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In this study, we show that stimulation of human airway epithelial cells (HAECs) by Pseudomonas aeruginosa
strain PAO1 induces time- and dose-dependent activation of p38 mitogen-activated protein kinase (MAPK).
Activated p38 MAPK stayed in the cytoplasm instead of translocating to the nucleus, as shown by cellular
fractionation. p38 MAPK was activated when HAECs were incubated with P. aeruginosa strain PAK and
Burkholderia cepacia, while little activation was observed with the isogenic flagellin-free strains PAK/fliC and
B. cepacia BC/fliC. The presence of Toll-like receptor 5 (TLRS5) in 293 cells mediated PAO1-dependent
activation of p38 MAPK, and in HAECs p38 MAPK activation was blocked by the overexpression of a dominant
negative TLRS. Two inhibitors of p38 MAPK, SB202190 and SB203580, significantly attenuated PAO1-
dependent expression of an NF-kB-dependent luciferase reporter gene, suggesting that p38 MAPK activation
is required for full activation of NF-kB-dependent signaling. Microarray analysis of NF-kB target genes
revealed up-regulation of multiple genes by PAO1 in HAECs. Reverse transcription-PCR and protein expres-
sion analysis were used to show that up-regulation of NF-kB-dependent genes induced by PAO1, such as the
genes encoding Cox-2 and interleukin-8, was attenuated by SB203580. These results demonstrate a role for p38

MAPK signaling in gene regulation in response to P. aeruginosa via TLRS.

Pseudomonas aeruginosa is an opportunistic pathogen that
often infects the lungs of cystic fibrosis (CF) patients (5). Air-
way epithelial cells are a major site of host defense in the lung
and the major sentinel cells against pathogens (12). Host re-
sponses are triggered by Toll-like receptors (TLRs), an
evolutionarily conserved family of receptors that initiate host
responses via recognition of pathogen-associated molecular
patterns, such as the bacterial cell components lipopolysaccha-
ride (LPS), pili, and flagellin (10, 35). TLR activation initiates
signaling cascades that converge at the NF-«B signaling path-
way, which activates the synthesis of proteins such as inflam-
matory cytokines and B-defensins to elicit host innate immune
responses (23).

Recent studies with Caenorhabditis elegans and Arabidopsis
thaliana have demonstrated a role for p38 mitogen-activated
protein kinase (MAPK) in innate defense against bacterial and
fungal pathogens (1, 2, 17, 22). p38 MAPK is a Pro-directed
Ser/Thr kinase that is critical in inflammation and the host
response to stress signals. Members of the MAPK family have
been shown to be activated by P. aeruginosa in several epithe-
lial cell line systems (26, 34). Studies have suggested that in-
hibition of p38 MAPK might be of clinical use for the control
of inflammatory responses in CF patients (20, 24).

In this study, we demonstrated that in primary human airway
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epithelial cells (HAECs) P. aeruginosa challenge activates p38
MAPK. In addition, we demonstrated that p38 MAPK activa-
tion is dependent upon activation of TLRS by flagellin and that
inhibition of p38 MAPK activity diminishes the synthesis of
proteins that are involved in the different aspects of epithelial
cell functions, including those that are critical in the induction
of the innate immune response in the airway.

MATERIALS AND METHODS

Reagents and plasmids. SB202190, SB203580, SB202474, and PD98059 were
purchased from Calbiochem (La Jolla, CA). Lipoteichoic acid (LTA) was pur-
chased from Sigma (St. Louis, MO). Phospho-specific antibodies against Thr180
and Tyr182 dual-phosphorylated p38 MAPK, antibodies against total p38 MAPK
(phosphorylation state independent), phospho-specific extracellular signal-regu-
lated kinase (ERK) antibody, histone H3 and cyclooxygenase 2 (Cox-2), and
horseradish peroxidase (HRP)-linked anti-rabbit immunoglobulin G antibody
were obtained from Cell Signaling Technology (Danvers, MA). Murine TLRS
was cloned from a mouse lung cDNA library (Clontech, Palo Alto, CA) using
primers 5’ATACGGATATCATGGCATGTCAACTTGACTTGCTCATAG
and 3’ AAGGAAAAAAGCGGCCGCCTAGGAAATGGTTGCTATGGTTCG
CAACTG. A dominant negative mutant of human TLRS5 (DNhTLRS5) encoding
amino acids 1 to 664 was constructed in pIRESpuro vector (catalog no. 6031-1;
Clontech, Palo Alto, CA) by PCR amplification as previously described (35).
Construction of DNhTLR2 has been described previously (29). The NF-«xB
promoter-driven luciferase reporter was generated by insertion of a 1.0-kb pro-
moter region of the human beta-defensin 2 (hBD2) gene into pGL3 vector
(Promega, Madison, WI) as described previously (29).

Bacterial strains. Strains PAO1 and PAK are wild-type, nonmucoid, piliated,
motile P. aeruginosa strains. Strain PAK/fliC is a nonmotile derivative of PAK in
which the fliC gene encoding flagellin was replaced by homologous recombina-
tion with a mutant gene interrupted by a gentamicin resistance cassette (35).
Burkholderia cepacia has flagella, while the fliC gene encoding flagellin in B.
cepacia BC/fliC is disrupted by a gentamicin resistance cassette (35). All strains
were grown in tryptic soy broth (Difco Laboratories, Detroit, MI) supplemented
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with 10 wg/ml kanamycin until the mid-log phase was reached. The bacterial
concentration was about 1 X 10® CFU/ml (optical density at 600 nm of about
0.5), which was verified for each experiment by serial plating. Bacteria were
washed, resuspended in phosphate-buffered saline (PBS) (Invitrogen, Carlsbad,
CA), and immediately killed by incubation in a 60°C water bath for 30 min.
Samples of the preparation were cultured on tryptic soy broth plates to ensure
that the killing was complete.

Purification of flagellin. Purified flagellin protein from PAK was prepared as
previously described (35). A PAK culture was collected and sonicated using a
Misonix Sonicator 3000 homogenizer (Fisher Scientific, Pittsburgh, PA) briefly to
obtain flagellum release with minimal protein or LPS contamination. Bacteria
were removed by centrifugation at 16,000 X g for 15 min at 4°C, and the resulting
supernatant was centrifuged in an ultracentrifuge with a 42.1 rotor (model L8-70;
Beckman, Duarte, CA) at 100,000 X g for 3 h at 4°C to collect the flagella.
Concentrations of flagellin protein were determined by the Bradford method
with bovine serum albumin as the standard. A mock flagellin preparation was
prepared in an identical manner using PAK/fliC.

Cell culture. Human embryonic kidney 293 cells were cultured in Dulbecco’s
modified Eagle’s medium (Mediatech Cellgro, Virginia) supplemented with 10%
fetal bovine serum (HyClone, Logan, UT), 100 IU/ml penicillin, and 100 p.g/ml
streptomycin. HAECs were prepared by protease digestion as previously de-
scribed (18). Trachea and central bronchi freshly isolated from human lung that
could not be utilized for transplantation were washed three times in 250 ml
minimal essential medium supplemented with 0.5 mg/ml dithiothreitol, 10 pg/ml
DNase I, 50 pg/ml ceftazidime, 2.5 wg/ml amphotericin B, and 40 pg/ml tobra-
mycin and were digested in 250 ml of 0.1% protease-supplemented minimal
essential medium (including DNase and antibiotics but not dithiothreitol). The
separated cells in the medium were harvested and grown in bronchial epithelial
cell growth medium (Clonetics BioWhittaker, Walkersville, MD).

Transfection. Transfections with 293 cells or HAECs were performed as pre-
viously described (35). Briefly, a LipofectAMINE2000 reagent (Invitrogen,
Carlsbad, CA) was used for 293 cells. A total of 0.5 X 10° 293 cells were seeded
in 24-well plates in 250 pl of Dulbecco’s modified Eagle’s medium per well. Then
0.5 pg of murine TLRS plasmid was transfected to each well 24 h before bacterial
challenge. Effectene reagents (Qiagen Inc., Valencia, CA) were used for trans-
fection of HAECs. Plasmids including 0.3 pg of hBD2 promoter-driven firefly
luciferase and 10 ng of the Renilla luciferase gene were used. One microgram of
a DNhTLRS5 plasmid was used in some experiments where indicated. Empty
PIRES vectors were used to normalize the total DNA content.

Immunocytochemistry. HAECs grown on glass coverslips were fixed with 4%
paraformaldehyde, stained with rabbit phospho-p38 MAPK antibody, and sub-
jected to ABC detection using a Vectastain ABC kit for rabbit immunoglobulin
G (Vector Laboratories, Burlingame, CA).

Western blot analysis. Cells were lysed in protein loading buffer (62.5 mM
Tris-HCI [pH 6.8], 2% [wt/vol] sodium dodecyl sulfate, 10% glycerol, 50 mM
dithiothreitol, 0.1% [wt/vol] bromophenol blue) and analyzed on a 10% sodium
dodecyl sulfate-polyacrylamide gel. The proteins were transferred onto a nitro-
cellulose membrane and incubated with primary antibodies and horseradish
peroxidase (HRP)-conjugated secondary antibody. Blots were developed using
the enhanced chemiluminescence system (Amersham Pharmacia, Piscataway,
NJ) and were exposed to X-ray film. Western blot results were quantified by
densitometric analysis using GeneTools (Syngene, Frederick, MD).

Nuclear extraction. Cellular fractionation was performed as described by Ito et
al. (14). In brief, cells were lysed in ice-cold lysis buffer (10 mM Tris-HCI, 50 mM
sodium bisulfite, 1% Triton X-100, 10 mM MgCl,, 8.6% sucrose, Complete
protease inhibitor mixture [Roche, Germany]) for 20 min at 4°C. The superna-
tant cytoplasmic fraction was collected after centrifugation at 12,500 rpm with a
desktop centrifuge for 10 min. The pellet was repeatedly washed in buffer until
the supernatant was clear.

Luciferase assay. A dual-luciferase assay was performed according to the
manufacturer’s instructions (Promega, Madison, WI) using a Wallac 1420 mul-
tilabel counter (Perkin-Elmer, Wellesley, MA). Data were expressed as the
relative luciferase activity, which was determined using the firefly luciferase
activity normalized by the Renilla luciferase activity.

Microarray. A microarray was carried out using an NF-«kB target gene array
kit (Panomics, Inc., Redwood City, CA). A long sense strand oligonucleotide for
each of the 111 human genes that have previously been shown to be regulated by
the NF-kB signaling pathway was spotted in duplicate on a nitrocellulose mem-
brane. Biotinylated DNA was spotted along the right and bottom sides of the
array membrane as a control. The array experiments were performed according
to the manufacturer’s instructions. In brief, HAECs were stimulated for 18 h with
heat-killed PAO1 bacteria (multiplicity of infection [MOI], 100). In the control
experiment PBS was used instead of bacteria. mRNA of HAECs was isolated
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using biotin-labeled oligo(dT),, and streptavidin-conjugated magnetic particles
(Roche, Germany). Five hundred nanograms of mRNA was used to prepare the
biotin-labeled cDNA probe by incorporation of biotin-dUTP into cDNA via
reverse transcription (RT) reactions. Each biotin-labeled cDNA probe was hy-
bridized to an array membrane at 42°C overnight in a hybridization incubator
(Fisher Scientific, Pittsburgh, PA). The membrane was washed and subjected to
further incubation with blocking buffer and subsequently with streptavidin-con-
jugated HRP. The membrane was developed using chemiluminescence reactions
and immediately exposed to Hyperfilm ECL X-ray film (Amersham, Piscataway,
NJ) for 1 min. The dots on the array were quantified by densitometric analysis
using GeneTools (Syngene, Frederick, MD), and the value for each dot (D) was
determined as follows: D = (signal value — background value)/mean value of
biotinylated DNA dots. The ratio of the D value for the bacteria to the D value
for the control was used to determine the effect of bacterial stimulation on gene
regulation. A ratio of >1 indicated up-regulation of a gene.

RT-PCR. mRNA of HAECs was isolated using biotin-labeled oligo(dT),, and
streptavidin-conjugated magnetic particles (Roche, Germany). A Titan one-tube
RT-PCR kit (Roche, Germany) was used to detect target molecules in HAEC
mRNA samples. Forty nanograms of mRNA of each sample was added to a
reaction mixture. The following primers were used: for Cox-2, 5’'TGAGCATC
TACGGTTTGCTG and 5'TGCTTGTCTGGAACAACTGC; for dihydrodiol
dehydrogenase (DDH1), 5'GAAGTGATCCCAAAAGATGA and 5'CTTTTG
ACTTGCAGAAATCC; for interleukin-8 (IL-8), 5’ GGAAGAAACCACCGGA
AGGA and 5'"AGAGAGCCACGGCCAGCTT; for IL-1alpha, 5’CAAGTTGT
GCTTATCCCATAG and 5’ ATAACAGTGGTCTCATGGTTG,; for interferon
regulatory factor 1 (IRF-1), 5’ AGGAAGGGAAATTACCTGAG and 5'TCTG
TGAAGACACGCTGTAG:; for mitotic arrest-deficient protein (MAD3), 5'GC
TGATGTCAACAGAGTTACC and 5’AAACACACAGTCATCATAGGG; for
Mn superoxide dismutase (Mn-SOD), 5’GCCTACGTGAACAACCTG and 5’
GTCACGTTTGATGGCTTC; for transporter antigen peptide 1 (TAP1), 5'GT
GACGGGATCTATAACAACA and 5'CACCAGGTACCACAGAAATAA;
for thymic stromal lymphopoietin (TSLP), 5"TGCTACTCAGGCAATGAAG
and S'TTTGGGCTGTGAAATATGA; and for vascular endothelial growth fac-
tor C (VEGFC), 5'CTAAATCCTGGAAAATGTGC and 5'TTTCCAATATG
AAGGGACAC. The specificity of the primers was tested by performing a
BLAST analysis against the gene bank sequences (http:/www.ncbi.nlm.nih.gov
/BLAST/). A T3 thermocycler PCR system (Biometra Whatman, Germany) was
used to initiate the 30-min RT reaction at 50°C, followed by a 20-cycle PCR. PCR
products were separated on a 1% agarose gel containing ethidium bromide.

Cytokines. HAEC culture supernatants were stored at —70°C for analysis of
IL-8 using a human IL-8 enzyme-linked immunosorbent assay kit (BD Bio-
sciences, Cockeysville, MD).

Statistical analyses. Differences were analyzed using one-way analysis of vari-
ance and were considered significant when the P value was <0.05. Data were
expressed as means * standard deviations.

Microarray data accession number. Data from the microarray experiments in
this study (PAOL1 versus PBS) have been deposited in the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo) under accession
number GSE8986.

RESULTS

Phosphorylation of the threonine and tyrosine residues in
the TGY sequence (residues 180 to 182) of p38 MAPK (P-p38
MAPK) has been shown to be necessary and sufficient for
p38 MAPK activation (21). PAO1-dependent activation of p38
MAPK in HAECs was demonstrated after stimulation with
heat-killed PAO1, as increased phosphorylation at T180 and
Y182 was detected with P-p38 MAPK antibody (Fig. 1). The
activation was time dependent, with maximal phosphorylation
obtained in 30 min (Fig. 1A). At 30 min, activation of p38
MAPK was dose dependent (Fig. 1B). Immunocytochemistry
revealed a time-dependent increase in cytoplasmic P-p38
MAPK which was similar to that shown in Fig. 1A (Fig. 1C).
Surprisingly, no significant increase in PAOIl-activated p38
MAPK was observed in the nucleus, suggesting that PAO1-
activated p38 MAPK did not translocate to the nucleus (Fig.
1C). p38 MAPK translocation after PAO1 challenge was fur-
ther examined by fractionation of PAO1-stimulated HAECs.
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FIG. 1. p38 MAPK is activated by P. aeruginosa and remains in the
cytoplasm of HAEC:s. (A) Time-response curve for p38 MAPK phos-
phorylation stimulated by PAO1. HAECs were seeded in 24-well
plates and stimulated with medium or heat-killed PAO1 at an MOI of
100 at 37°C. The cell lysates were analyzed by Western blotting using
phosphorylated p38 (P-p38) MAPK antibody (upper panel). Varia-
tions in sample loading were examined by detection of total p38
MAPK (lower panel). (B) Dose-response curve for p38 MAPK with
PAOL1 stimulation. HAECs were cultured in 24-well plates and were
incubated with heat-killed PAO1 at the MOI indicated for 30 min.
Phosphorylated and total p38 MAPK were analyzed by Western blot-
ting. (C) Intracellular localization of P-p38 MAPK in HAECs. HAECs
grown on glass coverslips placed in 24-well plates were challenged with
heat-killed PAO1 (MOI of 100). Immunocytochemical analysis using
P-p38 MAPK antibody was carried out as described in Materials and
Methods. The numbers indicate time (in minutes). (D) Subcellular
fractionation of P-p38 MAPK in HAECs. HAECs were grown on
10-cm culture plates and incubated with PAO1 (MOI of 100) alone or
with medium for 30 min. Cytoplasmic and nuclear extracts were pre-
pared as described in Materials and Methods and subjected to blotting
with antibodies against either P-p38 MAPK (upper panel) or histone
H3 subunit (lower panel). All images are representative of at least two
independent experiments.

Consistent with the immunocytochemistry data, induction of
P-p38 MAPK was observed only in the cytoplasmic fraction of
HAECGs, while no detectable P-p38 MAPK was found in the
nuclear extract, as identified by nuclear protein histone H3
(Fig. 1D). The data demonstrate that PAO1 stimulated p38
MAPK signaling and that instead of translocating to the nu-
cleus, P-p38 MAPK stayed in the cytoplasm.

Incubation of HAECs with PAK, but not incubation with the
isogenic strain PAK/fliC, a flagellin-free strain, led to signifi-
cant p38 MAPK activation (Fig. 2A). A similar result was
obtained with B. cepacia, where incubation of HAECs with B.
cepacia, but not incubation with an isogenic flagellin-free
strain, B. cepacia BC/fliC, led to p38 MAPK activation (Fig.
2C). This observation was confirmed by densitometric quanti-
fication, which indicated that activation by flagellin-deficient
mutants was not statistically significant (Fig. 2B and D). When
293 cells were exposed to PAO1, activation of p38 MAPK was
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FIG. 2. P. aeruginosa activates p38 MAPK via flagellin protein in
HAECGs. (A) Effect of PAK and PAK/fliC on the activation of p38
MAPK. HAECs cultured in 24-well plates were incubated with heat-
killed PAK or PAK/fliC at an MOI of 100 for the time intervals
indicated. Phosphorylated and total p38 MAPK were analyzed by
Western blotting. (B) Densitometric quantification of the results
shown in panel A. Densitometry of the phosphorylated p38 MAPK was
normalized by using the total loading control. The data show the fold
increases for a comparison with the PBS control using normalized
densitometry. (C) Effect of B. cepacia and B. cepacia BC/fliC on p38
MAPK activation. HAECs cultured in 24-well plates were incubated
with heat-killed B. cepacia or B. cepacia BC/fliC (MOI of 100). Phos-
phorylated and total p38 MAPK were analyzed by Western blotting.
(D) Densitometric quantification of the results shown in panel C. The
data show the fold increases for a comparison with the PBS control
using normalized densitometry. All images are representative, and the
values are means and standard deviations from three independent
experiments. Two asterisks, P < 0.01 for a comparison with the con-
trol; one asterisk, P < 0.05 for a comparison with the control.

observed in cells that had been transfected with an expression
vector for TLRS but not in mock-transfected cells (Fig. 3A).
PAO1-dependent p38 MAPK activation in TLR4-transfected
293 cells was not detected (data not shown). Overexpression
of DNhTLRs, which lack the intracellular signaling TIR
domain, is used to block the receptor-mediated downstream
signaling. The degree of knockdown of TLRS signaling
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FIG. 3. P. aeruginosa activates p38 MAPK through TLRS but not
through TLR2. (A) TLRS5-dependent activation of p38 MAPK by
PAOL in 293 cells. 293 cells were seeded in 24-well plates and trans-
fected with 0.5 wg DNA of an empty vector (Mock) or murine TLRS.
Twenty-four hours later, cells were incubated with heat-killed PAOL1 at
an MOI of 100. Phosphorylated and total p38 MAPK were analyzed by
Western blotting. (B) Effect of DNhTLRS5 and DNhTLR2 on PAO1-
and LTA-stimulated NF-«B activation. HAECs were seeded in 24-well
plates and transfected with empty vector (1 pg), DNhTLRS (1 pg), or
DNhTLR2 (1 pg) in combination with plasmids containing the hBD2
promoter-driven luciferase gene (25 ng) and the Renilla luciferase gene
(1 ng). Twenty-four hours later, cells were stimulated with medium,
heat-killed PAO1 (MOI of 100), or LTA (10 pg/ml) for 18 h. Induction
of luciferase activity was measured with the dual-luciferase assay.
(C) Effect of DNhTLRS5 and DNhTLR2 on PAO1-stimulated p38
MAPK activation in HAECs. HAECs were seeded in 24-well plates
and transfected with empty vector (1 wg), DNhTLRS (1 pg), or
DNhTLR2 (1 pg). Twenty-four hours after transfection, cells were
incubated with heat-killed PAO1 at an MOI of 100 for 30 min. Phos-
phorylated and total p38 MAPK were analyzed by Western blotting.
(D) Effect of DNhTLR5 and DNhTLR2 on the activation of p38
MAPK by P. aeruginosa flagellin protein. HAECs were seeded in
24-well plates and transfected with empty vector (1 pg), DNhTLRS (1
ng), or DNhTLR2 (1 ng). Twenty-four hours after transfection, cells
were incubated with 1 pg/ml flagellin protein purified from PAK (lanes
F) or mock flagellin protein prepared from PAK/fliC (lanes F/fliC) for
30 min. Phosphorylated and total p38 MAPK were analyzed by West-
ern blotting. All images are representative of at least two independent
experiments. One asterisk, P < 0.01 for a comparison with the control.

achieved by overexpression of DNhTLRS was examined us-
ing the NF-«kB luciferase assay. As shown in Fig. 3B, over-
expression of DNhTLRS was able to induce complete and
selective inhibition of NF-kB activation by TLRS but not by
TLR2 in HAECs. DNhTLRS, but not DNhTLR2, inhibited
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PAO1-induced p38 MAPK activation, suggesting that TLRS
mediated PAO1-induced p38 MAPK signaling (Fig. 3C).
Similar inhibition of purified flagellin protein-induced p38
MAPK was exerted by DNhTLRS but not by DNhTLR2
(Fig. 3D). These data demonstrate that flagellin, via an
interaction with TLRS, is the major mechanism for p38
MAPK activation in HAECs.

c-Jun N-terminal kinase (JNK) and ERK are two close rel-
atives of p38 MAPK in the MAPK family. Interestingly, we
found that ERK was not activated by PAO1 in HAECs, while
JNK was activated by heat-killed PAO1 in TLRS5-transfected
293 cells but not in mock-transfected 293 cells, and this acti-
vation was flagellin dependent in HAECs since unlike PAK,
the flagellin-deficient isogenic strain PAK/ffiC failed to activate
JNK (date not shown). We next focused on the p38 MAPK
signaling pathway for a more extensive investigation of its role
in gene regulation of the cellular response to P. aeruginosa.

The NF-«B signaling pathway is activated by P. aeruginosa in
a manner similar to the manner determined for p38 MAPK.
293 cells were transfected with a luciferase reporter gene con-
trolled by the promoter region of the hBD2 gene that contains
three NF-kB binding sites with or without TLR5 (29). As
shown in Fig. 4A, P. aeruginosa strain PAK, but not the iso-
genic flagellin-free strain PAK/fliC, activated NF-«B signaling
in the presence of TLRS. Similar results were obtained with
the isogenic pair B. cepacia and flagellin-free strain BC/fliC
(Fig. 4A).

The inhibitors SB202190 and SB203580 bind specifically to
the p38 MAPK ATP binding site to block p38 MAPK activity
(20). The concentrations of the inhibitors were selected based
on their 50% inhibitory concentrations, and these inhibitors
were shown to cause specific inhibition in earlier studies (36).
As determined in this study, inhibition of p38 MAPK activity
with SB203580 led to significantly attenuated autophosphory-
lation of p38 MAPK (Fig. 4C). The inhibitors at the selected
concentrations had no effect on PAO1-induced JNK activation
in HAECG:s, and no signs of toxicity were observed after treat-
ment with the inhibitors (data not shown). The inhibitors used
in our studies had no effect on the basal level of activity of
NF-«B or p38 MAPK (Fig. 4B and C). Interestingly, pretreat-
ment of HAECs transfected with the NF-«kB-driven luciferase
reporter with p38 MAPK inhibitor SB202190 or SB203580
significantly attenuated PAOI1-stimulated luciferase activity,
while the inactive analogue SB202474 or ERK inhibitor
PD98059 had no such effect (Fig. 4B). This observation sug-
gests that p38 MAPK is upstream of NF-«kB signaling and is
involved in its regulation.

An NF-kB target gene array analysis (Panomics, Inc., Red-
wood City, CA) was performed to profile the PAO1-dependent
expression pattern of 111 NF-kB-regulated genes in HAECs as
described in Materials and Methods. Thirty-six genes were
found to be up-regulated in response to PAO1 stimulation
compared to a PBS control array (ratio, >1), and 15 of these
genes showed a >1-fold increase in mRNA level (ratio, >2).
Our preliminary gene array data for PAK and PAK/fliC sug-
gested that PAK could induce a set of genes that is similar to
the set of PAO1 genes. Interestingly, there appeared to be a
lack of signals overall (e.g., IL-8) in response to PAK/fliC,
suggesting that flagellin plays a critical role in the induction of
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FIG. 4. p38 MAPK is required for activation of TLR5-dependent
NF-kB signaling. (A) Flagellin activates NF-«B signaling via TLRS.
293 cells grown in 96-well plates were transfected with empty vector
(25 ng) (mock) or murine TLR5 DNA (25 ng) in combination with the
hBD2 promoter-driven firefly luciferase reporter vector (25 ng) and
the Renilla luciferase vector (1 ng). Twenty-four hours later, cells were
stimulated with medium, heat-killed PAK, PAK/fliC, B. cepacia, or B.
cepacia BC/fliC for 18 h. Induction of luciferase activity in the cells was
measured by dual-luciferase assay. (B) p38 MAPK is involved in P.
aeruginosa-induced activation of NF-«B signaling in HAECs. HAECs
were seeded in 24-well plates and transfected with a DNA mixture
containing 0.3 pg of the hBD2 promoter-driven firefly luciferase gene
and 10 ng of the Renilla luciferase gene. Twenty-four hours later, cells
were incubated with medium, SB202190 (90) (10 .M), SB203580 (80)
(10 pM), SB202474 (74) (10 wM), or PD98059 (59) (20 uM) for 30
min. After washing with PBS, the cells were incubated with medium or
heat-killed PAO1 (MOI of 100). Eighteen hours later, the dual-lucif-
erase assay was performed to measure the induction of luciferase
activity in the cells. (C) PAOL1 induces autophosphorylation of p38
MAPK in HAECs. HAECs cultured in 24-well plates were pretreated
with medium, SB203580 (10 uM), SB202474 (10 uM), or PD98059 (20
wM) for 30 min. After washing with PBS, the cells were incubated with
heat-killed PAO1 (MOI of 100) for 30 min. The cell lysates were
analyzed by blotting using phosphorylated p38 (P-p38) MAPK or P-
ERK antibodies. Results were obtained from at least three different
experiments. One asterisk, P < 0.01 for a comparison with the control.

the cellular responses in HAECs to P. aeruginosa (data not
shown).

Nine genes were selected as representatives of the up-regu-
lated genes identified in the microarray experiment for further
confirmation by RT-PCR. We also included one gene (the
gene encoding TSLP) that was not available for the microarray
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FIG. 5. p38 MAPK mediates gene regulation in HAECs in response
to P. aeruginosa stimulation. (A) Gene up-regulation in HAECs after
PAOI1 stimulation. HAECs were cultured in 10-cm plates until complete
confluence and were stimulated with medium or heat-killed PAO1 (MOI
of 100) for 18 h. Following a 30-min RT reaction at 50°C, 20 cycles of PCR
were performed. Forty nanograms of mRNA was used in each reaction
mixture. PCR products were separated on a 1% agarose gel containing
ethidium bromide. (B) Inhibition of p38 MAPK activity inhibited PAO1-
stimulated gene up-regulation. HAECs were cultured in 10-cm plates
until complete confluence. The cells were incubated with medium or
SB203580 (10 wM) and then incubated with heat-killed PAO1 (MOI of
100) for 18 h. mRNA was isolated, and RT-PCR was performed to
determine the mRNA level of target molecules. (C) Inhibition of p38
MAPK activity significantly attenuated PAO1-stimulated IL-8 protein
secretion in HAECs. HAECs were cultured in 24-well plates, incubated
with medium, SB202190 (90) (10 M), SB203580 (80) (10 nM),
S$B202474 (74) (10 wM), or PD98059 (59) (20 wM) for 30 min, and then
incubated with medium or heat-killed PAO1 (MOI of 100) for 18 h. IL-8
in the supernatant (500 wl/well of a 24-well plate) was analyzed using a
human IL-8 enzyme-linked immunosorbent assay kit. (D) Inhibition of
p38 MAPK blocked PAO1-stimulated Cox-2 protein production in
HAECGs. HAECs cultured in 24-well plates were incubated with medium,
S$B203580 (10 M), SB202474 (10 uM), or PD98059 (20 wM) for 30 min,
and then incubated with medium or heat-killed PAO1 (MOI of 100) for
18 h. Cells were lysed directly in protein loading buffer and subjected to
blot analysis of the Cox-2 protein expression level using Cox-2 antibodies.
All results were confirmed in at least two different experiments. One
asterisk, P < 0.01 for a comparison with the control.

in the RT-PCR experiment. These genes were all confirmed by
RT-PCR, and the nine genes identified by the microarray
experiment were the genes encoding Cox-2, DDHI1, IL-8,
IL-1lalpha, IRF-1, MAD3, Mn-SOD, TAP1, and VEGFC
(Fig. 5A).
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As shown in Fig. 5B, pretreatment of HAECs with SB203580
blocked or attenuated the PAOI1-dependent increase in
mRNA for IL-8, Cox-2, and Mn-SOD. Other than the IL-8,
Cox-2, and Mn-SOD genes, we found it difficult to draw firm
conclusions concerning the rest of the genes. This was largely
due to the technical obstacles created by the overall low ex-
pression or high baseline expression of the genes. The effects of
PAOL1 and p38 MAPK inhibitors on IL-8 mRNA were confirmed
by measuring IL-8 secretion. The level of secreted IL-8 was in-
creased 10-fold by treatment with heat-killed PAO1. Pretreat-
ment with SB202190 or SB203580 attenuated IL-8 secretion,
while the control compound SB202474 and PD98059 showed no
effect (Fig. 5C). None of the inhibitors had an effect on the basal
level of IL-8 secretion. We further examined the effects of the
inhibitors on PAOl-induced protein expression of the Cox-2
gene, a gene that is similarly regulated, as shown in Fig. 5B. PAO1
induced a substantial level of Cox-2 protein expression in HAECs
(Fig. 5D). Similarly, the Cox-2 up-regulation was significantly
inhibited by p38 MAPK inhibitor SB203580 (Fig. SD), but it was
not affected by the control chemical SB202474 or the ERK inhib-
itor PD98059.

DISCUSSION

The evidence described in this paper is the first evidence
showing that in primary HAECs flagellin protein is the domi-
nant component in the activation of p38 MAPK signaling upon
P. aeruginosa infection; the activation is induced through the
interaction of flagellin with TLRS, which subsequently induces
multiple genes critically involved in different aspects of the
cellular responses of airway epithelial cells.

P. aeruginosa contains multiple cell surface factors, including
flagellin, pili, and LPS, which have been found to interact with
distinct epithelial membrane proteins, such as asialylated gly-
colipid receptors, TLRs, or combinations of these proteins (26,
27). Raia et al. showed that LPS, a component derived from P.
aeruginosa, activates p38 MAPK in CF nasal epithelial cells
(24). Upon stimulation with flagellin-negative strains, there
was observable but not statistically significant activation of p38
MAPK, suggesting that a component(s) other than LPS may be
more potent in stimulating p38 MAPK activation and thus that
it is necessary to use whole P. aeruginosa cells to evaluate the
relative significance of cell surface components of P. aeruginosa
in p38 MAPK activation (Fig. 2). Our data show that when the
flagellin protein is absent, as observed with PAK/fliC and B.
cepacia BC/fliC, activation of p38 MAPK is nearly abolished
(Fig. 2). These results suggest that instead of LPS, flagellin is
the major component that stimulates the cellular response of
HAECs. Consistent with the finding of other workers that
purified flagellin protein induces strong activation of p38
MAPK signaling, we found that blocking TLRS, but not block-
ing another receptor, such as TLR2, in HAEC:s led to signifi-
cant attenuation of PAO1-induced p38 MAPK activation (28,
35) (Fig. 3B). Delgado et al. recently showed that DNA re-
leased from P. aeruginosa can activate p38 MAPK through a
non-TLRY9-dependent pathway in CF airway epithelial cell
lines, which leads to IL-8 secretion (6). Although whether the
same pathway also exists in HAECs remains to be further
tested, it is possible that the low level of p38 MAPK activation
observed in our experiments was caused by contamination of
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leaked DNA in heat-killed P. aeruginosa preparations, as such
a pathway exists in these cells.

Under in vivo conditions, the minor and major p38 MAPK
stimulants may work in a coherent way. Although earlier stud-
ies suggested that airway epithelial cells lack responsiveness to
LPS due to the absence of sufficient coreceptors, such as MD2
and CD14 for TLR4 signaling (3, 13), previous studies by other
workers and us have shown that LPS purified from some bac-
teria can stimulate a minor response in HAECs (7, 35). Studies
have suggested that in TLR2 or TLR4 knockout mice, early
pulmonary clearance of P. aeruginosa after infection with a
moderate dose is not significantly affected (25; unpublished
data). Infection with a high dose of PAOL1 led to increased
mortality and morbidity in TLR4-deficient mice (unpublished
data). In addition, using knockout animal models, Feuillet
et al. recently demonstrated that the mortality due to P. aerugi-
nosa pneumonia was increased in the absence of both TLR4
and TLRS (8).

It is not clear what intermediate steps are required for
TLRS-medated p38 MAPK signaling. Ge et al. have shown
that p38 MAPK can be activated via autophosphorylation of
p38 MAPK, which is mediated by transforming growth factor
B-activated protein kinase 1-binding protein 1 (TAB1), and
TABI signaling seemed to be immediately activated by the
MyD88-interleukin receptor-associated kinase (IRAK)-tumor
necrosis factor receptor-associated factor 6 (TRAF6) signaling
cascade (9). Indeed, our previous study using dominant nega-
tive molecules demonstrated that MyD88, IRAK, and TRAF6
are indispensable for TLRS5-mediated NF-kB activation in
HAECs (35). In this study, our data further showed that PAO1
induced autophosphorylation of p38 MAPK (Fig. 4C). These
findings suggest that P. aeruginosa is sensed by TLRS and may
subsequently evoke the MyDS8S-IRAK-TRAF6-TABI1 signal-
ing cascade to induce the p38 MAPK autophosphorylation
which activates p38 MAPK. Wu et al. have recently shown that
stimulation of polarized HAECs with P. aeruginosa leads to
activation of IRAK1 and p38 MAPK, which subsequently re-
sults in IL-8 secretion (31).

Studies have shown that P. aeruginosa activates NF-kB and
MAPK signaling pathways, which in turn leads to the produc-
tion of inflammatory cytokines, such as IL-6, IL-8, and tumor
necrosis factor alpha (26, 34). However, whether MAPK and
NF-«kB signaling pathways are independent mechanisms un-
derlying gene regulation remains controversial. Tallant et al.
have shown that in intestinal epithelial cells flagellin-induced
activation of p38 MAPK, but not NF-«B, is required for max-
imal IL-8 transcription and mRNA production (28). Delgado
et al. showed that in CF airway epithelial cells IL-8 secretion
was not due to an increase in NF-kB- or activator protein
1-dependent IL-8 promoter transcription but instead de-
pended on p38 MAPK and ERK (6), while other workers have
suggested that in corneal epithelial cells NF-«kB is the master
regulator of cytokines, including IL-8, and p38 MAPK is par-
tially involved (34). The difference in these observations con-
cerning the signaling pathway used to respond to P. aeruginosa
may have reflected the difference in the cell types selected for
the studies. Our study, using primary HAECs, showed that
inhibition of p38 MAPK activity significantly attenuated
NF-«B signaling and the up-regulation of multiple genes reg-
ulated by NF-«kB (Fig. 4B and Fig. 5), suggesting that p38
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MAPK is essential for the complete function of NF-kB signal-
ing in the epithelial cellular response to PAO1. After activa-
tion by PAO1, p38 MAPK did not translocate into the nucleus,
suggesting that p38 MAPK is unlikely to be involved in the
direct phosphorylation of nucleus-located transcription factors,
such as activating transcription factor-2 (Fig. 1C and D). So
far, little is known about how NF-kB activity is regulated by
p38 MAPK. There is still no evidence showing that p38 MAPK
interacts directly with NF-kB components. A recent study sug-
gested that p38 MAPK may activate mitogen- and stress-acti-
vated protein kinase 1, which in turn can phosphorylate p65 at
Ser-276, leading to activation of the NF-«B signaling pathway
(16). p38 MAPK phosphorylates many kinases in the cyto-
plasm, including MAPK-interacting kinase 1/2, MAPK-acti-
vated protein kinase 2, mitogen- and stress-activated protein
kinase 1, and p38-regulated and -activated kinase, which reg-
ulate gene expression by phosphorylating transcription factors
such as cyclic AMP-responsive element-binding protein and
activating transcription factor-1 (11).

Well-differentiated air-liquid interface HAEC cultures have
been extensively used as an epithelium xenograft model for
gene transfer research; however, little is known about the in-
tracellular signaling events in this model. Wu et al. showed that
p38 MAPK signaling is activated upon challenge of P. aerugi-
nosa using well-differentiated primary human tracheobronchial
epithelial cell cultures, suggesting that what we observed in the
submerged HEACs provides information for differentiated
HAECs (31). Recently, Feuillet et al. (8) showed that epithe-
lium-derived TLR singling pathways, but not bone marrow-
derived TLR singling pathways, are involved in the recognition
of P. aeruginosa, indicating that the epithelia have a critical
role in the host defense against bacterial infection. Thus, we
believe that an important future direction of our research is to
validate what we have learned from submerged HAECs in
well-differentiated air-liquid interface cultures.

Inhibitors of p38 MAPK are under investigation in preclin-
ical and clinical settings for treating a variety of inflammatory
diseases (20). In addition to inflammatory responses, our data
suggest that a vast array of genes with differential biological
functions are up-regulated upon P. aeruginosa infection in
HAECs (Fig. 5). Besides inflammatory genes, including the
genes encoding IL-8, TSLP, IL-1alpha, and the transcription
factor IRF-1 (15, 26, 37), a set of genes associated with tumor-
igenesis, such as the genes encoding DDH1, TAP1, Mn-SOD,
and VEGFC, are also up-regulated (4, 19, 32, 33). Cox-2 has
been linked to production of prostaglandin E,, which induces
mucus secretion and promotes vasodilation and edema (15, 21,
30). Our findings suggest that the p38 MAPK signaling path-
way may serve as a critical therapeutic target and that cell
type-specific modulation, especially modulation that can target
airway epithelial cells, is desired for managing different man-
ifestations of infectious diseases.
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