mortality rates than  
in WT mice.119 Moreover, macrophages from a CD40L-
deficient patient have been shown to exhibit defective control 
of mycobacterial growth, which was restored by treatment 
with exogenous recombinant IFN-γ.120 In this study, IFN-γ 
treatment induced expression of TLR1/2, dectin-1, and 
DC-SIGN in macrophages, enhancing resistance against M. 
tuberculosis intracellular growth.120

Autophagy induction has been described to limit mycobac-
terial infection.121–123 Van der Vaart and colleagues reported 
that mycobacterial infection induces expression of DRAM1 
(DNA damage–regulated autophagy modulator), an important 
regulator of autophagy. DRAM1 expression has been shown to 
depend on NF-κB activation triggered by MyD88 signaling 
through TLR/IL-1R. Overexpression of DRAM1 in infected 
macrophages induces hyperactivation of autophagy, which has 
been shown to limit the intracellular mycobacterial growth, 
whereas depletion of DRAM1 expression is associated with 
augmented mycobacterial infection.124 Moreover, the metabolic 
switch from basal metabolism to aerobic glycolysis after  
M. tuberculosis infection is thought to depend on TLR2  
signaling and mediated in part via activation of AKT-mTOR 
pathway, another important regulator of autophagy.125 A recent 
study reported that M. tuberculosis Rv2185c protein exhibits 
potential to activate NF-κB in macrophages, and this activation 
has been shown to increase proapoptotic gene expression and 
drive apoptosis.126 In addition, PE13 (Rv1195), a member of 
PE/PPE family protein expressed in mycobacterial surface, has 
been implicated in modulation of the macrophage activation 
and apoptosis via a mechanism dependent of p38/ERK/NF-κB 
axis.127

Interestingly, the activation of TLR2-dependent canonical 
NF-κB pathway has been described to induce microRNA-155 
(miR-155) expression in macrophages infected with mycobac-
teria.128 Following in vivo M. tuberculosis infection, miR-
155–deficient mice display increased susceptibility to infection, 
evidenced by higher mortality rates and higher bacterial bur-
dens in the lungs compared with WT mice.129 Among other 
biological roles, miR-155 is required for induction of heme 
oxygenase 1 (HO-1) by reducing protein translation of the 
transcription factor Bach1, which is a host repressor of Nrf2  
(a transcription factor known to induce HO-1 messenger RNA 
transcription). Heme oxygenase 1 is an important biomarker 
for active TB infection, and its induction in macrophages is 
dependent on exposure to live replicating mycobacteria, as well 
as production of ESAT-6 by M. tuberculosis.130–132 Lung  
tissue damage in active TB involves the degradation of lung 

extracellular matrix induced by matrix metalloproteinases 
(MMPs).133–135 We have recently reported that M. tuberculo-
sis-induced HO-1 signaling is required for CO generation, 
which in turn inhibits MMP expression by preventing the acti-
vation of c-Jun/AP1.132 Reduction in MMP activity could 
potentially be used to reduce extensive lung damage pathology, 
which hallmarks pulmonary TB. In agreement with this idea, a 
recent study demonstrated that pharmacologic inhibition of 
MMP with BB-94 administration in murine model of TB 
reduced bacterial burden in the lung, increased collagen depo-
sition in the early granuloma, and reduced leukocyte recruit-
ment into the lung.136 However, BB-94 is also known to inhibit 
members of the a disintegrin and metalloproteinase (ADAM) 
family including ADAM-17, a TNF-α–cleaving enzyme that 
is required for TNF-α release, which makes interpretation of 
the data on MMP inhibition difficult.137 However, the inhibi-
tion of HO-1 expression in CD4+ T cells was shown to improve 
antigen-specific T-cell expansion and effector function of this 
T-cell subset in different experimental settings.138,139 However, 
the requirement of HO-1 modulation for the activation of 
CD4+ T cells, as well as NF-κB activation, in this process dur-
ing mycobacterial infection remains unclear.

Despite the established ability of M. tuberculosis to induce 
NF-κB activation, some M. tuberculosis antigens have been 
shown to inhibit NF-κB signaling as a manner to evade the 
host defense in some conditions. Thus, the balance in host-
pathogen interactions that activate or modulate NF-κB path-
ways can ultimately determine the outcome of infection. 
Through suppressing NF-κB activation, M. tuberculosis favors 
production of anti-inflammatory cytokines by epithelial cells, 
such as IL-22 and IL-10.140 Shree and colleagues141 reported 
that Rv3042c (also known as MtSerB2), a bacterial haloacid 
dehalogenase phosphatase, interacts with HSP90, HSP70,  
and HSP27 and inhibits apoptotic pathways in host cells,  
which in turn has been shown to be required for mycobacterial 
elimination.142 Indeed, MtSerB2 dephosphorylates NF-κB 
and MAPK-p38, which results in cell deactivation and failure 
of host resistance against M. tuberculosis. Pharmacologic  
inhibition of MtSerB2 with clofazimine, a drug used for the 
treatment of extensively drug resistant and multidrug resistant 
TB cases, is thought to successfully restore antimycobacterial 
cellular response,141 reinforcing the idea that M. tuberculosis 
directly dampens NF-κB activation to suppress host resistance.

PPE18-M. tuberculosis antigen has been reported to inhibit 
LPS-stimulated macrophage activation by blocking NF-κB 
activation. Essentially, PPE18 limits NF-κB activation on 
macrophage cultures by inducing upregulation of suppressor of 
cytokine signaling 3 (SOCS3). Suppressor of cytokine signaling 
3 binds to IκBα, inhibiting its phosphorylation and thus pre-
venting the nuclear translocation of NF-κB in LPS-primed 
macrophages. Downregulation of SOCS3 expression using 
RNA interference drives IκBα phosphorylation, as well as 
nuclear NF-κB translocation in macrophages costimulated  
by PPE18 and LPS,143 reinforcing this mechanistic link.  
Man-LAN from M. tuberculosis was also reported to inhibit 
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macrophage activation by enhancing IRAK-M expression, an 
important negative regulator of the classical NF-κB pathway.144 
In this study, IRAK-M genetic knockdown restored IL-12 pro-
duction by macrophages costimulated with LPS and Man-
LAN.144 Furthermore, M. tuberculosis ESAT-6 can inhibit 
NF-κB pathway by targeting kinase Akt activation, which in 
turn prevents the interaction between MyD88 and IRAK4.145 
Downregulation of Monarch-1/NLRP12 expression, a negative 
regulator of canonical and noncanonical NF-κB pathway,52,86,87 
culminates in enhancement of IL-6 and IL-12 production  
by macrophages in response to virulent M. tuberculosis infec-
tion,52,146 revealing that M. tuberculosis can induce Monarch-1/
NLRP12 expression which in turn modulates NF-κB activation 
(Figure 3).

Concluding Remarks
Complex interactions between M. tuberculosis and host cells 
dictate whether NF-κB pathways are activated or suppressed; 
such molecular determinants are associated with the fate of 
infected cells and ultimately affect the TB disease outcomes in 

vitro and in vivo. Manipulation of NF-κB pathways to subvert 
microbial evasion mechanisms and enhance antimycobacterial 
immune responses could serve as potential tool to reduce TB 
disease burden. However, interfering in these pathways is dif-
ficult and poses huge risk for pleiotropic effects, given that 
NF-κB is involved in several other metabolic pathways which 
are essential for cellular homeostatic functions. Thus, the deep 
comprehension of how NF-κB pathways are modulated during 
M. tuberculosis infection is critical to delineate better interven-
tion strategies pursuing the optimization of disease control.

Author Contributions
EPA and BBA designed the research, performed the literature 
search and wrote the manuscript.

References
	 1.	 World Health Organization (WHO). Global Tuberculosis Report. Geneva, 

Switzerland: WHO; 2016.
	 2.	 Hayden MS, Ghosh S. Signaling to NF-kappaB. Genes Dev. 2004;18: 

2195–2224.
	 3.	 Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell. 2002;109: 

S81–96.
	 4.	 Hoffmann A, Natoli G, Ghosh G. Transcriptional regulation via the NF-kappaB 

signaling module. Oncogene. 2006;25:6706–6716.
	 5.	 Khan JA, Brint EK, O’Neill LA, Tong L. Crystal structure of the Toll/interleu-

kin-1 receptor domain of human IL-1RAPL. J Biol Chem. 2004;279: 
31664–31670.

	 6.	 Khan TA, Schimke LF, Amaral EP, et al. Interferon-gamma reduces the prolif-
eration of M. tuberculosis within macrophages from a patient with a novel 
hypomorphic NEMO mutation. Pediatr Blood Cancer. 2016;63:1863–1866.

	 7.	 Mercurio F, Murray BW, Shevchenko A, et al. IkappaB kinase (IKK)-associated 
protein 1, a common component of the heterogeneous IKK complex. Mol Cell 
Biol. 1999;19:1526–1538.

	 8.	 Mercurio F, Zhu H, Murray BW, et al. IKK-1 and IKK-2: cytokine-activated 
IkappaB kinases essential for NF-kappaB activation. Science. 1997;278: 
860–866.

	 9.	 Yamaoka S, Courtois G, Bessia C, et al. Complementation cloning of NEMO, a 
component of the IkappaB kinase complex essential for NF-kappaB activation. 
Cell. 1998;93:1231–1240.

	 10.	 Huxford T, Huang DB, Malek S, Ghosh G. The crystal structure of the 
IkappaBalpha/NF-kappaB complex reveals mechanisms of NF-kappaB inacti-
vation. Cell. 1998;95:759–770.

	 11.	 Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged 
sword. Nat Rev Immunol. 2003;3:745–756.

	 12.	 Kucharczak J, Simmons MJ, Fan Y, Gelinas C. To be, or not to be: NF-kappaB 
is the answer—role of Rel/NF-kappaB in the regulation of apoptosis. Oncogene. 
2003;22:8961–8982.

	 13.	 Guo X, Yin H, Chen Y, Li L, Li J, Liu Q. TAK1 regulates caspase 8 activation 
and necroptotic signaling via multiple cell death checkpoints. Cell Death Dis. 
2016;7:e2381.

	 14.	 McComb S, Shutinoski B, Thurston S, Cessford E, Kumar K, Sad S. Cathepsins 
limit macrophage necroptosis through cleavage of Rip1 kinase. J Immunol. 
2014;192:5671–5678.

	 15.	 Degterev A, Huang Z, Boyce M, et al. Chemical inhibitor of nonapoptotic cell 
death with therapeutic potential for ischemic brain injury. Nat Chem Biol. 
2005;1:112–119.

	 16.	 Pereira R, Lago P, Faria R, Torres T. Safety of anti-TNF therapies in immune-
mediated inflammatory diseases: focus on infections and malignancy. Drug Dev 
Res. 2015;76:419–427.

	 17.	 Peluso I, Palmery M. The relationship between body weight and inflamma-
tion: lesson from anti-TNF-alpha antibody therapy. Hum Immunol. 
2016;77:47–53.

	 18.	 Monaco C, Nanchahal J, Taylor P, Feldmann M. Anti-TNF therapy: past, pres-
ent and future. Int Immunol. 2015;27:55–62.

	 19.	 Jiang Y, Woronicz JD, Liu W, Goeddel DV. Prevention of constitutive TNF re-
ceptor 1 signaling by silencer of death domains. Science. 1999;283:543–546.

	 20.	 Endres R, Hacker G, Brosch I, Pfeffer K. Apparently normal tumor necrosis fac-
tor receptor 1 signaling in the absence of the silencer of death domains. Mol Cell 
Biol. 2003;23:6609–6617.

	 21.	 Takada H, Chen NJ, Mirtsos C, et al. Role of SODD in regulation of tumor ne-
crosis factor responses. Mol Cell Biol. 2003;23:4026–4033.

Figure 3.  Nuclear factor κB (NF-κB) signaling modulation by mycobacteria. 

Several M. tuberculosis antigens can induce NF-κB activation through their 

recognition by pattern recognition receptors and also by eliciting cytokines 

receptors, such as tumor necrosis factor receptor and interleukin-1R, 

culminating in protective cytokine production, apoptosis induction, and 

autophagy modulation. However, some M. tuberculosis antigens can inhibit 

NF-κB activation as mechanism to evade the host defense. MtSerB2, a 

bacterial haloacid dehalogenase phosphatase, interacts with HSP90, 

HSP70, and HSP27 and inhibits apoptotic pathways in host cells, 

facilitating bacterial survival. Also, MtSerB2 dephosphorylates NF-κB and 

mitogen-activated protein kinase-p38, which results in cell deactivation. 

Another M. tuberculosis antigen named PPE18 limits NF-κB activation on 

macrophage cultures by inducing upregulation of suppressor of cytokine 

signaling 3 (SOCS3), which in turn binds to IκBα, preventing its 

phosphorylation which maintains NF-κB in the cytosol. M. tuberculosis 

Man-LAN recognition induces IRAK-M expression, an important negative 

regulator of the classical NF-κB signaling. M. tuberculosis early secreted 

antigenic target of 6-kDa (ESAT-6) protein is an important virulence factor 

of M. tuberculosis and has been described to inhibit NF-κB pathway by 

targeting kinase Akt activation, which in turn prevents the interaction 

between MyD88 and IRAK4.



8	 Clinical Medicine Insights: Case Reports ﻿

	 22.	 Yeh WC, Shahinian A, Speiser D, et al. Early lethality, functional NF-kappaB 
activation, and increased sensitivity to TNF-induced cell death in TRAF2-
deficient mice. Immunity. 1997;7:715–725.

	 23.	 Nakano H, Sakon S, Koseki H, et al. Targeted disruption of Traf5 gene causes 
defects in CD40- and CD27-mediated lymphocyte activation. Proc Natl Acad Sci 
U S A. 1999;96:9803–9808.

	 24.	 Tada K, Okazaki T, Sakon S, et al. Critical roles of TRAF2 and TRAF5 in 
tumor necrosis factor-induced NF-kappa B activation and protection from cell 
death. J Biol Chem. 2001;276:36530–36534.

	 25.	 Hsu H, Shu HB, Pan MG, Goeddel DV. TRADD-TRAF2 and TRADD-
FADD interactions define two distinct TNF receptor 1 signal transduction 
pathways. Cell. 1996;84:299–308.

	 26.	 Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger BZ, Leder P. The death do-
main kinase RIP mediates the TNF-induced NF-kappaB signal. Immunity. 
1998;8:297–303.

	 27.	 Zhang SQ , Kovalenko A, Cantarella G, Wallach D. Recruitment of the IKK 
signalosome to the p55 TNF receptor: RIP and A20 bind to NEMO 
(IKKgamma) upon receptor stimulation. Immunity. 2000;12:301–311.

	 28.	 Devin A, Lin Y, Yamaoka S, Li Z, Karin M, Liu Z. The alpha and beta subunits 
of IkappaB kinase (IKK) mediate TRAF2-dependent IKK recruitment to tumor 
necrosis factor (TNF) receptor 1 in response to TNF. Mol Cell Biol. 
2001;21:3986–3994.

	 29.	 Delhase M, Hayakawa M, Chen Y, Karin M. Positive and negative regulation of 
IkappaB kinase activity through IKKbeta subunit phosphorylation. Science. 
1999;284:309–313.

	 30.	 Kaufmann SH. How can immunology contribute to the control of tuberculosis? 
Nat Rev Immunol. 2001;1:20–30.

	 31.	 O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP. The 
immune response in tuberculosis. Annu Rev Immunol. 2013;31:475–527.

	 32.	 Li M, Carpio DF, Zheng Y, et al. An essential role of the NF-kappa B/Toll-like 
receptor pathway in induction of inflammatory and tissue-repair gene expression 
by necrotic cells. J Immunol. 2001;166:7128–7135.

	 33.	 Park JS, Svetkauskaite D, He Q , et al. Involvement of toll-like receptors 2 and 4 
in cellular activation by high mobility group box 1 protein. J Biol Chem. 
2004;279:7370–7377.

	 34.	 Park JS, Gamboni-Robertson F, He Q , et al. High mobility group box 1 protein 
interacts with multiple Toll-like receptors. Am J Physiol Cell Physiol. 
2006;290:C917–C924.

	 35.	 Yanai H, Ban T, Wang Z, et al. HMGB proteins function as universal sentinels 
for nucleic-acid-mediated innate immune responses. Nature. 2009;462:99–103.

	 36.	 Mayer-Barber KD, Barber DL, Shenderov K, et al. Caspase-1 independent IL-
1beta production is critical for host resistance to Mycobacterium tuberculosis and 
does not require TLR signaling in vivo. J Immunol. 2010;184:3326–3330.

	 37.	 Mayer-Barber KD, Andrade BB, Barber DL, et al. Innate and adaptive interfer-
ons suppress IL-1α and IL-1β production by distinct pulmonary myeloid subsets 
during Mycobacterium tuberculosis infection. Immunity. 2011;35:1023–1034.

	 38.	 Mayer-Barber KD, Andrade BB, Oland SD, et al. Host-directed therapy of tu-
berculosis based on interleukin-1 and type I interferon crosstalk. Nature. 
2014;511:99–103.

	 39.	 O’Neill LA. The interleukin-1 receptor/Toll-like receptor superfamily: 10 years 
of progress. Immunol Rev. 2008;226:10–18.

	 40.	 Takeda K, Kaisho T, Akira S. Toll-like receptors. Annu Rev Immunol. 
2003;21:335–376.

	 41.	 Dunne A, O’Neill LA. The interleukin-1 receptor/Toll-like receptor superfam-
ily: signal transduction during inflammation and host defense. Sci STKE. 
2003;2003:re3.

	 42.	 Adachi O, Kawai T, Takeda K, et al. Targeted disruption of the MyD88 gene re-
sults in loss of IL-1- and IL-18-mediated function. Immunity. 1998;9:143–150.

	 43.	 Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unresponsiveness of MyD88-
deficient mice to endotoxin. Immunity. 1999;11:115–122.

	 44.	 Akira S, Takeda K. Toll-like receptor signalling. Nat Rev Immunol. 
2004;4:499–511.

	 45.	 Yamamoto M, Takeda K, Akira S. TIR domain-containing adaptors define the 
specificity of TLR signaling. Mol Immunol. 2004;40:861–868.

	 46.	 Motshwene PG, Moncrieffe MC, Grossmann JG, et al. An oligomeric signaling 
platform formed by the Toll-like receptor signal transducers MyD88 and IRAK-
4. J Biol Chem. 2009;284:25404–25411.

	 47.	 Kobayashi K, Hernandez LD, Galan JE, Janeway CA Jr., Medzhitov R, Flavell 
RA. IRAK-M is a negative regulator of Toll-like receptor signaling. Cell. 
2002;110:191–202.

	 48.	 Suzuki N, Suzuki S, Duncan GS, et al. Severe impairment of interleukin-1 and 
Toll-like receptor signalling in mice lacking IRAK-4. Nature. 2002;416:750–756.

	 49.	 Kawagoe T, Sato S, Matsushita K, et al. Sequential control of Toll-like receptor-
dependent responses by IRAK1 and IRAK2. Nat Immunol. 2008;9:684–691.

	 50.	 Wan Y, Xiao H, Affolter J, et al. Interleukin-1 receptor-associated kinase 2 is 
critical for lipopolysaccharide-mediated post-transcriptional control. J Biol 
Chem. 2009;284:10367–10375.

	 51.	 Picard C, Puel A, Bonnet M, et al. Pyogenic bacterial infections in humans with 
IRAK-4 deficiency. Science. 2003;299:2076–2079.

	 52.	 Williams KL, Lich JD, Duncan JA, et al. The CATERPILLER protein mon-
arch-1 is an antagonist of toll-like receptor-, tumor necrosis factor alpha-, and 
Mycobacterium tuberculosis-induced pro-inflammatory signals. J Biol Chem. 
2005;280:39914–39924.

	 53.	 Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. Pillars article: MyD88: an 
adapter that recruits IRAK to the IL-1 receptor complex. Immunity. 1997. 7: 
837-847. J Immunol. 2013;190:5–15.

	 54.	 Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, Tschopp J. Inhibition of 
interleukin 1 receptor/Toll-like receptor signaling through the alternatively 
spliced, short form of MyD88 is due to its failure to recruit IRAK-4. J Exp Med. 
2003;197:263–268.

	 55.	 Dinarello CA. Immunological and inflammatory functions of the interleukin-1 
family. Annu Rev Immunol. 2009;27:519–550.

	 56.	 Cao Z, Henzel WJ, Gao X. IRAK: a kinase associated with the interleukin-1 re-
ceptor. Science. 1996;271:1128–1131.

	 57.	 Qian Y, Commane M, Ninomiya-Tsuji J, Matsumoto K, Li X. IRAK-mediated 
translocation of TRAF6 and TAB2 in the interleukin-1-induced activation of 
NFkappa B. J Biol Chem. 2001;276:41661–41667.

	 58.	 Takaesu G, Ninomiya-Tsuji J, Kishida S, Li X, Stark GR, Matsumoto K. 
Interleukin-1 (IL-1) receptor-associated kinase leads to activation of TAK1 by 
inducing TAB2 translocation in the IL-1 signaling pathway. Mol Cell Biol. 
2001;21:2475–2484.

	 59.	 Ye H, Arron JR, Lamothe B, et al. Distinct molecular mechanism for initiating 
TRAF6 signalling. Nature. 2002;418:443–447.

	 60.	 Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z. MyD88: an adapter that re-
cruits IRAK to the IL-1 receptor complex. Immunity. 1997;7:837–847.

	 61.	 Wu H, Arron JR. TRAF6, a molecular bridge spanning adaptive immunity, in-
nate immunity and osteoimmunology. Bioessays. 2003;25:1096–1105.

	 62.	 Lomaga MA, Yeh WC, Sarosi I, et al. TRAF6 deficiency results in osteopetrosis 
and defective interleukin-1, CD40, and LPS signaling. Genes Dev. 
1999;13:1015–1024.

	 63.	 Mukundan L, Bishop GA, Head KZ, Zhang L, Wahl LM, Suttles J. TNF re-
ceptor-associated factor 6 is an essential mediator of CD40-activated 
proinflammatory pathways in monocytes and macrophages. J Immunol. 
2005;174:1081–1090.

	 64.	 Landstrom M. The TAK1-TRAF6 signalling pathway. Int J Biochem Cell Biol. 
2010;42:585–589.

	 65.	 Kishimoto K, Matsumoto K, Ninomiya-Tsuji J. TAK1 mitogen-activated pro-
tein kinase kinase kinase is activated by autophosphorylation within its activation 
loop. J Biol Chem. 2000;275:7359–7364.

	 66.	 Shibuya H, Yamaguchi K, Shirakabe K, et al. TAB1: an activator of the TAK1 
MAPKKK in TGF-beta signal transduction. Science. 1996;272:1179–1182.

	 67.	 Kulathu Y, Akutsu M, Bremm A, Hofmann K, Komander D. Two-sided ubiqui-
tin binding explains specificity of the TAB2 NZF domain. Nat Struct Mol Biol. 
2009;16:1328–1330.

	 68.	 Rahighi S, Ikeda F, Kawasaki M, et al. Specific recognition of linear ubiquitin chains 
by NEMO is important for NF-kappaB activation. Cell. 2009;136:1098–1109.

	 69.	 Martinez-Forero I, Rouzaut A, Palazon A, Dubrot J, Melero I. Lysine 63 polyu-
biquitination in immunotherapy and in cancer-promoting inflammation. Clin 
Cancer Res. 2009;15:6751–6757.

	 70.	 Cusson-Hermance N, Khurana S, Lee TH, Fitzgerald KA, Kelliher MA. Rip1 
mediates the Trif-dependent toll-like receptor 3- and 4-induced NF-{kappa}B 
activation but does not contribute to interferon regulatory factor 3 activation. J 
Biol Chem. 2005;280:36560–36566.

	 71.	 Kendellen MF, Bradford JW, Lawrence CL, Clark KS, Baldwin AS. Canonical 
and non-canonical NF-κΒ signaling promotes breast cancer tumor-initiating 
cells. Oncogene. 2014;33:1297–1305.

	 72.	 Ghosh S, Febin Prabhu Dass J. Non-canonical pathway network modelling and 
ubiquitination site prediction through homology modelling of NF-κB. Gene. 
2016;581:48–56.

	 73.	 Senftleben U, Cao Y, Xiao G, et al. Activation by IKKalpha of a second, evolu-
tionary conserved, NF-kappa B signaling pathway. Science. 2001;293:1495–1499.

	 74.	 Xiao G, Harhaj EW, Sun SC. NF-kappaB-inducing kinase regulates the pro-
cessing of NF-kappaB2 p100. Mol Cell. 2001;7:401–409.

	 75.	 Gasparini C, Foxwell BM, Feldmann M. RelB/p50 regulates TNF production 
in LPS-stimulated dendritic cells and macrophages. Cytokine. 2013;61:736–740.

	 76.	 Gasparini C, Foxwell BM, Feldmann M. RelB/p50 regulates CCL19 produc-
tion, but fails to promote human DC maturation. Eur J Immunol. 
2009;39:2215–2223.

	 77.	 Kew RR, Penzo M, Habiel DM, Marcu KB. The IKKα-dependent NF-κB p52/
RelB noncanonical pathway is essential to sustain a CXCL12 autocrine loop in 
cells migrating in response to HMGB1. J Immunol. 2012;188:2380–2386.

	 78.	 Dejardin E, Droin NM, Delhase M, et al. The lymphotoxin-beta receptor induc-
es different patterns of gene expression via two NF-kappaB pathways. Immunity. 
2002;17:525–535.



Amaral and Andrade	 9

	 79.	 Coope HJ, Atkinson PG, Huhse B, et al. CD40 regulates the processing of NF-
kappaB2 p100 to p52. EMBO J. 2002;21:5375–5385.

	 80.	 Claudio E, Brown K, Park S, Wang H, Siebenlist U. BAFF-induced NEMO-
independent processing of NF-kappa B2 in maturing B cells. Nat Immunol. 
2002;3:958–965.

	 81.	 Munroe ME, Bishop GA. Role of tumor necrosis factor (TNF) receptor-associ-
ated factor 2 (TRAF2) in distinct and overlapping CD40 and TNF receptor 2/
CD120b-mediated B lymphocyte activation. J Biol Chem. 2004;279: 
53222–53231.

	 82.	 Ramakrishnan P, Wang W, Wallach D. Receptor-specific signaling for both the 
alternative and the canonical NF-kappaB activation pathways by NF-kappaB-
inducing kinase. Immunity. 2004;21:477–489.

	 83.	 Lin L, DeMartino GN, Greene WC. Cotranslational biogenesis of NF-kappaB 
p50 by the 26S proteasome. Cell. 1998;92:819–828.

	 84.	 Lin X, Mu Y, Cunningham ET Jr., Marcu KB, Geleziunas R, Greene WC. 
Molecular determinants of NF-kappaB-inducing kinase action. Mol Cell Biol. 
1998;18:5899–5907.

	 85.	 Liao G, Zhang M, Harhaj EW, Sun SC. Regulation of the NF-kappaB-inducing 
kinase by tumor necrosis factor receptor-associated factor 3-induced degrada-
tion. J Biol Chem. 2004;279:26243–26250.

	 86.	 Lich JD, Williams KL, Moore CB, et al. Monarch-1 suppresses non-canonical 
NF-kappaB activation and p52-dependent chemokine expression in monocytes. 
J Immunol. 2007;178:1256–1260.

	 87.	 Ye Z, Lich JD, Moore CB, Duncan JA, Williams KL, Ting JP. ATP binding by 
monarch-1/NLRP12 is critical for its inhibitory function. Mol Cell Biol. 
2008;28:1841–1850.

	 88.	 Sun SC. The noncanonical NF-κB pathway. Immunol Rev. 2012;246:125–140.
	 89.	 Yamada H, Mizuno S, Reza-Gholizadeh M, Sugawara I. Relative importance of 

NF-kappaB p50 in mycobacterial infection. Infect Immun. 2001;69:7100–7105.
	 90.	 Mortaz E, Adcock IM, Tabarsi P, et al. Interaction of pattern recognition recep-

tors with Mycobacterium tuberculosis. J Clin Immunol. 2015;35:1–10.
	 91.	 Lopez M, Sly LM, Luu Y, Young D, Cooper H, Reiner NE. The 19-kDa 

Mycobacterium tuberculosis protein induces macrophage apoptosis through Toll-
like receptor-2. J Immunol. 2003;170:2409–2416.

	 92.	 Richardson ET, Shukla S, Sweet DR, et al. Toll-like receptor 2-dependent ex-
tracellular signal-regulated kinase signaling in Mycobacterium tuberculosis-infected 
macrophages drives anti-inflammatory responses and inhibits Th1 polarization 
of responding T cells. Infect Immun. 2015;83:2242–2254.

	 93.	 Jiang W, Bell CW, Pisetsky DS. The relationship between apoptosis and high-
mobility group protein 1 release from murine macrophages stimulated with 
lipopolysaccharide or polyinosinic-polycytidylic acid. J Immunol. 
2007;178:6495–6503.

	 94.	 Magrys A, Paluch-Oles J, Koziol-Montewka M, Zaborowski T, Milanowski J, 
Maciejewska B. Evaluation of high-mobility group box 1 protein concentration 
in serum of patients with M. tuberculosis infection. Immunol Invest. 
2013;42:49–60.

	 95.	 Bulut Y, Michelsen KS, Hayrapetian L, et al. Mycobacterium tuberculosis heat 
shock proteins use diverse Toll-like receptor pathways to activate pro-inflamma-
tory signals. J Biol Chem. 2005;280:20961–20967.

	 96.	 Kim K, Sohn H, Kim JS, et al. Mycobacterium tuberculosis Rv0652 stimulates pro-
duction of tumour necrosis factor and monocytes chemoattractant protein-1 in 
macrophages through the Toll-like receptor 4 pathway. Immunology. 
2012;136:231–240.

	 97.	 Jung SB, Yang CS, Lee JS, et al. The mycobacterial 38-kilodalton glycolipopro-
tein antigen activates the mitogen-activated protein kinase pathway and release 
of proinflammatory cytokines through Toll-like receptors 2 and 4 in human 
monocytes. Infect Immun. 2006;74:2686–2696.

	 98.	 Kim TH, Shin SJ, Park YM, et al. Critical role of TRIF and MyD88 in 
Mycobacterium tuberculosis Hsp70-mediated activation of dendritic cells. Cytokine. 
2015;71:139–144.

	 99.	 Bafica A, Scanga CA, Feng CG, Leifer C, Cheever A, Sher A. TLR9 regulates 
Th1 responses and cooperates with TLR2 in mediating optimal resistance to 
Mycobacterium tuberculosis. J Exp Med. 2005;202:1715–1724.

	100.	 Holscher C, Reiling N, Schaible UE, et al. Containment of aerogenic 
Mycobacterium tuberculosis infection in mice does not require MyD88 adaptor 
function for TLR2, -4 and -9. Eur J Immunol. 2008;38:680–694.

	101.	 Abel B, Thieblemont N, Quesniaux VJ, et al. Toll-like receptor 4 expression is 
required to control chronic Mycobacterium tuberculosis infection in mice. J 
Immunol. 2002;169:3155–3162.

	102.	 Reiling N, Holscher C, Fehrenbach A, et al. Cutting edge: Toll-like receptor 
(TLR)2- and TLR4-mediated pathogen recognition in resistance to airborne in-
fection with Mycobacterium tuberculosis. J Immunol. 2002;169:3480–3484.

	103.	 Fremond CM, Yeremeev V, Nicolle DM, Jacobs M, Quesniaux VF, Ryffel B. 
Fatal Mycobacterium tuberculosis infection despite adaptive immune response in 
the absence of MyD88. J Clin Invest. 2004;114:1790–1799.

	104.	 Scanga CA, Bafica A, Feng CG, Cheever AW, Hieny S, Sher A. MyD88-
deficient mice display a profound loss in resistance to Mycobacterium tuberculosis 

associated with partially impaired Th1 cytokine and nitric oxide synthase 2 ex-
pression. Infect Immun. 2004;72:2400–2404.

	105.	 Rahman A, Sobia P, Gupta N, Kaer LV, Das G. Mycobacterium tuberculosis sub-
verts the TLR-2-MyD88 pathway to facilitate its translocation into the cytosol. 
PLoS ONE. 2014;9:e86886.

	106.	 Fremond CM, Togbe D, Doz E, et al. IL-1 receptor-mediated signal is an essen-
tial component of MyD88-dependent innate response to Mycobacterium 
tuberculosis infection. J Immunol. 2007;179:1178–1189.

	107.	 Jia H, Liu S, Wu J, et al. Recombinant TB9.8 of Mycobacterium bovis triggers the 
production of IL-12 p40 and IL-6 in RAW264.7 macrophages via activation of 
the p38, ERK, and NF-κB signaling pathways. Inflammation. 
2015;38:1337–1346.

	108.	 Xu Y, Yang E, Huang Q , et al. PPE57 induces activation of macrophages and 
drives Th1-type immune responses through TLR2. J Mol Med (Berl). 
2015;93:645–662.

	109.	 Kim WS, Kim JS, Cha SB, et al. Mycobacterium tuberculosis PE27 activates den-
dritic cells and contributes to Th1-polarized memory immune responses during 
in vivo infection. Immunobiology. 2016;221:440–453.

	110.	 Rothfuchs AG, Bafica A, Feng CG, et al. Dectin-1 interaction with 
Mycobacterium tuberculosis leads to enhanced IL-12p40 production by splenic 
dendritic cells. J Immunol. 2007;179:3463–3471.

	111.	 Marakalala MJ, Guler R, Matika L, et al. The Syk/CARD9-coupled receptor 
Dectin-1 is not required for host resistance to Mycobacterium tuberculosis in mice. 
Microbes Infect. 2011;13:198–201.

	112.	 Romero MM, Basile JI, Lopez B, et al. Outbreaks of Mycobacterium tuberculosis 
MDR strains differentially induce neutrophil respiratory burst involving lipid 
rafts, p38 MAPK and Syk. BMC Infect Dis. 2014;14:262.

	113.	 Romero MM, Basile JI, Corra Feo L, Lopez B, Ritacco V, Aleman M. Reactive 
oxygen species production by human dendritic cells involves TLR2 and dectin-1 
and is essential for efficient immune response against Mycobacteria. Cell 
Microbiol. 2016;18:875–886.

	114.	 van den Berg LM, Gringhuis SI, Geijtenbeek TB. An evolutionary perspective on 
C-type lectins in infection and immunity. Ann N Y Acad Sci. 2012;1253:149–158.

	115.	 Shin DM, Yang CS, Yuk JM, et al. Mycobacterium abscessus activates the macro-
phage innate immune response via a physical and functional interaction between 
TLR2 and dectin-1. Cell Microbiol. 2008;10:1608–1621.

	116.	 Plato A, Willment JA, Brown GD. C-type lectin-like receptors of the dectin-1 
cluster: ligands and signaling pathways. Int Rev Immunol. 2013;32:134–156.

	117.	 Shenderov K, Barber DL, Mayer-Barber KD, et al. Cord factor and peptidoglycan 
recapitulate the Th17-promoting adjuvant activity of mycobacteria through min-
cle/CARD9 signaling and the inflammasome. J Immunol. 2013;190:5722–5730.

	118.	 Desel C, Werninghaus K, Ritter M, et al. The mincle-activating adjuvant TDB 
induces MyD88-dependent Th1 and Th17 responses through IL-1R signaling. 
PLoS ONE. 2013;8:e53531.

	119.	 Ehlers S, Holscher C, Scheu S, et al. The lymphotoxin beta receptor is critically 
involved in controlling infections with the intracellular pathogens Mycobacterium 
tuberculosis and Listeria monocytogenes. J Immunol. 2003;170:5210–5218.

	120.	 Cabral-Marques O, Ramos RN, Schimke LF, et al. Human CD40 ligand defi-
ciency dysregulates the macrophage transcriptome causing functional defects 
that are improved by exogenous IFN-γ [published online ahead of print August 
20, 2016]. J Allergy Clin Immunol. doi:10.1016/j.jaci.2016.07.018.

	121.	 Alonso S, Pethe K, Russell DG, Purdy GE. Lysosomal killing of Mycobacterium 
mediated by ubiquitin-derived peptides is enhanced by autophagy. Proc Natl Acad 
Sci U S A. 2007;104:6031–6036.

	122.	 Gutierrez MG, Master SS, Singh SB, Taylor GA, Colombo MI, Deretic V. 
Autophagy is a defense mechanism inhibiting BCG and Mycobacterium tubercu-
losis survival in infected macrophages. Cell. 2004;119:753–766.

	123.	 Deretic V, Saitoh T, Akira S. Autophagy in infection, inflammation and immu-
nity. Nat Rev Immunol. 2013;13:722–737.

	124.	 van der Vaart M, Korbee CJ, Lamers GE, et al. The DNA damage-regulated au-
tophagy modulator DRAM1 links mycobacterial recognition via TLR-MYD88 
to autophagic defense [corrected]. Cell Host Microbe. 2014;15:753–767.

	125.	 Lachmandas E, Beigier-Bompadre M, Cheng SC, et al. Rewiring cellular me-
tabolism via the AKT/mTOR pathway contributes to host defence against 
Mycobacterium tuberculosis in human and murine cells. Eur J Immunol. 
2016;46:2574–2586.

	126.	 Zhang H, Ouyang H, Wang D, et al. Mycobacterium tuberculosis Rv2185c con-
tributes to nuclear factor-κB activation. Mol Immunol. 2015;66:147–153.

	127.	 Li H, Li Q , Yu Z, Zhou M, Xie J. Mycobacterium tuberculosis PE13 (Rv1195) ma-
nipulates the host cell fate via p38-ERK-NF-κB axis and apoptosis. Apoptosis. 
2016;21:795–808.

	128.	 Wang J, Wu M, Wen J, et al. MicroRNA-155 induction by Mycobacterium bovis 
BCG enhances ROS production through targeting SHIP1. Mol Immunol. 
2014;62:29–36.

	129.	 Iwai H, Funatogawa K, Matsumura K, et al. MicroRNA-155 knockout mice are 
susceptible to Mycobacterium tuberculosis infection. Tuberculosis (Edinb). 
2015;95:246–250.



10	 Clinical Medicine Insights: Case Reports ﻿

	130.	 Andrade BB, Pavan Kumar N, Mayer-Barber KD, et al. Plasma heme oxygen-
ase-1 levels distinguish latent or successfully treated human tuberculosis from 
active disease. PLoS ONE. 2013;8:e62618.

	131.	 Pavan Kumar N, Anuradha R, Andrade BB, et al. Circulating biomarkers of pul-
monary and extrapulmonary tuberculosis in children. Clin Vaccine Immunol. 
2013;20:704–711.

	132.	 Andrade BB, Pavan Kumar N, Amaral EP, et al. Heme oxygenase-1 regulation 
of matrix metalloproteinase-1 expression underlies distinct disease profiles in tu-
berculosis. J Immunol. 2015;195:2763–2773.

	133.	 Elkington P, Shiomi T, Breen R, et al. MMP-1 drives immunopathology in 
human tuberculosis and transgenic mice. J Clin Invest. 2011;121: 
1827–1833.

	134.	 Singh S, Kubler A, Singh UK, et al. Antimycobacterial drugs modulate immu-
nopathogenic matrix metalloproteinases in a cellular model of pulmonary 
tuberculosis. Antimicrob Agents Chemother. 2014;58:4657–4665.

	135.	 Seddon J, Kasprowicz V, Walker NF, et al. Procollagen III N-terminal propep-
tide and desmosine are released by matrix destruction in pulmonary tuberculosis. 
J Infect Dis. 2013;208:1571–1579.

	136.	 Izzo AA, Izzo LS, Kasimos J, Majka S. A matrix metalloproteinase inhibitor 
promotes granuloma formation during the early phase of Mycobacterium tubercu-
losis pulmonary infection. Tuberculosis (Edinb). 2004;84:387–396.

	137.	 North RJ, Jung YJ. Immunity to tuberculosis. Annu Rev Immunol. 
2004;22:599–623.

	138.	 Zhang J, Vandevenne P, Hamdi H, et al. Micro-RNA-155-mediated control of 
heme oxygenase 1 (HO-1) is required for restoring adaptively tolerant CD4+ 
T-cell function in rodents. Eur J Immunol. 2015;45:829–842.

	139.	 McDaid J, Yamashita K, Chora A, et al. Heme oxygenase-1 modulates the allo-
immune response by promoting activation-induced cell death of T cells. FASEB 
J. 2005;19:458–460.

	140.	 Lutay N, Hakansson G, Alaridah N, Hallgren O, Westergren-Thorsson G, 
Godaly G. Mycobacteria bypass mucosal NF-κB signalling to induce an epithe-
lial anti-inflammatory IL-22 and IL-10 response. PLoS ONE. 2014;9:e86466.

	141.	 Shree S, Singh AK, Saxena R, et al. The M. tuberculosis HAD phosphatase 
(Rv3042c) interacts with host proteins and is inhibited by Clofazimine. Cell Mol 
Life Sci. 2016;73:3401–3417.

	142.	 Amaral EP, Lasunskaia EB, D’Imperio-Lima MR. Innate immunity in tubercu-
losis: how the sensing of mycobacteria and tissue damage modulates macrophage 
death. Microbes Infect. 2016;18:11–20.

	143.	 Nair S, Pandey AD, Mukhopadhyay S. The PPE18 protein of Mycobacterium tu-
berculosis inhibits NF-κB/rel-mediated proinflammatory cytokine production by 
upregulating and phosphorylating suppressor of cytokine signaling 3 protein. J 
Immunol. 2011;186:5413–5424.

	144.	 Pathak SK, Basu S, Bhattacharyya A, Pathak S, Kundu M, Basu J. Mycobacterium 
tuberculosis lipoarabinomannan-mediated IRAK-M induction negatively regu-
lates Toll-like receptor-dependent interleukin-12 p40 production in 
macrophages. J Biol Chem. 2005;280:42794–42800.

	145.	 Pathak SK, Basu S, Basu KK, et al. Direct extracellular interaction between the 
early secreted antigen ESAT-6 of Mycobacterium tuberculosis and TLR2 inhibits 
TLR signaling in macrophages. Nat Immunol. 2007;8:610–618.

	146.	 Berrington WR, Hawn TR. Mycobacterium tuberculosis, macrophages, and the 
innate immune response: does common variation matter? Immunol Rev. 
2007;219:167–186.




