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Helicobacter pylori strains that contain the cag pathogenicity island (PAI) elicit increased synthesis of gastric
C-X-C chemokines, promote neutrophilic infiltration into the gastric epithelium, and stimulate the synthesis
of interleukin-8 (IL-8) in cultured gastric epithelial cells. To investigate the effects of cag PAI genes on the
transcription of the IL-8 gene, the Kato-3 gastric epithelial cell line was stably transfected with plasmid DNA
containing the IL-8 gene promoter fused to a luciferase reporter gene. The resulting reporter cell line, L5F11,
was used to monitor the effects of infection in cell culture by H. pylori 26695 and isogenic derivatives with null
mutations in genes in the cag PAI on transcription of the IL-8 gene. We found that null mutations in eight open
reading frames, including homologs of the Agrobacterium virB9, virB10, and virB11 genes, in the left half of the
cag PAI abrogated the induction of IL-8 gene transcription. Further studies with the L5F11 cell line showed
that IL-8 gene transcription induced by H. pylori was blocked by the protein tyrosine kinase inhibitor
herbimycin A but not by the protein kinase C inhibitor calphostin C or by the protein kinase G inhibitor
KT5823. IL-8 gene transcription in L5F11 cells could also be induced by the cytokine tumor necrosis factor
alpha (TNF-a) without exposure to H. pylori. This TNF-a-induced IL-8 transcription was inhibited by the
protein kinase A inhibitor H7, which had no significant effect on H. pylori-induced IL-8 transcription. These
studies show that multiple genes in the left half of the cag PAI are essential for the transcription of the IL-8
gene in gastric epithelial cells and that this depends on protein tyrosine kinase activation.

Human infection by strains of the gastric pathogen Helico-
bacter pylori that carry a discrete 40-kb DNA segment called
the cag pathogenicity island (PAI) (termed cag1 strains)
is associated with the development of chronic active gastritis
(12, 39, 53), peptic ulceration (11, 12, 24, 51), and atrophic
gastritis (52) and with an increased risk of developing distal
gastric cancer (7, 14, 38, 47). In contrast, infections by
strains that lack this PAI are associated with less severe
clinical outcomes.

A chronic inflammatory response that is characterized by
polymorphonuclear cell infiltration into the surface epithelium
(21) is thought to play a critical role in disease pathogenesis
elicited by cag1 H. pylori strains (12, 19, 39, 53). H. pylori
infection can induce neutrophil chemotaxis and activation di-
rectly (22, 36, 37, 56). However, host inflammatory mediators,
such as the C-X-C chemokine family, which includes the neu-
trophil chemoattractant interleukin-8 (IL-8) (4, 5, 41), are also
considered important in the immunopathogenesis of chronic
gastritis. H. pylori infection is associated with increased gastric
mucosal levels of members of the C-X-C chemokine family,
such as IL-8 (3, 13, 15, 33, 39, 48, 53, 54), and levels of gastric
C-X-C chemokines are increased in persons with cag1 H. pylori

infection (39, 48, 53, 54). A major source of IL-8 in the gastric
mucosa is the epithelium (15).

Critical early steps in this inflammatory pathway, in partic-
ular the induction of IL-8 synthesis and secretion in epithelial
cells, can be modelled by using established gastric epithelial
cell cultures (16, 17, 45). Such studies have shown that the
response depends on activation of protein tyrosine kinase (1, 6,
43) and NF-kB (1, 28, 35, 46). Initial mutational studies
showed that inactivation of several of the genes in the cag
PAI (2, 8, 50) markedly reduced IL-8 protein secretion in
gastric epithelial cells. As expected, several of these cag
mutants tested were also deficient in the ability to activate
NF-kB (23, 46) or tyrosine phosphorylation (43). However,
additional mutational tests showed that three genes in the
cag PAI, including cagA (18, 45), which encodes an immu-
nodominant protein of unknown function (11), and cagF
(23) and cagN (8), were not needed for this cell signalling
response.

To examine in molecular genetic detail how H. pylori infec-
tion induces epithelial IL-8 far more efficiently than has been
possible by reverse transcription-PCR and enzyme-linked im-
munosorbent assays (ELISAs) of mRNA and protein levels,
respectively, we constructed a derivative of the Kato-3 gastric
epithelial cell line containing an added IL-8 promoter se-
quence joined to a luciferase reporter gene. We used the re-
sulting stably transfected cell line, L5F11, (i) to investigate the
ability of H. pylori strains with null mutations in previously
unstudied genes in the left half of the cag PAI to stimulate IL-8
transcription and (ii) to investigate the effects of tyrosine ki-
nase inhibitors on H. pylori- and cytokine-induced IL-8 tran-
scription and IL-8 secretion.
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MATERIALS AND METHODS

Bacteria. Bacteria were grown on blood agar base no. 2 (Oxoid, Basingstoke,
United Kingdom) supplemented with 7% fresh horse blood and incubated under
microaerobic conditions at 37°C. Bacteria were harvested on day 3 into antibi-
otic-free RPMI 1640 medium (Life Technologies, Paisley, United Kingdom)
supplemented with 10% heat-inactivated fetal calf serum (FCS) (Sera Lab,
Crawley, United Kingdom). The bacterial preparations were adjusted to an
optical density at 625 nm (OD625) of 0.35, corresponding to 2.5 3 107 CFU/ml,
and used immediately. The strains used included NCTC 11637; the cag1 H. pylori
type strain; cag G50, which lacks the entire cag PAI; and 26695, the strain whose
genome has been entirely sequenced (49).

Construction of cag locus isogenic mutants. Isogenic mutants of strain 26695
were constructed by DNA transformation with plasmid clones containing inser-
tions of a chloramphenicol resistance cassette (Table 1) as described previously
(2). Strain 8-1 was a mutant in which the whole cag PAI was deleted (2). In all
cases, Camr transformants of strain 26695 were confirmed to contain the cassette
in the appropriate site and orientation and to lack the wild-type allele by PCR
and/or DNA hybridization. Because of possible polar effects on the expression of
downstream cotranscribed genes in the cag PAI, in most open reading frames
(ORFs) tested, insertions with the chloramphenicol resistance cassette in each
orientation were constructed and used (Table 1).

IL-8 promoter-luciferase plasmid construction. The 59 upstream regulatory
sequence which comprises the IL-8 promoter was isolated as a 1,200-bp PCR
fragment from EcoRI-digested human placental genomic DNA (Clontech, Palo
Alto, Calif.) with primers derived from the published sequence (34). After
ligation into pCR 1000 (TA cloning kit; Invitrogen, San Diego, Calif.) and
sequencing, the fragment was excised and cloned into the pGL2 basic luciferase
vector (Promega, Madison, Wis.) cut with KpnI and HindIII. The construct
carries a neomycin resistance cartridge, comprising the Neor gene from Tn5
under control of the herpes simplex virus type 1 thymidine kinase promoter
between the BamHI and SalI sites. The promoter DNA and its correct relation-
ship to the luciferase coding region were verified by sequencing. The resulting
plasmid was then used to generate the reporter cell line.

Generation of the L5F11 stable cell line. A total of 4.5 3 107 Kato-3 cells
(European Collection of Animal Cell Cultures, Salisbury, United Kingdom) in
300 ml of saccharose buffer containing 5 mg of the plasmid construct were
electroporated in a 0.4-cm cuvette at 250 mF and 300 V in a Bio-Rad gene pulser.
After a 72-h culture at 37°C in a 5% CO2 atmosphere in RPMI 1640 medium
supplemented with 10% FCS, 1% glutamine, and 40 mg of gentamicin per ml, the
cells were harvested, centrifuged, washed, and resuspended in 2 ml of medium
supplemented with 400 mg of G418 (Calbiochem, San Diego, Calif.) per ml
before being distributed into a 96-well plate at 2 3 104 cells/well and incubated
at 37°C in a 5% CO2 atmosphere. The clones which developed were expanded
sequentially through 48-, 24-, and 6-well plates before being transferred into
tissue culture flasks.

Stimulation of the L5F11 epithelial cell line with H. pylori. The L5F11 cell line
was routinely maintained in RPMI 1640 medium supplemented with 10% FCS,
40 mg of gentamicin per ml, 400 mg of Geneticin (Life Technologies) per ml, and
2 mM glutamine (Life Technologies). After reaching confluency, the cells were
resuspended in gentamicin- and Geneticin-free medium and cultured in 96-well
plates (Corning Costar, High Wycombe, United Kingdom) at a density of 5 3
105/ml. The cells were cocultured with H. pylori (2.5 3 107 organisms/ml) in
quadruplicate for 10 h at 37°C in a 95% air–5% CO2 humidified incubator. In all
experiments, H. pylori wild-type strains cag PAI positive (NCTC 11637) and cag
PAI negative (G50) were included. Tumor necrosis factor alpha (TNF-a) (5
ng/ml; R&D Systems, Abingdon, United Kingdom) was included as a positive

control. The cell culture supernatant was harvested for the IL-8 protein assay,
and the cell lysates were used for assessment of luciferase activity.

Luciferase assay. After coculture with H. pylori for 10 h, the above cells were
washed twice with cold phosphate-buffered saline (pH 7.4). Cell lysates were
prepared by using cell culture lysis reagent (Promega). Before the luciferase
assay, 100 ml of lysis reagent was added to each well. Luciferase concentrations
were measured with a luciferase assay kit (Promega). Luciferase activity was
measured in a scintillation counter (Canberra Packard, Pangbourne, United
Kingdom), and concentrations were expressed as counts per minute. A blank
control, cell lysis buffer control, and cell control were included in each assay.

IL-8 ELISA. IL-8 was assayed in duplicate by ELISA as described previously
(13, 16–18) with a murine monoclonal antibody to IL-8 (Novartis, Vienna,
Austria) and phosphatase-conjugated goat anti-IL-8 antibody (Novartis). The
concentrations of IL-8 were determined from a standard curve of recombinant
IL-8 (Novartis) and expressed as nanograms per milliliter.

Kinase inhibition assay. To determine the effect of kinase inhibitors on IL-8
transcription and IL-8 protein secretion, L5F11 cells were seeded as above and
preincubated with herbimycin A (Gibco BRL, Paisley, United Kingdom), H7
(Sigma, Poole, United Kingdom), calphostin C (Sigma) and KT5823 (Affiniti
Research Products Ltd., Exeter, United Kingdom) for 1 h before the addition of
H. pylori NCTC 11637 or TNF-a. The inhibitors were solubilized in dimethyl
sulfoxide, and carrier controls were included in all experiments. The superna-
tants and the cells were harvested at 10 h for assessment of secreted IL-8 protein
and luciferase activity as above. None of the inhibitors used had any antimicro-
bial activity against H. pylori in vitro.

Statistical analysis. Data are expressed as means 6 1 standard error (SEM).
The statistical significance of observed differences between the isogenic mutants
and parent strain 26695 were analyzed by Student’s t test. The correlation of
luciferase and IL-8 protein was analyzed by the Pearson correlation. A proba-
bility (P) of ,0.05 was considered statistically significant.

RESULTS

H. pylori- and TNF-a-induced IL-8 gene transcription in
L5F11 cells. A significant (fourfold) increase in luciferase ac-
tivity, a reporter for IL-8 transcription, was evident 2 h after
infection of L5F11 gastric epithelial cells with H. pylori NCTC
11637. Luciferase levels continued to increase for a further 6 h,
with the peak value at 8 h, after which the luciferase activity
began to decrease, with the lowest level being measured at 24 h
(Fig. 1). In subsequent studies (see below), luciferase activity
was assayed in the plateau phase at 10 h postinfection. Addi-
tion of TNF-a (5 ng/ml) to L5F11 cells resulted in a more rapid
stimulation of luciferase synthesis, which reached a peak level
at 4 h (Fig. 1).

To assess the effect of bacterial density on IL-8 transcription,
L5F11 gastric epithelial cells were cocultured with various con-
centrations of H. pylori NCTC 11637. Luciferase activity in-
creased dose dependently with increasing bacterial density in
the range from approximately 3.5 3 105 to 2.5 3 107/ml. The
luciferase activity was evident even at a low bacterial density of
approximately 3.5 3 105/ml (Fig. 2). TNF-a stimulation of IL-8

TABLE 1. cag locus isogenic mutants of strain 26695

Strain Allele Orientation of resistance cassettea

8-1 Total cag deletion
14-1 ORF7 F
20-1 ORF7 R
12-1 ORF11 R
13-1 ORF11 F
17-1 ORF13 R
22-1 ORF13 F
23-1 ORF14 F
9-1 ORF14 R
27-1 ORF15 F
10-1 ORF15 R
21-1 ORF16 F
11-1 ORF16 R
18-1 ORF16–ORF18 F16/R18
25-1 ORF18 F
26-1 ORF19–ORF20 F19/R20

a F, forward; R, reverse.

FIG. 1. Time course of luciferase production by L5F11 cells (5 3 105/ml)
exposed to H. pylori (NCTC 11637, 2.5 3 107 organisms/ml) or TNF-a (5 ng/ml).
Data shown are expressed as means and SEMs (n 5 3).
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transcription in L5F11 cells was maximal at 5 ng/ml (data not
shown).

Comparison of IL-8 transcription and IL-8 protein secre-
tion in L5F11 cells. We sought to assess if (i) increased IL-8
gene transcription necessarily led to increased IL-8 protein
secretion or (ii) additional posttranscriptional controls were
also likely to modulate the levels of IL-8 secretion. A total of
24 H. pylori strains (both wild types and isogenic mutants of cag
PAI genes) were assayed in five independent experiments for
their ability to induce increased luciferase activity in L5F11
cells and increased IL-8 protein secretion from them. Figure 3
shows that there was a strong correlation between increased
luciferase activity and IL-8 protein secretion (r 5 0.905, P ,
0.001) in response to coculture of L5F11 cells with H. pylori.

Effect of mutations in the cag PAI on IL-8 transcription in
L5F11 gastric epithelial cells. The role of genes in the left half
of the cag PAI, the so-called cagII region (2), in induction of
IL-8 transcription in gastric epithelial cells was assessed by
comparing the luciferase activity induced by wild-type strain
26695 and isogenic derivatives carrying null insertion muta-
tions in each of seven individual cagII locus ORFs or deletions

that removed segments extending from ORF16 to ORF18 and
from ORF19 to ORF20 (Table 1). Negative controls, included
in all assays, consisted of a 26695 derivative lacking the entire
cag PAI (strain 8-1) and a clinical isolate naturally lacking the
entire cag PAI (strain G50).

Strain 26695 induced only one-third as much IL-8 gene tran-
scription as strain NCTC 11637 did (Table 2). This is in keep-
ing with the previously observed diversity among cag1 strains
in their ability to induce IL-8 production (16, 17, 45). Despite
this, null mutations in each of the seven individual ORFs in the
cag PAI (ORF7, ORF11, ORF13, ORF14, ORF15, ORF16,
and ORF18) resulted in a further significant reduction in in-
duction of IL-8 gene transcription, as did the multi-ORF de-
letions (ORF16 to ORF18 and ORF19 to ORF20; P , 0.01
and P , 0.001, respectively [Table 2]). The reduction caused by
insertion in six of the seven ORFs was equivalent to that
caused by deletion of the total cag PAI. Where tested (ORF7,
ORF11, ORF13, ORF14, ORF15, and ORF16), this reduction
was also independent of the orientation of the chlorampheni-
col resistance cassette, suggesting that the observed reductions
reflected inactivation of the targeted gene, not an effect on
downstream bacterial gene transcription (Table 2).

Kinase inhibition studies. To investigate the involvement of
kinases in H. pylori-elicited induction of IL-8 gene transcrip-
tion, L5F11 cells were preincubated with a protein tyrosine
kinase inhibitor (herbimycin A, 1 mM) (25), a protein kinase A
(PKA) inhibitor (H7, 50 mM) (25), a protein kinase C (PKC)
inhibitor (calphostin C, 1 mM) (29), and a protein kinase G
(PKG) inhibitor (KT5823, 100 mM) (43). One hour later, H.
pylori (NCTC 11637) or TNF-a was added. Control experi-
ments with L5F11 cells cultured without H. pylori or TNF-a
showed that these inhibitors had no effect on basal levels of
luciferase activity (IL-8 gene transcription) or IL-8 secretion
(as monitored by ELISA).

The protein tyrosine kinase inhibitor herbimycin A signifi-
cantly (P , 0.05) reduced both H. pylori-induced IL-8 gene
transcription and IL-8 protein production (Table 3) but had no
effect on the TNF-a induction of these events (Table 4). The

FIG. 2. H. pylori infection increases L5F11 cell luciferase production in a
dose-dependent manner. L5F11 cell monolayers were infected with different
concentrations of H. pylori ranging from an OD625 of 0.005 to 0.5, and luciferase
levels were measured in cell lysates after 10 h. An OD625 of 0.35 corresponds to
a bacterial concentration of 2.5 3 107/ml. Data shown are expressed as means
and SEMs (n 5 3). p, P , 0.05 with respect to control.

FIG. 3. Correlation of the luciferase activity and IL-8 protein secretion in
L5F11 following stimulation with H. pylori strains. Results from five independent
experiments performed with 24 H. pylori strains (both wild type and mutants) are
shown.

TABLE 2. IL-8 transcription induced by wild-type and cag locus
isogenic mutant H. pylori strains in L5F11 gastric epithelial cellsa

Strain Allele n Luciferase activity
(cpm, 106)b

26695 Parent 18 0.59 6 0.05
8-1 Total cag 18 0.08 6 0.02**
14-1 ORF7 8 0.05 6 0.02**
20-1 ORF7 8 0.11 6 0.02**
12-1 ORF11 9 0.15 6 0.04**
13-1 ORF11 10 0.21 6 0.04**
17-1 ORF13 8 0.06 6 0.03**
22-1 ORF13 8 0.06 6 0.04**
23-1 ORF14 9 0.15 6 0.05**
9-1 ORF14 10 0.09 6 0.03**
27-1 ORF15 8 0.07 6 0.02**
10-1 ORF15 10 0.16 6 0.03**
21-1 ORF16 10 0.13 6 0.02**
11-1 ORF16 9 0.1 6 0.04**
18-1 ORF16–ORF18 9 0.26 6 0.08*
25-1 ORF18 9 0.1 6 0.02**
26-1 ORF19–ORF20 9 0.19 6 0.05**
G50 Negative control 18 0.13 6 0.02
NCTC 11637 Positive control 18 1.77 6 0.2

a Comparison of the ability of H. pylori isogenic mutant strains and the parent
strain 26695 to induce luciferase activity in L5F11.

b Luciferase activity is expressed as mean 6 SEM of n determinations after
subtraction of background cell control values. *, P , 0.01; **, P , 0.001.
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PKA inhibitor H7 caused only a mild (ca. 30%) reduction in
H. pylori-induced IL-8 gene transcription, whereas it caused a
more significant reduction in IL-8 protein secretion (71%; P ,
0.01) (Table 3). However, this inhibitor did reduce TNF-a-
induced IL-8 gene transcription significantly (72%; P , 0.001),
and it also significantly reduced IL-8 protein secretion (P ,
0.01) (Table 4). Neither the PKG inhibitor KT5823 nor the
PKC inhibitor calphostin C had any effect on TNF-a- or H.
pylori-induced IL-8 transcription or IL-8 protein secretion (Ta-
bles 3 and 4).

The effects of the herbimycin A and H7 (protein tyrosine
kinase and PKA inhibitors, respectively) were examined over a
range of concentrations (Fig. 4 and 5). Herbimycin A reduced
H. pylori-induced IL-8 gene transcription and IL-8 protein se-
cretion in proportion to the dose but, as noted above (Table 4),
was without effect on TNF-a induction of these processes.
Similarly, H7 reduced TNF-a-induced IL-8 gene transcription
and IL-8 protein secretion in proportion to the dose. Signifi-
cant inhibition of the H. pylori-induced IL-8 protein secretion
by H7 was observed only at the highest doses (50 mM H7 [Fig.
5B]).

DISCUSSION

The ability of H. pylori to stimulate IL-8 protein secretion in
gastric epithelial cell lines in vitro (16, 17, 45), a process in-
volving tyrosine kinase activation (1, 6, 43) and NF-kB activa-
tion (1, 28, 35, 46), has been extensively studied. Early exper-
iments suggested that the induction of IL-8 secretion by cag1

H. pylori strains involved complex bacterium–epithelial-cell in-
teractions. It depended, for example, on the use of whole

viable H. pylori and was abrogated by sonicating, fixing, freeze-
thawing, or heat killing the bacteria (16, 45) or by their con-
version by growth into stationary phase into the coccoid form
(10). Recent mutational studies have implicated several genes
in the cag PAI (2, 8, 50) in this induction process and have also
shown that some, most strikingly cagA, are not involved (18,
45).

Five of the genes in the 40-kb cag PAI are homologs of genes
that in Agrobacterium, Bordetella pertussis, and several conju-
gative plasmids are needed for the assembly of pili on the
bacterial cell surface and for the delivery of proteins or pro-
tein-nucleic acid complexes to target bacterial or eukaryotic
cells (9). DNA sequence inspection suggested that the prod-
ucts of several other cag PAI genes might also be involved in
membrane assembly or secretion (2, 8), although some of the
signature motifs are quite weak (49). It is thus parsimonious to
imagine an equivalent bacterial membrane complex in H. pylori
target cell signalling. However, another five or six of the genes
that are rather highly conserved in the Agrobacterium, Borde-
tella, and R-factor systems and whose products are also needed
for delivery of macromolecules to target cells are conspicu-
ously absent from the cag PAI.

To facilitate analyses of the mechanisms of the H. pylori-
induced epithelial-cell response and cell signalling processes
that underlie it, we engineered an IL-8 gene promoter-lucif-
erase reporter fusion in cells derived from the highly respon-
sive Kato-3 gastric epithelial cell line (2, 8, 16–18). This al-
lowed IL-8 gene transcription to be monitored by simple
luciferase assays far more efficiently and sensitively than before
and permitted us to study transcriptional versus posttranscrip-

TABLE 3. Effect of kinase inhibitors on H. pylori-induced
IL-8 transcription and IL-8 protein secretion in

L5F11 gastric epithelial cells

Inhibitor
Inhibitor

concn
(mM)

Luciferase activity
(cpm, 106)
(n 5 5)a

IL-8 secretion
(ng/ml)

(n 5 3–5)a

None (H. pylori
NCTC 11637)

1.51 6 0.23 3.22 6 0.59

Herbimycin A 1 0.71 6 0.18* 0.83 6 0.41*
H7 50 1.05 6 0.42 0.91 6 0.3**
Calphostin C 1 1.63 6 0.33 2.55 6 0.24
KT5823 100 1.62 6 0.33 2.9 6 0.48

a Both luciferase activity and IL-8 protein concentrations are expressed as
means 6 SEMs after subtraction of the respective background cell controls. *,
P , 0.05; **, P , 0.01 (compared with H. pylori stimulation in the absence of
kinase inhibitors).

TABLE 4. Effect of kinase inhibitors on TNF-a-induced IL-8
transcription and IL-8 protein secretion in

L5F11 gastric epithelial cells

Inhibitor
Inhibitor

concn
(mM)

Luciferase activity
(cpm, 106)
(n 5 5)a

IL-8 secretion
(ng/ml)

(n 5 5)a

None (TNF-a, 5 ng/ml) 2.62 6 0.26 4.12 6 0.43
Herbimycin A 1 2.27 6 0.53 3.43 6 0.55
H7 50 0.74 6 0.16** 1.45 6 0.38*
Calphostin C 1 3.02 6 0.29 4.00 6 0.12
KT5823 100 2.47 6 0.21 3.06 6 0.36

a Both luciferase activity and IL-8 protein concentrations are expressed as
means 6 SEMs after subtraction of the respective background cell controls. *,
P , 0.01; **, P , 0.001 (compared with TNF-a stimulation in the absence of
kinase inhibitors).

FIG. 4. Effect of the protein tyrosine kinase inhibitor herbimycin A on H.
pylori (2.5 3 107 organisms/ml)- and TNF-a (5 ng/ml)-induced IL-8 transcription
(A) and IL-8 protein (B) secretion by L5F11 cells. Results are shown as means
and SEMs, after subtraction of background cell control values, of five indepen-
dent experiments. p, P , 0.05.
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tional events, including secretion, in a cost-effective manner.
The strong correlation observed between H. pylori-induced
luciferase activity and IL-8 protein secretion permits a direct
comparison of the results on IL-8 transcription with our labo-
ratory’s earlier studies (2, 8, 16–18) and those of others (1, 10,
35) on H. pylori-induced IL-8 protein secretion in Kato-3 gas-
tric epithelial cells.

The cag region mutants we studied were constructed from
strain 26695, the strain whose genome has been fully se-
quenced (49), before we learned that this strain is actually a
relatively poor inducer of IL-8 transcription compared to the
type strain, NCTC 11637. Nevertheless, because of the sensi-
tivity of the luciferase assay, our data showed that the ho-
mologs of the Agrobacterium genes virB9, virB10, and virB11
(ORF15, ORF13, and ORF11), as well as the four “function-
unknown” ORFs that we tested, were each needed for H. pylori
to induce IL-8 transcription. Thus, our findings reinforce and
extend earlier observations that loss of function of the picA1
gene and picB/cagE (an Agrobacterium virB4 homolog) close to
the right end of the cag PAI abrogates the induction of IL-8
gene transcription in gastric epithelial cells (46). Although the
possibility of polar effects on downstream genes as a result of
the inserted Camr cassette cannot be totally excluded, the
extent of reduction in IL-8 transcription was independent of
orientation in each of the six cases tested. The loss of the ability
to induce IL-8 transcription caused by insertions in each of
seven individual genes or by a deletion removing two or three
genes was generally similar to that seen with an isogenic total
cag PAI deletion strain. The low basal levels of IL-8 transcrip-
tion seen with these cag region mutants were, in turn, equiva-

lent to that seen during infection with the clinical isolate G50,
which lacks the entire cag PAI.

The basis of quantitative differences in the ability of nomi-
nally cag1 H. pylori strains to elicit IL-8 gene expression, as
exemplified here with 26695 and NCTC 11637, is not known.
However, cag1 H. pylori strains are an extremely diverse group
genetically, perhaps needing to induce inflammatory responses
and the attendant host cell damage to create a niche in which
they can proliferate but also to downregulate these responses
to ensure that they (the bacteria themselves) are not eradi-
cated. We suggest that some of the diversity among cag1

strains in the extent of induction of IL-8 gene transcription
observed is due to point mutations or possibly larger muta-
tional differences in the cag PAI. The possibility that the rel-
atively small effects on IL-8 levels seen with some strains, such
as 26695, reflect a modulatory “anti-inflammatory” cag PAI
determinant, rather than a relatively inactive (recessive) allele
of one of the proinflammatory genes, will now be much easier
to examine by using the luciferase reporter gene assay system
described here.

Induction of IL-8 secretion by H. pylori has been blocked by
protein tyrosine kinase inhibitors in AGS (6, 43) and MKN45
(1) gastric epithelial cells. However, different results have been
obtained for other protein kinase inhibitors, even in what is
nominally the same gastric epithelial cell line (6, 43). Such
seeming conflicts might reflect the several steps in IL-8 pro-
duction that are affected quantitatively by specific protein
phosphorylation and the possible divergence in the fine-tuned
regulation of this process in different lineages of cultured cells.
In any event, the possible importance of protein phosphoryla-
tion in H. pylori-induced gastric epithelial IL-8 gene transcrip-
tion versus IL-8 secretion has not been studied previously, and
no data are available on the effects of protein kinase inhibitors
in the Kato-3 gastric epithelial cell line. Here we examined
these processes in the Kato-3-derived L5F11 cells and showed
that both IL-8 gene transcription and protein secretion in-
duced by H. pylori are blocked by the protein tyrosine kinase
inhibitor herbimycin A. This is in accord with other recent
studies showing that herbimycin A inhibited H. pylori-induced
IL-8 secretion in MKN45 (1) and AGS (6) gastric epithelial
cells and that H. pylori binding stimulated tyrosine phosphor-
ylation of two large proteins in AGS cells (42).

Highlighting the possibility of significant genetic differences
among established eukaryotic cell lines, however, we found
that hermimycin A did not affect TNF-a-induced IL-8 gene
transcription in L5F11 cells but that this transcription could be
blocked by the protein kinase A inhibitor H7, in contrast to the
results obtained by others studying AGS cells (6). Some reduc-
tion in H. pylori-induced IL-8 secretion was also observed with
the PKA inhibitor but only at high concentrations. These re-
sults suggest that in L5F11 cells, as in MKN45 cells (1), the
signal transduction pathways for the transcription of IL-8 in-
duced by H. pylori and cytokines differ.

The PKG inhibitor KT5834, previously reported to reduce
H. pylori-induced IL-8 secretion in AGS (43), had no effect on
H. pylori-induced IL-8 transcription or IL-8 protein secretion
in L5F11 cells in our study. These results might reflect differ-
ences in cell-specific signalling pathways in response to H.
pylori infection. However, the maximal secretion of IL-8 in
AGS cells occurs 8 to 12 h after infection with H. pylori (28),
but the previous studies with PKG inhibitors (43) relied on
samples taken after just 2 h of coculture. Therefore, the seem-
ingly different effects of PKG inhibitors in these two cell lin-
eages might also reflect differences in experimental design.
Very divergent effects of the broad-range kinase inhibitor stau-
rosporine on H. pylori-induced IL-8 secretion have also been

FIG. 5. Effect of the PKA inhibitor H7 on H. pylori (2.5 3 107 organisms/ml)-
and TNF-a (5 ng/ml)-induced IL-8 transcription (A) and IL-8 protein (B) se-
cretion by L5F11 cells. Results are shown as means and SEMs, after subtraction
of background cell control values, of five independent experiments. p, P , 0.05;
pp, P , 0.01; ppp, P , 0.001.
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reported. No inhibitory effects were found in MKN45 cells by
one group (1), whereas others have reported that staurospor-
ine increased (6) or decreased (43) H. pylori-induced IL-8
secretion in AGS cells. Since our initial studies showed that
staurosporine increased H. pylori-induced IL-8 gene transcrip-
tion in L5F11 cells (data not shown), further studies were
undertaken with the more specific PKC inhibitor calphostin C
(29). In contrast to data obtained by others (43), we found that
PKC inhibition had no effect on H. pylori-induced IL-8 tran-
scription or protein secretion. The evidence from our study
shows that H. pylori-stimulated IL-8 transcription and protein
secretion in L5F11 cells are dependent predominantly on pro-
tein tyrosine kinase activity, and we could find no evidence of
signal transduction via a PKG- or PKC-dependent pathway.
Recent studies on Salmonella typhimurium have shown that the
bacterially induced IL-8 secretion by intestinal cells results
from the activation of mitogen-activated protein kinases ERK,
JNK, and p28 (26). Whether similar epithelial signal transduc-
tion pathways are stimulated in gastric epithelial cells, which
are developmentally distinct, by cag PAI-positive H. pylori re-
mains to be determined.

In vitro studies with gastrointestinal cell lines have been
useful in evaluating the functional importance of enteric
pathogens and their virulence factors in the induction of che-
mokine responses (1, 2, 8, 16–18, 26, 27, 45, 55) and the role of
epithelial-cell-derived chemoattractants in intestinal neutro-
philic migration (30–32). Importantly, there is now also in-
creasing evidence from in vivo experiments that gastrointesti-
nal epithelial cells produce C-X-C chemokines in response to
pathogens (15, 40, 44) and that this response is likely to be
critical for neutrophil-mediated tissue injury (19, 20). In the
human gastrointestinal mucosa, infection with cag PAI-positive
strains of H. pylori has been associated with enhanced gastric
C-X-C chemokine responses and neutrophilic infiltration (39,
48, 54) as well as a more severe clinical outcome (7, 12, 14, 38,
39, 53). Therefore, in vitro observations on the functional im-
portance of the cag PAI in IL-8 chemokine induction have in
vivo correlates.

In conclusion, the present in vitro studies emphasize the
importance of multiple cag PAI gene products in the transcrip-
tion of IL-8 in gastric epithelial cells. Our kinase inhibition
studies suggest some interesting and potentially important dif-
ferences between H. pylori- and TNF-a-induced signal trans-
duction pathways for IL-8 transcription in L5F11 gastric epi-
thelial cells, with only the former being dependent on tyrosine
kinase activation. Further studies should reveal the molecular
components of these pathways and show whether H. pylori
itself also has mechanisms that quantitatively affect these cag
PAI-dependent epithelial-cell signalling responses.
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