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The Phospholipase-Protein Kinase C-MEK-ERK Pathway is
Essential in Mycobacteria-induced CCL3 and CCLA4
Expression in Human Monocytes
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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 Mycobacterinm tuberculosis
(M. #ho-induced ERK 1/2 actvation 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. #r. Methods: MAP kinase phosphorylation
was determined using western blot analysis with specific primaty antibodies (ERK 1/2,
and phospho-ERK1/2), and the upstream signaling pathways were further investigated
using specific inhibitors. Results: An avirulent strain, M. #br H37Ra, induced greater and
more sustained ERK 1/2 phosphotylation, and higher CCL3 and CCL4 production, than
did M. zhc 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 (G86976 and Ro31-8220) significantly reduced M. #he-induced acd-
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. sbe-mediated CCL3 and CCL4 expression in
human primary monocytes. (Immune Network 2005;5(4):237-246)
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AU FolE WHE 0|9 2L &F IR e
o] Ehgoz FEHNS W FAHoE Uehie 2
el Lol Hrk et AuniodAg uolg)
27k BAo) BAHE W FobE Aol mloelAY
WA e AT gor o] A% Ao A Y
o3t $19o] Fohairka Grh). Jol% YAl ok
? ARANEY BA o] Aosil(3) AEAAL F2
Ao BAGE 2 DMASE NG o, B4 Y
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=
Gt A3 o] glokd-6). AR T2
Aol vzt ZA] 7 7hA] o} F(CXC "l CO)o 2
th(5). L & MIP-1 gkl A2 8 )R] 10 kDa9) X
Zhe YA £ CC subfamilyel] £5tw] A 2 n)Lat
29} 35 st} MIP-1 family S FA 3= oh
% CCL3/MIP-1 ¢ % CCL4/MIP-1 3= EA3E t)Al A
EollA ANEle] Bulgozy o HeiBA AEE
Folgh w3 QAT 1 A4S 92 B2 Tol
Ror dk i F23 A3 shel(7). MIP-1 whuiA
£ Bz TAES £3}8 2430 CCL3 9 7 S84
CCRSE Thi 2 318 w) A4 98¢ Heh. 44
Ho g CCR57F AHE vp9-AE Th2 Ao]Efel g
A& vERHIY wbE@®), Th2 AlEE= F2 CCR2 9
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thekdl 2ol o3t AE U] AzAGo) FHEE
mitogen-activated protein kinases (MAPK)+ pd2 9 p44
extracellular signal-regulated kinases 1/2 (ERK 1/2), p46 &
p54 c-Jun-NH2-terminal kinases %2 stress activated pro-
tein kinase (JNK/SAPK) 3 p38 MAPK % A 7[A] &4 2
TAE o] 9lom ulo]Fute|g]o}l gl FA| AREL A
E Wl MAPK 24 ZAo ul$ 0 oAzl 9ot
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o] A Aol 23t MAPK 241> AslFol] o) #
%3]+ TNF-¢, IL-1 8 ] monocyte chemoattractant protein-1
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3 A AT o AT MAPK 240l ol
vhol siutsllelobe] AE o) AEe] ZH4xlo] MAPK 7
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oAl MAPK Z29| 843} 242 uho] stulelole)
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o] ARIFQ ol w2 J&FF} o] & =2AsE 49
AZAE 2ol il =483k 4 Al W ERK
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Ao Ful 9 7. g Al o) g3 FUt A
A TN F 5028 ol ube} Fuleict. o
s, M. tbe H3TRv (ATCC 27294) 9l M. thc H37Ra
(ATCC 25177) Sauton’s mediadl 4] 37°C, 657} uljok 3
&&ollA 5,000 rpm, 3027+ VA Re|ete] 7zte] #4
€ TAsT. $AE FAHE 10% 0ADCrE A7k
THY RAuA & B-HAIZ F F A5 2 E 30% (v/v)
H X% 7}slo] 1.5 ml eppendorf tubeol] Z+7F 1.0 ml# E-
F8 kg —70°CollA Eeigich Adlo] 423wl
B 2z o) 0.5 ml& 7HIO (Difco Laboratories, De-
troit, MI) LA o] ZFslo] 10 A 149 E<F 37°C
ol A ujeFste] HR) 7)ol B2 FAE A2l 5,000
pm, 3052-7F YA B e)s}5 PBSZ oF 107/mle] 52 =
Asto] At FA9] Hojel E¢ vortex mixerE. 5
270 A} 5 ALolA 1027 $47] % bead
3 clumpE A|&j3k FSHuk 24 28A] Fo} 25-gauge
FAZIZ 108] ol ¢ FHAA ol gl F9 clumpE
A ASFA .

A71NA VeE o g Fag ANFe el o
thall MOI (multiplication of infection)7} 1 : 10] ¥| & F
TE 24%o] Hrleta 37°C, 5% CO, k7] oA HA
A7 B Wk 3 45 £ ALE FAletol Aol
ALl
2ol o 2 e A% monocytess] Fu]. A% T
22 e WY& Ao} Histopaque (Sigma)yg o]
S AET AR R2LNGAY LS A8}
Stk 78 220 ka3 RPMI 1640 4] 2 2
x10°mle] BE T HGAA 37°C, 5% CO, ZANA 1
A ZF &<k 24 well culture plateol] 27}, Hby]x)
e 4FAe AADL placol] Aslolgliz AE
Fel 4°Coll 2087 vokstol AME7} $2HEEE 8
F 7HAl R g A FE S cell scraperE o] 83}
o] ZA2 A MEE wolWelrl o] wl monocytestt
Fslo] AES9] AA £ ELISA assay 5 o2 Ao
AL-88191 2] 28] 5 monocytes?] 25 3} CD14 3}HA)
£ o83 SAE 2o o) 95% o] 4L Bl
ot AAF gloll 9d Ao E71Ql uk-go] lipopoly-
saccharide (LPS) 2.930l] o]t Zlo] o} d-S #elslr] ¢
8l ZE A3 24 LPSE A= polymyxin B
(10.0 pg/mlyo] 3535 wix| & A-gslgich
A A 2 FA] AX 2. MEK 24 9] Eof A4
PD980599} U0126, Src kinase ¢ A 4| Q1 PP2, PLC < 4] A|
Q] U73122, PKC E-o] AR A el Gs6976 Bl Ro31-8220,
Ras 47| Q] manumycin A % Raf-1 & 2| 4|01 GW 5074
< B Calbiochem (San Diego, CA, USA)A}oll 4] )}
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o] AL-£3}9ic}. Dimethyl sulfoxide (DMSO, Sigma)i= ¢}
A A2 S A HETLZE 0.1% (volfvo) 2] =X 7 uljek
ol 7baldct. A gl = PBSE A ¢ -3 A3
T 7 30 WA 458 A, AAA7E 239 944 RPMI
1640 WA 2 2gkslct. el Fo] AEFo] A9
H7tel o3l g WA ekEA] of H3= Trypan blue &
Aoll o3l FAslh (A 1 o2 AAHA] &)
MAPK 2 24 45 913+ & ERK 1/2- 3 8} phospho-
ERK 1/2 82ll:= 25 New England Biolabs (Schwalbach,
Germany)AHe| Alg2 FHste] A8ssict

Western analysisS- o] &3t ERK 1/2 ¢l A3} Ax BA,
ERK 1/2 1443t X BA-L o4 =Fol Big ule}
70](20) Western analysis ¥ & o] -&sfo] B4},
Feelnd, 7 2704 kD A E(well F 4X 1005 F
#8}o], protease inhibitor7} E3t%]o] ¢l sample buffer
(62.5 mM Tris-HCI] pH 6.8, 2% SDS, 10% glycerol, 50 mM
DTT, 0.1% bromophenol blue)ol] 7}8F & 2.2} 7](Branson,
Danbury, USA)E- o] -&-8}o] 4027} sonicationg- 2 A] 8}
o}, ol F 13,000 pmell ] 2037k A4 Helete] thup
F0g 4ok Bl kg B % SDSAE Ee
10% polyacrylamide geliol)A] A7) 3}t A7
% A% nitrocellulose membrane 2.2 blottingdt & 5%
skimmilk’} Eo] & Tris-buffered saline Tween (TBST)
2 AT 3k Aol A blockingsliet. 12} g Hh-g-
€ 98 8 ERK 1/2- ¥ 3} phospho-ERK 1/2 3} (New
England Biolabs, Schwalbach, Germany)&- < %}o] A&
ek 14F Al ub-3-2 7h2he] SAlE 4°Coll A 184)7F
EHES A o 23 A HE-S-2 peroxidasert FA)H
anti-rabbit IgG ¥+A|(Amersham-Pharmacia, Freiburg, Ger-
many)E 37°CollA] 1417 vb-g-8lich chad vk wic
2} 71%-2- detection reagent®] ECL (Amersham-Pharmacia)-$-
No g AollA] 137 HHSAI7] £ Xeray D Eof Zh3
AlA Asle bandE F1sksio)

MEK kinase assayE o]-§3F MEK activity 4], M. thc
H37Rv -2 M. tbc H37RaZ 7ted = whallLE PBSE A
% % Y lysis bufferE o]-§sto] G5 ol 308E7F wlj<k
akgick ol % d4lEeElste] ASAe ¢ ¥ and-
hMEK-1 antibody (SantaCruz Biotechnology)E o]-&3}o]
2217} 2k rocking platform AFollA] WH-A] 7t} Amersham
Bioscience A} ] protein A sepharose H--f-H-8 20 11 A7}
slof 3AIHES B HLSAA o] HMANAEE lysis
bufferZ 23] ©] A% % kinase assay buffer (20 mM MgCl,
25 mM HEPES, 20 mM p-nitrophenylphosphate, 20 mM /-
glycerophosphate, 20 mM sodium orthovanadate, 3} 2 mM
DTDE 23] ] AlXslsict WA E4hAE 20 119 kinase
buffers B.-8-3F & 20 M9] ATP, 5 Ci [-’PJATP (BLU
002Z, DuPont/NEN, Boston MA) g 10 xg2] myelin basic
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o EAA §-2]4-8 SPSS EA E 2 1#(version 11.5,
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Figure 1. M. thr-induced CCL3 and CCL4 secretion and ERK
1/2 phosphorylation from human monocytes. (A) Human mono-
cytes were infected with M. #¢ H37Rv or M. #¢ H37Ra (MOI
=1) for 0, 1, 3, 6, 18, 48, and 96 h. CCL3 and CCL4 ptroduction
was measured by ELISA. The cells infected with M. #bc H37Rv
and M. #hc H37Ra were compared statistically. *P <0.05; **P<
0.01. The error bars indicate SD. (B) Human monocytes were
infected by M. #¢ H37Rv and M. #hc 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 approprate peroxidase-
coupled secondary reagents, and were visualized using ECL.
Similar data were obtained in six independent experiments. UL
uninfected.

Yol chal o] A7t 3ol whE CCL3 gl CCL42] A
5 vl B4staa Hdch A4 et Hxd
o A TE Beldt F AAFE 242 MOL L : 19] H]&
2 A% o0& 47} 3, 6, 18, 48 1) 96417t F<F A58}
a1 oujeF AEAg FAste] AR A4S ELISA
ol ol F3st¢ichFig. 1A).

ZAzkele] Ty ghaltol] ti3k AT 7] F 34
ZHEE] CCL3 Ao wig- foatA 7%l e M
thc H3TRv 9 M. tbc H37Ra 73] ZHoll= wf$- §9&
ol 5 JAE 4 UUTHP<0.0D). o2 L CCL3 A
A9 FAE 48ATF M GA AEH o7 BRE G
™ M. thc H37Rv & M. thc H37Ra 7+<gol] €]3F CCL3¢]
AL F Al F 1847kl AA S eI THM. tbe
H37Rv 7] A] 76.2+8.7 ng/ml & M. thc H37Ra 743
2] 949459 ng/ml, Fig. 1A). o] % 48 & 96A]7toll= 7+
A 7ol 93 CCL3 A o] AA 8] Fhashe ¢
< Ytk CCL4S] BAE oi-¢ fAE F4-E vet
gl ow 641743 1847kl 4] M. the H3TRv B M. the
H37Ra 7ted 7ol 3t o4& d o= gl &
& M. thc H37Rv I M. thc H37Ra 7130l 2|3t CCLAS]

Ul 5min 10min 15 min

s W | MEK-1 Activity
M.tbc H37Rv
-e w» W @ MEK-1 Western
woe WIS | MEK-1 Activity
M.tbc H37Ra y
@ & ¥ W | VEK-1 Western

M.tbc H37Ra
Ml M.tbc H37Rv

Signal intensities
(arbitrary units)
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Figure 2. M. #hrinduced MEK activation in human monocytes.
Human monocytes were infected with M. #bc H37Rv or M. #he
H37Ra (MOI=1) for 5, 10, and 15 min. Whole cell protein was
obtained, and MEK1 was immunoprecipitated from 200 gg of the
lysates. Kinase activity assays were performed using MBP (10 ug)
as a substrate. The tesulting phosphorylated proteins (MBP) were
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 expetiments, expressed as fold increase. The cells in-
fected with M. e H37Rv and M. fbc H37Ra were compared
statistically. **P <0.01.
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agez AXEA ).
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t}. ZH A kol A A EE lysis buffer2 §afjsto] 422}
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H37Rv & M. thc H37Ra 7} ¥ SE-BRE] chall Lol 4] 7+
3k MEK kinase &4jo] #A =gl om A&lF A £ 10
# WA 158l MEK kinase #4) ©7} 7} =9k}, w
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Figure 3. Effects of MEK inhibitors on M. #hemediated CCL3 and CCLA 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. bz H37Rv and M. b H37Ra MOI=1).
The supernatants wete harvested after 18 h for chemokine assessment using ELISA. One representative experiment petformed in triplicate
is shown. Similar data were obtained in five independent experiments. The mean levels (plus standard errors of the mean) of CCL3
(Panel .4) or CCL4 (Panel B) 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. 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. #hrmediated ERK-1 phosphorylation, and CCL3 and CCI4 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. #¢ H37Rv and M. thc H37Ra (MOI=1). Whole-cell lysates were prepated at 30 min after infection with M. #he, and
20 ug of total protein were analyzed by immunoblotting using phospho-specific Abs to ERK 1/2. To ensure equal protein loading,
the blots were 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 etrors of the mean) of CCL3 (Panel B) ot CCL4 (Panel () following infection with M. thr 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 Sic, PLC, or PKC activity in modulating
M. the-induced phosphorylation of ERK 1/2. Human monocytes
were pre-incubated with the src kinase inhibitor PP2 at
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blots were stripped 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 CCL4
production. The Src kinase inhibitor PP2 (Panel 4), 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. #c H37Rv ot M. the H37Ra (MOI=1).
The supernatants were harvested after 18 h for cytokine assessment using ELISA. One representative expetiment 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. #¢ 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 mycobactetia was statistically compared with those by uninfected control (UT).
*P<0.05; **P<0.01; ***P <0.001.
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