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The destructive pulmonary inflammation associated withPseudomonas aeruginoseolonization is caused, in part, by the produc-
tion of the chemokine IL-8, which recruits neutrophils into the lung. The Pseudomonasutoinducer, N-3-oxododecanoyl homo-
serine lactone (3-O-C12-HSL), is a small lipid-soluble molecule that is essential in the regulation of maRy aeruginosavirulence
factors, but little is known about how it affects eukaryotic cells. In this report we demonstrate that 3-O-C12-HSL is a potent
stimulator of both IL-8 mRNA and protein from human fibroblasts and epithelial cells in vitro. The IL-8 produced from these
3-O-C12-HSL-stimulated cells was found to be functionally active by inducing the chemotaxis of neutrophils. To determine a
mechanism for this IL-8 induction, deletion constructs of the IL-8 promoter were examined. It was found that the DNA region
between nucleotides—1481 and —546 and the transcription factor NF-kB were essential for the maximal induction of IL-8 by
3-0O-C12-HSL. This was confirmed by EMSAs, where 3-O-C12-HSL induced a shift with both AP-2 and NixB consensus DNA.
The activation of NF-kB and subsequent production of IL-8 were found to be regulated by a mitogen-activated protein kinase
pathway. These findings support the concept that the severe lung damage that accompaniesaeruginosainfections is caused by
an exuberant neutrophil response stimulated by 3-O-C12-HSL-induced IL-8. Understanding the mechanisms of 3-O-C12-HSL
activation of lung structural cells may provide a means to help control lung damage during infections wittP. aeruginosa The
Journal of Immunology, 2001, 167: 366—-374.

causes a wide range of acute and chronic infections. Howaeruginos&o regulate genes in a density-dependent manner by the

ever, the most prominent are the pulmonary infections.production of small diffusible molecules call&@seudomonaau-
Due to the ubiquitous nature &f. aeruginosaand its ability to  toinducersP. aeruginosgredominately makes two autoinducers,
develop resistance to many antibiotics, it has become the majax-3-oxododecanoyl homoserine lactone (3-O-C12-HShlso
cause of nosocomial pneumonia (1, 2). Conditions such as brorealled PAI-1) and\-butyryl-L.-homoserine lactone (C4-HSL, also
chiectasis, glucocorticoid therapy, acute respiratory distress syrealled PAI-2) (10, 11)P. aeruginosecell-to-cell signaling uses a
drome, cystic fibrosis, certain malignancies, HIV infection, broad-LuxR/LuxI-type system, which was originally described\Vibrio
spectrum antibiotic therapy, and use of respiratory equipmenfisheri (12). In this system 3-O-C12-HSL and C4-HSL complex
predispose patients #. aeruginosdung infections (3)P. aerugi-  with their cogent transcription factors, LasR and RhIR, respec-
nosapneumonia is an emerging problem and in many cases is fatdlvely, and induce the transcription of genes that lead to the pro-
in patients with advanced HIV infections (4, 5) and ventilator- duction of bacterial virulence factors (for a review Bf aerugi-
associated pneumonia (6—8). This ability tRateruginoséhasto  nosacell-to-cell signaling and virulence see Ref. 13). The effects
induce a wide range of infections is largely due to the many vir-of these autoinducer-regulated virulence factors directly contribute
ulence factors that it produces. The synthesis of several of thed®e the persistence and dissemination of the bacteria, which leads to
virulence factors is regulated by a cell-to-cell signaling mechanisnminduction of intense inflammation during infection.

The early stages dP. aeruginosacolonization of the lung are
hallmarked by the entry of neutrophils. This neutrophil recruitment
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Japan; andCancer Center, University of Rochester, Rochester, NY 14642 In the airways (14-16). When bronchoalveolar lavage fluid from
P. aeruginosanfected humans was examined, IL-8 levels were
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Pseudomonas aeruginos$s an opportunistic pathogen that referred to as quorum sensing (9). This mechanism endhles
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production of proteolytic enzymes, such as elastase, and subse12-HSL. Cells were incubated for 18 h, and IL-8 in the supernatants was
quently tissue destruction and pulmonary failure. Persistent infecmeasured.
tion with P. aeruginosdeads to exuberant production of IL-8 and Granulocyte chemotaxis assays

neutrophil migration into the lungs and results in chronic inflam- . . )
Granulocytes were isolated from healthy human plasma by centrifugation

mation and tissue destructlon. . . over a Ficoll-Hypaque density gradient. Residual erythrocytes were re-
Supernatants fronP. aeruginosacontain a small, nonprotein, moved via hypotonic lysis. The resulting population routinely contained
non-LPS molecule that stimulates bronchial epithelial cells to pro-80-90% neutrophils and 1-15% eosinophils and basophils. Using the Che-
duce IL-8 (20). This phenomenon was further examined by Di-moTx System (Neuroprobe, Cabin John, MD), 3.25-mm diametgm3-
Mango et al. who demonstrated that human epithelial cells incuPore polycarbonate membranes were placed over the wells of a correspond-

- L S ing 96-well tissue culture plate. Each well contained#8f MEM or
bated with 3-O-C12-HSL in vitro produced significant levels of g nematant from 16HBE cultures, which were nonstimulated or induced

IL-8 (21). It was also shown that tife aeruginosanutant PAORL  with 100 uM 3-O-C12-HSL for 18 h. Some wells contained @/ml
(22), which produces miniscule amounts of the autoinducer 3-Omouse anti-human IL-8 mAb (R&D Systems, Minneapolis, MN) or control
C12-HSL, had a decreased ability to stimulate IL-8 when com-Mouse IgG. As a positive control for migration, a standard curve of 0-5000

. . . . ng/ml of recombinant human IL-8 (rhIL-8) (R&D Systems) was added to
pared with the wild-type strain PAO1 (14). The production of some wells. Repeatedly, maximal migration was found with 5-500 ng/ml

Pseudomonaautoinducers have been shown to be essential for then-8. Granulocytes (2.5 10°) in 25 ul of DMEM, 10% FBS, 50ug/ml
infection and pathology found in both acute and chronic infections_-glutamine, 50 U/ml gentamicin were added to the upper side of the mem-
(23-25). In these models it was observed not only that the degrelerane, and the plate was incubated at 37°C for 2 h. Granulocytes in the
of pathology was decreased but that the infiltration of neutrophildoWer chamber were quantified with a FACScan (BD Biosciences, San
he si f infecti | ith . Jose, CA). Forward vs side scatter was used to identify the granulocytes
to t.e site of infection was also reduced with autoinducer mm"f‘”%hat were in the migrating population. Chemotactic index was calculated by
strains ofPseudomonasThese data suggest that 3-O-C12-HSL is dividing values for cells migrating to supernatants by values for cells mi-
instrumental in the initial recruitment of neutrophils to the lung. grating to medium controls (background migration). A chemotactic index
I this study we examined whether 3-O-C12-HSL could activatef | FFERR 8 St I to. L e e %o calculate the o
human lung cells to produce the nemmph'l ChemOt?Ct'C moIecu_I ercentage of the input cell populatioﬁ that migrated to the supernatants.
IL-8. We also demonstrate the role of mitogen-activated protein ) )
(MAP) kinases and transcription factors in the production of IL-§ Transient transfections
with activation 3-O-C12-HSL in structural cells. Luciferase reporter constructs of the IL-8 promoter consisted of a full-
length 8 unencoded region of the IL-8 promoter {481—+44) and de-
; letions of this construct of(546—+44) and (-133—+44). Site-directed
Materlals and Method_s' mutations were also made in the binding sites for AB;-NF-IL-6, and
Cell lines and culture conditions AP-1 in the —133 construct (see Fig.A§ (30). Transfections were per-
formed by adding 16HBE cells to collagen/fibronectin-coated six-well
plates (BD Labware, Franklin Lakes, NJ) at® 10° cells/well in 1 ml
MEM supplemented with 2% FBS and 50 U/ml gentamicin. DNA was
repared by mixing ;g of the IL-8 promoter constructs in 20 mM HEPES

L828, a nontransformed normal human lung fibroblast strain (26), A549
human type lI-like alveolar epithelial cells (ATCC, Manassas, VA), and
primary human foreskin fibroblasts (27), were maintained in MEM (Life
Technologies, Gaithersburg, MD) supplemented with 10% FBS (HyClon h h ; . .
Laboratories, Logan, UT) and 50 U/ml gentamicin (Life Technologies). Puffer with 20—-30ul DOTAP (Boehringer Mannheim, Indianapolis, IN) at

The 16HBE, human bronchial epithelial cell line, was grown on collagen/room temperature for 15 min. The .DNA/DOIAP mixture was a(_:ided to the
fibronectin-coated culture dishes in MEM with 10% FBS and 50 U/mi 16HBE cells and incubated overnight at 37°C. Transfection with a vector

gentamicin (28). Cells were passed every 4-5 days using 0.05% trypsi xpressing3-galactosidase was used to determine efficiency of transfec-
with 0.1% EDTA to dissociate adherent cells. Fibroblasts were used bellons- Transfected cells were serum-starved for 18 h before being stimu-
tween passages 5 and 20. lated with 100uM 3-O-C12-HSL or 50 ng/ml hTNFe + 200 U/ml hiL-18
(Genzyme, Cambridge, MA) for an additional 12 h. Cells were assayed for

_O- _ i luciferase activity using a luciferase assay kit (Promega, Madison, WI) and
3-0-C12-HSL synthesis light intensity determined with a luminometer (Packard, Meriden, CT).
3-O-C12-HSL was synthetically produced as previously described (10)Data were expressed as fold increase over nonstimulated cells transfected
This molecule is structurally and functionally identical with the natural with the same construct.

3-0O-C12-HSL produced bf. aeruginosaNo detectable levels of endo-

toxin were found in preparations of 3-O-C12-HSL usingimulus Ame- EMSA

bocyte Lysate assay (Cape Cod Associates, Falmouth, MA). 16HBE and L828 cells were grown to confluent monolayers in six-well
. plates 2 x 1P cells/ml). Cells were serum-starved for 18 h before stim-

RNase protection assays ulation with 100uM 3-O-C12-HSL, 50 ng/ml hTNFx (Genzyme), or 10

16HBE and L828 cells were grown in 100-mM plates until confluent "9/MI PMA (Sigma, St. Louis, MO) for 30 minr@ h at37°C. Cells with
monolayers formed. Cells were serum-starved for 18 h and then stimulated|EM only were used as a control for induction. Nuclear protein extracts
with 100 uM 3-O-C12-HSL for varying amounts of time. Cells were ex- Were prepared as previously described (31). Briefly, cells were removed
tracted with Tri Reagent (Molecular Research Center, Cincinnati, OH), andTom Plates and washed in cold PBS. Cell pellets were resuspended in 400
total RNA was quantified by spectrophotometry. DNA templates for hu- ! Of an ice-cold hypotonic buffer (10 mM HEPES-KOH pH 7.9, 1.5 mM
man chemokines (PharMingen, San Diego, CA) were used to fifake ~ MJClz 10 mM KCI, 0.5 mM DTT, 0.5% Nonidet P-40, and 0.2 mM
labeled RNA probes. Probes were mixed with 2:gof sample RNA, and PMSF) and incubated on ice for 10 min. Lysates were vortexed for 10 s and
a RiboQuant kit (PharMingen) was used to perform RNase protection as(_:entrlfuge(_i at 13,(_)00 rpm in a microfuge for 30 s. Supernatants containing
says as per the manufacture’s procedures. Protected RNA fragments we‘f'XmF’IaSmIC proteins were removed, and pellets were resuspendein 50
resolved on a 5% polyacrylamide gel and quantified by densitometry©0!d hypertonic buffer (20 mM HEPES-KOH pH 7.9, 1.5 mM Mg(25%

GAPDH controls were used to standardize the quantification of RNASIYCerol, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.2 mM
samples. PMSF). Samples were incubated on ice for 20 min then centrifuged for 2

min at 4°C. Nuclear protein-containing supernatants were removed and
IL-8 measurements quantified by bicinchoninic acid protein assay (Pierce, Rockford, IL). Con-
sensus sequences for the AP-1 DNA binding siteGECTTGATGAGT
Cell lines were grown in 96-well plates until confluent% X 10* cells/ CAGCCGGAA-3), AP-2 DNA binding site (5GATCGAACTGAC
well) and then serum starved for 18 h before stimulation. Cells were treate€GCCCGCGGCCCGT-3, and NF«xB DNA binding site (3-AGTT
with 25-100uM 3-O-C12-HSL or C4-HSL for 18 h and the amount of GAGGGGACTTTCCCAGGC-3 (Promega) were labeled with
IL-8 in the supernatants determined using an IL-8 ELISA as previously[y->?P]ATP using T4 polynucleotide kinase for 30 min at 37°C. Labeled
described (29). In MAP kinase experiments, 5B of the MAP kinase/  DNA was purified over a G-25 column to remove unbound nucleotides.
extracellular signal-regulated kinase (MEK) inhibitor PD98059 (Calbio- Nuclear protein extracts, at a concentration of 30p.gbwere incubated at
chem, La Jolla, CA) was added to cultures along with a titration of 3-O-room temperature for 20 min with-50,000 cpm {-0.06 pmol) of the
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labeled oligonucleotide suspended in binding buffer (10 mM Tris-HCI pH A

7.5, 50 mM NaCl, 4% glycerol, 1 mM Mggl 0.5 mM EDTA, 0.5 mM

DTT, and 0.05 mg/ml poly(dl:dC)). Samples were resolved on a 4% non-

denaturing polyacrylamide gel at 100 V and exposed to film. Cold com- Hours
petition assays were performed by adding a 100-fold excess of unlabelec

oligonucleotides to nuclear protein extracts 10 min before the addition of . -
the labeled oligonucleotides. Supershift experiments were completed by IL-8 ' 1
adding 2ug of the anti-AP-2 Ab C18 (Santa Cruz Biotechnology, Santa

Cruz, CA) to the binding reaction.

owor R

Cell lysates were obtained from 16HBE cells as previously described for

EMSA. Proteins were quantified by bicinchoninic acid protein assay and 20 Fold Increase 0 15 10 0 0
g of protein was mixed with an equal volume 0k2SDS sample buffer

and boiled for 5 min. Denatured proteins were separated by electrophoresi:

on a SDS-polyacrylamide gel along with control proteins (nonphosphory- ™
lated ERK-2 and phosphorylated ERK-2) (Cell Signaling Technology, 3-ox0-C12-HSL
Beverly, MA). Proteins were transferred to Hybond-C extra nitrocellulose B 1 Nonstimulated

membrane (Amersham, Piscataway, NJ) in 20 mM Tris base, 150 mM

glycine, and 20% v/v methanol overnight at 35 V. Nonspecific binding was 8000]
blocked by incubating the blot with 10% skim milk in PBS with 0.1% 4
Tween 20 fo 2 h atroom temperature. Immunoreactive proteins were o 60001
detected by incubating the blot with specific Abs (phospho-p44/42 mAb
E10 or phospho-p38) overnight at 4°C (Cell Signaling Technology). These =
Abs only recognize the active phosphorylated form of the kinase. Between £ 4000:_
each step the nitrocellulose was washed four times for 5 min with PBS/ g

0.1% Tween 20. Bound Abs were detected with either an anti-mouse 1gG 2000
or an anti-rabbit IgG conjugated to HRP. Specific bands were visualized |
with ECL reagents (Amersham, Piscataway, NJ) then exposed to Kodak 0
X-OMAT film (Kodak, Rochester, NY). 2 4 8 24
Time (hours)

FIGURE 1. 3-O-C12-HSL induces IL-8 mMRNA and protein in 16HBE

Nuclear mobilization of NR<B

Cells were grown in eight-well Permanox chamber slides (Nalge Nunc

Napenile 1) at -5 10 celll I IEh wih 10% FBs. Coliwers. 1172 0 Sl coth Siess proocin 126 was per,
serum-starved for 18 h before incubation with medium only or with 100 9 p

uM 3-O-C12-HSL for 2 h. Some wells were pretreated with A 100 pM 3-O-C12-HSL for 0, 2, 4, 8, or 24 h. Levels of mRNA were
PD98059 fo 1 h before stimulation. Immunocytochemistry was used to determined by densitometry and normalized to GAPDH mRNA. Fold in-
determine the localization of NKB in cells. Cells were washed several duction of mMRNA was determined by comparing the relative levels of IL-8
times with PBS+ 0.05% Tween 20, and endogenous peroxidase activitymRNA in resting cells to 3-O-C12-HSL-stimulated ceBs.IL-8 in culture
was quenched with 3% 4@, for 20 min. Cells were blocked with 2% horse supernatants was quantified using an IL-8-specific ELISASupernatant
serum fo 1 h atroom temperature before overnight incubation at 4°C with from nonstimulated celldll, cells stimulated with 10@M 3-O-C12-HSL.

2 pg/ml anti-NF«B p65 Ab (Santa Cruz Biotechnology) or an isotype These data are representative of three independent experiments.
control mouse IgG (Caltag, South San Francisco, CA). Cells were washed

and incubated at room temperature for 30 min witpog/ml of a biotin-

labeled anti-mouse IgG secondary Ab (Vector Laboratories, Burlingame,

CA). Cells were washed with PBS/Tween and incubatedlfb atroom . . . .

temperature with a 1/1000 dilution of streptavidin HRP (Jackson Immuno-Was starting to decrease. Aft8 h of stimulation with 3-O-C12-
Research Laboratories, West Grove, PA). AEC (Zymed Laboratories, SahiSL, a maximal 14-fold induction in IL-8 protein was detected
Francisco, CA), which reacts with the bound HRP to form a red precipitate(Fig. 1B). Although not as dramatic, a similar induction in IL-8
that can be visualized in the cells, was used to detect antkBlAb bind- mRNA and protein was found with 3-O-C12-HSL-stimulated

g L828 fibroblasts (Fig. 2). Interestingly, although maximal induc-

Statistical tests tion of IL-8 mRNA in L828 cells was found aftet h of stimula-
A two-tailed Student test was used to analyze the statistical differencestion with 3-O-C12-HSL, levels of IL-8 mRNA persisted out to at
between samples. least 24 h.

Production of IL-8 protein was stimulated in cells at levels of

Results . . . . 3-O-C12-HSL as low as 2mM, which in some cell lines was
3-0-C12-HSL stimulation of human cells induces the productiong icient to give a 2- to 3-fold induction over cells with medium
of IL-8 only. When cells were activated with 1Q0M 3-O-C12-HSL, a 7-

Cultures of the 16HBE cells (Fig. 1) or L828 fibroblasts (Fig. 2) in to 8-fold induction in IL-8 protein was observed (Fig. 3). When
MEM without serum induced little IL-8 mRNA or protein. Stim- cells were cultured with IL-® or TNF-«, known potent inducers
ulation of these cells with an optimal dose of 1AM 3-O-C12-  of IL-8, 7,000-15,000 pg/ml IL-8 were measured in culture su-
HSL dramatically increased the levels of IL-8 mMRNA over that of pernatants. Interestingly, when A549, a type ll-like alveolar epi-
nonstimulated cells within 2—4 h. 3-O-C12-HSL had no toxic ef- thelial cell line, and foreskin fibroblasts were stimulated with 25 or
fects on these cells at any of the concentrations used as assessedl® uM 3-O-C12-HSL a similar induction in IL-8 was observed
both viability counts with trypan blue and MTT assays (data not(Fig. 3). This indicates that 3-O-C12-HSL can interact with mul-
shown). In kinetic studies of 3-O-C12-HSL activation of 16HBE tiple cell types, which include epithelial cells and fibroblasts from
cells, a 15-fold increase in IL-8 mMRNA was stimulated after only different sites in the body, and stimulates a similar IL-8 response.
2 h (Fig. 1A). This induction dissipated after 4 h, and IL-8 mMRNA When 100uM C4-HSL, a secondP. aeruginosautoinducer, was
returned to background levels by 24 h. Supernatants from 3-Oadded to cultures of epithelial or fibroblast cells, no IL-8 was de-
C12-HSL-stimulated 16HBE cells were also tested in an IL-8tected above that of nonstimulated cells (data not shown). This
ELISA. Production of IL-8 protein was found between 4 and 24 hindicates that the activation of epithelial cells and fibroblasts with
of stimulation, at which point the amount of IL-8 in the supernatant3-O-C12-HSL is structurally specific. The structural specificity of
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B ] Nonstimulated several types of epithelial and fibroblast cells. Epithelial and fibroblast cells
were untreated(]), stimulated with 25uM (N) or 100uM 3-0O-C12-HSL
() for 18 h. An IL-8 specific ELISA was used to quantify levels of IL-8
300% protein in culture supernatantss, p < 0.0001;+, p =< 0.005 compared
25007 with untreated cultures.
©
-1 2000
E 15007 tic factor(s) that is inducing migration. Using RNase protection
2 1000] assays, no significant increases were found with the chemotactic
500 factors RANTES, IP-10, macrophage-inflammatory protein-2
] ,.j ; ; i macrophage-inflammatory protei32and monocyte chemoattrac-
0 phag yp Yy
0 2 4 8 24 tant protein-1 with 3-O-C12-HSL stimulation of 16HBE cells or
Time (hours) L828 fibroblasts (data not shown). Similar chemotactic activities

were found with supernatants from 3-O-C12-HSL-stimulated

FIGURE 2. 3-O-C12-HSL induces IL-8 mRNA and protein in L828 L828 cells (data not shown).

human fibroblasts. Experiments were performed as described in FAg. 1.

IL-8 mRNA from L828 cells after stimulation with 3-O-C12-HSB, IL-8 5' upstream regions of the IL-8 promoter are essential for
protein was measured from culture supernatants of L828 cells stimulated ~ ~15 1151 activation

with 3-O-C12-HSL. These data are representative of three independent
experiments. Induction of IL-8 synthesis by cytokines usually involves-act-
ing elements that stimulate the transcription of IL-8 (32). Fi§. 5

homoserine lactone activation of IL-8 was also demonstrated by
other investigators (21). 47

Supernatants from 3-O-C12-HSL-stimulated cells induces
neutrophil chemotaxis

Having shown that 3-O-C12-HSL induced the production of both
IL-8 mRNA and protein in multiple cell types, we next wanted to
determine whether this IL-8 was functionally active and whether it
could stimulate the migration of neutrophils. Supernatants from
16HBE cells that were incubated with medium only or medium
containing 10QuM 3-O-C12-HSL were added to a neutrophil che- 0
motaxis assay. When medium alone, medium containing 3-O-C12-
HSL, or supernatant from nonstimulated 16HBE cells was added
to the assay;-20% of the neutrophils migrated though the cham-
ber; this reflects background migration and was assigned a che-
motactic index of 1. When supernatant from 3-O-C12-HSL-stim-
ulated cells was added to the assay, a chemotactic index of 3.2 w&GURE 4. Supernatants from 3-O-C12-HSL-stimulated 16HBE cells
obtained, which represents the migration of 63% of the cells (Figinduce chemotaxis of neutrophils. 16HBE cells were incubated with me-
4). This level of migration was equal to the maximal migration dium alone (nonstimulated) or with 1QoM 3-C')-C12-HSL.l Supernatants
stimulated by rhIL-8. To demonstrate specificity of this migration 0™ these cells were added to a neutrophil chemotaxis assay. Data are
to IL-8, an anti-IL-8 Ab was added to culture supernatants. Whene?(pressed as ChemOtaCt'C |nd§x, V.Vh'Ch Is the percentage of migrating cells
anti-IL-8 was added to rhiIL-8 controls, the migration of neutro- divided by medium control migration (background). A value of 1 repre-

. - ! N . sents no specific migration. To show specificity of the migration to IL-8, 10
phils was inhibited to background levels. Interestingly, when anti- g/ml of anti-human IL-8 Ab was added to supernatants. Controls included
IL-8 was added to supernatants from 3-O-C12-HSL-stimulatedne addition of medium only or 5 ng/ml recombinant IL-8 to the chemo-

cells, migration was only partially inhibited~70%), indicating taxis assay. 3-O-C12-HSL alone showed no chemotaxis over that of me-
that 3-O-C12-HSL is possibly stimulating an additional chemotac-dium control.

Chemotactic Index
N

Media
Control
riL-8

,_.
B
Non-stimulated }
B

Non-stimulated
+ anti-IL-8 Ab
3-0-C12-HSL
3-0-C12-HSL
+ anti-IL-8 Ab
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FIGURE 5. Upstream regions of the IL-8 promoter are essential for the maximal induction of IL-8 by 3-O-C12AHSthematic of the IL-8 promoter
region indicating transcription factor binding site locations and luciferase reporter. Construct 1 is the full-length IL-8 prerhd8dr {0 +44), constructs

2 and 3 are deletion constructs that contain nucleotig€g!6 to +44) and (-133 to +44), respectively. Arrows indicate the location of deletions made
in the promoterB andC, Full-length and deletion luciferase construd} ¢r constructs containing site-directed mutations in the AP-1, NF-IL-6, okRIF-
DNA binding sites C) were transfected into 16HBE cells, and luciferase activity was measured when cells were stimulated with 3@D-C12-HSL.
Fold increase in luciferase activity was determined by comparing relative light units from 3-O-C12-HSL-stimulated cells with nonstimulatadsells
fected with the same IL-8 luciferase construct. These studies are representative of three separate experiments.

shows diagrams of the Begion of the IL-8 promoter and promoter luciferase activity with 3-O-C12-HSL activation (reduction of
deletion constructs. To test whether 3-O-C12-HSL regulation 0f99% when compared with construct 3). These data indicated that
IL-8 was due to the activation of transcription factors, luciferaseNF-«xB was essential for activation of IL-8 with 3-O-C12-HSL
reporter constructs of the IL-8 promoter were transiently trans-stimulation of 16HBE cells and that the area betweed81 and
fected into 16HBE cells (Fig.&). Transfected cells were stimu- —546 was needed for maximal IL-8 induction.

lated with 3-O-C12-HSL or a mixture of TNk-and IL-18 as a

control. Stimulation with TNFx and IL-18 induced the production ) )

of Iuciferase with all the constructs (2.5- to 4-fold over back- EMSA confirms that 3-O-C12-HSL induces KB-and AP-2 but
ground) except for the NkB-deleted construct, indicating that not AP-1

NF-«B is essential for activation of IL-8 with these cytokines (data Other investigators have shown that AP-1 is important for IL-8
not shown). When transfected cells were stimulated with 3-O-C12induction in lung cells (32). In transcriptional reporter assays,
HSL, maximal induction of luciferase production was seen withwhen AP-1 was mutated there was a 60% decrease in luciferase
the —1481 to+44 full-length construct (construct 1). When a de- induction, when compared with construct 3 (Fi6©)5EMSA was
letion was made at-546 (construct 2), a decrease in activity of performed to determine whether AP-1 was induced in 16HBE cells
75% was repeatedly found. An additional deletion-dt33 (con-  with 3-O-C12-HSL stimulation. Using a consensus sequence for
struct 3) gave no further significant decrease in luciferase activitthe AP-1 binding site revealed constitutive expression of AP-1
(Fig. 5B). This indicates that the deletion of DNA betweed481  even in nonstimulated cell extracts (data not shown). Therefore,
and —546 eliminated sites that were important for 3-O-C12-HSL stimulation of 16HBE cells with 3-O-C12-HSL did not induce a
induction of maximal IL-8 transcription. Site-directed mutations in significant increase in binding to the AP-1 DNA probe. A similar
the AP-1, NF-IL-6, and NFReB DNA binding sites were made in constitutive expression of AP-1 was found by other investigators
construct 3 and tested in transcription assays. When compared wittkamining IL-8 expression in A549 epithelial cells (33). These
construct 3, there was a 60% reduction in luciferase activity withdata indicate that the 3-O-C12-HSL stimulation of IL-8 is not de-
the construct that contained a mutation in the AP-1 DNA bindingpendent on induction of the transcription factor AP-1. Examination
site and a 40% reduction with the NF-IL-6 mutated construct (Fig.of the genomic DNA sequence of thé-B-8 promoter region

5C). A mutation in the NFxB binding site resulted in virtually no identified many consensus sequences for transcriptional activator
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binding sites (Fig. B). Based on transcription reporter assays, in- A 7 B @
terest was focused on the sites located betweg#81 and—546. I :
Using these data we identified a DNA consensus sequence that g 3 S 3
could bind the transcription factor AP-2. Therefore, we examined 2 g: % ) 9-, E

whether 3-O-C12-HSL could induce the transcription factor AP-2.
Nuclear extracts were made from L828 and 16HBE cells incubated
with or without 100uM 3-O-C12-HSL for 30 min. Nuclear ex-
tracts (5ug) were added to &P-labeled oligonucleotide with a NFxBP
consensus sequence for the AP-2 DNA binding site. When this
hybridized mixture was run on a nondenaturing gel, a shift from
unbound DNA was clearly seen with extracts from cells that were
stimulated with 3-O-C12-HSL compared with the slight shift ob-
served with extracts from nonstimulated cells (Fig\).6Nuclear e e
extracts from cells stimulated with PMA, a known inducer of FIGURE 7. The transcription factor N&B is induced by 3-O-C12-
AP-2, were used as a positive control. When a 100-fold excess afiSL stimulation of 16HBE cells. 16HBE cells were either nonstimulated
unlabeled AP-2 oligonucleotide was added to 16HBE extracts(NS) or stimulated with either 10@M 3-O-C12-HSL or 50 ng/ml TNFe
most of the AP-2 shift was competed away, but 100-fold excess ofor 2 h. A, Nuclear extracts (fg) were incubated witfi’P-labeled NF«<B
a nonspecific oligonucleotide had no effect on the shift (F&). 6 oligonucl_eotides an_d run on a 4% nondengtur_ing Be[:qld (unlabeled_) _
To further prove the specificity of this AP-2 shift, supershifts were NF-«B 0I|gonl_Jcle0t|de was added to the binding reactions. Arrqws indi-
performed using an AP-2 specific Ab. When this Ab was added tog:;ea:::eIzc):(zt;zr:ezftsshlfted bands. These data are representative of three
16HBE extracts along with the labeled AP-2 oligonucleotide, an '
additional shift in size was observed (Fid)6 These data confirm
that 3-O-C12-HSL induces the transcription factor AP-2. When
EMSAs were performed using a NEB consensus oligonucleo- tion. To determine whether this induction of MAP kinases was
tide, a shift was observed in extracts from 16HBE cells that werespecific to the ERK pathway, samples were also tested for induc-
stimulated fo 2 h with 3-O-C12-HSL (Fig. &). This shift could be  tion of the p38 kinase. When cellular extracts from 3-O-C12-HSL-
competed away with a 100-fold excess of unlabeleddBNA  stimulated cells were tested using a p38-specific Western blot,
but not a nonspecific DNA sequence (Fi§).\We also demonstrated there was no significant induction over that found with nonstimu-
that when 16HBE cells were stimulated with 1001 3-O-C12-HSL,  lated cells (data not shown). Having shown that ERK was induced
NF-kB translocated from the cytoplasm to the nucleus (Fig). 8 by 3-O-C12-HSL stimulation, we next determined what effect this
These data show that 3-O-C12-HSL induces the transcription factamay have on IL-8 and NkB induction. When 16HBE cells were
NF-kB. Similar shifts for AP-2 and NixB were found when L828  cocultured with 3-O-C12-HSL and 50M of PD98059, the pro-
fibroblasts were stimulated with 3-O-C12-HSL (data not shown).  duction of IL-8 protein was reduced by 80-90% (Fi®)8The

o . o MEK inhibitor was not found to have toxic effects at this concen-
3-O-C12-HSL activation of MAP kinase is important for IL-8  y 44ion- therefore, the reduction in IL-8 was not due to cell death
production (data not shown). To determine whether the inhibition of IL-8
To better understand the activation of ¥B-and the subsequent production was due to the inhibition of transcription factors,
production of IL-8 in these cells, we evaluated a potential role forNF-«B nuclear mobilization experiments were performed. In non-
MAP kinases. When 16HBE cells were stimulated with 3-O-C12-activated cells, NReB is held in the cytoplasm by inhibitory pro-
HSL, the active and phosphorylated forms of the ERK1/2 kinasedeins called kB. When cells become stimulated, MB- is released
were induced (Fig. 8). Kinetic studies of 3-O-C12-HSL activa- from I«B and translocates into the nucleus where it activates the
tion revealed ERK induction as early as 10 min with maximal transcription of multiple genes. When 16HBE cells were cultured
expression at 15 min. Addition of the MEK inhibitor PD98059, with medium only, NFkB was found mainly in the cytoplasm, but
which blocks the activation of ERK, completely inhibited induc- upon activation with 3-O-C12-HSL, NkB accumulated in the

| -
2 2
A 3 B . 2
FIGURE 6. 3-O-C12-HSL stimulates the induc- " ¢ % o E Treatment E g %
tion of the transcription factor AP-2 in 16HBE cells. Treatmen — I_°°_| — T T LT )
16HBE cells were either nonstimulated (NS) or  Cold Oligo o+ -+ -+ oAP2Ab - + - + - +

W TN G WER oW T

stimulated with either 10@M 3-O-C12-HSL or 10
ng/ml PMA for 30 min. Nuclear extracts were made Supershift —»
and mixed with2P-labeled AP-2 oligonucleotide.

A, Samples incubated withH) or without (—) cold

(unlabeled) AP-2 oligonucleotide and run on a 4% Shift —»
nondenaturing gelB, Nuclear extracts incubated

with (+) or without (-) the addition of anti-AP-2

Ab. Arrows indicate the locations of shifted and su-

pershifted DNA. Shift assays were repeated three to

four times with similar results.

shift —> 8 '

-
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FIGURE 8. Activation of IL-8 and NF«xB oc- 8000 -
curs through ERK activatiord, Cytoplasmic pro- 4
tein extracts from 16HBE cells stimulated for 5-60 M 3-0-C12-HSL
min with 3-O-C12-HSL were analyzed in an 6000 1 030-C12-HSL +PD
ERK1/2 specific Western blot. Specificity of the ]
Western blot was confirmed by extracts from cells 4000 1
cocultured for 15 min with 3-O-C12-HSL and 50 J
wm PD98095 and the controls, 1@/ml nonphos- 2000 1
phorylated ERK2 (ERK2/NP) and phosphorylated
ERK2 (ERK2/P)B, 16HBE cells were cultured in |
medium containing 25-10@M 3-O-C12-HSL, 0
with (L) or without @) 50 uM PD98059. Cells 100 5 25 0

were incubated for 18 h, and IL-8 in the superna-
tants was measuresd,. p < 0.0005;+#, p < 0.001.
C, 16HBE cells were stained with an anti-MB-
Ab to determine the localization of NkB in cells
that were cultured with medium only (untreated) or
3-0-C12-HSL. Some wells were preincubated for
1 hwith PD98059. An isotype control (mouse IgG)
was used to control for background staining. Ar-
rows indicate the localization of NkB staining. il

3-0-C12-HSL Concentration (uM)

Isotype Untreated

3-0-C12-HSL 3-0-C12-HSL + PD

.y

o,

nucleus. The addition of a MEK inhibitor with 3-O-C12-HSL stim- autoinducer 3-O-C12-HSL is also a potent inducer of IL-8 pro-
ulation failed to induce nuclear mobilization of N&B (Fig. 8C). duction. The stimulation of bronchial epithelial cells (L6HBE) with
These data indicate that the induction of NB-by 3-O-C12-HSL  3-O-C12-HSL induced a significant induction in IL-8 mRNA and

occurs through the activation of a MAP kinase pathway. protein (Fig. 1). During the initial colonization of the lung with
aeruginosait is thought that the bacteria adhere to the epithelium
Discussion in the upper airways and that some of these bacteria are endocy-

Pulmonary infections withP. aeruginosaare instrumental in ini-  tosed by the epithelial cells (36). In this environment the epithelial
tiating a cascade of IL-8 production. During these infections pul-cells would be in direct contact witR. aeruginosaBecause 3-O-
monary structural cells such as epithelial cells and fibroblasts pro€12-HSL freely diffuses and is actively pumped out of the bacte-
duce IL-8, which leads to the infiltration of neutrophils. The ria, it would directly interact with epithelial cells (37). Previous
exposure of the lung to neutrophil-generated mediators, such afata have shown that in the squid, where the symbiotic badferia
elastase and reactive oxygen species, leads to tissue destructidisheriproduces an autoinducer similarfo aeruginosg3-0O-C6-
obstructive pulmonary disease, and, ultimately, pulmonary failureHSL), this molecule was found not only in the area around the
Several products oP. aeruginosastimulate bronchial epithelial bacteria, but was detected also in the underlying epithelial cells
cells to produce IL-8, including pilin, nitrate reductase, and pyo-(38). These observations support the hypothesis that 3-O-C12-HSL
cyanin (33-35). In this study, we show that tRe aeruginosa produced byP. aeruginosanteracts with the surrounding tissue.
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This production of 3-O-C12-HSL could initiate inflammation in  Activation of NF«B is tightly regulated by #B proteins. These
the lung and start a cascade of IL-8 production and, consequentlyroteins bind to the nuclear localization signal in NB-and se-
neutrophil infiltration. In cystic fibrosis patientB, aeruginosas quester it in the cytoplasm. When cells are activateB, ik phos-
found at high concentrations (ACFU/ml of sputum) and grows in ~ phorylated, which targets it for ubiquitination and subsequent deg-
microcolonies or biofilms, which are clusters of bacteria embeddedadation. NFkB is then released and translocates to the nucleus
in a matrix of polysaccharide (39, 40). Although the concentrationwhere it induces the transcription of multiple genes (46). It has
of 3-0-C12-HSL in the lungs oP. aeruginosanfected patients been shown that in some cases the Ras-Raf-MEK-MAP-5H90
remains unknown, mRNA encoding proteins involved in the reg-kinase pathway phosphorylatesBla and initiates its degradation
ulation of 3-0-C12-HSL were found in the sputum of cystic fi- (47, 48). It has recently been shown tRataeruginosastimulation
brosis patients (41). These data indicate that a functional cell-toof mucin production in epithelial cells uses this pathway of acti-
cell signaling mechanism occurs in vivo and that 3-O-C12-HSL isvation (49). The activation of NkB and production of IL-8 found
most likely produced in these patients. Therefore, in the lung it ish 3-O-C12-HSL-stimulated cells may also occur through a similar
likely that P. aeruginosaattaches to epithelial cells and produces mechanism. We demonstrate that 3-O-C12-HSL is able to specif-
3-0-C12-HSL, which stimulates surrounding cells. We alsoically up-regulate both ERK1 and 2 in the cytoplasm of 16HBE

showed that 3-O-C12-HSL stimulates IL-8 production in L828, acells. When a MEK inhibitor was added to these cultures, 3-O-
primary human lung fibroblast strain (Fig. 2). Durify aerugi- C12-HSL stimulation of both IL-8 and NkB were inhibited. Al-

nosalung infections, where tissue destruction is prominent, thethough we have not shown the involvement of c-Ras and c-Raf in
bacteria would also have direct contact with the underlying matrix3-9-C12-HSL activation of cells, we do know that by inhibiting
of fibroblasts. The activation of L828 fibroblasts with 3-0-C12- MEK and the_ _sub_sequent activation of MAP kl_nases we inhibit the
HSL persisted longer than that found in 16HBE cells. This long-nucléar mobilization of NF<B and the production of IL-8.

lasting activation may be a source of extended IL-8 production and 3-O-C12-HSL induction of NF<B and AP-2 and the subsequent
may stimulate a steady infiltration of neutrophils into the |ung,up-regulat|on of IL-8 could directly contribute to the neutrophil
leading to extensive tissue damage. infiltration and inflammation found ifP. aeruginosainfections.

The concentrations of 3-O-C12-HSL produced in vivo are un_l?r»]ecaus; th_e tra?TI(_:rlpzon_ factors “*E_”a”‘?' 'fAPZ arehplvotal n
known, just as the relevant in vivo concentrations for most cyto-t € pro uction of IL-8 during. aeruginosan ection, _t_ese tran-
scription factors should be attractive targets for anti-inflammatory

kines are unknown. Studies wiMi. fisherihave shown that the th Blocking th tivati fth ¢ intion fact
concentration oVibrio autoinducer isolated from the light organs erapy. blocking the activation ot INEse franscription factors may
revent the early activation of IL-8 and neutrophil migration,

of squids was up to 200-fold higher than that produced by the” . : s .
bacteria in culture (38). There is also evidence that whgeudo- therefore decreasing the inflammation inducedPbyaeruginosa

. ) o . . infection. An alternative approach would be to prevent the initial
monasis grown in a biofilm the concentration of autoinducers activation of IL-8 by requlating 3-O-C12-HSL production in the
produced is significantly higher than that of planktonic bacteria. Y Ieg g P

This indicates that the in vivo concentration of 3-O-C12-HSL in C2Ctera: The use of autoinducer analogs to 3-0-C12-HSL is a

. S . mechanism that is currently being developed. The use of analogs
the Pseudomonamfected lung may be significantly higher than o o . .
) - : . to inhibit the activation of R proteins has been demonstrated in
the concentration attained in bacterial cultures1Q uM).

Throughout our studies we found that, in vitro, 3-O-C12-HSL many Gram-negative organisms (50-52). By directly inhibiting

ks best at 25-10aM. but | ant of the fact th tthe production of 3-O-C12-HSL, the inflammation inducedRy
works bestat 20— faiM, but we are also cognizan orthetactiha aeruginosamay be greatly reduced and colonization of the lung
lower concentrations of 3-O-C12-HSL may act in concert with

. . . . repressed. Finally, these autoinducer analogs may also be useful in
other bacterial products and eukaryotic cytokines to Synerg'sucal%locking the actions of native 3-O-C12-HSL on lung structural

activate resident pulmonary cells cells. If structural analogs can be found that antagonize the ability

IL-8 production has been investigated in many different exper-ot 3. 5_c12-HSL to induce IL-8, they may prove useful therapeu-

imental systems and its regulation occurs at both transcriptiongjqly in cases where exuberant neutrophil responses lead to tissue
and posttranscriptional levels. Transcriptional regulation 0CCUr§niyry.,

through the differential activation and binding of inducible tran-
scription factors. Based on the genomic sequence of the IL-8 gen
several transcription factor binding sites have been identified in th

5’ promoter region (F|g' 5) (42)' Using DNase fOOtp”nt'ng and mial infections in medical intensive care units in the United States. National
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