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Introduction

Summary

Vibrio vulnificus, a Gram-negative estuarine bacterium, is a causative
agent of food-borne diseases, such as life-threatening septicaemia and
wound infection disease. V. vulnificus penetrating into the epithelial bar-
rier stimulates an inflammatory response in the adjacent mucosa. There-
fore, interaction between V. vulnificus and epithelial cells is important
for understanding of both the immunology of mucosal surfaces and
V. vulnificus. In this study, we investigated the effect and action mechan-
ism of V. vulnificus infection on production of interleukin (IL)-8, a pro-
inflammatory cytokine, in human intestinal epithelial INT-407 cells.
V. vulnificus infection significantly induced IL-8 production in a time-
and multiplicity of infection (MOI)-dependent manner, as determined by
human IL-8 enzyme-linked immunosorbent assay (ELISA). In addition,
V. vulnificus infection significantly increased IL-8 mRNA levels in INT-
407 cells, indicating that the increased IL-8 production by V. vulnificus
occurred at the transcriptional level. V. vulnificus infection also enhanced
IL-8 gene promoter activity in INT-407 cells transiently transfected with
IL-8 promoter constructs, but this effect was impaired in INT-407 cells
transfected with IL-8 promoter constructs deleted or mutated of a kB site.
V. vulnificus infection increased the nuclear factor-kappaB (NF-xB) bind-
ing activity to a kB site and the degradation of IkB-o protein in a time-
and a MOI-dependent manner. Furthermore, BAY11-7082, an inhibitor of
NF-kB activation, significantly reduced the IL-8 production, NF-xB bind-
ing activity and IkB-o degradation induced by V. vulnificus infection.
Taken together, these results indicate clearly that V. vulnificus infection
significantly induces IL-8 production in human intestinal epithelial cells
via NF-xB activation.
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the liver function or the immune system, such as cirrho-
sis, alcoholism, hepatitis and immunosuppressive disease.

Vibrio vulnificus is a Gram-negative estuarine bacterium,
known as a significant human pathogen. Vibrio vulnificus
infection, acquired via direct contact or the gastrointesti-
nal route, is characterized by food-borne septicaemia and
skin infections with ulcer and oedema in many clinical
cases."” The fatality rate for V. vulnificus commonly ran-
ges from 30% to 50%. It increases to about 70% in the
case of people who have chronic diseases that affect either

Most of the fatal cases are caused by a septic shock,*
which results from various virulence factors of V. vulnifi-
cus, including capsular polysaccharide, lipopolysaccharide
and haemolysin.” These virulence factors may persistently
activate the production of proinflammatory mediators
such as tumour necrosis factor-o, interleukin (IL)-1p,
IL-6, IL-8 and nitric oxide from the affected host.”” Sev-
eral reports have demonstrated that the mucosal immune

Abbreviations: ELISA, enzyme-linked immunosorbent assay; EMSA, electrophoretic mobility shift assay; IL, interleukin;
MOI, multiplication of infection; NF-xB, nuclear factor-kappaB; PCR, polymerase chain reaction.
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system responds to pathogenic and non-pathogenic bac-
teria. The epithelial cells infected with bacteria including
Helicobacter pylori, Staphylococcus typhimurium and Bacil-
lus subtilis produce inflammatory cytokines such as IL-1,
IL-6 and IL-8.57"

IL-8 is expressed in many different cell types, including
monocytes and macrophages, dermal fibroblasts, endo-
thelial cells, keratinocytes, mesangial cells and several
human tumour cell lines. IL-8 is a potent neutrophil-acti-
vating chemotactic cytokine.'»"? Thus, IL-8 release by
infected intestinal epithelial cells may be instrumental in
regulating neutrophil infiltration of the epithelial mucosa
in V. vulnificus infection. The expression of IL-8 gene is
regulated at both transcriptional and post-transcriptional
levels. The former is mediated primarily by multiple cis
elements, including a CCAAT box, a steroid-responsive
element, and HNF-1 element, two IRF-1 elements, an
activating protein 1 (AP-1) sequence, an AP-3 site, a
C/EBP sequence and a nuclear factor-kB (NF-kB)-NF-IL-6
overlapping sequence.'*'> Activation of NF-kB is the
most crucial step for IL-8 gene transcription in most cells,
but NF-IL-6 and AP-1 binding sites are also required for
IL-8 transcriptional activation by IL-1 or tumour necrosis
factor (TNF)-o.'® Synergistic interaction between NF-kB
and NF-IL-6 may play an important role in the transcrip-
tion of the IL-8 gene.'” Depending on the cell lines,
co-operation between NF-xB and either NF-IL-6 or AP-1
is sufficient for IL-8 gene activation.'®

The transcription factor NF-xB is important for the
inducible expression of a wide variety of cellular and viral
genes.'” In the majority of cells, NF-kB exists in an inac-
tive form in the cytoplasm, bound to the inhibitory IxB
proteins.”® Treatment of cells with various inducers acti-
vates a signalling cascade that culminates in the phos-
phorylation of IkBs, resulting in the degradation of IxB
proteins.”’ The bound NF-xB is released and translocates
to the nucleus, where it activates appropriate target genes.

In this study, we investigated the effect and action
mechanism of V. vulnificus infection on production of
IL-8, a proinflammatory cytokine, in human intestinal
epithelial INT-407 cells. We have demonstrated that V. vul-
nificus infection significantly induces IL-8 production in
human intestinal epithelial cells via NF-«B activation.

Materials and methods

Cell cultures

Human intestinal epithelial cell-lines, INT-407 and Caco-
2 cells, were purchased from American Type Culture Col-
lection (ATCC, Manassas, VA) and maintained at 37° in
5% CO, in minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS) (Gibco BRL,
Grand Island, NY) and antibiotics (10 unit/ml penicillin
G and 10 pg/ml streptomycin) (growth medium).
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Bacterial strain and growth conditions

Vibrio vulnificus strain ATCC 29307 used in this study
was purchased from the ATCC, and cultured as described
previously.”” For infection experiments, bacteria were
grown overnight at 30°C in Luria—Bertani medium (LBS)
supplemented with 2-0% NaCl, and diluted to 0-8
of ODggo [approximately 6 x 10° colony-forming units
(CFU)/ml] in LBS, and then centrifuged and resuspended
in antibiotics-free growth medium prior to the infection
into epithelial cells. Bacterial concentrations were con-
firmed by viable cell count on LBS agar.

Infection protocol

Human intestinal epithelial cells were infected with
V. vulnificus as described previously.”> In brief, intestinal
epithelial cells were grown in culture flasks at 37° in 5%
CO, incubator. The cells (8 x 10° cells/dish) were seeded
onto 6-cm culture dishes and cultured for 24 hr in the
growth medium without antibiotics. Prior to infection,
bacteria were centrifuged at 2500 g for 3 min, resuspend-
ed, and adjusted to approximately 6 x 10° CFU/ml in
MEM without antibiotics. The bacterial suspensions were
added to epithelial cells at a multiplicity of infection
(MO, ratio of bacteria no. to epithelial cell no.) from 0-1
to 100, and then the infected cells were incubated in a
5% CO, incubator for various times at 37° in antibiotics-
free growth medium.

IL-8 gene promoter constructs, transient transfection
and luciferase reporter assay

The —144/+44 full fragments of the human IL-8 promoter
were generated by polymerase chain reaction (PCR) from
genomic DNA of the human intestinal epithelial INT-407
cells. Afterwards, the —120/+44, —89/+44 and —60/+44
fragments were generated by PCR from the —144/+44 full
fragment.”* The generated fragments by PCR were cloned
into the Kpnl/BgllII sites of the pGL3-basic luciferase vec-
tor (Promega, Madison, WI), followed by sequencing of
both strands to verify sequence fidelity. A linker-scanning
mutant was generated by a two-step PCR procedure
with overlapping internal primers that contained muta-
ted sequences for the NF-xB site (-89 to -7I,
GGAATTTCCT — TAACTTTCCT). INT-407 cells were
plated at a density of 2 x 10* cells/well in 24-well culture
plate. After 24 hr-culture, INT-407 cells were transfected
with each of the IL-8 gene promoter constructs using the
Superfect method (Qiagen, Valencia, CA), according to
the manufacturer’s instructions. The transfected cells were
incubated for 12 hr at 37° in 5% CO, incubator, followed
by infection with V. vulnificus in antibiotics-free MEM
medium at 1, 10 and 50 MOI for 1 hr. The cells were
washed with phosphate buffered saline (PBS) and the cells
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were then incubated for 20 hr in the presence of genta-
mycin (100 pg/ml). Afterwards, the cells were harvested
and suspended in 50 pl of lysis buffer for 20 min. The
supernatant fluid was harvested and assayed for luciferase
activity with luciferase reagent (Promega) in a lumino-
meter. The results were normalized to LacZ expression
and are expressed as relative fold induction.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was prepared from the cells and reverse-tran-
scribed into ¢DNA, and then PCR amplification of the
c¢DNA was performed. Total cellular RNA was isolated by
the single-step method using the Trizol reagent (Sigma).
Primers used were as follows; human IL-8 [302 base pairs
(bp)], 5'-ATGACTTCCAAGCTGGCCGTGGCT-3'" (sense)
and 5-TTATGAATTCTCAGCCCTCTTCAAAAACTTCTC-3
(anti-sense); B-actin (373 bp), 5'-TTCTACAATGAGCTG
CGTGTGGCT-3' (sense) and 5-GCTTCTCCTTAATGT
CACGCACGA-3' (anti-sense). Reactions were carried out
in a MJ Thermal Cycler (Watertowm, MA) for 36 cycles,
each including denaturing at 94°C for 30 seconds,
annealing at 60°C for 30 seconds and extending to 72° for
30 seconds. After the amplification, the RT-PCR products
were separated in 2% (w/v) agarose gels and stained with
ethidium bromide.

IL-8 enzyme-linked immunosorbent assay (ELISA)

INT-407 cells were cultured for 24 hr in a 60-mm culture
dish prior to infection with V. vulnificus. The cells were
infected with V. vulnificus at 10 MOI for 60 min or at
various MOIs for 60 min. Afterwards, the cells were
washed with PBS and postcultured for 2-24 hr in MEM
medium containing gentamycin (100 pg/ml). The culture
supernatants were analysed for the levels of IL-8 protein
by using the OptEIA™ human IL-8 ELISA kit 2 (BD Bio-
sciences Pharmingen, San Diego, CA), according to the
manufacturer’s instruction. Briefly, the culture super-
natants were added to anti-human IL-8 monoclonal anti-
body (mAb)-coated ELISA plates and incubated for 2 hr
at room temperature. Afterwards, the plates were washed
with washing buffer, and incubated with a biotinylated
antihuman IL-8 mAb for 1 hr. After washing, the plates
were incubated with horseradish peroxidase-streptavidin
for 1 hr at room temperature. The assay was developed
with tetramethyl benzidine as substrate reagent. After
incubating for approximately 30 min at room tempera-
ture, the absorbance at 490 nm of each well in 96-well
plates was determined in an ELISA reader.

Inhibitor treatment
The IxB-o phosphorylation inhibitor BAY11-7082 was

stored in dimethyl sulphoxide at —20°C. The INT-407 cells
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were incubated with BAY11-7082 (5-30 um) for 1 hr.
Afterwards, the cells were washed with prewarmed
antibiotics-free growth medium and then infected with
V. vulnificus for 1 hr at 10 MOI. The cells were washed
with PBS and then total RNA, nuclear extract and cell
lysates were prepared for RT-PCR, electrophoretic mobility
shift assay (EMSA) and Western blot analysis, respectively.

Preparation of nuclear extracts and EMSA

INT-407 cells (8 x 10° cells/dish) were seeded onto a 6-cm
culture dish for 24 hr in antibiotics-free growth medium,
and then infected with V. vulnificus at various MOIs from
0-1 to 100. The infected cells were incubated for 5-60 min
at 37° in antibiotics-free growth medium in a 5% CO,
incubator. Nuclear extracts from INT-407 cells were pre-
pared as described previously.” In brief, the infected cells
were washed twice with PBS and resuspended in hypotonic
buffer [10 mm HEPES buffer, pH 7-9, containing 0-5 mm
KCl, 1-5 mm MgCl,, 0-5 mm DTT and 0-2 mm phenyl-
methylsulphonyl fluoride (PMSF)]. After the cells were
allowed to swell on ice for 10 min, 10% solution of Noni-
det P-40 was added and the cells were left on ice for
15 min. The homogenate was centrifuged at 1500 g for
15 min, and the resulting nuclear pellet was resuspended in
50 pl of low salt buffer (20 mm HEPES buffer, pH 7-9, con-
taining 25% glycerol, 1-5 mm MgCl,, 0-2 mm PMSF) and
then 50 pl of high salt buffer [20 mm HEPES buffer,
pH 7.9, containing 25% glycerol, 1-5 mm MgCl,, 0-8 M
KCl, 0-2 mm ethylenediaminetetraacetic acid (EDTA),
0-5 mu dithiothreitol (DTT), 0-2 mm PMSF] in a dropwise
fashion. The nuclear extract was centrifuged for 30 min at
20 000 g at 4°C. Ten pg of each nuclear extract was incuba-
ted with labelled oligonucleotides for 30 min in 20°C of
binding buffer (10 mm Tris-HCl, pH 7-6, 500 mm KCl,
10 mm EDTA, 50% glycerol, 250 ng of poly(dI-dC), and
1 mMm dithiothreitol). The reaction mixture was analysed
by electrophoresis on a 4% polyacrylamide gel in 0-5%
Tris borate buffer. An oligonucleotide containing an
NF-xB binding site within the immunoglobulin (Ig)-chain
(5'-CCGGTTAACAGAGGGGGCTTTCCGAG-3') was used
as a probe. Specific binding was confirmed by competition
experiments with a 50-fold excess of unlabelled, identical
oligonucleotides of cAMP response element (CRE)-contain-
ing oligonucleotides. For the supershift assay, the nuclear
extract was incubated with rabbit anti-p50, anti-p52, anti-
p65 or anti-p65 (Rel B) IgG antibodies (Santa Cruz Bio-
technology, Inc.) in the binding buffer and poly dI-dC for
45 min, followed by the addition of the radiolabelled probe.

Northern blot analysis

INT-407 cells were treated with actinomycin D (10 pg/ml)
for 1 hr, 1-5 hr or 2 hr, followed by V. vulnificus infection
for 1 hr. Total RNA was isolated from the treated cells
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and separated by electrophoresis on a denaturing 1%
agarose gel containing formaldehyde in 4-morpholinopro-
panesulphonic acid buffer, and blotted overnight onto
nitrocellulose membranes (Bio-Rad, CA). The membrane
was prehybridized for 12 hr at 42° in a solution containing
50% formamide. IL-8 ¢cDNA fragment was labelled with
[0->*P]dCTP by random hexanucleotide priming for 2 hr
at 37°. The membranes were hybridized for 48 hr at 42°
and washed at high stringency and exposed to X-ray film
and stripped for 30 min at 95°C in a solution containing
sodium dodecyl sulphate (SDS).

Preparation of cell lysates and Western blot analysis

Cell lysates from INT-407 cells were prepared as described
previously.”® The cells were lysed in lysis buffer (50 mm
Tris buffer, pH 7-5, containing 100 mm NaCl, 1% Nonidet
P-40, 10% glycerol, 1 mm EDTA, 1 mm NaF, 1 mm sodium
orthovanadate, 50 pg/ml each of leupeptin, aprotinin and
PMSF) by incubation on ice for 30 min. Lysates were then
centrifuged at 13 000 g at 4° for 10 min, and the superna-
tants were transferred to fresh tubes and stored at —70°C
until required. Protein concentrations of the lysates were
determined using the BCA™ Protein Assay Reagent A
(Pierce, IL, USA). Equal amounts (10 pg/ml) of whole cell
lysates were subjected to sodium dodecyl sulphate-12% poly-
acrylamide gel electrophoresis (SDS-PAGE). The proteins
were transferred onto a polyvinylidene fluoride membrane
using using a Semi-Phor (Hoefer Scientific Instruments,
San Francisco, CA). The membrane was then incubated
with washing buffer (PBS solution containing 0-1% Tween
20) containing 2% bovine serum albumin (BSA)for at least
1 hr to block non-specific protein binding. Afterwards, the
membrane was, respectively, treated with rabbit anti-IkBo,
anti-pIxBoa, anti-p52, anti-p68 (Rel B), anti-pp38, and
anti-B-actin antibodies. After incubation with horse-
radish peroxidase (HRP)-conjugated anti-rabbit antibody,
immunoreactive proteins were detected with the ECL sys-
tem (Amersham Biosciences, UK).

Statistical analyses

Student’s t-test and one-way analysis of variance (ANOVA)
followed by the Bonferroni method were used to deter-
mine statistical differences between values of the various
experimental and control groups. P-values < 0-05 were
considered statistically significant.

Results

Vibrio vulnificus infection increased the production
of IL-8 by human intestinal epithelial cells

We examined the effect of V. vulnificus infection on the
production of IL-8 by human intestinal epithelial cells. As
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Figure 1. Induction of IL-8 production in human intestinal epithe-
lial INT-407 cells by V. vulnificus infection. INT-407 cells were infec-
ted with V. vulnificus at 10 MOI for 60 min, followed by washing
with PBS and postculturing for 2-24 hr (a), or the cells were infected
with V. vulnificus at various MOIs for 60 min, followed by washing
and postculturing for 24 hr (b). Some cells were stimulated with LPS
or medium alone as controls. The culture supernatants were analysed
for IL-8 protein levels by ELISA. The data represent the mean + SE
(n = 3). *P < 0-02, relative to groups uninfected with V. vulnificus
at each time or MO, respectively.

shown in Fig. la, incubation with V. vulnifcus significantly
increased IL-8 production by human intestinal epithelial
INT-407 cells. Exposure of the epithelial cells to V. vulnificus
for 1 hr at 10 MOI (multiplicity of infection, ratio of bac-
teria no. to epithelial cell no.) secreted approximately
169-8 + 4-4 pg/ml of IL-8 for 24 hr, significantly higher
than the IL-8 levels (93-6 £ 1-4 pg/ml) secreted by lipo-
polysaccharide (LPS)-stimulated INT-407 cells. The pro-
duction of IL-8 in INT-407 cells was significantly increased
by V. vulnificus in a MOI-dependent manner (Fig. 1b).
Furthermore, to determine whether the induction of
IL-8 production is the result of increased mRNA expres-
sion, the effect of V. vulnificus infection on the expression
of IL-8 mRNA was analysed in human intestinal epithelial
cells, INT-407 and Caco-2 cells. As shown in Fig. 2, incu-
bation of the epithelial cells with V. vulnificus significantly
increased the levels of IL-8 mRNA in a time- and MOI-
dependent manner, indicating that the induction of IL-8
production by V. vulnificus occurred at the mRNA level.
In contrast, incubation with V. vulnificus did not influ-
ence B-actin mRNA level in V. vulnificus-infected epithe-
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Figure 2. Increased IL-8 mRNA expression in INT-407 and Caco-2
cells by V. vulnificus infection. Human intestinal epithelial INT-407
cells and Caco-2 cells were, respectively, infected with V. vulnificus at
10 MOI for 5-60 min (a) or various MOIs for 60 min (b). Cellular
RNA at each point was extracted and IL-8 mRNA expression was
determined by RT-PCR. The RT-PCR products were analysed in
2:0% agarose gels. (c) INT-407 cells were treated with 10 pg/ml
actinomycin D for 1 hr, 1.5 hr and 2 hr, followed by V. vulnificus
infection for 1 hr at 10 MOI. The mRNA levels of IL-8 and GAPDH
as a control were detected by Northern blot analysis. The data are
representative of two independent experiments.

lial cells, suggesting that the stimulatory effect of IL-8
production by V. vulnificus was not the result of the gen-
eral phenomenon of cellular activation.

Next, to determine whether the increased level of IL-8
transcription in V. vulnificus-infected INT-407 cells was
due to increased IL-8 mRNA stability, INT-407 cells were
pretreated with actinomycin D, a transcription inhibitor,
for 1 hr, 1.5 hr or 2 hr before V. vulnificus infection. As
shown in Fig. 2¢, infection of INT-407 cells with V. vulnif-
icus resulted in the increased IL-8 transcript levels that
were significantly inhibited by actinomycin D in a time-
dependent manner. The data indicate that the increased
IL-8 transcription in V. vulnificus-infected INT-407 cells
may not be related to IL-8 mRNA stability. Furthermore,
IL-8 induction by V. vulnificus did not result from a gen-
eral stimulatory effect on cell proliferation as cells number
and viability in all cultures remained approximately con-
stant throughout the incubation period in the presence of
V. vulnificus, as demonstrated by trypan blue exclusion
test (data not shown).

NF-kB-mediated activation of IL-8 gene promoter
by V. vulnificus infection

NF-kB, NF-IL-6 and AP-1 are three crucial transcriptional
factors for regulation of IL-8 gene expression.”**” To
identify the region involved in the IL-8 production
induced by V. vulnificus infection, we generated a series of
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luciferase reporter constructs containing the IL-8 promoter
sequences from positions —144 to +44 (—144/+44), —120
to +44 (—120/+44), —89 to +44 (—89/+44) and —60 to +44
(—60/+44) relative to the transcription initiation site, as
shown in Fig. 3a. Human epithelial INT-407 cells were
transfected with each of these constructs, followed by
V. vulnificus infection, and the luciferase activity was deter-
mined. As shown in Fig. 3b, the —144/+44 full construct
showed strong stimulation with V. vulnificus in a MOI-
dependent manner. In particular, deleting sequences to
—89 (—89/+44) still showed significant stimulation with
V. vulnificus. However, the stimulatory effect of V. vulnificus
infection on IL-8 promoter activity was not observed in
INT-407 cells transfected with a promoter construct delet-
ing to a NF-«B site (—60/+44). To directly test the role of a
kB site found between —71 and —81 of the IL-8 promoter
in the V. vulnificus-mediated stimulatory action, we intro-
duced a linker scanning mutation into the kB site within
the context of the —144/+44 construct (IL-8 promoter
MT). As shown in Fig. 3¢, the V. vulnificus-dependent pro-
moter activation was significantly decreased with IL-8 pro-
moter MT, confirming the importance of the NF-kB in the
IL-8 up-regulation by V. vulnificus infection in human
intestinal epithelial INT-407 cells. These data indicate that
the stimulatory effect of V. vulnificus infection on IL-8
production was mediated through the kB site.

NF-kB binding to the kB site stimulated by
V. vulnificus infection

Infection of some microorganisms to epithelial cells has
been shown to stimulate NF-xB binding to kB sites.”® To
examine whether V. vulnificus-mediated stimulation of the
NF-xB transactivation also exploits similar mechanisms,
we analysed the NF-kB binding activity present in nuclear
extract of V. vulnificus-infected INT-407 cells. As shown in
Fig. 4, nuclear extracts from V. vulnificus-infected epithelial
cells exhibited strong NF-xB binding activity in a time-
and MOI-dependent manner, as demonstrated by the
electrophoretic mobility shift assays using a labelled oligo-
nucleotide containing a consensus NF-«B site. The binding
was specific as it was competed with an unlabelled, identi-
cal oligonucleotide but not with unrelated, non-specific
oligonucleotide, and was absent with nuclear extracts from
non-stimulated cells. These studies indicate that direct
infection of V. wvulificus into human intestinal cells
increased the binding activity of transcription factor NF-xB
to the kB sites in a MOI- and time-dependent manner.

To characterize further the xB complex induced by
V. vulnificus infection, INT-407 cells were cultured with
V. vulnificus for 1 hr at 10 MOIL Afterwards, the cell
lysates and nuclear proteins bound to NF-kB oligonucleo-
tide were incubated with anti-p50, anti-p52, anti-p65 or
anti-Rel B antibodies. As shown in Fig. 3¢, antibodies
against NF-kB p50 or p65 specifically shifted, while anti-
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bodies against p52 or Rel-B had no effect. The data sug-
gest that the NF-kB complex represents a p50-p65 hetero-
dimer.

V. vulnificus induced the degradation of IxB-a
protein in INT-407 cells

In the majority of cells, NF-kB exists in an inactive form
in the cytoplasm, bound to the inhibitory IxB proteins.*’
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Figure 3. Analysis of V. vulnificus-mediated transcriptional activa-
tion of IL-8 promoter constructs in INT-407 cells. (a) Schematic
representation of the human IL-8 promoter constructs is as shown,
along with AP-1, NF-IL-6 and NF-«B binding sites. The nucleotide
sequence numbers for each construct are shown. (b) Transient trans-
fection of INT-407 cells with the IL-8 promoter constructs, followed
by infection with V. vulnificus at 1, 10 and 50 MOI for 1 hr. After-
wards the cells were postincubated for 20 hr in the presence of gen-
tamycin (100 pg/ml) and the supernatants were assayed for luciferase
activity. The results are expressed as induction fold over the value
obtained with the uninfected INT-407 cells transfected with the
—144/+44 construct, which was given as an arbitray value of 1.
(c) INT-407 cells were transfected with either IL-8 full promoter WT
or linker scanning IL-8 promoter mutated at a NF-«B site (IL-8 pro-
moter MT), followed by infection with V. vulnificus at 10 MOI for
1 hr. The data represent the mean + SE (n = 3). *P < 0-05, relative
to an uninfected group incubated with medium alone. **P < 0-05,
relative to groups transfected with IL-8 promoter WT at each MOI.

Treatment of cells with various inducers results in the
degradation of IkB proteins. The bound NF-«B is released
and translocates to the nucleus, where it activates appro-
priate target genes.

To examine an involvement of IxkB-o degradation in
the increased NF-xB binding activity by V. vulnificus, we
determined the levels of IkB-o protein in V. vulnificus-
infected INT-407 cells by Western blot analysis using
anti-IkB-oo mAb. As controls, the cells were not infected
with V. vulnificus or stimulated with LPS. As shown in
Fig. 5, infection with V. vulnificus significantly decreased
the levels of IkB-o protein in INT-407 cells, compared
with those in uninfected cells.

To determine further the involvement of IkB-o degra-
dation in the V. vulnificus—mediatory stimulatory action,
the ability of V. vulnificus to induce IxB-a phosphoryla-
tion was determined by Western blot analysis. In addi-
tion, the expression levels of IkB-o and p52 were
investigated in INT-407 cells infected with V. vulnificus.
As shown in Fig. 5¢, the phosphorylation of IxB-o pro-
tein was increased within 5 min and sustained for at least
60 min. V. vulnificus infection did not affect the expres-
sion of IkB-P protein. The p52 protein was not detected.
This result suggests that V. wvulnificus infection might
increase NF-kB binding activity in INT-407 cells by up-
regulating the degradation of IkB-a protein.

An inhibitor of NF-kB activation, BAY11-7082,
suppressed IL-8 production and IkB-a degradation
induced by V. vulnificus infection

To determine further an involvement of NF-xB activa-
tion in the IL-8 production induced by V. vulnificus
infection, INT-407 cells were pretreated for 1 hr with a
specific inhibitor for NF-kB activation (BAY11-7082,
5-30 pMm), followed by V. vulnificus infection. As shown
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Figure 4. Vibrio vulnificus-mediated enhancement of kB binding by
NF-kB. INT-407 cells were infected with V. vulnificus at 10 MOI for
5-60 min (a) or at various MOIs for 60 min (b). The nuclear
extracts were tested for NF-kB DNA binding activity in the elec-
trophoretic mobility shift assay. S and NS indicate the presence of a
50-fold excess of specific oligonucleotide (NF-kB) and non-specific
oligonucleotide (CRE), respectively. (c) For the supershift assay, the
cells were infected with V. vulnificus at 10 MOI for 60 min and then
cell lysates or nuclear extracts were incubated with anti-p50, anti-
P52, anti-p65 and anti-p68 (Rel B) antibodies.

in Fig. 6, treatment with BAY11-7082 resulted in a sig-
nificant diminishment of both IL-8 mRNA and IL-8
protein levels increased by V. wvulnificus infection.
Furthermore, BAY11-7082 inhibited the NF-kxB DNA
binding activity and IxB-o degradation induced by
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Figure 5. Increased degradation of IxB-o in INT-407 cells by V. vul-
nificus infection. INT-407 cells were infected with V. vulnificus at 10
MOI for 5-60 min (a) or at various MOIs for 60 min (b). Some
cells were treated with LPS as a control. The cell lysates were ana-
lysed by Western blot analysis using an anti-IkB-o antibody. (c) The
cell lysates were analysed by using anti-IkB-o, anti-plkB-o, anti-
IkB-a, anti-IkB-B and anti-p52. Intensity of each band was deter-
mined densitometrically and expressed as relative intensity to the
corresponding control treated with medium alone. The cell lysates
were also probed with an anti-B-actin antibody to confirm equal
loading of cell proteins.

V. vulnificus infection in a dose-dependent manner, as
determined by the EMSA and Western blot analyses
(Fig. 7). The concentrations of BAY11-7082 used in the
experiment were not high enough to block IxB-o degra-
dation non-specifically because the increased phosphory-
lation of p38 by V. vulnificus infection in INT-407 cells
was not affected by treatment with BAY11-7082
(Fig. 7c). The results indicate clearly that infection with
V. vulnificus induces the degradation of IkB-o and the
subsequent activation of NF-kB, leading to the up-regu-
lation of IL-8 production in human intestinal epithelial
cells.

© 2005 Blackwell Publishing Ltd, /mmunology, 115, 506-515
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Figure 6. Inhibition of V. wvulnificus-mediated IL-8 production in
INT-407 cells by a specific inhibitor for NF-xB activation, BAY11-
7082. (a) INT-407 cells were pretreated with the NF-kB inhibitor
BAY11-7082 (5-30 um) for 1 hr, followed by infection with V. vul-
nificus. The cellular RNA was prepared and subjected to RT-PCR for
evaluation of IL-8 mRNA levels. (b) INT-407 cells were infected with
V. vulnificus at 10 MOI for 60 min. Afterwards the cells were washed
with PBS and postcultured for 24 hr. The culture supernatants were
analysed for IL-8 protein by ELISA. As a control, the cells were
pretreated with BAY11-7082, followed by stimulation with LPS. The
data represent the mean + SE (n = 3). *P < 0-002, relative to a
group infected with V. vulnificus without BAY11-7082 treatment.

Discussion

Chemokines belonging to the CXC intercrine family of
cytokines, such as IL-8, play a major role in mobilizing
cellular defence mechanisms to eliminate pathogens by
recruiting and activating neutrophils and T cells.”’ In
addition, IL-8 has been thought to signal the onset of an
acute inflammatory response.”® Several recent studies have
reported on the responses of the mucosal immune system
to pathogenic bacteria. Infection of epithelial cells with
pathogenic bacteria such as H. pylori, S. typhimurium,
EPEC or Y. enterocolitica results in the increased produc-
tion of IL-8.'"*' In addition, the responses of epithelial
cells to non-pathogenic bacteria, such as Bacillus subtilis,
B. wvulgatus and Escherichia coli, have been examined
recently.*'" Therefore, IL-8 may be an important medi-
ator of the inflammatory response that contributes to epi-
thelium injury in V. vulnificus infection. In this report we
investigated the molecular mechanisms by which IL-8
gene expression is regulated upon exposure of intestinal
epithelial INT-407 cells to V. vulnificus. Here we have
demonstrated for the first time that V. vulnificus infection
increases IL-8 gene expression via NF-xB activation in
human intestinal epithelial cells. Vibrio vulnificus infection
also induced the expression of other proinflammatory

© 2005 Blackwell Publishing Ltd, /mmunology, 115, 506-515
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Figure 7. Effect of an inhibitor for NF-kB activation, BAY11-7082,
on NF-«B binding activity and IxB-o degradation in INT-407 cells
infected with V. wvulnificus. INT-407 cells were pretreated with
BAY11-7082 (5-30 pm) for 1 hr, followed by infection with V. vul-
nificus. The nuclear extracts from each treatment were prepared and
subjected to the EMSA for evaluation of NF-kB DNA binding activ-
ity (a). The cell lysates were prepared and analysed by Western blot
analysis using anti-IkB-o (b), anti-p38 (c), and anti-B-actin antibody
as a control.

cytokines such as IL-1, IL-6, IL-12 and IL-13 (data not
shown).

The mechanism by which V. vulnificus induces IL-8
production in human epithelial cells seems to be through
the enhancement of NF-kB-mediated activation and bind-
ing to the kB site. This point was supported by several
lines of evidence. First, the stimulatory effect of V. vulnifi-
cus on a series of 5 deletions of the IL-8 promoter was
retained within —89 bp upstream of the transcription
initiation site (Fig. 3b). Further deletions up to —60 bp
completely abolished the response of the promoter to
V. wvulnificus, suggesting that the NF-kB site at the
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—80/-71 position is essential for V. vulnificus-mediated
IL-8 production. A sequence spanning nucleotides —133
to —1 within the 5 flanking region of the IL-8 gene is
known to be sufficient and essential for transcriptional
regulation of IL-8.'> This sequence contains AP-1, NE-
IL-6 and NF-xB binding sites.”>**> The NF-xB element is
crucial for transcriptional activation, whereas AP-1 and
NE-IL-6 sites may not be relevant in various cell types.'’
Furthermore, V. vulnificus significantly increased the NF-
kB binding to the kB site in human epithelial cells in a
time- and MOI-dependent manner, as demonstrated by
the electrophoretic mobility assays (Fig. 4). The NF«B-
mediated induction of IL-8 production is in accord with
previous observations that infection of epithelial cells with
pathogenic bacteria such as H. pylori, S. typhimurium or
Y. enterocolitica resulted in up-regulation of NF-xB and
secretion of IL-8.°%%72%3

The activation of NF-kB in the cytoplasm involves the
inducible phosphorylation of IkB, which then undergoes
ubiquitin-mediated proteolysis, thereby releasing NF-xB
dimers that translocate to the nucleus.' In this study we
found that the exposure of human epithelial cells to
V. vulnificus significantly decreased the level of IxB-a pro-
tein (Fig. 5). Furthermore, the enhanced NF-xB DNA
binding activity (Fig. 7a), IkB-o degradation (Fig. 7b)
and IL-8 production (Fig. 6) by V. vulnificus infection
were significantly suppressed by BAY11-7082, an inhibitor
of IkB-oo phosphorylation, indicating that V. vulnificus
induced IL-8 production in human epithelial cells by
enhancing the NF-kB DNA binding activity via increased
IxB-o degradation.

The signalling pathways leading to IL-8 production
triggered by the proinflammatory cytokines IL-1 and
TNF-o are well characterized. It has been shown recently
that IL-1-induced IL-8 production is regulated by a com-
plex interplay of different mitogen-activated protein kin-
ase cascades at the transcriptional level as well as at the
post-transcriptional level regulating mRNA stability."
Recent reports also demonstrated the involvement of
bacterial products in IL-8 production of epithelial cells.
LPS is known to induce IL-8 production via Toll-like
receptor-4 (TLR-4).> Uropathogenic E. coli activates
IL-8 via P-fimbriae,’® and flagellin of different entero-
pathogenic bacteria activates IL-8 via TLR5.”® There-
fore, further work will be required to elucidate any
involvements of surface molecules on either epithelial
cells or V. vulnificus, involved in the IL-8 production
induced by V. vulnificus.

In conclusion, we have shown that V. vulnificus signifi-
cantly induces IL-8 production by human intestinal epi-
thelial cells via an NF-xB dependent transcriptional
process. Vibrio vulnificus-mediated induction of proin-
flammatory cytokines such as IL-8 in human intestinal
epithelia cells may explain some of its pathogenic reac-
tions, including inflammatory activity.
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