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ABSTRACT

Background: Little information is available on the identification and characterization of
the upstream regulators of the signal transduction cascades for Mycobacterium tuberculosis
(M. tho)-induced ERK 1/2 activation and chemokine expression. We investigated the
signaling mechanisms involved in expression of CCL3/MIP-1 and CCL4/MIP-1 in
human primary monocytes infected with M. 7. Methods: MAP kinase phosphorylation
was determined using western blot analysis with specific primaty antibodies (ERK 1/2,
and phospho-ERK1/2), and the upstteam signaling pathways were futther investigated
using specific inhibitors. Results: An avirulent strain, M. #b¢ H37Ra, induced greater and
more sustained ERK 1/2 phosphotylation, and higher CCL3 and CCL4 production, than
did M. #he H37Rv. Specific inhibitors for mitogen-activated protein kinase (MAPK) kinase
(MEK; U0126 and PD98059) significantly inhibited the expression of CCL3 and CCL4
in human monocytes. Mycobacteria-mediated expression of CCL3 and CCL4 was not
inhibited by the Ras inhibitor manumycin A or the Raf-1 inhibitor GW 5074. On the
other hand, phospholipase C (PLC) inhibitor (U73122) and protein kinase C (PKC)-
specific inhibitors (G66976 and Ro31-8220) significantly reduced M. #he-induced acti-
vation of ERK 1/2 and chemokine synthesis. Conclusion: These results are the first
to demonstrate that the PLC-PKC-MEK-ERK, not the Ras-Raf-MEK-ERK, pathway is
the major signaling pathway inducing M. #be--mediated CCL3 and CCIL4 expression in
human primary monocytes. (Immune Network 2005;5(4):237-246)
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Figure 1. M. #hrinduced CCL3 and CCL4 secretion and ERK
1/2 phosphotylation from human monocytes. (A) Human mono-
cytes were infected with M. #bc H37Rv or M. the H37Ra (MOI
=1) for 0, 1, 3, 6, 18, 48, and 96 h. CCL3 and CCIL4 production
was measured by ELISA. The cells infected with M. #¢ H37Rv
and M. 7be H37Ra were compated statistically. *P <0.05; **P<
0.01. The error bars indicate SD. (B) Human monocytes were
infected by M. #¢ H37Rv and M. #he H37Ra for the times
indicated. The cells were lysed, and aliquots of the total cell
lysates were separated by SDS-PAGE and immunoblotted as
described. The blots were incubated overnight with specific
anti-phospho-ERK 1/2 (p-ERK), or specific control Ab for the
unphosphorylated form, followed by appropriate peroxidase-
coupled secondary reagents, and were visualized using ECL.
Similar data were obtained in six independent experiments. Ul:
uninfected.
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Figure 2. M. #be-induced MEK activation in human monocytes.
Human monocytes were infected with M. #hc H37Rv or M. the
H37Ra (MOI=1) for 5, 10, and 15 min. Whole cell protein was
obtained, and MEK1 was immunoprecipitated from 200lg of the
lysates. Kinase activity assays were performed using MBP (101g)
as a substrate. The resulting phosphorylated proteins (MBP) wete
run out on 12% SDS-PAGE gels. The gels were dried and auto-
radiography was performed. Western analysis of the immuno-
precipitated proteins was shown to demonstrate equal loading of
the kinase in the activity assay. Densitometric data from three
separate experiments, expressed as fold increase. The cells in-
fected with M. 7b¢ H37Rv and M. #hc H37Ra were compared
statistically. **P <0.01.
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Figure 3. Effects of MEK inhibitors on M. fbe-mediated CCL3 and CCIL4 production. The MEK inhibitor PD98059 or U0126 was
added to monocytes at concentrations ranging from 5 to 20 M at 45 min before infection with M. ¢ H37Rv and M. #bc H37Ra (MOI=1).
The supernatants were harvested after 18 h for chemokine assessment using ELISA. One representative experiment performed in triplicate
is shown. Similar data were obtained in five independent experiments. The mean levels (plus standard errors of the mean) of CCL3
(Panel A4) or CCL4 (Panel B) following infection with M. b H37Ra were set to 100, and the relative loss of cytokine production in
the presence of inhibitor is shown. The solvent control was 0.1% DMSO. UI: uninfected. The chemokine synthesis by cells infected
with mycobacteria was statistically compared with those by uninfected control (UI). *P<0.05, ***P <0.001.
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Figure 4. Effects of specific Ras or Raf-1 inhibitor on M. #e-mediated ERK-1 phosphorylation, and CCL3 and CCIL4 production.
(A) The Ras inhibitor manumycin A or Raf-1 inhibitor GW5074 were added to monocytes at concentrations indicated for 30 min before
infection with M. #h¢ H37Rv and M. #he H37Ra (MOI=1). Whole-cell lysates were prepared at 30 min after infection with M. #b, and
20 pg of total protein were analyzed by immunoblotting using phospho-specific Abs to ERK 1/2. To ensure equal protein loading,
the blots wete stripped and reprobed with an Ab to total ERK 1/2. A representative experiment of five independent replicates with
similar results is shown. (B) Human monocytes were pre-incubated with manumycin A or GW5074 for 30 min before infection with
M. the H37Rv or M. the H37Ra. The supernatants were harvested after 18 h for chemokine assessment using ELISA. The mean levels
(plus standard errors of the mean) of CCL3 (Panel B) or CCL4 (Panel C) following infection with M. #¢ H37Ra were set to 100,
and the relative loss of cytokine production in the presence of inhibitor is shown. The solvent control was 0.1% DMSO. The chemokine
synthesis by cells infected with mycobacteria was statistically compared with those by uninfected control (UI).
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Figure 5. The role of Src, PLC, or PKC activity in modulating
M. the-induced phosphotylation of ERK 1/2. Human monocytes
were pre-incubated with the src kinase inhibitor PP2 at
concentrations ranging from 5 to 20 M (Panel A). Panel B shows
the data for the PLC inhibitor (U73122, 500 nM) and PKC
inhibitors (RO 31-8220, 50M; G66976, 2UM). Whole-cell lysates
were prepared at 30 min after infection with M. #be, and 20Ug
of total protein were analyzed by immunoblotting using phospho-
specific Abs to ERK 1/2. To ensutre equal protein loading, the
blots were sttipped and reprobed with an Ab to total ERK 1/2.
A representative experiment of three independent replicates with
similar results is shown. Ul: uninfected.
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Figure 6. Effects of a Src kinase inhibitor (PP2), a PLC inhibitor (U73122), and a PKC inhibitor (RO 31-8220) on CCL3 and CCIL4
production. The Src kinase inhibitor PP2 (Panel A), the PLC inhibitor U73122 (Panel B), or the PKC inhibitor RO 31-8220 (Panel
() were added to monocytes at the concentrations indicated for 30 min before infection with M. #bc H37Rv or M. #he H37Ra (MOI=1).
The supernatants were harvested after 18 h for cytokine assessment using ELISA. One representative experiment performed in triplicate
is shown. Similar data were obtained in five independent experiments. The mean levels (plus standard errors of the mean) of CCL3
or CCL4 following infection with M. zhc H37Ra were set to 100, and the relative loss of cytokine production in the presence of inhibitor
is shown. The solvent control was 0.1% DMSO. Ul, uninfected. (D) Assessment of cell viabilities after pre-treatment of various inhibitors.
Assessment by Trypan blue exclusion indicated that monocyte viability was not affected by the presence of the inhibitors at the maximal
dose. The chemokine synthesis by cells infected with mycobacteria was statistically compared with those by uninfected control (UI).
*P <0.05; **P<0.01; ***P <0.001.
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