BMB
Reports

Mycobacterium tuberculosis-induced expression of
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by PI3-K/MEK1/p38 MAPK signaling pathway
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Members of the colony stimulating factor cytokine family play
important roles in macrophage activation and recruitment to
inflammatory lesions. Among them, granulocyte-macrophage
colony stimulating factor (GM-CSF) is known to be associated
with immune response to mycobacterial infection. However,
the mechanism through which Mycobacterium tuberculosis
(MTB) affects the expression of GM-CSF is poorly understood.
Using PMA-differentiated THP-1 cells, we found that MTB
infection increased GM-CSF mRNA expression in a dose-
dependent manner. Induction of GM-CSF mRNA expression
peaked 6 h after infection, declining gradually thereafter and
retuming to its basal levels at 72 h. Secretion of GM-CSF
protein was also elevated by MTB infection. The increase in
mRNA expression and protein secretion of GM-CSF caused by
MTB was inhibited in cells treated with inhibitors of p38
MAPK, mitogen-activated protein kinase kinase (MEK-1), and
PI3-K. These results suggest that up-regulation of GM-CSF by
MTB is mediated via the PI3-K/MEK1/p38 MAPK-associated
signaling pathway. [BMB Reports 2013; 46(4): 213-218]

INTRODUCTION

Mycobacterium tuberculosis (MTB), the causative agent of tu-
berculosis (TB), remains a major health problem. A third of the
world’s population is infected with MTB, which causes ap-
proximately 2 million deaths each year (1). This problem is ag-
gravated by the increased appearance of multidrug-resistant
(MDR) TB and extensively drug-resistant (XDR) TB strains (2).
Therefore, it is paramount to understand the mechanisms in-
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volved in immunity to TB in order to discover novel treatments
and vaccines against TB.

Infection of MTB affects the recruitment and activation of cir-
culating effector leukocytes by influencing the induction and
secretion of cytokines from infected macrophages (3-5).
Infected macrophages release a variety of inflammatory cyto-
kines as defense mechanisms against MTB (6-8). In addition, it
has been reported down-regulation of cytokine receptors in T
cells resulted in ineffective control of persisting pathogens such
as MTB (9). Among these cytokines the granulocyte macro-
phage-colony stimulating factor (GM-CSF) plays an important
role in the differentiation of monocytes, alveolar macrophages
and dendritic cells (DCs) (10-12). It has been previously re-
ported that GM-CSF can induce the up-regulation of MHC class
Il and costimulatory molecules, such as CD80 and CD86 on
antigen presenting cell (APC), and increase their phagocytic ac-
tivity and stimulatory capacity (13-16). Particularly in the lungs,
GM-CSF is very important for macrophage maturation, differ-
entiation, and induction of the TH1 response and host defense
(17, 18). In GM-CSF deficient mice, the lung architecture is al-
tered and alveolar macrophages become foamy in appearance.
In addition, the macrophages are deficient in phagocytic activ-
ity and lose Toll-like receptor expression (19). In TB, GM-CSF
may also contribute to the cytokine/chemokine milieu respon-
sible for granuloma formation in the lung (17). Over-expression
of GM-CSF in the lungs impairs protective immunity against
MTB, and careful regulation of pulmonary GM-CSF levels may,
therefore, be critical in sustaining protection against chronic tu-
berculosis disease (18). It was previously reported that GM-CSF
regulates both pulmonary surfactant homeostasis and the differ-
entiation and proliferation of functionally competent alveolar
macrophages (18, 20). However, to date, the role of myco-
bacterial infection in GM-CSF expression in macrophages are
unclear. In this study, we aimed to elucidate whether MTB in-
fluences GM-CSF expression in macrophages, and to identify
associated signal transduction pathways.
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censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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RESULTS AND DISCUSSION

Infection with MTB influences mRNA expression of GM-CSF
Chemokines are the key molecules that recruit immune cells by
chemotaxis and act in leukocyte activation during inflammatory
diseases (21). These chemokines help in the formation of gran-
ulomas which are critical for the immune responses to MTB
(22). In our previous study, we reported that the expression of
leukotactin-1, a member of the CC-chemokine family, was
up-regulated during MTB infection (23, 24). Thus, we first ex-
amined whether MTB stimulates the induction of several che-
mokines, including CKB8, CKB8-1, monocyte chemoattractant
protein 1 (MCP-1), and macrophage inflammatory protein 1-al-
pha (MIP-1a). CKB8/CCL23 is a recently identified CC-chemo-
kine, and alternative splicing of the CKB8 gene produces two
different mMRNAs that encode CKB8 and its isoform CKB8-1 (25,
26). We found that the mRNA expression of both chemokines
was unchanged by MTB infection (Fig. 1A). Additionally, we
found that mRNA expression of MCP-1 and MIP-Taw gradually
increased after MTB infection in a time-dependent manner (Fig.
1A), and these results were in accordance with those of pre-
vious reports (22, 27).

It has been reported that alveolar macrophages of MTB-in-
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Fig. 1. mRNA expression of GM-CSF was affected by MTB.
THP-1 cells were treated with PMA (100 nM) for 48 h and were
incubated in the presence of MTB for the indicated times (0, 1.5,
3, 6, 9, 12, 24 h). cDNA were prepared from total RNA of in-
fected cells, and was subjected to PCR to amplify (A) chemokines
(CKB8, CKB8-1, MCP-1, MIP-1a), (B) DC markers (HLA-DR,
DCSSIGN, DEC205, CCR7), and (C) colony stimulating factors
(M-CSF, G-CSF, GM-CSF). The PCR products were resolved by
1.8% agarose gel. GAPDH was used as an internal control.
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fected mice have the ability to resemble DCs by up-regulating
CD11b, C-C chemokine receptor type 7 (CCR7), major histo-
compatibility complex (MHC) class Il and DEC205 markers de-
pending on the cytokine environment (28, 29). Thus, we de-
termined whether MTB stimulated the induction of the DC
markers MHC class Il (human leukocyte antigen DR; HLA-DR),
dendritic cell-specific intercellular adhesion molecule-3-grab-
bing non-integrin (DC-SIGN), DEC205 and CCR7 (Fig. 1B).
CCR?7 is a chemokine receptor which is essential in the trans-
port of DCs to lymph nodes, and which participates in the de-
velopment of an adaptive immune response to MTB (30). We
found that of the chemokines examined, only CCR7 mRNA
gradually increased by MTB infection in a time-dependent
manner (Fig. 1B).

In addition, granulocyte colony-stimulating factor (G-CSF),
monocyte colony-stimulating factor (M-CSF) and GM-CSF also
play important roles in macrophage recruitment and activation
(30, 31). G-CSF stimulates the survival, proliferation, differ-
entiation and function of neutrophilic precursor (32, 33).
M-CSF and GM-CSF are known to be factors of the lungs which
are essential in the differentiation of myeloid cells and the im-
mune response (34, 35). We determined whether MTB in-
fection influenced mRNA expression of G-CSF, M-CSF, and
GM-CSF in PMAdifferentiated THP-1 cells by using RT-PCR. As
shown in Fig. 1C, GM-CSF mRNA expression was sharply af-
fected in response to MTB infection. In contrast, we observed
no changes in the mRNA expression of G-CSF and M-CSF.

MTB infection increased expression and secretion of GM-CSF
We determined whether the multiplicity of infection (MOI) of
MTB influenced the mRNA expression of GM-CSF in differ-
entiated THP-1 cells. THP-1 cells were treated with PMA for
48 h and were incubated with MTB for 6 h, and GM-CSF
mRNA levels were detected by RT-PCR. GM-CSF expression
was up-regulated by MTB infection in a dose-dependent man-
ner (Fig. 2A) approaching saturation at 20 MOI. We also exam-
ined the effects of MTB infection on the timing of GM-CSF
expression. In Fig. 1, we determined the effect of MTB in-
fection in mRNA expression of GM-CSF up to 24 h after
infection. We examined whether MTB infection influenced the
expression of GM-CSF from 24 h post-infection up to 72 h
post-infection in differentiated THP-1 cells. As shown in Fig.
2B, GM-CSF expression increased, peaking at 6 h, and then
declined beginning at 9 h post-infection, eventually returning
to its basal level by 72 h (Fig. 2B). It is possible that at the early
stage of infection, affected macrophages release GM-CSF for
the recruitment and activation of leukocytes to remove MTB,
while MTB may cause the concurrent suppression of GM-CSF
expression to promote its own survival and chronic infection.
We determined whether MTB infection induced GM-CSF se-
cretion by culturing PMA-differentiated THP-1 cells for 24 h
with or without MTB, and analyzing the culture media by
ELISA (Fig. 2C). GM-CSF was not detected in the uninfected
control THP-1 cells but significant amounts of GM-CSF
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Fig. 2. MTB induces the increased expression and secretion of
GM-CSF. (A) Differentiated THP-1 cells were infected with the in-
dicated concentrations (0, 1, 2, 5, 10, 20, 40 or 50 MOI) of MTB for
6 h. Total RNA was extracted and cDNA was prepared. PCR analysis
was performed using GM-CSF-specific primers. The PCR products
were resolved by 1.8% agarose gel (upper panel), to detect GM-CSF.
GAPDH was used as an internal control. Densitometric analysis was
performed (lower panel). Data are expressed as mean + SD, and are
presented as the expression levels of GM-CSF mRNA relative to
GAPDH mRNA (The expression level of GM-CSF relative to GAPDH
in the absence of mycobacterial infection was set to 1.0). The data
represent results from three independent experiments (*P < 0.05 rela-
tive to uninfected control). (B) THP-1 cells were differentiated for 48
h and were incubated in the presence of MTB for the indicated times
(0, 1.5, 3, 6, 9, 12, 18, 24, 48 or 72 h). Next, semi-quantitative
RT-PCR was carried out, as above. Densitometric analysis was per-
formed (lower panel). Data are expressed as mean + SD, and are pre-
sented as the expression levels of GM-CSF mRNA relative to GAPDH
mRNA. (The level of GM-CSF relative to GAPDH without infection by
MTB was set to 1.0). The data represent results from five independent
experiments (*P < 0.05, **P < 0.01 relative to uninfected control).
(C) Differentiated THP-1 cells were incubated in the absence or pres-
ence of MTB for 24 h, and secretion of GM-CSF was measured by
ELISA using cell culture supernatants. Data are expressed as the mean
+ SD of three independent experiments and are presented as pg/ml.
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(~1,000 pg/ml) were detected from MTB-infected cells. This
result demonstrated that macrophages release copious
amounts of GM-CSF in response to MTB infection. This may
cause increased recruitment of immune effector cells to the
site of the infected macrophage for MTB clearance.

Induction of GM-CSF by MTB is mediated by the PI3-K/MEK1/
p38 MAPK

To elucidate the mechanism by which MTB infection affects
the expression of GM-CSF, we determined the signaling path-
way(s) associated with the MTB-stimulated induction of
GM-CSF. THP-1 cells were pre-incubated with inhibitors of spe-
cific signaling molecules for 45 min and were then infected
with MTB for 4 h. As shown in Fig. 3A, treatment with
Ro-31-8425 (inhibitor of classic PKC), SP600125 (inhibitor of
JNK), or U73122 (an inhibitor of PLC) did not influence
GM-CSF induction. In contrast, pre-incubation with SB202190
(inhibitor of p38 MAPK), PD98059 (inhibitor of MEK1), and
Ly294002 (inhibitor of PI3-K) dramatically abolished the in-
duction of GM-CSF expression to MTB infection. We further ex-
amined whether inhibitor treatment affected GM-CSF secretion.
Differentiated THP-1 cells were pre-treated with the indicated
concentrations of SB202190, PD98059, Ly294002, U73122,
and SP600125 for 45 min, followed by MTB infection (10
MOI). Supernatants were harvested 24 h after infection and se-
creted GM-CSF was measured by ELISA. GM-CSF secretion was
also blocked significantly by pre-incubation with SB202190,
PD98059, and Ly294002. However, pre-treatment SP600125
or U73122 showed little effect (Fig. 3B). Furthermore, we con-
firmed that the secretion of GM-CSF by MTB infected cells is al-
so significantly blocked by pre-incubation with p38 MAPK in-
hibitor, MEK1 inhibitor, or PI3-K inhibitor in an inhibitor
dose-dependent manner. These results suggest that MTB in-
fection enhances the expression of GM-CSF via activation of
p38 MAPK, MEK1, and PI3-K. Further studies are warranted to
determine the sequence of these signaling molecules asso-
ciated with MTB-induced GM-CSF expression.

GM-CSF is known to be an effective immune regulatory
molecule, which can stimulate the proliferation, differentiation
and maturation of granulocytes, monocytes, and macrophages
(10, 14). In this study, we demonstrated that; 1) MTB infection
induced expression and secretion of GM-CSF, and 2) MTB in-
duced up-regulation of GM-CSF is mediated via the PI3-K/
MEK1/p38 MAPK signal pathways. This raises the possibility
that these signal transduction pathways may be used as targets
for the screening and development of therapeutics of myco-
bacterial diseases.

MATERIALS AND METHODS

Inhibitors

Specific inhibitors of p38 MAPK (SB202190), MEK1 (PD98059),
classical PKC (Ro-31-8425), JNK (SP600125) and PI3-K (Ly-
294002) were purchased from Calbiochem (San Diego, CA,
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Fig. 3. MTB-induced expression of GM-CSF is mediated by PI3-K,
MEK1, and p38 MAPK. (A) PMA-treated THP-1 cells were pre-in-
cubated with the inhibitors SB202190 (20 pM), PD98059 (50 uM),
Ro-31-8425 (50 nM), Ly294002 (10 pM), U73122 (50 ng/ml),
SP600125 (10 uM) for 45 min, followed by mycobacterial infection
(10 MOI) for 4 h. cDNA was prepared from total RNA extracted from
treated cells. PCR analysis was performed using GM-CSF-specific
primers. PCR products were analyzed by 1.8% agarose gel (upper
panel) to detect GM-CSF expression. GAPDH was used as an internal
control. Densitometric analysis was performed (lower panel). Data are
expressed as the mean + SD, and are presented as the expression
levels of GM-CSF mRNA relative to GAPDH mRNA (The level of
GM-CSF relative to GAPDH in the absence of mycobacterial infection
was set to 1.0). Data are the results from three independent experi-
ments (**P < 0.01 relative to MTB infection alone). (B)
Differentiated THP-1 cells were pre-treated with the indicated concen-
trations of SB202190, PD98059, Ly294002, U73122 or SP600125 for
45 min, followed by MTB infection (10 MOI). Supernatants were har-
vested 24 h after infection and secretion of GM-CSF was measured
by ELISA. Data are presented as mean + SD of three independent ex-
periments performed in duplicate (**P < 0.01 relative to MTB
alone). (C) Differentiated THP-1 cells were treated for 45 min with
the indicated concentration of SB202190, PD98059 or Ly294002.
Subsequently, MTB was added at 10 MOI. Supernatants were har-
vested after 24 h, and the protein contents of GM-CSF in culture su-
pernatants were determined by ELISA. Data shown are the mean +
SD of three independent experiments performed in duplicate (**P <
0.01 or ***P < 0.001 relative to MTB alone).
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USA). A specific inhibitor of phospholipase C (U73122) was
purchased from Cayman (Ann Arbor, MI, USA). Dimethyl sulf-
oxide (DMSO) was obtained from Sigma-Aldrich (St. Louis, MO,
USA).

Preparation of mycobacteria

MTB H37Rv (ATCC 27294) used in this study was grown for
~4 wk at 37°C as surface pellicles on Sauton medium en-
riched with 0.4% sodium glutamate and 3.0% glycerol. The
surface pellicles were collected and were disrupted by gentle
vortexing with 6-mm glass beads. After the clumps had settled,
the upper suspension was collected and aliquots were stored at
—80°C. Before infection, aliquots were thawed and were quan-
tified for viable colony-forming units (CFU) on Middlebrook
7H10 agar (Difco, Detroit, MI, USA).

Cell culture and infection with MTB

The human monocytic cell line THP-1 was maintained in RPMI
1640 medium with 2 mM glutamine, 10% heat inactivated fetal
bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Gibco-BRL, Grand Island, NY, USA) at 37°C under 5%
CO,. THP-1 cells were seeded in 6-well plates and were treated
with 100 nM phorbol-12-myristate-13-acetate (PMA; Sigma) for
48 h in order to induce differentiation into macrophage-like cells,
which were then washed three times with antibiotic-free RPMI
1640 medium. Before infection, differentiated THP-1 cells were
reconstituted in antibiotic free RPMI 1640 medium with 10%
FBS. Cells were incubated with MTB H37Rv at a multiplicity of
infection (MOI) of 0, 1, 2, 5, 10, 20, 40 or 50 for 6 h. For time-de-
pendent experiments, cells were infected with 10 MOI of MTB
H37Rv for 0, 1.5, 3, 6, 9, 12, 18, 24, 48 or 72 h. PMAdiffer-
entiated THP-1 cells were pretreated with inhibitors for 45 min
before stimulation with MTB H37Rv for 4 h at a MOl of 10.

RNA extraction and reverse transcriptase PCR (RT-PCR)
After removing non-phagocytosed bacilli, total RNA was ex-
tracted from cultured cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
cDNA was synthesized by reverse transcription with 2 pg total
RNA, 0.25 pg of random hexamers (Invitrogen) and 200 U
Murine Molony Leukemia Virus Reverse Transcriptase (MMLV-
RT; Invitrogen) for 50 min at 37°C and for 15 min at 70°C.
Subsequent PCR amplification using 0.2 U Tag polymerase
(Cosmo Genetech, Seoul, Korea) was performed in a thermo-
cycler (Applied Biosystems, Foster city, CA, USA) for 25-40 cy-
cles (94°C for 30s, 55°C-60°C for 30s, 72°C for 30s) using the
primers listed in supplemental Table 1. PCR products were elec-
trophoresed on 1.8% (w/v) agarose gels containing 0.5 ug/ml
ethidium bromide, and the sizes of the products were de-
termined by comparison to a 100-bp DNA ladder marker
(Bioneer, Daejeon, Korea). The intensity of each band amplified
by RT-PCR was analyzed using Gel Doc EQ Quantity One
(version 4.5, Bio-Rad, Milan, ltaly) and was normalized to
GAPDH mRNA in the corresponding samples.
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Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants from MTB-infected THP-1 cells were
collected 24 h after infection. Cell culture supernatants were
analyzed using Duoset antibody pairs for detection of human
GM-CSF (Biolegend, San Diego, CA, USA), as recommended
by the manufacturer. GM-CSF concentrations in the samples
were calculated using standard curves generated from re-
combinant GM-CSF, and the results were expressed in pg/ml.

Statistics

Values are shown as mean + standard deviation (SD). Further
analysis was performed using a Student’s t-test, where P values
less than 0.05 were considered to indicate significance
(GraphPad Prism 4 Software, SanDiego, CA, USA).
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