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Nontuberculous mycobacteria (NTM) have recently been recognized as important species that cause disease even in immunocom-
petent individuals. The mechanisms that these species use to infect and persist inside macrophages are not well characterised. To
gain insight concerning this process we used THP-1 macrophages infected with M. abscessus, M. fortuitum, M. celatum, and M.
tuberculosis. Our results showed that slow-growing mycobacteria gained entrance into these cells with more efficiency than fast-
growing mycobacteria. We have also demonstrated that viable slow-growing M. celatum persisted inside macrophages without
causing cell damage and without inducing reactive oxygen species (ROS), as M. tuberculosis caused. In contrast, fast-growing
mycobacteria destroyed the cells and induced high levels of ROS. Additionally, the macrophage cytokine pattern induced by M.
celatumwas different from the one induced by eitherM. tuberculosis or fast-growing mycobacteria. Our results also suggest that, in
some cases, the intracellular survival of mycobacteria and the immune response that they induce in macrophages could be related
to their growth rate. In addition, the modulation of macrophage cytokine production, caused by M. celatum, might be a novel
immune-evasion strategy used to survive inside macrophages that is different from the one reported forM. tuberculosis.

1. Introduction

Tuberculosis remains a global public health problem of enor-
mous scope and proportion, with an estimated one-third of
the world’s population harbouring a latent infection and
approximately 1.5 million deaths occurring annually from the
active disease [1]. The unfortunate intersection of the tuber-
culosis and HIV pandemics in many developing nations has
led to enormous morbidity and mortality [2], with the addi-
tional recognition of some nontuberculous mycobacteria
(NTM) as important etiological agents of disease, aside from

that caused by Mycobacterium tuberculosis (representative
species of the M. tuberculosis complex) [3]. The three most
common NTM that cause skin and soft tissue infections
in humans are Mycobacterium abscessus, Mycobacterium
chelonae, and Mycobacterium fortuitum [4], and the most
common causes of pulmonary disease are M. abscessus and
M. avium [5]. Some other species have been described to be
uncommon causes of human diseases, such as Mycobac-
terium branderi,Mycobacterium celatum, andMycobacterium
bohemicum. Despite this,M. celatumwas previously shown to
be an underestimated cause of pulmonary and disseminated
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infections which may even be fatal [6] and has sometimes
been misled withM. tuberculosis orM. terrae-like organisms
[7].We now know that NTMnot only cause disease in immu-
nocompromised individuals [3, 8–11], but they also affect the
immunocompetent individuals [3, 6, 7, 12].

NTM are widely distributed in the environment with
high isolation rates worldwide.These microorganisms can be
found in soil and in both natural and treated water sources.
Since there is no evidence of animal-to-human or human-to-
human transmission of NTM, human disease is suspected to
be acquired from environmental exposures. The most com-
mon clinical manifestation of NTM is lung disease, but
lymphatic, skin/soft tissue, and disseminated diseases are also
important [3].

Little is known about the immune response against
NTM, but it has been extensively studied forM. tuberculosis.
Infection with this pathogen is produced by the inhalation
of aerosols containing a small number of bacilli [13]. Alveolar
macrophages (MΦ) not only represent the first line of defence
with their intracellular killing of bacteria and antigen pre-
sentation to lymphocytes but also provide the habitat where
mycobacteria can reside [14, 15]. By arresting phagosome
maturation and phagolysosomal fusion [13], M. tuberculosis
causes the destruction of the MΦ, which allows the bacilli to
infect newMΦ and thus perpetuate the infection [16, 17].The
outcome depends on the resistance of the host and the viru-
lence of the infecting strain [18, 19]. If mycobacteria are not
killed in this initial stage, they survive and proliferate inside
the macrophages. This intracellular survival is well docu-
mented for M. tuberculosis [14, 20–24], but it has also been
described for a few NTM [14], including M. marinum [25]
andM. fortuitum [26].

Infection of human acute monocytic leukemia THP-1
cells and infection of bone marrow-derived macrophages
(BMDM) are widely used models mimicking MΦ-Mtb inter-
actions [15, 27–29]. Through these models, it has been
demonstrated that some M. tuberculosis subcellular compo-
nents, such as the cell wall lipoarabinomannan, trigger a
cascade of proinflammatory cytokines and chemokines
which, in turn, upregulate key components of the host
defence against M. tuberculosis [15, 18, 28, 30, 31]. Since fur-
ther analysis is needed to better understand this immune phe-
nomenon between NTM and MΦ, we conducted the present
study using different NTM species to elucidate (1) their
ability to infect, persist, and proliferate inside their main host
cell, the macrophage; (2) their effect on the initial innate
immune response of macrophages. We studied two slow-
growing mycobacteria, M. celatum and M. tuberculosis, and
two fast-growing mycobacteria, M. abscessus and M. fortui-
tum. We report here that intracellular survival of mycobacte-
ria and initial immune response elicited from macrophages
might be related to their growth rate. To the best of our
knowledge, this is the first evidence of persistence and sur-
vival ofM. celatum inside humanmacrophages inducing a cell
response which is different from that of M. tuberculosis, the
typical pathogenic slow-growing bacillus.

2. Material and Methods

2.1. Mycobacterial Culture. M. tuberculosis H37Rv, M. cela-
tumATCC 51130 (strain 1908),M. fortuitumATCC 6841, and
a clinical isolate of M. abscessus (previously identified by
rRNA 16S sequencing) were cultured in Dubos medium with
10% of albumin-dextrose-catalase supplement (bovine albu-
min fraction V 50 g/L, dextrose 20 g/L, and catalase 0.04 g/L)
(Becton Dickinson, Franklin Lakes, NJ, USA) and incubated
at 37∘C.The bacteria were then pelleted by centrifugation and
resuspended in RPMI 1640 medium (Gibco, Life Technolo-
gies, Grand Island, NY, USA) [17]. Viability was evaluated by
counting the colony-forming units (CFUs), and the bacterial
suspension was aliquoted and frozen at −70∘C.

2.2. Cell Line Culture and Infection. The human monocyte
THP-1 cell line was used for this study (ATCC TIB 202). The
cells were cultured in RPMI 1640 (Gibco) supplemented with
10% heat-inactivated foetal calf serum and 0.45% dextrose
(Sigma Aldrich, St. Louis, MO, USA) and incubated at 37∘C
in 5% CO

2
incubator to a density of 1 × 106 cells/mL. Cells

were counted in a Neubauer chamber after trypan blue stain-
ing. THP-1 cells were treated with phorbol-12-myristate-13-
acetate (PMA, SigmaAldrich) at a concentration of 20 nM for
72 h to induce differentiation intomacrophage.Mycobacteria
were added to the macrophage culture at a multiplicity of
infection (MOI) of 5. After 6 h at 37∘C and 5% CO

2
, the

infected macrophages were washed with Hanks solution 1x
(Gibco) to remove extracellular mycobacteria and incubated
with fresh medium.

2.3. Phagocytosis Rate Evaluation. 200,000 macrophages
were plated in each well of an 8-well chamber slide (Nunc,
Thermo Scientific, Rockford, IL, USA) and infected with the
indicated mycobacterial strain (MOI = 5). After 6, 12, 24, 48,
and 72 h, cells were fixed with 4% p-formaldehyde, stained
with the Kinyoun method (Difco, Becton Dickinson), and
analysed by optical microscopy (1000x). The infection/
ingestion percentage was determined by counting macroph-
ages with more than one intracellular mycobacterium
and macrophages without intracellular mycobacteria. The
integrity of the THP-1 macrophage monolayer was evaluated
by optical microscopy (1000x; Carl Zeiss Axiostar Plus
microscope, Germany). For this purpose, the percentage of
integrity was determined by counting macrophages in
infected and noninfected cultures (control) at the same time.
100% of integrity corresponded to the macrophage total
number in noninfected cultures.

2.4. Quantification of Viable Intracellular Mycobacteria.
500,000 macrophages were plated in each well of a 24-well
flat-bottom plate (Costar, Sigma Aldrich) and infected with
the indicatedmycobacterial strain (MOI = 5). After 6, 24, and
48 h, the cells were lysed with 0.05% Tween 20 (Sigma
Aldrich) and the supernatants were cultured to determine
mycobacterial CFUs. In order to investigate if macrophages
were responsible for intracellularmultiplication control of the
mycobacteria tested, CFUs counts obtained from the infected
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cells were compared to those of the same mycobacteria cul-
tured under the same conditions, but without macrophages.
In this latter condition, mycobacteria were grown in RPMI
medium because it has been reported previously [32] that this
microorganism can grow optimally in this kind of medium.

2.5. Production of Reactive Oxygen Species by Macrophages.
150,000 macrophages were plated in each well of a 96-well
flat-bottom plate (Costar, Sigma Aldrich) and infected with
the indicated mycobacterial strain (MOI = 5). 1% Nitro blue
tetrazolium chloride (Sigma Aldrich) was added at 𝑡 = 0
after 6 h or 24 h and then incubated for 15min and the
reaction was stopped by adding 10% sodium dodecyl
sulphate/0.08N NaOH; the colour intensity was quantified
with a microplate reader (Thermo Multiscan EX, USA) at
600 nm. Cells restimulated with 20 nM PMA were used as
our positive control for ROS production (PMA group).
Nonstimulated cells (noninfected PMA treated cells) were
used as a negative control and considered as our baseline level
for ROS.

2.6. Production of Cytokines by Macrophages. 1 × 106 macro-
phages were plated in each well of a 24-well flat-bottom
plate (Costar, Sigma Aldrich) and infected with the indicated
mycobacterial strain (MOI = 5). After 6 and 24 h, the super-
natants were collected and analysed by ELISA (TiterZyme,
Assay Designs, Ann Arbor, MI, USA) to determine the
concentrations of TNF-𝛼, IL-1𝛽, IL-8, and TGF-𝛽, according
to manufacturer’s protocol.

2.7. Statistical Analysis. All the experiments were performed
in triplicate and repeated on three independent occasions.
The results were analysed by one-way ANOVA with Tukey’s
post-test, using SigmaStat v.3.1 (Systat Software, San Jose, CA,
USA). A 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. Slow-Growing Mycobacteria Gain Entrance to THP-
1 Macrophages with More Efficiency than Fast-Growing
Mycobacteria. Quantification of intracellular mycobacteria
in infected THP-1 macrophages showed that, 6 h after infec-
tion, the percentage of infected macrophages was higher in
the presence ofM. tuberculosis (100%) andM. celatum (90%),
as compared to M. abscessus (70%) and M. fortuitum (80%)
(Figure 1). Therefore, we suggest that macrophages phago-
cyted the slow growers mycobacteria more quickly than the
fast growers. Although significant, we propose that the small
differences observed between phagocytedM. celatum and fast
growers (10% and 20% difference) were also relevant. This
is because, although macrophages ingested quite similar
quantities ofM. celatum,M. fortuitum, andM. abscessus, the
cell monolayer was severely compromised throughout the
infection of the two fast growers, a fact that was not observed
inmacrophages infected withM. celatum (see next paragraph
of results regarding monolayer integrity). Independently of
the species of mycobacteria, we observed a 100% rate of
infected macrophages at 24 h postinfection (data not shown).
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Figure 1: Infection rate of THP-1 cells at 6 h of mycobacterial
infections. 2 × 105 THP-1 macrophages were infected with fast-
growing (M. abscessus andM. fortuitum) or slow-growingmycobac-
teria (M. celatum and M. tuberculosis) using a MOI of 5. After 6 h
of infection, cells were washed and the percentage of macrophages
with more than one intracellular mycobacterium was determined.
]: M. abscessus; 𝜎: M. fortuitum; 𝜇: M. celatum; o: M. tuberculosis.
The experiment was performed in triplicate and repeated on three
independent occasions. ANOVA with Tukey’s post-test was carried
out using a 𝑃 ≤ 0.05. ∗Significant difference among mycobacteria.

3.2. Viable Slow-Growing Mycobacteria Persist inside THP-1
Macrophages. In order to demonstrate that intracellular
mycobacteria were alive, we performed a viability test
(CFUs/ml determination). Our results showed that at
least during 48 h, THP-1 macrophages were unable to
eliminate any of the mycobacterial species. Regarding
fast-growing mycobacteria, there was a 2-log decrease in the
CFUs of M. abscessus that were present inside the THP-1
macrophages, compared to the CFUs ofM. abscessus cultured
in medium alone (24 h after infection, Figure 2(a)). However,
this decrease was no longer evident at 48 h of infection
(Figure 2(a)). Although the number of M. fortuitum
remained the same between those two different conditions
(inside macrophages or in a macrophage-free culture),
it increased by 2-log from 6 h to 48 h postinfection
(Figure 2(b)). In contrast, the numbers ofM. celatum andM.
tuberculosis inside the macrophages were similar, and we
did not observe any changes in the numbers of these two
mycobacteriawith the passage of time (Figures 2(c) and 2(d)).
The CFUs of these two mycobacteria that were present inside
the macrophages were no different from the CFUs of
mycobacteria cultured in medium alone, which may indicate
that at this MOI (1 : 5) M. celatum and M. tuberculosis sur-
vived but did not proliferate inside macrophages during the
first 48 h of infection.

3.3. Fast-Growing Mycobacteria Damaged the Monolayer
Integrity of THP-1 Macrophages Starting at 48 h of Infection.
The integrity of the THP-1 macrophage monolayer decreased
in the presence of fast-growing mycobacteria. Seventy-two
hours after infection, just 10% of the monolayer remained
intact in the presence ofM. abscessus andM. fortuitum, while



4 BioMed Research International

Time (h)
6 24 48

∗

1.00E + 00

1.00E + 02

1.00E + 04

1.00E + 06

1.00E + 08

1.00E + 10

(C
FU

/m
L)

(a)

1.00E + 00

1.00E + 02

1.00E + 04

1.00E + 06

1.00E + 08

1.00E + 10

(C
FU

/m
L)

Time (h)
6 24 48

(b)

1.00E + 00

1.00E + 02

1.00E + 04

1.00E + 06

1.00E + 08

1.00E + 10

(C
FU

/m
L)

Time (h)
6 24 48

(c)

1.00E + 00

1.00E + 02

1.00E + 04

1.00E + 06

1.00E + 08

1.00E + 10

(C
FU

/m
L)

Time (h)
6 24 48

(d)

Figure 2: Quantification of viable mycobacteria inside THP-1 macrophages. 5×105 THP-1 macrophages were infected with fast-growing (M.
abscessus andM. fortuitum) or slow-growingmycobacteria (M. celatum andM. tuberculosis) using aMOI of 5. After 6 h of infection, cells were
washed and incubated with fresh RPMImedium. Infected cells were incubated for 6 h, 24 h, and 48 h andwashed before CFUs determinations
(solid lines). As control, each mycobacterium was cultured in medium alone (without macrophages), and the CFUs were determined at the
same times (dashed lines). (a)M. abscessus; (b)M. fortuitum; (c)M. celatum; (d)M. tuberculosis. The experiment was performed in triplicate
and repeated on three independent occasions. ANOVA with Tukey’s post-test was carried out using a 𝑃 ≤ 0.05. ∗Significant differences
between the CFUs of mycobacteria that were present inside the macrophages, compared to the CFUs of mycobacteria cultured in medium
alone.

80–90% of the monolayer was intact in the presence of slow-
growing mycobacteria (Figure 3(a)). The characteristic cellu-
larmorphology of THP-1macrophageswas not altered at 48 h
of infection with slow-growing mycobacteria (Figure 3(b)).
According to these results, while fast-growing mycobacteria
can produce 60 to 80%damage of themacrophagemonolayer
integrity at 48 h of infection, slow-growingmycobacteria only
produced 0 to 20%. Since macrophage monolayer damage
at 48 h postinfection produced by fast-growing mycobacteria
was too extensive, all of the following experiments were
performed within the first 24 h after infection.

3.4. Slow-GrowingMycobacteriaDoNot Induce the Production
of Reactive Oxygen Species (ROS) by THP-1 Macrophages.
Fast-growing mycobacteria induced the production of ROS
by THP-1 macrophages at 6 and 24 h postinfection. In
contrast, no ROS could be detected with the slow-growing
mycobacteria,M. celatum andM. tuberculosis, even after 24 h
of infection (Figure 4). It is probable that the high levels of

ROS induced by fast-growing mycobacteria could be asso-
ciated with the extensive cellular damage that we reported
above.

3.5. The Cytokine Pattern Induced by M. celatum Is Different
from the Cytokine Pattern Induced Either byM. tuberculosis or
by Fast-Growing Mycobacteria. Cytokines have an essential
role in the modulation of the immune response and, to a
large extent, determine the course of a disease [31, 33]. THP-1
macrophages produced no detectable amounts of TNF-𝛼 at
6 h postinfection in the four tested mycobacteria, but they
produced similar amounts of the aforementioned cytokine
after 24 h of infection in all studied mycobacteria (approxi-
mately 2800 pg/𝜇l; data not shown). IL-1𝛽was detected 6 and
24 h after infection; after 6 h no significant differences were
observed in any of the mycobacteria, but after 24 h the levels
of this cytokine were significantly higher in the presence of
fast-growingmycobacteria even thoughmonolayer was com-
promised (80% integrity at 24 h for M. abscessus infections
and 60% for M. fortuitum). The lowest levels of IL-1𝛽 were
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Figure 3: Integrity of THP-1 macrophages monolayer after mycobacterial infection. 2 × 105 THP-1 macrophages were infected with fast-
growing (M. abscessus and M. fortuitum) or slow-growing mycobacteria (M. celatum and M. tuberculosis) using a MOI of 5. After 6 h of
infection, cells were washed and incubated with fresh RPMI medium. Infection kinetics were stopped at 6 h, 12 h, 24 h, 48 h, and 72 h, fixed
using 4% p-formaldehyde, and visualized by microscopy. Monolayer integrity of infected cells was compared with monolayer of noninfected
macrophages. (a) Monolayer integrity percentage of infected macrophages. Large cell damage is shown within a blue box. ]:M. abscessus; 𝜎:
M. fortuitum; 𝜇:M. celatum; o:M. tuberculosis. The experiment was performed in triplicate and repeated on three independent occasions. (b)
Microscope photographs of THP-1 macrophages at 48 h of infection with the indicated mycobacteria (600x, Kinyoun stain).
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Figure 4: Production of reactive oxygen species by THP-1 macrophages after mycobacterial infection. 1.5 × 105 THP-1 macrophages were
infectedwith fast-growing (AB,M. abscessus and FOR,M. fortuitum) or slow-growingmycobacteria (CE,M. celatum andTB,M. tuberculosis),
using aMOI of 5. After 6 h of infection, cells were washed and incubated with fresh RPMImedium and 0.1%NBT. Reaction was stopped using
10% SDS in 0.8N NaOH, and the reduction of NBT was measured at 6 h (a) and 24 h (b). The experiment was performed in triplicate and
repeated on three independent occasions. ANOVA with Tukey’s post-test was carried out using a 𝑃 ≤ 0.05; NS: nonstimulated cells; PMA:
phorbol-12-myristate-13-acetate. ∗Significant difference compared to nonstimulated cells; ∧significant difference compared toM. tuberculosis.

produced in response to M. celatum (Figures 5(a) and 5(b)).
The fast-growing mycobacteria and M. celatum induced the
production of high levels of IL-8 at 6 and 24 h postinfection,
while no detectable levels of this cytokine were found in the
presence ofM. tuberculosis (Figures 5(a) and 5(b)). At 6 h and
24 h postinfection, the four tested mycobacteria induced the
production of the anti-inflammatory cytokine TGF-𝛽, with
M. celatum inducing the highest levels (Figures 5(a) and 5(b)).
According to our results we propose thatM. celatum is a slow-
growing mycobacterium with a particular induced cytokine

pattern that does not correspond to that produced by a typical
slow- (such as M. tuberculosis) or fast-growing mycobac-
terium. We therefore suggest that the immune response
caused byM. celatum should be further characterized.

4. Discussion

The interaction of mycobacteria with their host cell is a com-
plex event, which has not yet been fully characterised, but
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Figure 5: Production of cytokines by THP-1 macrophages after mycobacterial infection. 1 × 106 THP-1 macrophages were infected with
fast-growing (AB, M. abscessus and FOR, M. fortuitum) or slow-growing mycobacteria (CE, M. celatum and TB, M. tuberculosis), using a
MOI of 5. After 6 h of infection, cells were washed and incubated with fresh RPMI medium. Cytokines were quantified at 6 h (black bars)
and 24 h (gray bars) after infection. The proinflammatory cytokines IL-1𝛽 (a) and IL-8 (b) and the anti-inflammatory cytokine TGF-𝛽 (c)
were analysed.The experiment was performed in triplicate and repeated on three independent occasions. ANOVAwith Tukey’s post-test was
carried out using a 𝑃 ≤ 0.05. ∗Significant differences compared to nonstimulated cells; ∧significant differences compared toM. tuberculosis.
NS: nonstimulated; PMA: phorbol 12-myristate 13-acetate.

it has been reported that macrophage receptors bind to
molecules on the surface of mycobacteria and trigger phago-
cytosis. Phagocytosis, as the main process that mediates the
entry ofmycobacteria into these cells, has been suggested pre-
viously [34, 35]. Therefore, we investigated the effect of two
fast-growing (M. abscessus and M. fortuitum) and two slow-
growing mycobacteria (M. celatum and M. tuberculosis) on
the response of human macrophages, in order to evaluate
whether the growth rate and other particular character-
istics of these microorganisms affect their host-pathogen
interaction.

Our results showed that M. tuberculosis was the species
that reached 100% entrance into THP-1 cells at an earlier time
(compared to NTM infections), reflecting the high recog-
nition of its surface components by host cells. It has
been reported that several mycobacterial envelope lipids are
involved in this recognition.These lipids include the family of
lipoarabinomannans (LAMs), whose effects on the host
innate immune response depend on the chemical modifica-
tions of their distal arabinose residues. WhileM. tuberculosis
has mannosylated LAMs (ManLAMs), M. smegmatis, M.
fortuitum, and other fast-growing mycobacteria have LAMs

with phosphatidylinositol (PiLAMs) [36, 37] andM. chelonae
has unmodified LAMs [36–38]. This fact might help explain
the differences in the phagocytosis process betweenNTMand
M. tuberculosis. Even when M. celatum entered the host cell
more efficiently than M. fortuitum and M. abscessus at 6 h
postinfection, it reached the 100% level of cells infected at the
same time asM. fortuitum. Hence, we can assume that these
two mycobacteria (M. celatum andM. fortuitum) might have
similar LAMs. M. celatum surface lipids should be further
analysed in order to confirm our hypothesis.

At the same time, we observed a delayed entry of M.
abscessus into macrophages that might be explained by the
fact that this species produces a glycopeptidic biofilm [38],
which could mask its surface lipids, resulting in a less phago-
cytable microorganism. We simultaneously analysed the
mycobacterial intracellular viability, the THP-1 monolayer
integrity, and the ROS production of those cells. Our results
demonstrated that during the first 48 h the slow-growing
mycobacteria, M. celatum and M. tuberculosis, were able to
persist inside THP-1 macrophages without causing cellular
damage, albeit without proliferating (as has been demon-
strated previously for the tubercle bacilli; see [39]), and this
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could be related to the lack of ROS production in response to
these mycobacteria. M. tuberculosis actively blocks reactive
oxygen species production [16, 29, 40–43], which is related
to its immune-evasion strategy ability to persist inside
macrophages [44]. It remains to be determined if M. cela-
tum blocks reactive oxygen species production by similar
mechanisms.

Although both fast-growing mycobacteria were able to
proliferate at 48 h postinfection, in an environment almost
free of macrophages (10–20%), our results suggest that this
phenomenon was due to monolayer destruction. For M.
abscessus, it has been reported that infection of THP-1macro-
phages induces an oxidative environment inside the cell [45]
that could explain the decrease in the number of viable intra-
cellular mycobacteria observed at 24 h after infection (ROS
related, see Figure 4), when monolayer integrity was still
sufficient (80%) to control mycobacterial growth. Although
M. fortuitum induced a strong ROS response, cells were not
able to control the bacterial growth even at 24 h postinfection,
at which time we observed significant monolayer reduction
(Figure 3(a)). This early macrophage destruction might be
due to a known cellular process, such as apoptosis, which has
been reported to occur in THP-1 infections with the fast
growers M. smegmatis and M. fortuitum. Macrophage
destruction can also be a consequence of a robust production
of reactive oxygen species (ROS) in THP-1 cells infected with
M. abscessus and M. fortuitum (Figure 4), as has been
reported previously with different host cell/pathogen systems
[46–48]. These results confirm the hypothesis that fast-
growingmycobacteria induce a very potent immune response
when compared to typical pathogenic mycobacteria (such as
M. tuberculosis) [49].

Macrophages represent the first line of host defense
against most bacterial pathogens. Following interaction with
the bacteria, macrophages initiate inflammatory responses by
secreting cytokines and chemokines [50–52]. Control of
M. tuberculosis infection is associated with a proinflamma-
tory class, Th1-type cytokine profile [53, 54]. Among the
cytokines, two key proinflammatory cytokines for antimicro-
bial responses are TNF-𝛼 and IL-1𝛽 [18, 52, 55]. In our model,
TNF-𝛼 was induced at the same levels by the four tested
mycobacteria (≈2800 pg/𝜇l), independently of their growth
rate and virulence, which reflects the importance of this
cytokine in the control of any mycobacterial infection (data
not shown).

IL-1𝛽 is an important cytokine for host immune defense
against M. tuberculosis, since several studies have demon-
strated that IL-1𝛽- and IL-1-receptor-knockoutmice aremore
susceptible to M. tuberculosis infections than the wild-type
animals [56–59]. Our results suggest that (at 6 h postinfec-
tion) the secretion of IL-1𝛽must be important to control the
infection regardless of the mycobacterial species present in
the media as this cytokine facilitates the recruitment of other
innate immune cells to the site of infection and as it induces
the production of IL-8 and mediates proliferation, cellular
differentiation, and apoptosis [60, 61]. Cytokine IL-1𝛽 also
seems to be crucial for the inflammasome formation of
pathogenic and nonpathogenicmycobacteria [52, 59]. At 24 h
postinfection we observed a differential secretion of IL-1𝛽

among the mycobacteria studied: fast growers induced the
highest level. In consequence, the important induction of IL-
1𝛽 secretion by fast-growing mycobacteria is consistent with
their ROS production, since both mechanisms contribute to
inflammasome activation.This has been suggested for the fast
grower M. abscessus [62] and has been previously demon-
strated only for the slow growerM. kansasii [52]. In contrast,
M. celatum induced the lowest level of IL-1𝛽 (even lower
than that of M. tuberculosis), which suggests that this may
be another immune-evasion strategy.

The fast-growing mycobacteria and M. celatum induced
the production of similar levels of IL-8 at both times analysed
(6 h and 24 h), while M. tuberculosis induced a statistically
significantly lower level. IL-8 not only is involved in attracting
PMNs (Polymorphonuclears) to the site of infection [63] but
also facilitates the elimination of microorganisms by increas-
ing the efficiency of the bactericidal activity of granulocytes
[64]. It is also important in the production of an inflamma-
tory response because it is involved inmaintaining balance in
the granuloma-active infection. In higher concentrations,
however, it can help eliminate themycobacteria by nonoxida-
tive pathways, as has been demonstrated inM. fortuitum [64]
and M. smegmatis [65] infections. The high amounts of IL-8
in the supernatants of fast-growing mycobacteria infections
are in concordance with the production of IL-1𝛽. However,
in the case of M. celatum, cytokines other than IL-1𝛽 might
be responsible for inducing the production of IL-8 at 24 h
postinfection.

Anti-inflammatory cytokines prevent the cellular damage
that can be caused by an excessive Th1-like response. The
fast-growing mycobacteria, M. abscessus and M. fortuitum,
induced the production of TGF-𝛽 at the same levels as in
M. tuberculosis; but for infections with the fast growers,
TGF-𝛽 production was not enough to prevent cell damage
induced by a strong proinflammatory response (as has been
demonstrated to occur in M. tuberculosis infections). M.
celatum induced the highest levels of TGF-𝛽, which could
reduce the innate immune response and favour the per-
sistence of this mycobacterium in the host, despite the
proinflammatory responsemediated by IL-8 secretion. To the
best of our knowledge, this is the first report that suggests
the modulation of macrophages cytokine production by M.
celatum, particularly of IL-1𝛽 and TGF-𝛽, and of the absence
of reactive oxygen species during its infection.

5. Conclusions

This study provides evidence that growth rate might be
related, in some cases, to the intracellular survival of
mycobacteria and the immune response that they induce in
THP-1 macrophages. Growth rate, however, is not the only
determinant of the outcome of the interaction of myco-
bacteria-macrophages; other factors such as envelope cell
lipids and the particular virulence factors of each mycobac-
terium should be further considered. We suggest that the
ability to block reactive oxygen species production by slow-
growing mycobacteria is an immune-evasion strategy that
putatively promotes their survival and cytokine production
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in the host, even in NTM species. Finally, our data provides
insight into the novel mechanisms that M. celatum uses to
persist inside its host cell, which should further be character-
ized in order to gain knowledge about the pathogenic NTM
species that cause disease in immunocompetent patients.
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Ruvalcaba, and C. Diez-Tascón, “CCL20 is overexpressed in
Mycobacterium tuberculosis-infected monocytes and inhibits
the production of reactive oxygen species (ROS),” Clinical and
Experimental Immunology, vol. 162, no. 2, pp. 289–297, 2010.

[23] O. H. Vandal, L. M. Pierini, D. Schnappinger, C. F. Nathan, and
S. Ehrt, “A membrane protein preserves intrabacterial pH in
intraphagosomal Mycobacterium tuberculosis,” Nature Medi-
cine, vol. 14, no. 8, pp. 849–854, 2008.

[24] A. Singh, D. K. Crossman, D. Mai et al., “Mycobacterium tuber-
culosisWhiB3Maintains redox homeostasis by regulating viru-
lence lipid anabolism to modulate macrophage response,” PLoS
Pathogens, vol. 5, no. 8, Article ID e1000545, 2009.



BioMed Research International 9

[25] D.M. Bouley, N. Ghori, K. L. Mercer, S. Falkow, and L. Ramakr-
ishnan, “Dynamic nature of host-pathogen interactions in
Mycobacteriummarinum granulomas,” Infection and Immunity,
vol. 69, no. 12, pp. 7820–7831, 2001.

[26] M. C. Menendez, M. J. Garcia, M. C. Navarro et al., “Character-
ization of an rRNA operon (rrnB) ofMycobacterium fortuitum
and other mycobacterial species: implications for the classifi-
cation of mycobacteria,” Journal of Bacteriology, vol. 184, no.
4, pp. 1078–1088, 2002.

[27] S. A. Theus, M. D. Cave, and K. D. Eisenach, “Activated THP-1
cells: an attractive model for the assessment of intracellular
growth rates of Mycobacterium tuberculosis isolates,” Infection
and Immunity, vol. 72, no. 2, pp. 1169–1173, 2004.

[28] R. Chacón-Salinas, J. Seraf́ın-López, R. Ramos-Payán et al.,
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