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MKP1 Regulates the Induction of MCP1 by
Streptococcus pneumoniae Pneumolysin in

Human Epithelial Cells
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and Un-Hwan Ha*

Epithelial cells act as the first line of host defense against
microbes by producing a range of different molecules for
clearance. Chemokines facilitate the clearance of invaders
through the recruitment of leukocytes. Thus, upregulation
of chemokine expression represents an important innate
host defense response against invading microbes such as
Streptococcus pneumoniae. In this study, we report that
the expression of Monocyte Chemotactic Protein 1 (MCP1)
was highly induced in response to S. pneumoniae in vitro
and in vivo. Among numerous virulence factors, pneumo-
coccal pneumolysin was found to be the major factor re-
sponsible for this induction. Furthermore, MCP1 induction
was mediated by the p38 mitogen-activated protein kinase
(MAPK) whose activation was controlled by MAPK phos-
phatase 1 (MKP1). Therefore, this study reveals novel roles
of pneumolysin in mediating MKP1 expression for the
regulation of MCP1 expression in human epithelial cells.

INTRODUCTION

S. pneumoniae is a significant human pathogen that causes
potentially life-threatening diseases with high morbidity and
mortality such as pneumonia, septicemia and meningitis (Blue-
stone et al., 1992). To date, various virulence factors have been
identified in S. pneumoniae, and they are critically involved in
initiating inflammation during infection, which is characterized
by the production of inflammatory mediators (Bruyn and van
Furth, 1991; Cundell et al., 1995; Tuomanen et al., 1985). Among
these factors, numerous cell surface-associated proteins on cell
wall are involved in the pathogenesis of S. pneumoniae during
infection, including autolysin, the pneumococcal surface protein
A (PspA), PspC, hyaluronidase, neuraminidase, and the pneu-
mococcal surface antigen A (PsaA) (Mitchell, 2006). In addition,
the 53kDa cytoplasmic pneumolysin plays an important role in
the induction of inflammation and appears to be released dur-
ing infections through the action of pneumococcal autolysis

(Canvin et al., 1995; Wheeler et al., 1999). However, it has
been recently reported that the pneumolysin is also localized to
the cell wall compartment (Price and Camilli, 2009).

Epithelial cells act as the first line of host defense against mi-
crobes by releasing a range of mediators for clearance.
Chemokines assist in the clearance by recruiting leukocytes to
the sites of infection. MCP1 is a member of the chemokine
superfamily (Gu et al., 1999), and it acts as a potent chemoat-
tractant against monocytes, Natural killer (NK) cells, T cells,
eosinophils, and basophils (Dunzendorfer et al., 2001; Heine-
mann et al., 2000; Jiang et al., 1992; Lee et al., 2008; Loet-
scher et al., 1996). MCP1 is also known to be involved in a
number of inflammatory diseases, such as sepsis and asthma
(Bossink et al., 1995; Folkard et al., 1997; Sousa et al., 1994).
Thus, an increase in MCP1 levels in humans has been shown
to mediate the initial steps of inflammation by recruiting leuko-
cytes (Gu et al., 1998; Reape and Groot, 1999). The expres-
sion of MCP1 is induced by a diverse range of inflammatory
mediators such as lipopolysaccharide (LPS), interleukin-1B (IL-
1B, IL-4, IL-6, interferon-y (IFN-y) and tumor necrosis factor-o.
(TNF-a) (Gau-tam et al., 1995; Kim et al., 2008; Lee et al.,
2004; Zhu et al., 1994). Several cell types have been shown to
produce MCP1, including mononuclear cells, fibroblasts,
endothelial cells, epithelial cells, and smooth muscle cells
(Khreiss et al., 2004; Lin et al., 1998; Loghmani et al., 2002;
Pype et al., 1999; Sironi et al., 1993).

A number of proinflammatory mediators from airway epithe-
lium play a pivotal role in airway defense against inhaled
pathogens such as S. pneumoniae. Among the mediators re-
leased, MCP1 is a major chemotactic factor for monocytes and
natural killer cells (Bokoch, 1995; Luster, 1998). However, how
such the induction of MCP1 expression might occur in re-
sponse to S. pneumoniae is still not clearly understood. In the
present study, we evaluated the effect of S. pneumoniae on the
expression of inflammatory mediator MCP1. We found that S.
pneumoniae is potent in inducing the expression of MCP1.
Among the numerous virulence factors encoded by S. pneu-

Department of Biotechnology and Bioinformatics, Korea University, Yeongi 339-700, Korea, "Department of Microbiology and Immunology, University of
Rochester Medical Center, Rochester, NY 14642, USA, ?Department of Molecular Genetics and Microbiology, University of Florida, Gainesville, FL

32610, USA, 3These authors contributed equally to this work.
*Correspondence: haunhwan @korea.ac.kr

Received May 3, 2010; revised June 3, 2010; accepted June 4, 2010; published online August 23, 2010

Keywords: MCP1, MKP1, p38, pneumolysin, Streptococcus pneumoniae

) Springer



264 MKP1 for Pneumolysin-Mediated MCP1

moniae, pneumolysin induced the expression of MCP1 via p38
MAPK whose activation is under the control of MKP1. Thus,
this study brings new insights into defense mechanisms against
infection of S. pneumoniae by the regulation of inflammatory
mediators.

MATERIALS AND METHODS

Reagents
PD98059, SB203580 and Ro31-8220 were purchased from
Calbiochem. Polymyxin B was purchased from Sigma (USA).

Bacterial strains and culture conditions

Clinical isolates of S. pneumoniae wild-type (wt) strains D39,
6B, 3, 19F and 23F were used in this study (Avery et al., 1979;
Briles et al., 1992). Unless specified otherwise, the S. pneumo-
niae wt strain D39 was used to treat cells in this study. D39
isogenic pneumolysin-deficient mutant (Ply mt) was developed
through insertion-duplication mutagenesis as previously de-
scribed (Berry et al., 1989). S. pneumoniae strains were cul-
tured in a Todd-Hewitt broth supplemented with 0.5% yeast
extract (THY) at 37°C in an atmosphere of 5% CO,. Whole
bacterial cells cultured in the broth were harvested at 10,000 x
g for 20 min at 4°C to obtain the supernatant and pellet after
overnight incubation. The bacterial culture supernatant (Sup)
was filtered through a 0.22 um pore size membrane to com-
pletely remove bacteria. The bacterial pellet was then sus-
pended in phosphate buffered saline (PBS) for the preparation
of live bacteria (Live). The bacterial cell suspension was soni-
cated on ice three times at 150 W for 3 min at 5 min intervals as
previously reported (Ha et al., 2007). Residual intact cells were
removed by centrifugation at 12,000 x g for 20 min at 4°C. The
bacterial lysate (Lysate) was stored at -80°C, and 5 pg/ml lys-
ate was used in all experiments as previously reported (Ha et
al., 2007). For the infection with live S. pneumoniae, cells were
treated with 20 multiplicity of infection (moi) for 6 h unless oth-
erwise specified.

Purification of pneumolysin

Hise tag-fused pneumolysin was expressed in and purified from
an Escherichia coli strain, and residual LPS was removed by
passage over End-X resin as previously described (Ha et al.,
2007; 2008).

Cell culture

All media described below were supplemented with 10% fetal
bovine serum (GIBCO), penicillin (100 units/ml) and streptomy-
cin (0.1 mg/ml). A549 (human alveolar epithelial) and BEAS-2B
(human bronchial epithelial) cells were maintained in RPMI-
1640 (Hyclone). Cells were cultured at 37°C in a humidified 5%
CO; air-jacketed incubator. Unless otherwise specified, A549
cells were mainly used in this study.

Plasmids and transfections

The expression plasmids of p38a dominant-negative (DN),
p38B DN, MKP1 wt and MKP1 DN were previously described
(Ha et al., 2008; Mikami et al., 2005). All of the transient trans-
fections were carried out in duplicate using the TransIT-LT1
reagent (Mirus, USA) following the manufacturer's instructions.
In all transfections, an empty vector was used as the control.
Transfected cells were treated with pneumolysin for 6 hrs prior
to lysis for real-time quantitative PCR (Q-PCR) analysis.

RNA-mediated Interference
RNA-mediated interference to down-regulate p38o (MAPK14)

and MKP1 (DUSP1) expression was performed by transfection
with small interference RNA (siRNA) p38 and siRNA MKP1
following the instructions supplied by Invitrogen. siRNAs and
siCONTROL Non-Targeting siRNA Pool were purchased from
Dharmacon (RNA technologies, USA). The 40-50% confluent
cells were transfected with a final concentration of 100 nM
siRNA using Lipofectamine 2000 (Invitrogen). Forty hours after
the start of transfection, cells were treated with pneumolysin
before being lysed for Q-PCR and Western blot analysis.

Q-PCR analysis

Total RNA was isolated using TRIzol® Reagent following Invi-
trogen’s instructions. SYBR Green PCR Master Mix (Applied
Biosystems) was employed for Q-PCR. Synthesis of cDNA
from total RNA was performed using TagMan Reverse Tran-
scription Reagents (Applied Biosystems). The primer se-
quences for human MCP1 and MKP1 were as follows: MCP1
primers, 5-CAGCCAGATGCAATCAATGCC-3' and 5-TGGA
ATCCTGAACCCACTTCT-3'; MKP1 primers, 5-GCTGTGCAG
CAAACAGTCGA-3' and 5-CGATTAGTCCTCATAAGGTA-3'.
The primer sequence for mouse Mcp1 was as follows: 5'-
TGTCTGGACCCCATTCCTTC-3 and 5-ACCAGCAAGATGA
TCCCAAT-3'. Reactions were amplified and quantified using a
7500 Real-Time PCR System and the manufacturer’s software
(Applied Biosystems). Relative quantities of MCP1 and MKP1
mRNA were calculated using the comparative CT method and
normalized by human GAPDH (5-CCCTCCAAAATCAAGTGG-
3 and 5'-CCATCCACAGTCTTCTGG-3') or by mouse GAPDH
(5-GGAGAGAACCTGGTCCTCAG-3' and 5-ACCCAGAAGA
CTGTGGATGG-3') for the amount of RNA used in each reac-
tion.

Western blot analysis

Antibodies were used to analyze total cell lysates according to
the manufacturer’s instructions. Phospho-p38 and p38 antibod-
ies were purchased from Cell Signaling Technology (USA).
Monoclonal anti-B-actin was purchased from Sigma-Aldrich.

ELISA assay

The culture supernatants were collected and used to determine
the levels of secreted MCP1 by using a Human MCP1 Immu-
noassay (R&D systems). Supernatants were filtered through
0.22 um filters and used to quantify the amount of MCP1 ac-
cording to the manufacturer's instructions. The minimum de-
tectable dose of MCP1 was 5.0 pg/ml as reported by the manu-
facturer of the ELISA kit.

Animal Experiments

The lungs of anesthetized C57BL/6 mice were intratracheally
inoculated with S. pneumoniae D39 lysate (equivalent of 2.5 x
10’ CFU). Saline was injected as a control. Mice were sacri-
ficed by overdose injection of sodium pentobarbital Shr after
treatment. Total RNA was extracted from the lung tissues of
mice with TRIzol and then subjected to MCP1 mRNA expres-
sion analysis by Q-PCR.

RESULTS

Clinical isolates of S. pneumoniae induce MCP1 in vitro
and in vivo

Since MCP1 has been identified as a prominent chemokine, we
examined MCP1 expression in response to the clinical isolates
of S. pneumoniae in human alveolar epithelial A549 cells. Q-
PCR was used to quantify the level of mMRNA expressions fol-
lowing incubation with clinical isolates of S. pneumoniae strains
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D39, 6B, 3, 19F and 23F. As shown in Fig. 1A, all clinical iso-
lates tested were able to induce MCP1 expression 6 h post-
treatment. Consistent with MCP1 mRNA induction, ELISA re-
vealed increased MCP1 protein production in response to the
clinical isolates tested (Fig. 1B). To evaluate the generalizability
of these data, MCP1 expression was measured not only in
A549 but also in human bronchial epithelial BEAS-2B cells. As
shown in Fig. 1C, S. pneumoniae induced MCP1 expression in
both airway epithelial cells. To confirm whether MCP1 was also
induced in vivo, the effects of S. pneumoniae on Mcp1 expres-
sion in mice was determined Shr post-treatment. As shown in
Fig. 1D, the S. pneumoniae strain D39 strongly induced Mcp1
mRNA expression in murine upper respiratory tracts. Collec-
tively, these results demonstrate that S. pneumoniae was able
to potently induce MCP1 transcription.

Pneumolysin is responsible for the induction of MCP1

To identify the pneumococcal factors responsible for MCP1
induction, MCP1-inducing activity of live bacteria, bacterial cul-
ture supernatant and bacterial lysate containing soluble cyto-
plasmic components was compared. As shown in Fig. 2A,
MCP1 transcription exhibited the highest increase in response
to S. pneumoniae lysate versus live bacteria and bacterial cul-
ture supernatant. This suggests that S. pneumoniae cytoplas-
mic components likely contain the primary mediators for MCP1
induction. Among the numerous pneumococcal factors contrib-
uting to pathogenesis during infection, pneumolysin is a major
cytoplasmic protein (Paton et al., 1997). To determine whether
pneumolysin was responsible for the increase of MCP1 ex-
pression, the ability of the S. pneumoniae strain D39 (D39 wt)
and its isogenic pneumolysin-deficient mutant (Ply mt) to induce
MCP1 expression was compared. As shown in Fig. 2B, D39 wt
increased MCP1 expression, whereas Ply mt did not induce
expression at all, indicating that pneumolysin is required for
expression. By applying purified pneumolysin, it was further
confirmed that pneumolysin induces MCP1 expression in a
dose-dependent manner and expression was increased up to a

S. pneumoniae strains

COND39

the S. pneumoniae D39 lysate in the lungs of
C57BL/6 mice in vivo. Data in (A-C) are ex-
pressed as mean + SD (n = 3). Data in (D)
are expressed as mean + SD (n=4). *, p<
0.01 vs control group. CON, PBS.

level similar to that induced by S. pneumoniae (Fig. 2C). Based
on this, a pneumolysin dose of 100 ng/ml was used to treat
cells for further study. To eliminate the possibility that MCP1
expression was induced by LPS contaminated during purifica-
tion from E. coli, pneumolysin was pretreated with polymyxin B,
a well-characterized LPS inhibitor (Li et al., 1999; 2000; Yang et
al., 2003). As shown in Fig. 2D, polymyxin B pretreatment did
not significantly reduce pneumolysin-induced MCP1 expression,
indicating that potential LPS contamination did not occur. Since
MCP1 expression was potently induced by pneumolysin, the
effect of treatment time on the expression of MCP1 was exam-
ined. Pneumolysin minimally induced MCP1 expression 3hr
after treatment and maximally induced MCP1 expression 6hr
after treatment, which decreased thereafter, indicating a time-
dependent induction pattern of MCP1 expression (Fig. 2E).
Taken together, these results suggest that pneumolysin was
necessary for the induction of MCP1 expression.

p38 MAPK plays a major role in inducing MCP1 expression
in response to pneumolysin

Since MAPK plays a key role in the induction of inflammatory
mediators (Kaminska, 2005), we investigated to understand the
role of p38 and ERK in MCP1 expression after treatment with
pneumolysin. As shown in Fig. 3A, pretreatment of SB203580,
a specific chemical inhibitor for p38, clearly reduced pneumo-
lysin-induced MCP1 expression, whereas PD98059, a specific
chemical inhibitor for ERK, did not, suggesting the involvement
of p38 in MCP1 induction. The role of p38 in pneumolysin-
induced MCP1 expression was then examined by using more
specific approaches. As shown in Fig. 3B, overexpressing of
both p38a. DN and p38f DN reduced MCP1 expression. To
further confirm the requirement of p38, p38 knockdown using
siRNA-p38 was carried out. As shown in Fig. 3C (left panel),
p38 knockdown reduced MCP1 expression. The efficiency of
siRNA-p38 in reducing endogenous p38 protein was confirmed
by Western blot analysis (Fig. 3C, right panel). Since p38 is
required for the induction of MCP1 expression, activation of p38
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Fig. 4. MKP1 acts as a negative regulator for
pneumolysin-induced MCP1 expression. (A) The
2.5 pM Ro31-8220 enhanced Ply-induced MCP1
expression. (B) Overexpression of MKP1 DN en-
hanced Ply-induced MCP1 expression, whereas
overexpression of MKP1 wt reduced expression.
(C, D) MKP1 knockdown using siRNA-MKP1 (100
nM) enhanced MCP1 induction (C; right panel) and
p38 phosphorylation (D) by Ply. The efficiency of
siRNA-MKP1 in reducing endogenous MKP1 mRNA
was confirmed by performing Q-PCR analysis (C;
left panel). Data in A-C are expressed as mean +
SD (n = 3). Data in D are representative of three
separate experiments. *, p < 0.05 vs in the pres-
ence of Ply only (A) and mock in the presence of
Ply (B-C). **, p < 0.01 vs mock (C). CON, PBS.

by pneumolysin was observed at the protein level by Western
blot analysis (Fig. 3D). From these data, it was concluded that
pneumolysin acts as a positive regulator for MCP1 induction.

MKP1 acts as a negative regulator for
pneumolysin-induced MCP1 expression

Since p38 MAPK was clearly involved in the induction of MCP1,
the involvement of MKP, a critical phosphatase for depho-
sphorylating MAPK; in regulating MCP1 induction in response
to pneumolysin was examined. Previously, it was demonstrated
that pneumolysin specifically induced MKP1 expression but not
MKP3, 5 and 7 (Ha et al., 2008). Therefore, the effect of Ro31-
8220, a specific chemical inhibitor for MKP1 expression, on the
induction of MCP1 expression in response to pneumolysin was
assessed. As shown in Fig. 4A, pretreatment of Ro31-8220
enhanced pneumolysin-induced MCP1 expression, indicating
that MKP1 was negatively involved in MCP1 induction. The role
of MKP1 in pneumolysin-induced MCP1 transcription was then
examined by using more specific approaches. As presented in
Fig. 4B, overexpression of MKP1 DN enhanced MCP1 expres-
sion, whereas overexpression of MKP1 wt reduced expression.
To further confirm the requirement of MKP1, MKP1 knockdown
using siRNA-MKP1 was performed. As shown in Fig. 4C (right
panel), MKP1 knockdown enhanced MCP1 expression. The
efficiency of siBRNA-MKP1 in reducing endogenous MKP1
mRNA was confirmed by performing Q-PCR analysis (Fig. 4C,
left panel). The activation of p38 acted as a positive regulator
for MCP1 induction in response to pneumolysin, whereas
MKP1 acted as a negative regulator for induction. Still unknown

was whether MKP1 was negatively involved in MCP1 induction
by inhibiting p38 phosphorylation. To test this, the effect of
MKP1 knockdown on pneumolysin-induced p38 phosphoryla-
tion was examined. As shown in Fig. 4D, MKP1 knockdown
increased p38 phosphorylation induced by pneumolysin. To-
gether, these data suggest that MKP1 clearly acts as a nega-
tive regulator for MCP1 induction by deactivating p38 signaling
in response to pneumolysin.

DISCUSSION

In this study, S. pneumoniae was shown to induce the expres-
sion of MCP1, which is known as a potent chemoattractant of
monocytes. It was further demonstrated that pneumolysin, a
key cytoplasmic virulence protein well-conserved among all
clinical isolates of S. pneumoniae, was involved in the induction
of MCP1, whose expression gradually increased and maximal
6hr post-treatment. The expression of MCP1 was mediated by
p38, whose activation is under the control of MKP1. Thus, this
study reveals novel roles of the pneumolysin in mediating
MKP1 expression for the regulation of MCP1 expression in
human airway epithelial cells.

S. pneumoniae has more than 90 different serotypes based
on the antigenically distinct polysaccharide capsule (Kalin,
1998). Among these, only seven serotypes are covered in the
heptavalent polysaccharide conjugate vaccine because those
are the most causative serotypes in pneumococcal infection
(Black et al., 2000; Obaro, 2002). The seven serotypes include
4, 6B, 9V, 14, 18C, 19F and 23F (Hausdorff et al., 2000a; 2000b;
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Spratt and Greenwood, 2000). In this study, the role of 6B, 19F
and 23F in the expression of MCP1 was examined. All three
serotypes along with 3 and D39 induced expression of MCP1
at both the mRNA and protein levels, indicating that this induc-
tion was well conserved among the clinical isolates of S.
pneumoniae (Figs. 1A and 1B). In addition, this induction was
further confirmed in different airway cells as well as in murine
upper respiratory tracts (Figs. 1C and 1D).

Cell surface-associated proteins and pneumolysin are
thought to play a role in inducing inflammatory responses dur-
ing pneumococcal infection (Jedrzejas, 2001; Tuomanen et al.,
1985). Among them, PspC is a cell surface protein involved in
pneumococcal adhesion to cells in nasopharynx (Rosenow et
al., 1997) and stimulates the expression of IL-8 from pulmonary
epithelial cells (Madsen et al., 2000). In addition, pneumolysin
plays an important role in facilitating inflammation by stimulating
inflammatory mediators such as IL-1B, TNF-q, nitric oxide, IL-8
and prostaglandins followed by the recruitment of leukocytes to
infection sites (Braun et al., 1999; Cockeran et al., 2001; 2002;
Houldsworth et al., 1994; Mitchell and Andrew, 1997; Rijneveld
et al., 2002). In this study, the fractionation assay demonstrated
that a possible factor responsible for the MCP1 induction was
localized to the cytoplasm, implying that pneumolysin may be
the factor. Indeed, pneumolysin was found to be an essential
and sufficient factor for inducing the expression of MCP1 (Figs.
2B and 2C). Pneumolysin is not a secretary protein because it
does not have a typical secretion signal, but it can be released
by the action of cell-bound autolysin (Canvin et al., 1995). This
explains how live bacterial culture and the culture supernatant

also displayed a limited induction of MCP1 expression (Fig. 2A).

The late exponential-growth phase of S. pneumoniae was used
to prepare the lysate. After measuring the total protein concen-
tration present in the lysate, 5 ng/ml lysate, which is equivalent
to about 10" S. pneumonia, was used. It was previously re-
ported that 10 pg of pneumolysin is equivalent to about 10° S.
pneumoniae (Houldsworth et al., 1994). In line with these re-
ports, the dose-dependent induction assay shown in Fig. 2C
demonstrated that 100~200ng/ml induced MCP1 expression to
a comparable extent. However, it was found to be that 100-
200ng/ml doses of pneumolysin resulted in a cytotoxicity of 5-
25% (Ha et al., 2007). Therefore, 100 ng/ml dose causing
lesser cytotoxicity was used in this study.

MKPs are crucial signaling mediators involved in balancing
the activity of MAPKs by dephosphorylation. The MKPs have a
distinct substrate specificity toward the member of MAPK family
(Camps et al., 2000; Keyse, 2000). Pneumolysin is known to
specifically induce MKP1 expression not only at the mRNA
level but also at the protein level, and the induction of MKP1 in
response to S. pneumoniae was observed in the murine model
(Ha et al., 2008). MKP1 was identified as a stress-responsive
immediate-early gene (Keyse and Emslie, 1992) and plays an
important role in the innate immune response (Chi et al., 2006;
Salojin et al., 2006). In addition, MKP1 is the most selective for
p38 at physiologic levels of expression, although high levels of
expression are also associated with JNK and ERK inactivation
(Bueno et al., 2001; Franklin and Kraft, 1997; Hutter et al.,
2000).

As initial defenses during infection, hosts have developed a
variety of strategies to facilitate pathogen clearance, including
effective inflammatory responses. In the present study, pneu-
molysin was identified as a key virulence factor in S. pneumo-
niae-induced MCP1 expression via MKP1-dependent activation
of p38. The signaling molecules that directly mediate MKP1
regulation of p38 activation are yet to be determined. However,
the information provided in this study will make it easier to un-

derstand the pathogenesis of this important human pathogen.

ACKNOWLEDGMENT
This work was supported by a Korea University Grant.

REFERENCES

Avery, O.T., MacLeod, C.M., and McCarty, M. (1979). Studies on
the chemical nature of the substance inducing transformation of
pneumococcal types. Inductions of transformation by a des-
oxyribonucleic acid fraction isolated from pneumococcus type llI.
J. Exp. Med. 149, 297-326.

Berry, A.M., Yother, J., Briles, D.E., Hansman, D., and Paton, J.C.
(1989). Reduced virulence of a defined pneumolysin-negative
mutant of Streptococcus pneumoniae. Infect. Immun. 57, 2037-
2042.

Black, S., Shinefield, H., Fireman, B., Lewis, E., Ray, P., Hansen,
J.R., Elvin, L., Ensor, K.M., Hackell, J., Siber, G., et al. (2000).
Efficacy, safety and immunogenicity of heptavalent pneumoco-
ccal conjugate vaccine in children. Northern California Kaiser
Permanente Vaccine Study Center Group. Pediatr. Infect. Dis. J.
19, 187-195.

Bluestone, C.D., Stephenson, J.S., and Martin, L.M. (1992). Ten-
year review of otitis media pathogens. Pediatr. Infect. Dis. J. 17,
S7-11.

Bokoch, G.M. (1995). Chemoattractant signaling and leukocyte
activation. Blood 86, 1649-1660.

Bossink, A.W., Paemen, L., Jansen, P.M., Hack, C.E., Thijs, L.G.,
and Van Damme, J. (1995). Plasma levels of the chemokines
monocyte chemotactic proteins-1 and -2 are elevated in human
sepsis. Blood 86, 3841-3847.

Braun, J.S., Novak, R., Gao, G., Murray, P.J., and Shenep, J.L.
(1999). Pneumolysin, a protein toxin of Streptococcus pneumo-
niae, induces nitric oxide production from macrophages. Infect.
Immun. 67, 3750-3756.

Briles, D.E., Crain, M.J., Gray, B.M., Forman, C., and Yother, J.
(1992). Strong association between capsular type and virulence
for mice among human isolates of Streptococcus pneumoniae.
Infect. Immun. 60, 111-116.

Bruyn, G.A., and van Furth, R. (1991). Pneumococcal polysac-
charide vaccines: indications, efficacy and recommendations.
Eur. J. Clin. Microbiol. Infect. Dis. 10, 897-910.

Bueno, O.F., De Windt, L.J., Lim, HW., Tymitz, KM., Witt, S.A,,
Kimball, T.R., and Molkentin, J.D. (2001). The dual-specificity
phosphatase MKP-1 limits the cardiac hypertrophic response in
vitro and in vivo. Circ. Res. 88, 88-96.

Camps, M., Nichols, A., and Arkinstall, S. (2000). Dual specificity
phosphatases: a gene family for control of MAP kinase function.
FASEB J. 14, 6-16.

Canvin, J.R., Marvin, A.P., Sivakumaran, M., Paton, J.C., Boulnois,
G.J., Andrew, P.W., and Mitchell, T.J. (1995). The role of
pneumolysin and autolysin in the pathology of pneumonia and
septicemia in mice infected with a type 2 pneumococcus. J.
Infect. Dis. 172, 119-123.

Chi, H., Barry, S.P., Roth, R.J., Wu, J.J., Jones, E.A., Bennett, A M.,
and Flavell, R.A. (2006). Dynamic regulation of pro- and anti-
inflammatory cytokines by MAPK phosphatase 1 (MKP-1) in
innate immune responses. Proc. Natl. Acad. Sci. USA 103,
2274-2279.

Cockeran, R., Steel, H.C., Mitchell, T.J., Feldman, C., and Ander-
son, R. (2001). Pneumolysin potentiates production of prosta-
glandin E(2) and leukotriene B(4) by human neutrophils. Infect.
Immun. 69, 3494-3496.

Cockeran, R., Durandt, C., Feldman, C., Mitchell, T.J., and Ander-
son, R. (2002). Pneumolysin activates the synthesis and release
of interleukin-8 by human neutrophils in vitro. J. Infect. Dis. 186,
562-565.

Cundell, D.R., Gerard, N.P., Gerard, C., Idanpaan-Heikkila, I., and
Tuomanen, E.I. (1995). Streptococcus pneumoniae anchor to
activated human cells by the receptor for platelet-activating
factor. Nature 377, 435-438.

Dunzendorfer, S., Kaneider, N.C., Kaser, A., Woell, E., Frade, J.M.,
Mellado, M., Martinez-Alonso, C., and Wiedermann, C.J. (2001).
Functional expression of chemokine receptor 2 by normal
human eosinophils. J. Allergy Clin. Immunol. 108, 581-587.



Hee-Sung Shin et al. 269

Folkard, S.G., Westwick, J., and Millar, A.B. (1997). Production of
interleukin-8, RANTES and MCP-1 in intrinsic and extrinsic
asthmatics. Eur. Respir. J. 10, 2097-2104.

Franklin, C.C., and Kraft, A.S. (1997). Conditional expression of the
mitogen-activated protein kinase (MAPK) phosphatase MKP-1
preferentially inhibits p38 MAPK and stress-activated protein
kinase in U937 cells. J. Biol. Chem. 272, 16917-16923.

Gautam, S.C., Noth, C.J., Janakiraman, N., Pindolia, K.R., and
Chapman, R.A. (1995). Induction of chemokine mRNA in bone
marrow stromal cells: modulation by TGF-beta 1 and IL-4. Exp.
Hematol. 23, 482-491.

Gu, L., Okada, Y., Clinton, S.K., Gerard, C., Sukhova, G.K., Libby,
P., and Rollins, B.J. (1998). Absence of monocyte chemoattrac-
tant protein-1 reduces atherosclerosis in low density lipoprotein
receptor-deficient mice. Mol. Cell 2, 275-281.

Gu, L., Tseng, S.C., and Rollins, B.J. (1999). Monocyte chemo-
attractant protein-1. Chem. Immunol. 72, 7-29.

Ha, U., Lim, J.H., Jono, H., Koga, T., Srivastava, A., Malley, R.,
Pages, G., Pouyssegur, J., and Li, J.D. (2007). A novel role for
IkappaB kinase (IKK) alpha and IKKbeta in ERK-dependent up-
regulation of MUC5AC mucin transcription by Streptococcus
pneumoniae. J. Immunol. 178, 1736-1747.

Ha, U.H., Lim, J.H., Kim, HJ., Wu, W., Jin, S., Xu, H., and Li, J.D.
(2008). MKP1 regulates the induction of MUC5AC mucin by
Streptococcus pneumoniae pneumolysin by inhibiting the PAK4-
JNK signaling pathway. J. Biol. Chem. 283, 30624-30631.

Hausdorff, W.P., Bryant, J., Kloek, C., Paradiso, P.R., and Siber,
G.R. (2000a). The contribution of specific pneumococcal sero-
groups to different disease manifestations: implications for
conjugate vaccine formulation and use, part Il. Clin. Infect. Dis.
30, 122-140.

Hausdorff, W.P., Bryant, J., Paradiso, P.R., and Siber, G.R. (2000b).

Which pneumococcal serogroups cause the most invasive
disease: implications for conjugate vaccine formulation and use,
part I. Clin. Infect. Dis. 30, 100-121.

Heinemann, A., Hartnell, A., Stubbs, V.E., Murakami, K., Soler, D.,
LaRosa, G., Askenase, P.W., Williams, T.J., and Sabroe, I.
(2000). Basophil responses to chemokines are regulated by
both sequential and cooperative receptor signaling. J. Immunol.
165, 7224-7233.

Houldsworth, S., Andrew, P.W., and Mitchell, T.J. (1994). Pneumo-
lysin stimulates production of tumor necrosis factor alpha and
interleukin-1 beta by human mononuclear phagocytes. Infect.
Immun. 62, 1501-1503.

Hutter, D., Chen, P., Barnes, J., and Liu, Y. (2000). Catalytic ac-
tivation of mitogen-activated protein (MAP) kinase phosphatase-
1 by binding to p38 MAP kinase: critical role of the p38 C-
terminal domain in its negative regulation. Biochem. J. 352, 155-
163.

Jedrzejas, M.J. (2001). Pneumococcal virulence factors: structure
and function. Microbiol. Mol. Biol. Rev. 65, 187-207 ; first page,
table of contents.

Jiang, Y., Beller, D.I,, Frendl, G., and Graves, D.T. (1992). Monocyte
chemoattractant protein-1 regulates adhesion molecule ex-
pression and cytokine production in human monocytes. J.
Immunol. 148, 2423-2428.

Kalin, M. (1998). Pneumococcal serotypes and their clinical relev-
ance. Thorax 53, 159-162.

Kaminska, B. (2005). MAPK signalling pathways as molecular
targets for anti-inflammatory therapy--from molecular mecha-
nisms to therapeutic benefits. Biochim. Biophys. Acta 1754, 253-
262.

Keyse, S.M. (2000). Protein phosphatases and the regulation of
mitogen-activated protein kinase signalling. Curr. Opin. Cell Biol.
12,186-192.

Keyse, S.M. and Emslie, E.A. (1992). Oxidative stress and heat
shock induce a human gene encoding a protein-tyrosine phos-
phatase. Nature 359, 644-647.

Khreiss, T., Jozsef, L., Potempa, L.A., and Filep, J.G. (2004). Con-
formational rearrangement in C-reactive protein is required for
proinflammatory actions on human endothelial cells. Circulation
109, 2016-2022.

Kim, HK., Lee, J.J., Lee, J.S., Park, Y.M,, and Yoon, T.R. (2008).
Rosmarinic acid down-regulates the LPS-induced production of
monocyte chemoattractant protein-1 (MCP-1) and macrophage
inflammatory protein-1alpha (MIP-1alpha) via the MAPK path-
way in bone-marrow derived dendritic cells. Mol. Cells 26, 583-

589.

Lee, S.A,, Fitzgerald, S.M., Huang, S.K,, Li, C., Chi, D.S., Milhorn,
D.M., and Krishnaswamy, G. (2004). Molecular regulation of
interleukin-13 and monocyte chemoattractant protein-1 expres-
sion in human mast cells by interleukin-1beta. Am. J. Respir.
Cell Mol. Biol. 31, 283-291.

Lee, S.K., Choi, B.K., Kang, W.J., Kim, Y.H., Park, H.Y., Kim, K.H.,
and Kwon, B.S. (2008). MCP-1 derived from stromal keratocyte
induces corneal infiltration of CD4+ T cells in herpetic stromal
keratitis. Mol. Cells 26, 67-73.

Li, Q.,, Lu, Q., Hwang, J.Y., Buscher, D., Lee, K.F., Izpisua-
Belmonte, J.C., and Verma, .M. (1999). IKK1-deficient mice
exhibit abnormal development of skin and skeleton. Genes Dev.
13, 1322-1328.

Li, Q., Estepa, G., Memet, S., Israel, A., and Verma, |.M. (2000).
Complete lack of NF-kappaB activity in IKK1 and IKK2 double-
deficient mice: additional defect in neurulation. Genes Dev. 14,
1729-1733.

Lin, Y., Zhang, M., and Barnes, P.F. (1998). Chemokine production
by a human alveolar epithelial cell line in response to Mycobac-
terium tuberculosis. Infect. Immun. 66, 1121-1126.

Loetscher, P., Seitz, M., Clark-Lewis, |., Baggiolini, M., and Moser,
B. Q 996). Activation of NK cells by CC chemokines. Chemotaxis,
Ca™" mobilization, and enzyme release. J. Immunol. 156, 322-
327.

Loghmani, F., Mohammed, K.A., Nasreen, N., Van Horn, R.D.,
Hardwick, J.A., Sanders, K.L., and Antony, V.B. (2002). Inflam-
matory cytokines mediate C-C (monocyte chemotactic protein 1)
and C-X-C (interleukin 8) chemokine expression in human
pleural fibroblasts. Inflammation 26, 73-82.

Luster, A.D. (1998). Chemokines--chemotactic cytokines that me-
diate inflammation. N. Engl. J. Med. 338, 436-445.

Madsen, M., Lebenthal, Y., Cheng, Q., Smith, B.L., and Hostetter,
M.K. (2000). A pneumococcal protein that elicits interleukin-8
from pulmonary epithelial cells. J. Infect. Dis. 187, 1330-1336.

Mikami, F., Gu, H., Jono, H., Andalibi, A., Kai, H., and Li, J.D.
(2005). Epidermal growth factor receptor acts as a negative
regulator for bacterium nontypeable Haemophilus influenzae-
induced Toll-like receptor 2 expression via an Src-dependent
p38 mitogen-activated protein kinase signaling pathway. J. Biol.
Chem. 280, 36185-36194.

Mitchell, T.J. (2008). Streptococcus pneumoniae: infection, inflam-
mation and disease. Adv. Exp. Med. Biol. 582, 111-124.

Mitchell, T.J., and Andrew, P.W. (1997). Biological properties of
pneumolysin. Microb. Drug Resist. 3, 19-26.

Obaro, S.K. (2002). The new pneumococcal vaccine. Clin. Microbiol.
Infect. 8, 623-633.

Paton, J.C., Berry, A.M,, and Lock, R.A. (1997). Molecular analysis
of putative pneumococcal virulence proteins. Microb. Drug
Resist. 3, 1-10.

Price, K.E., and Camilli, A. (2009). Pneumolysin localizes to the cell
wall of Streptococcus pneumoniae. J. Bacteriol. 191, 2163-2168.

Pype, J.L., Dupont, L.J., Menten, P., Van Caillie, E., Opdenakker,
G., Van Damme, J., Chung, K.F., Demedts, M.G., and Verleden,
G.M. (1999). Expression of monocyte chemotactic protein
(MCP)-1, MCP-2, and MCP-3 by human airway smooth-muscle
cells. Modulation by corticosteroids and T-helper 2 cytokines.
Am. J. Respir. Cell Mol. Biol. 21, 528-536.

Reape, T.J., and Groot, P.H. (1999). Chemokines and atherosc-
lerosis. Atherosclerosis 147, 213-225.

Rijneveld, A.W., van den Dobbelsteen, G.P., Florquin, S., Standi-
ford, T.J., Speelman, P., van Alphen, L., and van der Poll, T.
(2002). Roles of interleukin-6 and macrophage inflammatory
protein-2 in pneumolysin-induced lung inflammation in mice. J.
Infect. Dis. 185, 123-126.

Rosenow, C., Ryan, P., Weiser, J.N., Johnson, S., Fontan, P,
Ortqvist, A., and Masure, H.R. (1997). Contribution of novel choline-
binding proteins to adherence, colonization and immunogenicity
of Streptococcus pneumoniae. Mol. Microbiol. 25, 819-829.

Salojin, K.V., Owusu, 1.B., Millerchip, K.A., Potter, M., Platt, K.A.,
and Oravecz, T. (2006). Essential role of MAPK phosphatase-1
in the negative control of innate immune responses. J. Immunol.
176, 1899-1907.

Sironi, M., Munoz, C., Pollicino, T., Siboni, A., Sciacca, F.L.,
Bernasconi, S., Vecchi, A., Colotta, F., and Mantovani, A. (1993).
Divergent effects of interleukin-10 on cytokine production by
mononuclear phagocytes and endothelial cells. Eur. J. Immunol.



270 MKP1 for Pneumolysin-Mediated MCP1

23, 2692-2695.

Sousa, A.R., Lane, S.J., Nakhosteen, J.A., Yoshimura, T., Lee, T.H.,
and Poston, R.N. (1994). Increased expression of the monocyte
chemoattractant protein-1 in bronchial tissue from asthmatic
subjects. Am. J. Respir. Cell. Mol. Biol. 10, 142-147.

Spratt, B.G., and Greenwood, B.M. (2000). Prevention of pneumo-
coccal disease by vaccination: does serotype replacement
matter? Lancet 356, 1210-1211.

Tuomanen, E., Liu, H., Hengstler, B., Zak, O., and Tomasz, A.
(1985). The induction of meningeal inflammation by components
of the pneumococcal cell wall. J. Infect. Dis. 157, 859-868.

Wheeler, J., Freeman, R., Steward, M., Henderson, K., Lee, M.J.,
Piggott, N.H., Eltringham, G.J., and Galloway, A. (1999). Detec-
tion of pneumolysin in sputum. J. Med. Microbiol. 48, 863-866.

Yang, F., Tang, E., Guan, K., and Wang, C.Y. (2003). IKK beta
plays an essential role in the phosphorylation of RelA/p65 on
serine 536 induced by lipopolysaccharide. J Immunol. 170,
5630-5635.

Zhu, J.F., Valente, A.J., Lorenzo, J.A., Carmes, D., and Graves, D.T.
(1994). Expression of monocyte chemoattractant protein 1 in
human osteoblastic cells stimulated by proinflammatory mediators.
J. Bone Miner. Res. 9, 1123-1130.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


