
TRANSLATIONAL REVIEW

Macrophage Signaling Pathways in Pulmonary Nontuberculous
Mycobacteria Infections
Zohra Prasla1,2, Roy L. Sutliff1,2, and Ruxana T. Sadikot1,2

1Division of Pulmonary, Allergy, Critical Care, and Sleep Medicine, Department of Medicine, Emory University School of Medicine,
Atlanta, Georgia; and 2Atlanta Veterans Affairs Health Care System, Decatur, Georgia

ORCID IDs: 0000-0001-6896-0110 (Z.P.); 0000-0001-8628-6975 (R.L.S.); 0000-0003-0525-8396 (R.T.S.).

Abstract

The incidence and prevalence of nontuberculous mycobacteria
(NTM) lung disease is rising worldwide and accounts for
most clinical cases of NTM disease. NTM infections occur in
both immunocompetent and immunocompromised hosts.
Macrophages are the primary host cells that initiate an immune
response to NTM. Defining the molecular events that govern the
control of infection within macrophages is fundamental to

understanding the pathogenesis of NTM disease. Here, we review
key macrophage host signaling pathways that contribute to the
host immune response to pulmonary NTM infections. In this review,
we focus primarily on NTM that are known to cause lung disease,
includingMycobacterium avium intracellulare,M. abscessus, and
M. kansasii.
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The term “nontuberculous mycobacteria
(NTM)” refers to mycobacteria other than
Mycobacterium tuberculosis (MTB) and
M. leprae. NTM are gram-positive, acid-
fast, aerobic bacilli that are ubiquitous in
the environment and can be normal
inhabitants of natural and drinking water
systems, pools, hot tubs, bird droppings,
dust, milk, laboratory equipment, and
soil (1, 2). NTM is acquired from the
environment and is not transmitted from
person to person, with few exceptions such
as in immunocompromised patients or
patients with cystic fibrosis (CF) (3). The
incidence and prevalence of NTM lung
disease (NTM-LD) are rising worldwide,
particularly in Western countries, and
account for most clinical cases of NTM
infection (see Table 1 for representative
data [4–8]). In particular, the number of
cases of NTM-LD has doubled in both the
United States and Canada over a 10-year
period (4, 6). Generally, areas that are

considered high-risk for NTM-LD tend to
be large, densely populated, urban areas
(9, 10). Although NTM infection can
be common and can affect almost any
organ system, pulmonary infection is
more prevalent than disseminated
disease, which is usually seen only in
immunocompromised patients (11, 12).

There are several subspecies of NTM
that are broadly divided into rapid and slow
growers. The rapid growers include
Mycobacterium abscessus (MAB), M.
chelonae, M. fortuitum, and M. smegmatis,
whereas slow growers include M. avium
complex (MAC), M. kansasii, M. xenopi,
and M. marinum, among others. The most
virulent strains of NTM include MAC
(comprised of MAI [M. avium and M.
intracellulare] and M. chimaera), MAB,
and M. kansasii. Not surprisingly, the
more virulent strains are also the most
common strains that contribute to
opportunistic NTM infections in

individuals with acquired
immunodeficiency syndrome (13).

Clinically, pulmonary NTM infections
present as one of three phenotypes: nodular
bronchiectasis, cavitary type, and
hypersensitivity pneumonitis (14). Risk
factors for developing NTM pulmonary
disease include genetic abnormalities that
increase susceptibility, immune dysfunction
(whether primary immunodeficiency or
iatrogenic), and disease due to ciliary
abnormalities (whether structural or
functional) (15). In particular, ciliary
defects in patients with CF or primary
ciliary dyskinesia have been studied
extensively. Abnormal ciliary beat
frequency can be affected by nitric oxide
(NO) production and bacterial or viral TLR
(Toll-like receptor) agonists, indicating that
NTM infection may further worsen these
patients’ ability to clear bacteria (16).
Immunocompetent individuals with
comorbid pulmonary diseases, such as
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chronic obstructive pulmonary disease and
non-CF bronchiectasis, can also be
susceptible to pulmonary NTM infections
(17). NTM-LD in immunocompetent, older
white women is of particular interest
because little is known about the reasons
for their increased susceptibility, other than
risk factors such as a tall, lean body habitus;
thoracic skeletal abnormalities; and use of
immunomodulatory medications (18).

Disseminated NTM infections are
usually seen in immunocompromised
patients, such as patients with human
immunodeficiency virus, CF, or
malignancies; transplant recipients; and
patients treated with biologics, such
as TNF-a (tumor necrosis factor-a)
blockers (19, 20). Macrophages that have
phagocytosed mycobacteria release IL-12
and IL-18 in response to bacterial virulence
factors, which stimulate the production of
IFN-g from T cells and natural killer cells.
IFN-g then activates TNF-a production, as
well as production of other cytokines and
chemokines (21). A variety of genetic
defects in the IFN-g/IL-12 pathway have
been described in patients with NTM
infections (22). In particular, IL12B,
IL12RB1, and ISG15 result in decreased
IFN-g production (23), whereas IFNGR1,
IFNGR2, STAT1, and IRF8 IFN regulatory
factors lead to an inadequate response to
the cytokine (24). In addition, GATA2
deficiency and anti–IFN-g autoantibodies
have been associated with disseminated
NTM infections (22). Recently, the use of
biologics, particularly anti-TNF therapies,
has been associated with increased
mycobacterial susceptibility, and in one
study of patients who received anti–TNF-a
therapy, nearly half of the patients
exhibited extrapulmonary or disseminated
disease (25).

The epidemiology and clinical
presentation of NTM-LD, as well as risk
factors and treatment options for this
disease, have been previously reviewed
(12, 20). Less is known about the host
factors, and particularly the molecular
mechanisms, that contribute to the
pathogenesis of NTM. NTM are
intracellular pathogens, and macrophages
are of central importance in the innate
immune response. Macrophages express
pattern-recognition receptors (PRRs),
generate toxic nitrogen and oxygen radicals,
and induce autophagy and apoptosis to
eliminate pathogens, among other
mechanisms of innate immunity. Here,
we review the macrophage molecular
mechanisms that contribute to the host
response to pulmonary NTM infection.

Role of Macrophages in the NTM
Immune Response
Innate immunity involves a coordinated
effort by multiple cell types, including
respiratory tract epithelium and resident
and recruited phagocytic cells, and plays a
key role in the activation of the host
response to mycobacterial infection (26).
Alveolar macrophages provide the first line
of defense against organisms that reach the
lower airways. The macrophage host
response to mycobacteria, particularly
MTB, was reviewed extensively by Awuh
and Flo (27); however, the host response to
NTM is less well characterized (28).

The process begins with the
engagement of PRRs, such as Toll-like
receptors (TLRs) and C-type lectins, at the
plasma membrane by bacterial products,
known as pathogen-associated molecular
patterns (PAMPs). PAMPs bind to these
cell-surface receptors and intracellular
receptors such as NLRs (nucleotide-binding

oligomerization domain [NOD]-like
receptors). PAMP binding initiates
inflammatory signaling, followed by
phagocytosis. Phagocytosis of mycobacteria
leads to the development of phagosomes
that mature and eventually merge with
lysosomes to create phagolysosomes that are
responsible for degradation of microbes
(29). Activated macrophages synthesize
protein and lipid mediators, and generate
toxic nitrogen and oxygen radicals through
activation of NOX (nicotinamide adenine
dinucleotide phosphate oxidase) and iNOS
(inducible NO synthase) signaling, which
contributes to clearance of ingested
pathogens. However, mycobacteria are
capable of evading host antimicrobial
processes and persisting within the
macrophages through mechanisms
involving arrest of phagosomal maturation
and lysosomal delivery, or by perturbing
host cellular trafficking (27).

Maturation of phagosomes into
phagolysosomes involves acidification
accomplished by proton pumps,
oxidative stress, and activation of
degradative enzymes, such as hydrolases
and cathepsins, after lysosomal fusion.
Evolved mycobacteria can disrupt
acidification to make the phagosomal
environment more favorable to the
microbe. They have also developed
mechanisms to maintain a tight apposition
betweenmycobacterial tsurface lipids and the
phagosome membrane to prevent lysosomal
fusion (30). Mycobacterial type VII secretion
systems (also known as ESX [ESAT6
secretion] systems) allow for the secretion of
mycobacterial virulence factors or even
phagosomal escape into the cytosol of
macrophages, where the Mycobacterium can
take control of host cell signaling and
replicate within the cell, resulting in host cell

Table 1. Annual Prevalence of Nontuberculous Mycobacterial Lung Disease in Select Western Countries

Study Country Database
Annual Prevalence at

Study Start
Annual Prevalence at

Study End

Adjemian et al. (4) United States Medicare Part B beneficiaries 1997: 20 per 100,000 2007: 47 per 100,000
Winthrop et al. (5) United States National managed care claims

database (Optum)
2008: 6.78 per 100,000 2015: 11.7 per 100,000

Age > 65: 30.27 per
100,000

Age > 65: 47.48 per
100,000

Ringshausen et al. (7) Germany Health Risk Institute health services
database of statutory health
insurance

2009: 2.3 per 100,000 2014: 3.3 per 100,000

Brode et al. (6) Canada
(Ontario)

Public Health Ontario Laboratory
culture results

1998: 4.65 per 100,000 2010: 9.07 per 100,000

Santin et al. (8) Spain
(Catalonia)

Bellvitge University Hospital
mycobacteria laboratory

1994: 2.2 per 100,000 2014: 2 per 100,000
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death (27). These mechanisms are reviewed
in further detail below.

Cytosolic NLRs play an important role
in forming the inflammasome, which in turn
activates caspases that cleave pro versions
of the inflammatory cytokines IL-1b and
IL-18 into active forms. The detection of
microbial PAMPs by NOD proteins results
in activation of NF-kB and MAP (mitogen-
activated protein) kinases to induce
proinflammatory cytokine production, and
also leads to activation of autophagy.
Mycobacteria have developed mechanisms
to block inflammasome activation by either
decreasing triggers of inflammasome
activation or inhibiting inflammasome
assembly, allowing the survival of
intracellular pathogens (27). Understanding
these host–pathogen interactions is critical
for developing host-directed therapies that
can enhance the clearance of bacteria.

Lastly, macrophages play a role in
granuloma formation that is best described
in MTB and M. marinum models of MTB.
Specifically, granulomas are collections of
infected and uninfected phagocytic cells
and T-lymphocytes that begin with
epithelioid transformation of infected
macrophages (31, 32). The earlier
prevailing view of granulomas as host-
protective mechanisms has been challenged
in recent years, and it is now believed that,
at least in the initial stages, granulomas can
be a means by which MTB replicate and
disseminate (31). The epithelization of
granulomas involving E-cadherin
expression, among other epithelial cell
junction proteins, has been reviewed as well
(32). Less is known about granuloma
formation in NTM and whether its
pathogenesis is like that of MTB. Regev and
colleagues showed that HO-1 (heme
oxygenase-1) plays an important role in
regulating granuloma formation and
preventing disseminated MAI infection in
mice (33). The same group later showed
that HO-1 levels were attenuated in older
mice and in peripheral blood monocytes
from elderly patients, leading to enhanced
cell death by cell necrosis rather than
programmed apoptosis and subsequent
proliferation of MAI infection (34).
Mechanistically, a deficient HO-1 response
resulted in upregulation of SOCS3 and
inhibition of Bcl2, leading to programmed
cell death of macrophages. These studies
suggest that HO-1 is a cytoprotective
enzyme that regulates several important
immune processes, including host

responses to mycobacterial infection and
granuloma formation. Bernut and
colleagues showed that granuloma
formation in zebrafish embryos by either R
or S variants of MAB was mediated by
TNF-a expression and IL-8–dependent
neutrophil mobilization (35). Furthermore,
defects in the TNF receptor resulted in
fewer and morphologically altered
granulomas. Separately, mmpL8
(mycobacterial membrane protein L8) was
found to play a role in the virulence of
MAB, and the presence of functional
mmpL8 was associated with granuloma
formation as well (36). Because granuloma
formation is a part of the macrophage
inflammatory response upon infection with
NTM, Matsumura and colleagues explored
the role of the antioxidant tannin (derived
from persimmons) and found that it had a
bacteriostatic effect on MAC and reduced
granuloma formation (37). Taken together,
these studies appear to indicate that
granuloma formation is associated with
a proinflammatory state that enhances the
pathogenesis of NTM by allowing it to
further propagate. However, more definitive
studies are needed to determine how
granuloma formation can mechanistically be
altered to fight NTM infection.

Role of PRRs in the NTM Response
The activation of PRRs triggers macrophage
antimicrobial responses, including
cytokines, chemokines, and reactive
oxygen species (ROS), that can lead to
destruction of microbial membranes, DNA,
and important microbial residues, such as
thiol and tyrosine residues. Different
mycobacterial ligands are recognized by
distinct PRRs present in the various cellular
compartments (38, 39). TLR1, TLR2, and
TLR6 are expressed on the plasma
membrane and recognize mycobacterial
lipoproteins, proteins, and glycolipids,
whereas TLR3, TLR7, and TLR8, which are
present intracellularly, traffic from the
endoplasmic reticulum to endolysosomal
compartments where they detect
mycobacterial nucleic acids (40). TLR9
recognizes mycobacterial DNA. When
engaged, TLR/ligand complexes recruit
adaptors such as TIRAP (Toll/IL-1 receptor
[TIR] domain-containing adaptor protein)
to signal via molecules such as MyD88
(myeloid differentiation primary response
gene 88) and TRIF (TIR-domain-
containing adapter-inducing IFN-b),
leading to activation of transcription factors

such as NF-kB and IFN regulatory
factors, with subsequent production of
inflammatory mediators, type I IFNs, and
antimicrobial programs (41). By altering
the balance of pro- and antiinflammatory
cytokines, intracellular bacteria attempt to
improve their chances of survival.

Fremond and colleagues found that
MyD882/2 mice were unable to control
MTB infection (42), and similarly, Feng
and colleagues showed that mice deficient
in MyD88 were more susceptible to
infections with MAI (43). Interestingly, the
profound defect in IFN signaling seen in
MyD882/2 mice was not evident in
TLR22/2 or TLR42/2 mice, suggesting that
MyD88 is necessary for host inflammatory
and IFN-g responses to mycobacteria.
Alternatively, the marked susceptibility to
MAI infection of MyD882/2 relative to
TLR22/2 or TLR42/2 mice may reflect the
requirement for multiple TLRs in the host
response to mycobacterial infection. Shin
and colleagues investigated the role of
TLR2- and TLR4-induced cytokine
signaling in MAB infection. Using TLR2-
deficient mice, they showed that MAB
activated ERK1/2 (extracellular signal-
regulated kinase 1/2) and p38 MAP kinases,
and secretion of TNF-a, IL-6, and IL-12p40
in murine macrophages via TLR2 (44). In
addition, the physical binding and
colocalization of dectin-1 with TLR2 were
shown to be required for efficient
phagocytosis of MAB and regulation of the
innate immune response. Roux and
colleagues examined the roles of TLR2 and
TLR4 in cytokine production in the smooth
(S) and rough (R; more virulent due to loss
of surface glycopeptidolipids) variants of
MAB (45). The R forms induced higher
levels of TNF-a in wild-type and TLR4
knockout macrophages in an NF-kB–
dependent manner, but not in TLR2
knockout macrophages, suggesting that the
R morphotype modifies the innate immune
response via TLR2 signaling (45).

Role of ROS in the NTM Response
PRR activation also induces the production
of ROS via NOXs, particularly NOX2, as
protection against infection (46). However,
excessive oxidative signaling can damage
host cells, and mechanisms such as Keap1
(Kelch-like ECH-associated protein 1) serve
to limit the oxidative damage. Awuh
and colleagues showed that Keap1
downregulated the inflammatory response
necessary for controlling MAI infection,
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thereby allowing intracellular growth of
MAI within macrophages (47). Thus,
although antioxidant defenses like Keap1
are important for avoiding overwhelming
inflammation, they provide another
opportunity for microbes to develop
resistance mechanisms.

ROS production also plays a crucial
role in inducing apoptosis of host cells
by NTM infection. Lee and colleagues
showed that the MAI protein MAV2052
induced apoptosis via TLR4 binding and
subsequent production of ROS and loss of
mitochondrial transmembrane potential
(48). This eventually led to activation of
MAP kinases and the ASK1 (apoptosis
signal-regulating kinase 1)/JNK (c-Jun
N-terminal kinase) pathway, resulting in
caspase-dependent apoptosis. Similarly,
Whang and colleagues showed that ROS
production contributed to loss of
mitochondrial transmembrane potential in
MAB, with subsequent induction of
apoptosis of infected macrophages
(49). Interestingly, the presence of
glycopeptidolipids (GPLs) on the MAB cell
surface (i.e., the smooth S phenotype)
inhibited ROS-mediated apoptosis.

Similarly, the generation of reactive
nitrogen intermediates (RNIs) via IFN-g–
mediated stimulation of iNOS (and in
human macrophages, endothelial NOS)
plays an immunoregulatory role in
activation and inhibition of kinases,
caspases, transcription factors, and
cytokines (50). Interestingly, in one study,
RNI generation in MTB was shown to have
enhanced antimicrobial activity, whereas a
lack of iNOS in MAC led to more resistant
disease (28). However, in another study,
even in MTB, maximal levels of RNI
production were insufficient to restrict
intracellular growth, and increased nitrate
levels were favorable for mycobacterial
survival (51). Thus, the mechanisms by which
RNIs affect NTM survival remain elusive and
are a crucial area of investigation.

Role of Autophagy in the Host
Response to NTM
Another important mechanism by
which host cells eliminate intracellular
pathogens, especially those that escape
the phagolysosome, is autophagy (52).
Phagosomal maturation and its interaction
with autophagy is depicted in Figure 1. This
interaction is a prime target for the
development of resistance mechanisms by
mycobacteria. Induction of autophagy can

occur by recognition of microbial factors
that are then ubiquinated and recognized
by SLRs (sequestosome 1-like receptors),
or it can occur by production of ROS
and IFN-g–mediated proteolysis and
autophagosome formation. If mycobacteria
are able to survive autophagic killing, the
host cell’s last line of defense is induction of
apoptotic cell death. Although this can lead
to caspase activation and initiation of lytic
and inflammatory responses that stimulate
neutrophils, cell death can also be a
mechanism by which mycobacteria
infect neighboring macrophages and
propagate pathogenicity (27). Investigators
have begun to explore many of these
mechanisms with regard to the interaction
between macrophages and MAI and MAB.

As stated above, MAB can transform
from a smooth (S) morphotype to a rough
(R) morphotype that enhances virulence. As
far back as 1999, Byrd and Lyons showed the
existence of an S type that spontaneously
dissociated from the R type (53). They noted
that the R type had growth characteristics
similar to those of virulent MTB and led to
“phagocyte aggregates” that were not
present with the S type (53). Since then,
both types have been studied further, and it
is now known that the R type gets its
phenotype from a lack of GPLs, whereas the
S type contains GPLs (54). The S type can
form biofilms and is less infectious and
more commonly found in the environment
than the R morphotype, which is more
virulent and leads to highly persistent and
difficult-to-treat infections (54).

Differences in phagosomal uptake and
acidification, and therefore bacterial
survival, also exist between the R and S
morphotypes. Roux and colleagues showed
that the R variants, in contrast to the S
variants, which were usually taken up as a
single bacterium by “loner” phagosomes,
often aggregated into connected, or social,
phagosomes with multiple bacilli within
each phagosome (55). Phagosomes
containing R-type MAB were significantly
more acidic than those containing S-type
bacteria, suggesting that maturation of
phagosomes into phagolysosomes does
not occur with the S type. Lastly, the
two phenotypes of MAB also triggered
apoptosis and autophagy differently, in that
the S type was less apoptotic and was less
likely to induce autophagy based on the
small number of S-containing phagosomes
colocalized with LC3. The authors
concluded that the presence or lack of GPLs

impacts the ability of mycobacteria to
withstand the usual mechanisms of
bacterial clearance.

The importance of phagosomal
acidification was also examined in MAI by
de Chastellier and Thilo, who found that
cholesterol plays an important role in the
maintenance of phagosome membrane
integrity and prevention of phagolysosome
fusion (56). Cholesterol depletion led to
loosening of the contact between the
mycobacterial surface and phagosome
membrane, which then allowed fusion
with lysosomes. The loner phagolysosomes
fused with one another to create
social phagolysosomes with multiple
mycobacteria. The pH of the
phagolysosomes was more acidic than
that of immature phagosomes, leading
to phagolysosome-initiated autophagy.
Interestingly, mycobacteria remained
intact throughout the cholesterol-depleted
state, and after the addition of cholesterol
again became viable mycobacteria
within longer phagosomes with closely
apposed membranes. This suggests that
despite exposure to hydrolytic, acidic
conditions, the mycobacteria were not
killed and could rescue themselves from
autophagolysosomes.

These findings were corroborated by
another group that investigated differences
between UC22, a rough variant of MAB, and
ATCC 19977, a smooth variant, and their
effects on autophagy flux (57). UC22-
infected macrophages had enhanced
autophagy, as indicated by an increase
in LC3 proteins, and were also found to
have larger and more numerous puncta.
Inhibition of autophagic degradation and
autophagy flux are both important for
intracellular survival of MAB, and blocking
3-methyladenine (an early-phase inhibitor
of autophagy) decreased colocalization of
LC3, whereas bafilomycin A1 (which
inhibits autophagosome–lysosome fusion)
increased accumulation of LC3.

Interruptions in phagolysosome fusion
and acidification, as well as survival within
vacuoles, are crucial mechanisms by which
NTM survive within infected macrophages.
Early and colleagues determined that
apoptosis of infected macrophages led
to autophagy by other macrophages
and intracellular proliferation of MAI
(58). Loss of integrity of the vacuolar
membrane surrounding MAC allowed the
mycobacteria to escape the apoptotic body,
and MAC-infected macrophages showed an
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LC3 staining pattern consistent with
increased autophagy. Furthermore, MAC
survival increased if apoptosis was
inhibited, and when apoptotic macrophages
were added to fresh macrophages, the
number of intracellular bacteria eventually
increased after an initial killing phase.

Gidon and colleagues investigated how
MAI elicit inflammatory signaling and the
mechanisms involved in phagosomal
maturation arrest and mycobacterial
survival within macrophages (59). MAI
phagosomes are not arrested at an early
endosomal stage, and mature normally into
phagolysosomes from which a fraction of
the bacteria escape and reestablish themselves
in a new compartment. In addition, to
avoid degradation in phagolysosomes, MAI
evade inflammatory signaling (59).

Although most NTM studies are done
in macrophages, Ribeiro and colleagues
compared the intracellular growth of
MAB and phagosomal characteristics in

macrophages and A549 type II alveolar
epithelial cells (60). Although uptake of
both a clinical MAB ssp massiliense isolate
and a reference MAB ssp abscessus ATC
19977 strain was similar in macrophages
and epithelial cell lines, the epithelial cell
line had decreased survival rates when
infected by the reference ATC 19977 strain
as compared with the clinical isolate. The
authors concluded that the clinical isolate
behaved differently depending on the host
cell type. In the epithelial cell line, it
behaved like an R type with a closely apposed
phagosome membrane, whereas in the
macrophages, it behaved more like an S type
with a loosely apposed membrane.

Similar to what has been observed
with dormant MTB, MAI promote the
conversion of macrophages to foamy
macrophages by forming intracytoplasmic
lipid inclusions (ILIs). Caire-Brändli and
colleagues showed that macrophages
became foamy owing to the presence of

triacylglycerol, for which very-low-density
lipoprotein (VLDL) is a good source (61).
Endocytosed VLDL lipid bodies fused with
immature phagosomes containing
mycobacteria, and mycobacterial breakdown
of triacylglycerol led to the formation of
ILIs. Mycobacteria did not replicate while
they were in ILIs; however, after withdrawal
of VLDL, foamy macrophages lost ILIs and
lipid bodies, and mycobacterial replication
resumed. This provides insight into the
formation of foamy macrophages as a
mechanism by which MAI can survive.

More recently, Danelishvili and
colleagues found that bacterial survival
and lipid export in macrophages occurred
in association with voltage-dependent
anion channels (VDACs) of the MAI
phagosome (62). Macrophages treated with
cyclosporine A, a known VDAC blocker, or
4,49-diisothiocyano-2,29-disulfonic acid
stilbene, a VDAC oligomerization blocker,
resulted in significantly lower bacterial
growth in MAI-infected cells, as did
suppression of VDAC1 RNA expression.
VDAC1 was associated with two mmpL4
lipoproteins known to be involved in the
biosynthesis and export of cell wall lipid
constituents, as well as with a- and
b-subunits of ATP synthase. Furthermore,
immunofluorescence staining showed that
VDAC1 was always colocalized with MAI-
containing phagosomes, most likely related
to the fact that the phagosome membrane
originates from the host cell plasma
membrane.

The same group used a metal
mixture proteome to mimic the
phagosome environment and examine the
characteristics of the MAI secretome (63).
They found that MAI secreted unique
proteins when it was incubated in the
proteome. These proteins were believed to
be presynthesized and activated by exposure
to the metal mixture based on the lack of
change in gene expression of genes encoding
the proteins. Furthermore, upon infection of
macrophages with MAI, the same proteins
were secreted into the cytoplasm.

Treatment of NTM infections is a topic
in itself, with many known and new
mechanisms continually being discovered.
One recent study identified the role of the
antimicrobial peptide lactoferrin in MAI
autophagy. Silva and colleagues determined
that the D-enantiomer of lactoferrin peptide
significantly inhibited intracellular growth
of MAI (64). When combined with
ethambutol, all lactoferrin peptides had an

pH

pH

Lysosome

Phagolysosome

Early phagosome Late phagosome

Autophagosome
Autophagolysosome

NTM

Hydrolases
Cholesterol

Figure 1. Phagosomal maturation and autophagy. Nontuberculous mycobacteria (NTM) are taken
up by the macrophage by phagocytosis. The bacteria aggregate into social phagosomes, with more
than one bacillus within each phagosome. Tight apposition between the mycobacterial cell wall
and the phagosomal membrane prevents phagosomal maturation and is a virulence mechanism
by which NTM can survive intracellularly. As phagosomes mature, the pH becomes increasingly more
acidic in an attempt to curb, and even kill, bacterial growth. The mature phagosomes fuse with
lysosomes, and hydrolases degrade mycobacterial components, initiating autophagy and resulting
in phagolysosome fusion with autophagosomes. The presence of cholesterol enables NTM to
survive by keeping the bacteria closely apposed to the phagosomal membrane, thus preventing
phagosomal fusion with lysosomes. Occasionally, NTM can also escape from late phagosomes or
phagolysosomes and survive in a separate compartment within the cell.
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inhibitory effect, suggesting the possibility
of a synergistic effect. The internalization of
lactoferrin peptides increased
proinflammatory cytokines, specifically
TNF-a and IL-6; however, the antimicrobial
effects of lactoferrin were not dependent on
these cytokines. Rather, D-lactoferrin
peptides resulted in structural alterations of
MAI-infected macrophages leading to
increased lysosomal content and increased
numbers of autophagic vesicles.

Role of Apoptosis and the
Inflammasome in the Host Response
to NTM
Induction of apoptosis or cell death is an
effective strategy used by macrophages
to eliminate intracellular pathogens that
escape phagosomal degradation and
autophagy. Inflammasome activation
by a variety of PAMPs and damage-
associated molecular peptides promotes
proinflammatory signaling, leading to
different types of cell death. Caspases are
proteases that play an important role in the
initiation and regulation of apoptosis, as
well as in the formation of inflammasomes,
which are part of the innate immune
system (65). Caspases can generally be
divided into two groups based on
function: proapoptotic caspases, which are
responsible for initiating and regulating
apoptosis, and proinflammatory caspases,
which regulate the production of
inflammatory cytokines and their
downstream effects (66). Because
of the importance of apoptosis and
inflammasome formation in controlling
infection, both mechanisms have been
studied in various NTM.

Studies have shown that NLR
recognition of microbial peptides leads to
inflammasome activation via caspase-1
activation. Inflammasome activation in
MAB was studied by Lee and colleagues in
human monocyte-derived macrophages
(67). They found that NLRP3 (Nod-like
receptor pyrin domain containing
protein 3) activation occurred by dectin-
1/Syk (spleen tyrosine kinase)–dependent
signaling via intracellular calcium influx
and involvement of p62/SQSTM1 (p62), a
cytosolic scaffolding protein, in signaling
pathways. Both dectin-1 and TLR2 were
required for mRNA expression of IL-1b
(necessary for triggering the innate
immune response), human cathelicidin
hCAP-18/LL-37 (an antimicrobial
peptide), and DEB4 (b-defensin 4). MAB

infection led to an increase in IL-1b levels
by caspase 1-activation, likely due to p62
expression, which was necessary for
NLRP3 inflammasome activation.
Pretreatment with caspase-1 inhibitor or
silencing of p62 resulted in decreased
levels of activated caspase-1 p10 subunit
and mature IL-1b release, and
knockdown of NLRP3 or ASC (apoptosis-
associated speck-like protein containing a
caspase recruitment domain) led to
significantly decreased IL-1b RNA and
protein levels. Furthermore, potassium
efflux was necessary for caspase-1
activation and production of pro–IL-1b.

Chen and colleagues found that
inflammasome activation restricted bacterial
growth inM. kansasii infection, which aligns
with what is known about inflammasome
activation and host defense (68). Restriction
of M. kansasii growth was related to
caspase-1–activated secretion of IL-1b, as
macrophages treated with either a caspase-1
inhibitor or IL-1b–neutralizing antibody
exhibited an increased number of colony-
forming units of bacteria. Furthermore,
pretreatment with the antioxidant
n-acetylcysteine led to decreased levels of
IL-1b secretion, suggesting that ROS also
contribute to activation of the NLRP3/ASC
inflammasome.

The role of secretion systems in the
activation of inflammasomes has been
studied mostly in MTB and M. marinum
models, as both organisms contain highly
conserved type VII secretion system
(known as ESX in mycobacteria) genes.
Specifically, ESX-1 and ESX-5 play a
significant role in the virulence of MTB,
including activation of cell death, secretion
of IL-1b and inflammasome activation,
and secretion of proteins from a duplicate
area of the MTB genome that is responsible
for inflammasome activation but not cell
death induction (69, 70). Carlsson and
colleagues showed that, similar to MTB,
ESX-1 was required for granuloma
formation in mice infected with M.
marinum; these lesions were not noted in
mice infected with ESX-1–deficient M.
marinum (71). Furthermore, the presence
of ESX-1 led to increased levels of TNF-a
and IL-1b, and was necessary for
NLRP3/ASC inflammasome complex
activation. Interestingly, ASC knockout
mice had decreased levels of the
inflammatory phenotype, suggesting that
defective inflammasome activation led to
less disease but without significantly

different bacterial colony-forming unit
counts. Thus, in this study, inflammasome
activation increased inflammation without
limiting bacterial growth.

Recently, Laencina and colleagues
discovered several genes within the ESX-4
locus in MAB ssp massiliense that confer
some virulence to MAB (72). Specifically,
they found five mutants in the eccB4 gene
that were involved in blockage of
phagosome acidification and increased
intracellular survival. Moreover, the
presence of functional eccB4 led to
increased signs of phagosomal lysis,
suggesting that the ESX-4 secretion system
is used by MAB to damage the phagosomal
membrane and create communication
between the cytosol and contents of the
phagosome (72). The role of type VII
secretion systems is generally understudied
in NTM, but studies in MTB have shown
that these systems play an important role in
controlling the virulence of the pathogen (73).

Summary and Future Directions
NTM-LD is increasing globally and is often
seen in immunocompetent individuals.
Macrophages, as the cornerstone of the
immune system, have adapted several
mechanisms to phagocytose intracellular
pathogens, thereby helping to orchestrate an
appropriate host response. In the realm of
NTM, recent studies have highlighted
several mechanisms involved in intracellular
bacterial survival, ranging from the
recognition of extracellular and intracellular
PAMPs to the manipulation of autophagy
and phagosome maturation, inhibition or
control of apotosis, and alteration of
inflammasome activation. The goal is
to be able to manipulate these cellular
mechanisms to develop novel therapies to
fight infection. With the rising prevalence of
NTM infection and its concomitant
health burdens, more research is being
conducted into the molecular mechanisms
underlying NTM disease. Further work is
needed, however, to better understand
the effect of secretomes in NTM infection
and what role, if any, they may play in
the propagation of infection. Similarly,
little is known about the metabolic
alterations in NTM during host–cell
interactions, and the domains of
metabolomics and cell energetics warrant
further study. n
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