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Pseudomonas fluorescens is an opportunistic indoor pathogen that can cause severe airway proinflammatory
responses. Pulmonary epithelium, like other mucosal epithelial linings of the body, constitutes the first line of
defense against airway microbial pathogens. Mucosal epithelial cells can be a sentinel of pathogenic bacteria
via stimulation of specific cell surface receptors, including the epidermal growth factor receptor (EGFR) and
Toll-like receptor (TLR). This study addressed the involvement of EGFR in airway epithelial pathogenesis by
P. fluorescens. Human A549 pneumocytes showed prolonged production of proinflammatory interleukin-8
(IL-8) in response to infection with P. fluorescens, which was via the nuclear factor-kappa B (NF-kB) signaling
pathway. Production of proinflammatory cytokine IL-8 was not mediated by P. fluorescens lipopolysaccharide,
a representative TLR4 agonist, but was mediated through EGFR-linked signals activated by the opportunistic
bacteria. Moreover, EGFR signals were involved in NF-kB signal-mediated production of proinflammatory
cytokines. Along with persistent NF-kB activation, P. fluorescens enhanced the EGFR phosphorylation and
subsequent activation of downstream mediators, including protein kinase B or extracellular-signal-regulated
kinases 1/2. Blocking of EGFR-linked signals increased epithelial susceptibility to pathogen-induced epithelial
cell death, suggesting protective roles of EGFR signals. Thus, airway epithelial exposure to P. fluorescens can
trigger antiapoptotic responses via EGFR and proinflammatory responses via TLR4-independent NF-«xB

signaling pathway in human pneumocytes.

Pseudomonas fluorescens is generally a nonpathogenic sap-
rophyte that inhabits soil, water, and plant surface environ-
ments and is also a competitive commensal against plant and
fish pathogens (10, 33). As these environmentally versatile
bacteria possess diverse metabolic activities, they or their ge-
netically engineered strains have been explored for their biore-
mediation capacity (15, 20). P. fluorescens was recently impli-
cated as a potently opportunistic indoor pathogen (11, 13),
indicating that it can exploit a breach in the host defense to
initiate an inflammatory response after infection. As an oppor-
tunistic pathogen, P. fluorescens also may be involved in the
pathogenesis of Crohn’s disease (32). Pseudomonas species are
the most important cause of lung infections in patients with
cystic fibrosis, and over 90% of the mortality in cystic fibrosis
patients is due to chronic infections leading to bronchiectasis
and respiratory failure (29).

Airway epithelia initiate the immune response to inhaled
bacteria by recruiting white blood cells from the bloodstream
to fight potential infection. Pseudomonas infection effectively
induces innate immune responses after contact with lung epi-
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thelial cells. One of the major roles of the pulmonary epithe-
lium is as a sentinel barrier between the lumen and the under-
lying submucosa by modulating proinflammatory cytokine
profiles, including those of interleukin-4 (IL-4), IL-13, and
IL-8. Lung epithelial IL-8 affects expression of two major air-
way mucin genes, MUCSAC and MUCSB (3). Whereas IL-8
produced by airway epithelial cells is a potent neutrophil che-
moattractant that can be important as a defensive tool, it can
also exaggerate the inflammatory responses leading to chronic
progression of disease (28). Indoor inhalation of P. fluorescens
may be harmful due to cytokine production (11, 13). In par-
ticular, P. fluorescens coexisting with fungal strains in moisture-
damaged buildings can trigger production of proinflammatory
cytokines, such as IL-6 and tumor necrosis factor alpha (TNF-
a), by lung epithelial cells and macrophages, producing cyto-
toxic effects on immune-related cells. Mechanistically, produc-
tion of proinflammatory cytokines in response to epithelial
translocation of Pseudomonas spp. is mediated by the Toll-like
receptor 4 (TLR4)-linked signaling pathway (8).

Epidermal growth factor receptor (EGFR; also known as
ErbB-1 or HER) is widely expressed in mammalian epithelial
tissues. It is a type I transmembrane glycoprotein with an
extracellular ligand-binding ectodomain and an intracellular
cytoplasmic domain (12, 16, 23, 34). Ligand binding induces
the dimerization, autophosphorylation, and transactivation of
the tyrosine kinase activity of EGFR, providing a variety of
binding sites for a series of proteins, thereby initiating the
activation of downstream signaling pathways. EGFR phos-
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phorylation activates EGFR downstream effectors, such as
protein kinase B (PKB) and extracellular-signal-regulated ki-
nases 1/2 (ERK1/2) (24). EGFR-mediated signaling pathways
are crucial to the human epithelial cell survival response by
preventing injury-induced apoptosis. EGFR activation also in-
duces the cell cycle promoter cyclin D1, which confers a growth
advantage to lung epithelial cells (27). Inhibition of EGFR
diminishes growth and survival of cells by several mechanisms
that include arresting cell cycle progression in G, due to in-
creased expression of the cyclin-dependent kinase inhibitor
p27kip (26), increasing cell susceptibility to apoptosis by alter-
ing expression of multiple proapoptotic and antiapoptotic
genes (17), and stimulating epithelial differentiation (4).

Along with its important roles in regulating the diverse cel-
lular processes of proliferation, differentiation, and apoptosis,
EGFR has also been implicated in the bacterial infection-
associated signaling pathway (18, 21, 35). In particular, repair
of bacterium-triggered wounds is mediated via EGFR-linked
signaling pathways. On the basis of the assumption that EGFR
and its associated recognition are crucial in airway infection of
P. fluorescens, the present study was undertaken to address the
involvement of EGFR-associated signals in lung epithelial
pathogenesis, including cytokine production and epithelial in-
juries. The study was performed using the A549 human alve-
olar epithelial cell culture model to provide molecular insight
into Pseudomonas infection and its disease progression.

MATERIALS AND METHODS

Cell cultures and P. fluorescens infection. Human type IT pneumocyte cell line
A549 was obtained from the South Korean Cell Line Bank (KCLB; Seoul, South
Korea). Cells were maintained in RPMI 1640 medium containing 10% fetal
bovine serum (FBS; Welgene, Taegu, South Korea) and 1% penicillin-strepto-
mycin (Welgene). Cells were maintained at 37°C in humidified 5% CO, incuba-
tors. P. fluorescens was maintained on LB agar (Duchefa Biochemie, Haarlem,
Netherlands). Infection experiments utilized an established model for infecting
epithelial cells (13). Briefly, bacteria were shaken in LB broth (Duchefa Bioche-
mie) at 27°C overnight and then subcultured in antibiotic- and serum-free RPMI
1640 medium until the absorbance at 600 nm reached an optical density (OD) of
0.6 to 0.8. Bacteria were loaded onto the apical surface of A549 cells at a
bacterium/cell ratio of 50:1.

Extraction of LPS. A lipopolysaccharide (LPS) extraction kit (Intron Biotech-
nology, Seoul, South Korea) was used to isolate endotoxin from P. fluorescens
according to the manufacturer’s protocol. In brief, cells were collected by cen-
trifuging 2 to 5 ml of culture at 13,000 rpm at room temperature. Lysis buffer was
added, and the components were vigorously mixed. After addition of chloroform
and vigorous vortexing of the mixture for 10 to 20 s, the mixture was incubated
at room temperature for 5 min. Finally, the mixture was centrifuged at 13,000
rpm for 10 min at 4°C. The supernatant was mixed with the purification buffer,
and the mixture was incubated for 10 min at —20°C. After the solution was
centrifuged at 13,000 rpm for 15 min at 4°C, the layer overlying the pelleted LPS
was removed. The LPS pellet was washed, dried, and dissolved in 10 mM
Tris-HCI buffer by boiling for 2 min. LPS extracted from bacteria cultured with
human epithelial cells was quantified using the Limulus amoebocyte lysate
(LAL) assay. The indicated doses of test specimens were mixed separately with
LAL reagent, and then the mixture was incubated at 37°C for 30 min, after which
the activities were determined using quantitative chromogenic assays.

Western blotting. Protein expression was compared by Western immunoblot
analysis using rabbit polyclonal anti-human B-actin antibody (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-IkBa, anti-phospho-ERK, and anti-poly(ADP
ribose)polymerase (PARP) antibodies (Santa Cruz Biotechnology), and anti-
phospho-PKB antibody (Cell Signaling Technology, Beverly, MA). Cells were
washed with ice-cold phosphate buffer, lysed in boiling lysis buffer (1% [wt/vol]
sodium dodecyl sulfate [SDS], 1.0 mM sodium ortho-vanadate, and 10 mM Tris,
pH 7.4), and sonicated for 5 s. Protein in each cell lysate was quantified using a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL). Fifty micrograms of
protein was separated by 10% SDS-polyacrylamide gel electrophoresis (PAGE).
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Proteins were transferred onto a polyvinylidene fluoride membrane (Amersham
Pharmacia Biotech, Piscataway, NJ), and the blots were blocked for 1 h with 5%
skim milk in Tris-buffered saline plus 0.05% Tween 20 (TBST) and probed with
each antibody for a further 2 h at room temperature or overnight at 4°C. After
the blots were washed three times with TBST, they were incubated with horse-
radish peroxidase-conjugated secondary antibody for 1 h and washed with TBST
a further three times. Protein was detected using an enhanced chemilumines-
cence substrate (ELPIS Biotech, Taejon, South Korea).

Coimmunoprecipitation assay. Cell lysates were prepared in IP lysis buffer (50
mM Tris, pH 7.2, 150 mM NaCl, 1 mM EDTA, 400 mM Na;VO,, 2.5 mM
phenylmethylsulfonyl fluoride) containing 0.1% Triton X-100 and incubated in
ice for 40 min. Rabbit monoclonal anti-phospho-EGFR was added to the cell
lysate supernatant, which was incubated by rotation overnight at 4°C. Each
sample was mixed with protein G-Sepharose and rotated at 4°C for 3 h. The
mixture was washed three times using protein G-Sepharose and added to 2X
SDS sample buffer. Immunoprecipitates were collected by centrifugation and
subjected to 10% SDS-PAGE for Western blot analysis.

Reverse transcription-PCR (RT-PCR). RNA was extracted with Qiazol lysis
reagent (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
RNA from each sample was transcribed to cDNA by Prime Moloney murine
leukemia virus reverse transcriptase (Genet Bio, Nonsan, South Korea). The
amplification was performed with EX Prime Tag DNA polymerase (Genet Bio)
in a Mycycler thermal cycler (Bio-Rad Laboratories, Hercules, CA) using the
following parameters: denaturation at 95°C for 5 min and 25 cycles of denatur-
ation reaction at 95°C for 10 s, annealing at 59°C for 30 s, and elongation at 72°C
for 45 s. An aliquot of each PCR product was subjected to 1% (wt/vol) agarose
gel electrophoresis and visualized by staining with ethidium bromide. The 5’
forward and 3’ reverse-complement PCR primers for amplification of each gene
were human IL-8 forward primer 5'-ATGACTTCCAAGCTGGCCGTGGCT-
3’, IL-8 reverse primer 5'-TCTCAGCCCTCTTCAAAAACTTCTT-3’, human
glyceraldehyde3-phosphate dehydrogenase (GAPDH) forward primer 5'-TCAA
CGGATTTGGTCGTATT-3', and GAPDH reverse primer 5'-CTGTGGTCAT
GAGTCCTTCC-3'. In real-time PCR, 6-carboxyfluorescein (FAM) was used as
the fluorescent reporter dye and was conjugated to the 5’ ends of the probes to
detect amplified cDNA in an iCycler thermal cycler (Bio-Rad) using the follow-
ing parameters: denaturation at 94°C for 2 min and 40 cycles of reactions of
denaturation at 98°C for 10 s, annealing at 59°C for 30 s, and elongation at 72°C
for 45 s. Each sample was tested in triplicate to ensure statistical significance. The
relative quantification of gene expression was performed using the comparative
threshold cycle (C;) method. The C; value is defined as the point where a
statistically significant increase in the fluorescence has occurred. The number of
PCR cycles (Cy) required for the FAM intensities to exceed a threshold just
above the background was calculated for the test and reference reactions. In all
experiments, GAPDH was used as the endogenous control. Results were ana-
lyzed in a relative quantitation study with the vehicle control.

IL-8 ELISA. IL-8 was quantified from each cell supernatant using enzyme-
linked immunosorbent assay (ELISA). A549 cells (3 X 10*) were dispensed in
each well of a 24-well plate. After infection with P. fluorescens or signal pathway
inhibitors, the medium was collected and centrifuged to remove cell debris.
Levels of IL-8 were determined by ELISA using an OptEIA human IL-8 ELISA
kit (BD Biosciences, Franklin Lakes, NJ) according to the manufacturer’s in-
structions. Briefly, capture antibody was coated onto ELISA plates overnight at
4°C. After the plate was washed with phosphate-buffered saline (PBS) containing
Tween 20 (PBST) and blocked with PBS supplemented with 10% (vol/vol) FBS
overnight at 4°C, plates were incubated with serial dilutions of IL-8 and stan-
dards. After treatment with detection antibody and tetramethylbenzidine (TMB)
substrate, absorbance was measured at 405 nm using an ELISA reader. The assay
detection limit was 3.1 pg/ml of IL-8.

shRNA and transfection. Cytomegalovirus (CMV)-driven small hairpin inter-
ference RNA (shRNA) was constructed by inserting shRNA into the pSilencer
4.1-CMV-neo vector (Ambion, Austin, TX). The empty vector and EGFR
shRNA-containing vectors were constructed. EGFR shRNA targeted the se-
quence CTCTGGAGGAAAAGAAAGT. Cells were transfected with a mixture
of plasmids using Lipofectamine 2000 (Invitrogen) or Carrigene (Kinovate Life
Sciences, Oceanside, CA) reagent according to the manufacturer’s protocol.
Transfection efficiency was maintained at about 50 to 60%, which was confirmed
with a pMX-enhanced green fluorescent protein (GFP) vector. To create stable
cell lines, cells were transfected using Lipofectamine 2000 reagent. After 48 h,
cells were subjected to selection for stable integrants by exposure to 1,000 pg/ml
G418 (Invitrogen) in complete medium containing 10% FBS. Selection was
continued until monolayer colonies were formed. The transfectants were then
maintained in medium supplemented with 10% FBS and 500 pg/ml G418.
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FIG. 1. Prolonged induction of epithelial IL-8 by P. fluorescens. (A) A549 cells grown to 90% confluence were infected with P. fluorescens at
a cell-to-bacterium ratio of 1:50 for each time period. Each mRNA was measured using RT-PCR. (B) P. fluorescens and 2 pg/ml LPS from P.
fluorescens and E. coli were individually incubated with A549 cells. The amount of LPS was administered with the equivalent dose of live bacteria
(CFU). Each mRNA was measured using RT-PCR. (C) A549 cells were infected with P. fluorescens for each time period. Cell lysate of each sample
was subjected to Western blot analysis. (D) A549 cells were treated with LPS (dose equivalent to 50X ratio of P. fluorescens CFU per human cell
number) from P. fluorescens for each time period. Cell lysate of each sample was subjected to Western blot analysis. (E) A549 cells were pretreated
with 20 wM BAY 11-7082 for 2 h and infected with P. fluorescens at a cell-to-bacterium ratio of 1:50 for 12 h. IL-8 release was measured by ELISA.
A different letter over each bar represents a significant difference between two group (P < 0.05).

Confocal microscopy. Cells were incubated in a glass-bottom culture dish.
After treatment with P. fluorescens, cells were fixed with 4% paraformaldehyde
diluted in PBS. Fixed cells were permeabilized with 0.2% Triton X-100 in PBS
for 10 min. After 2 h of blocking with 3% bovine serum albumin (BSA) in PBS,
cells were incubated with the same BSA-PBS solution containing a 1:200 dilution
of rabbit polyclonal anti-phospho-EGFR (pY1068) antibody (Epitomics, Burlin-
game, CA) at room temperature for 1.5 h and repeatedly washed using PBS.
Incubation of Alexa Fluor 488 anti-rabbit IgG (H+L) was done for 1.5 h at room
temperature, followed by repeated washes using PBS. After subsequent staining
with 100 ng/ml 4',6-diamidino-2-phenylindole (DAPI) in PBS for 30 min, which
has an absorbance at 405 nm, confocal images were obtained using a FV1000
confocal microscope (Olympus, Tokyo, Japan) using single-line excitation (488
nm) or multitrack sequential excitation (488 nm and 633 nm). Images were
acquired and processed with FV10-ASW software. Measured EGFR represented
a relative value of the ratio of total phosphorylated EGFR staining area under
the infection condition minus the ratio of phosphorylated EGFR staining area
under the uninfected condition per three to four cells. It was statistically analyzed
from four values of phosphorylated EGFR.

Cell cycle analysis and apoptosis quantification by flow cytometry. Trypsinized
cells (5 X 10°) were prepared and resuspended in 0.2 ml PBS. Following addition
of 0.2 ml heat-inactivated FBS, the cells were immediately fixed by slow dropwise
addition of 1.2 ml ice-cold 70% (vol/vol) ethanol with gentle mixing and were

then held at 4°C overnight. The cells were washed and incubated in 1 ml
propidium iodide (PI) DNA staining reagent (PBS containing 50 pwg/ml PI, 50
pg/ml RNase A, 0.1 mM EDTA, and 0.1% [vol/vol] Triton X-100) on ice until
they were analyzed. The cell cycle distribution for single cells was measured with
a FACSCalibur apparatus (Becton Dickinson, San Jose, CA). Data from 10,000
cells were collected in the list mode. The 488-nm line of an argon laser was used
to excite PI, and fluorescence was detected at 615 to 645 nm. The cell cycle of
individual cells was studied using a doublet discrimination gating to eliminate
doublets and cell aggregates based on the DNA fluorescence. The gate was
drawn to include hypofluorescent cells. Cells in the DNA histogram with hypo-
fluorescent DNA were designated apoptotic. All other cells distributed them-
selves in a normal cell cycle profile.

DNA fragmentation analysis. DNA was extracted from the alveolar epithe-
lial cell line. In brief, cells (2 X 10°) in PBS were centrifuged (2,000 rpm) for
5 min at 4°C, and the pellet was suspended in 0.1 ml hypotonic lysis buffer (10
mM Tris, pH 7.4, 10 mM EDTA, and pH 8.0, 0.5% [vol/vol] Triton X-100).
Cells were incubated for 15 min at 4°C. The resulting lysate was centrifuged
(13,000 rpm) for 30 min at 4°C. The supernatant containing fragmented DNA
was digested for 1 h at 37°C with 0.04 mg/ml of RNase A (Bio Basic,
Markham, ON, Canada) and then incubated for an additional 1 h at the same
temperature with 0.04 mg/ml of proteinase K (Sigma-Aldrich, St. Louis, MO).
DNA was precipitated in 50% (vol/vol) isopropanol in 0.4 M NaCl at —20°C
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FIG. 2. Activation of epithelial EGFR by P. fluorescens. (A) A549 cells grown to 90% confluence were infected with P. fluorescens at a
cell-to-bacterium ratio of 1:50 for each time period. EGFR was detected using confocal immunofluorescence microscopy. Cells were stained with
DAPI and an a-pEGFR monoclonal antibody. (B) Densitometric analysis of immunofluorescence microscopy data. Measured EGFR represents
a value described in Materials and Methods. *, significant difference from group of 0 h of incubation (P < 0.05). (C) Extracts from epithelial cells
incubated with P. fluorescens or its LPS (dose equivalent to 50X ratio of P. fluorescens CFU per human cell number) were immunoprecipitated
for Western blot analysis. Results are representative of those from three independent experiments.

overnight. The precipitate was centrifuged at 13,000 rpm for 30 min at 4°C.
The resultant pellet was air dried and resuspended in TE (Tris-EDTA) buffer.
An aliquot equivalent to 2 X 10° cells was electrophoresed at 40 V for 3 h in
a 2% (wt/vol) agarose gel in 90 mM Tris-glacial acetic acid buffer containing
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FIG. 3. EGFR-independent IL-8 production and NF-kB activation. (A and B) A549 cells were pretreated with vehicle or each dose of AG1478 for 2 h and
were then infected with P. fluorescens at a cell-to-bacterium ratio of 1:50 for 12 h. IL-8 production was measured by ELISA (A) and RT-PCT (B). (C) A549 cells
transfected with control or EGFR shRNA plasmid were infected with P. fluorescens at a cell-to-bacterium ratio of 1:50 for 12 h. IL-8 expression was measured
by RT-PCR (upper panels). Additionally, protein lysate from A549 cells infected with P. fluorescens was subjected to Western blot analysis (lower panels).
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FIG. 4. Downstream signals affected by EGFR activation by P. fluorescens. (A and C) A549 cells were pretreated with vehicle (dimethyl
sulfoxide [DMSO]) or 10 uM AG1478 for 2 h and were then infected with P. fluorescens for the indicated times. Protein lysate from A549 cells
infected with P. fluorescens was subjected to Western blot analysis. (B) A549 cells grown to 90% confluence were infected with P. fluorescens at
a cell-to-bacterium ratio of 1:50 for each time period. Cell lysate of each sample was subjected to Western blot analysis.

Statistical analysis. Data were analyzed using Sigma Stat for Windows (Jandel
Scientific, San Rafael, CA). For comparative analysis of two groups of data,
Student’s ¢ test was performed. For comparative analysis of multiple groups of
data, data were subjected to analysis of variance (ANOVA) and pairwise com-
parisons were made by the Student-Newman-Keuls (SNK) method. Data not
meeting the normality assumption were subjected to a Kruskal-Wallace ANOVA
on ranks, and then pairwise comparisons were made by the SNK method.

RESULTS

P. fluorescens induces prolonged production of proinflam-
matory IL-8 via NF-kB pathway in A549 cells. Several indoor-
dwelling bacteria have been demonstrated to induce proin-
flammatory cytokines. In particular, upregulation of IL-8
expression by mucosal epithelial cells triggers inflammatory
cascades by recruiting leukocytes in response to infection (2).
Among the indoor-dwelling bacteria tested, the cytokine-stim-
ulatory action of P. fluorescens is the most potent (13). Al-
though P. fluorescens is not a well-defined pathogen, in the
present study P. fluorescens infection enhanced IL-8 gene ex-
pression in human airway pneumocytes, such as A549 and
H1299 cells (Fig. 1A). In contrast, nonpathogenic bacteria like
Escherichia coli K-12 did not induce IL-8 gene expression (see
Fig. S1A in the supplemental material). IL-8 can be also in-
duced in monocyte-derived cells by bacterial pathogen-associ-
ated molecular pattern (PAMP) molecules, including LPS. The
influence of P. fluorescens and Escherichia coli LPS on IL-8
induction in A549 epithelial cells was assessed in the present
study. As shown in Fig. 1B, IL-8 mRNA expression was not
induced by LPS itself in A549 cells, whereas exposure to whole
bacteria did enhance transcription of IL-8. P. fluorescens en-
dotoxin-triggering TLR4 signals were not involved in IL-8 in-
duction, but epithelial cells directly infected with bacteria
showed prolonged activation of nuclear factor-kappa B (NF-
kB) signals via degradation of the inhibitory molecule IkBa
(Fig. 1C). In contrast, LPS showed transient activation of the
NF-«B signal (Fig. 1D). It was also demonstrated that LPS-

neutralizing polymyxin B only marginally decreased the IL-8
induction by P. fluorescens, indicating little contribution of
bacterial LPS to IL-8 induction in human airway cells (see Fig.
S1B in the supplemental material). Moreover, when the per-
sistent NF-«kB signals were suppressed by the chemical inhib-
itor BAY 11-7082, P. fluorescens-induced IL-8 expression was
almost completely reduced to the basal level (Fig. 1E), sug-
gesting the crucial involvement of the NF-kB signaling path-
way in bacterium-induced IL-8 expression.

P. fluorescens stimulates EGFR-linked signaling pathway
independently of NF-kB. Before it was verified whether
EGFR-linked signals upstream of NF-kB signals are affected
by P. fluorescens, A549 cells were stimulated with P. fluorescens
for up to 6 h and the level of EGFR phosphorylation was
analyzed by immunofluorescence confocal microscopy. Tem-
porally increased levels of phosphorylated EGFR in lung epi-
thelial cells were observed, with a maximal level being reached
about 2 h after infection with P. fluorescens and a subsequent
progressive decrease observed thereafter (Fig. 2A and B). It
was also confirmed by detecting total cellular phospho-EGFR
using immunoprecipitation and Western blot analyses (Fig.
2C). However, as indicated in Fig. 1, LPS from P. fluorescens
did not influence EGFR phosphorylation in A549 human
pneumocyte cells.

Since EGFR-linked signals can be associated with proin-
flammatory responses, it was appropriate to assess the effects
of perturbed EGFR signaling on P. fluorescens-induced IL-8
expression in A549 cells. When EGFR tyrosine kinase was
selectively blocked by AG1478, P. fluorescens-induced IL-8
production was significantly suppressed in the lung epithelial
cells (Fig. 3A). Additionally, bacterium-induced IL-8§ mRNA
was reduced by the EGFR blocker (Fig. 3B), implicating sig-
naling involvement of EGFR in pathogen-linked IL-8 expres-
sion. Moreover, interfering with EGFR expression using
shRNA technology also attenuated IL-8 induction by P. fluo-
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FIG. 5. EGFR signals support epithelial survival response to P. fluorescens-induced injuries. (A, C, and D) A549 cells were pretreated with
vehicle, 25 uM LY294002 (LY), 2 pM U0126, 10 pM AG1478 (AG), or 20 pM BAY 11-7082 (Bay) for 2 h and were infected with P. fluorescens
for 24 h (C and D) or 48 h (A). Cellular apoptosis was measured using flow cytometric analysis (A), protein lysate analysis using Western blotting
(B), and analysis of internucleosomal DNA fragmentation (C). (B) A549 cells transfected with control or EGFR shRNA plasmid were infected
with P. fluorescens at a cell-to-bacterium ratio of 1:50, and cellular apoptosis was measured using flow cytometric analysis. Each panel on the right
indicates data from one representative experiment. *, significant difference from infected control group (P < 0.05).

rescens (Fig. 3C). Since NF-kB is activated by P. fluorescens
infection, the signal was tested for its involvement in the
EGFR-linked signaling cascade. EGFR blockage did influence
NF-«B signals (Fig. 4A), implicating the EGFR-dependent
pathway of the NF-kB cascade in P. fluorescens infection. In
addition to the NF-kB signaling pathway, P. fluorescens en-
hanced phosphorylation of EGFR protein and its downstream
responsive signaling mediators, including PKB and ERK1/2,
which were activated in response to P. fluorescens infection

(Fig. 4B). When EGFR tyrosine kinase was inhibited, the sub-
sequent PKB and ERK1/2 signaling activations were attenu-
ated in bacterium-infected pneumocytes (Fig. 4C).
EGFR-mediated signaling pathways are involved in epithe-
lial survival response against pathogen-induced injury. To
address the roles of bacterium-activated EGFR in addition to
the functions in the proinflammatory response, blocking of
EGFR signals was tested for the effect on epithelial growth in
the presence of P. fluorescens. Cell cycle and apoptosis analyses
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were carried out by flow cytometry of A549 cells infected with
P. fluorescens. A 24-hour infection with P. fluorescens caused
lung epithelial cell death (Fig. 5A), which was consistent with
the reported cytotoxicity of indoor-associated P. fluorescens
(13). The percentage of bacterium-induced apoptotic cells was
also determined in the presence of EGFR-linked signal path-
way inhibitors, including AG1478 (EGFR tyrosine kinase in-
hibitor), LY294002 (phosphoinositide 3-kinase inhibitor),
U0126 (mitogen-activated protein kinase Erk kinase 1/2
[MEK1/2] inhibitor), and BAY 11-7085 (NF-«B inhibitor). In-
fected cells tested with all inhibitors except for the NF-xB
inhibitor showed more apoptosis than infected cells tested
without inhibitor (Fig. SA). Moreover, blocking of EGFR ex-
pression using shRNA also caused more cytotoxicity than in-
fection with the pathogen only (Fig. 5B). Other apoptotic in-
dexes, such as cleavage of PARP and DNA fragmentation,
were analyzed. Cleavage of PARP by caspases and subsequent
DNA fragmentation are characteristic features of cellular
apoptosis, and the timing of apoptosis-associated events is
often determined with the onset of PARP cleavage. As ex-
pected, there was an increase in PARP cleavage in P. fluore-
scens-infected A549 cells (Fig. 5C). The bacterium-mediated
PARP cleavage was increased by inhibition of EGFR-linked
signaling pathways in infected cells, consistent with a protective
role of EGFR signals in P. fluorescens-insulted human cell
injury. This pattern was also consistent with the DNA frag-
mentation results (Fig. 5D). Taken together, the data indicate
that EGFR-associated signals, including those of ERK1/2 and
PKB, protect human lung epithelial cells from infection-in-
duced apoptotic injuries by P. fluorescens.

DISCUSSION

The present study supports a mechanistic link between in-
door microbial exposure to P. fluorescens and airway inflam-
mation. P. fluorescens is one of the most frequently detected
bacteria in water-damaged buildings (11) and triggers an epi-
thelial inflammatory response and cytotoxicity (11, 13). In par-
ticular, P. fluorescens infection of human alveolar epithelial
cells in the present study led to survival-associated EGFR
activation that elicited both the ERK1/2 and PKB pathways.
Moreover, the airway bacteria also triggered proinflammatory
cytokine production via the NF-kB signaling pathway in a
manner related to EGFR responses (Fig. 6). Interestingly,
NF-«kB activation was relatively persistent, showing IkBa deg-
radation even until 24 h. This long-term activation of the
NF-«kB proinflammatory signal can lead to extended inflam-
matory responses to P. fluorescens infection in the pulmonary
system (1). According to Fig. 1, whereas NF-«B activation by
isolated P. fluorescens LPS was transient (0.5 to 2 h), direct
pathogen-augmented IL-8 mRNA and NF-«kB activation con-
tinues to increase for up to 24 h. Released C-X-C chemokine
IL-8 is a potent chemoattractant for neutrophils and has been
implicated in a number of respiratory ailments, including re-
spiratory distress syndrome, chronic obstructive pulmonary
disease, and asthma (9, 30, 31). There could be several expla-
nations for the extended activation of NF-kB in response to P.
fluorescens infection. First, extended activation of NF-kB could
be associated with slow growth due to a nonoptimal tempera-
ture for this microbe. Since the most optimal temperature
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FIG. 6. Schematic pattern of airway epithelial injury and proin-
flammatory responses by P. fluorescens.

condition for the growth of P. fluorescens is about 25 to 27°C,
bacterial cells could grow slowly under a 37°C culture condi-
tion, reaching maximum bacterial numbers later than bacteria
in a room temperature environment (see Fig. S2A in the sup-
plemental material). Second, the slow increase of early trig-
gering of the proinflammatory response by P. fluorescens may
lessen feedback regulation against NF-kB by microbial infec-
tion. Third, additional proinflammatory signals may support
persistent NF-kB signals in response to P. fluorescens. In order
to maintain the extended NF-kB activation, human cells need
several additional boosting kinases, including small GTP-de-
pendent p2l-activated kinase (25). Moreover, chronic micro-
bial infection with long-standing inflammatory responses can
also enhance these kinase signals, in addition to NF-kB stim-
ulation (5, 19).

It was demonstrated in the present study that inhibition of
ERK and PKB activation augmented P. fluorescens-induced
apoptosis. P. fluorescens infection activated EGFR and down-
stream signals, such as the ERK and PKB signaling pathways,
which are associated with epithelial survival. In contrast, heat-
killed bacteria had little or a transient effect on these signaling
pathways (see Fig. S2B in the supplemental material), and
additionally, the signaling inhibitors did not influence bacterial
growth in the culture medium for human alveolar epithelial
cells (see Fig. S1C in the supplemental material). Airway ep-
ithelia facing viable microbes can decide their fate between
death and survival. Activated EGFR can support cellular sur-
vival processes by blocking apoptotic cell death from microbe-
induced injuries. Moreover, bacterium-activated NF-kB stim-
ulation can also contribute to epithelial survival as well as
proinflammatory responses. However, in our data (Fig. 5A),
NF-kB was not associated with an epithelial survival response
to P. fluorescens infection, but instead, NF-«kB-linked proin-
flammatory responses were dependent on EGFR-linked sig-
nals. Epithelial cell-derived NF-«kB can be involved in wound-
healing responses (7, 14). In particular, NF-kB promotes the
reconstitution of injured epithelial cell monolayer via NF-«B
target genes, including inducible nitric oxide synthase and cy-



VoL. 79, 2011 ROLE OF EGFR IN PSEUDOMONAS FLUORESCENS INFECTION 2005

clooxygenase-2, which have been extensively investigated as
stimulators of epithelial cell migration (6, 22).

In summary, the present study suggests that P. fluorescens,
one of the most frequently detected indoor bacteria in mois-
ture-damaged buildings, can trigger EGFR signals and the
NF-«kB signaling pathway in lung alveolar epithelial cells. Ac-
tivated EGFR-linked ERK1/2 and PKB support an epithelial
cell survival response to P. fluorescens-induced cytotoxic inju-
ries. EGFR activation is also associated with NF-kB signals,
which are persistently activated and mediate prolonged proin-
flammatory IL-8 induction in the alveolar pneumocytes.
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