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In vivo, gastric infection with Helicobacter pylorileads to substantial production of the inflammatory cytokines IL-1, IL-6, TNF-«,
and IL-8. H. pylori strains that contain the cag pathogenicity island (cag*) and are associated with ulceration and gastric carci-
noma induce greater cytokine production thancag™ strains. Expression of these cytokines is often regulated by the transcription
factor complex, nuclear factor«B (NF-kB) through kB-binding elements in the enhancer/promoter regions of their genes. We
report that more virulent cag* H. pylori strains induce increased NFkB-DNA binding activity, which elevates IL-8 expression in
AGS gastric epithelial cells. Thecag" H. pylori strains induce significant stimulation of IL-8 promoter-driven reporter activity,
while cag™ strains do not. Furthermore, mutation of specific genes within thecagisland (picAl and picB) ablates enhanced NR<B
activation and IL-8 transcription. Increased IL-8 expression is inhibited by mutation in either the NF-«B or NF-IL-6 binding
element. Thecag® strains, compared with the cag™ strains, induce enhanced nuclear localization of a RelA-containing NiB
binding complex, but no increase in NF-IL-6 binding activity. These studies demonstrate that the ability of different types of.
pylori strains to activate NF«B correlates with their ability to induce IL-8 transcription and indicate a mechanism for the
heightened inflammatory response seen in subjects infected wittag* H. pylori strains. The Journal of Immunology,1998, 160:
2401-2407.

lori leads to diverse clinical and pathologic outcomes in hu-induce significantly greater IL-8 mRNA and protein in gastric ep-
mans, including chronic superficial gastritis, duodenal or gasithelial cells in vitro than dacag™ strains (20, 21). Thél. pylori
tric ulceration, and adenocarcinoma of the stomach (1-6). OngicB gene (also calledagE) product is required for IL-8 expres-
hypothesis is that infection with specifit pylori strains that pos-  sion, since its mutation abrogates this response (10, 16). Recent
sess thecag pathogenicity islanddqag”) causes peptic ulceration studies indicate that mutation of homologues of other genes in the
and gastric carcinoma (7-9). Recent studies reveal thatdhje secretory pathway ablates IL-8 secretion (10).
region is comprised of approximately 40 kb of DNA that is absent However, little is known about the early events following host-
in cag™ strains (10). An 87-kDa secreted cytotoxin (10, 11) and thebacterium interactions that influence the courséiopylori colo-
picB gene product, both of which are usually expresseddny nization. Signals generated in response to infection, stress, and
strains, have been implicated kh pylori pathogenesis (10-16). injury activate nuclear factokB (NF-«B),* a ubiquitous transcrip-
The cytotoxin produces vacuolation of cells (11, 17), whereas thé¢ion factor complex belonging to the Rel family of proteins (22—
picB product is linked to inflammatory processes (10, 16). The25). In most cells, except mature B cells, macrophages, and some
picB product is homologous to proteins known to be involved in neurons, NF<B complexes are sequestered in the cytoplasm by
secretion from bacterial cells (10, 16), and other homologues oinhibitory molecules, termedkBs (24, 27). Upon stimulation of

I nfection with the Gram-negative bacteriutielicobacter py-  Consistent with the in vivo observationsag® H. pylori strains

this pathway have been identified in tbagisland (10). cells, specific kBs are degraded, and certain MB-factors are
Studies of gastric biopsies from patients infected wittpylori stimulated to enter the nucleus, bind its specific cognate DNA site,
indicate thattag® strains induce significantly more ILel IL-18, and subsequently regulate gene transcription (22, 27). In most

and IL-8 than dacag™ strains (18). IL-8, a potent T cell and neu- cells, activation of NF«B is critical for the inducible expression of
trophil chemoattractant and activating agent, is considered an imthe proinflammatory response genes, including cytokines@L-1
portant factor in the pathogenesis of inflammatory diseases (19)L-6, IL-8, and TNF« (24, 27). IL-1 and TNF« also activate
NF-kB to initiate an autoregulatory pathway that is thought to be
rDivision of Infectious Di R ¢ Modicit,  Microbi responsible for increasing the magnitude of the inflammatory re-
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Activation of NF«B is the most crucial step for IL-8 gene tran- Nuclear extract preparation

scription in most cells, but C/EBP-like (NF-IL-6), and AP-1 bind- \ cjear extracts from AGS cells were prepared as previously described

ing sites also are required for IL-8 transcriptional activation by (36). After the treatment indicated, cells were scraped, centrifuged, and
IL-1 or TNF-a (29). Synergistic interactions between MB-and  washed in cold Tris-buffered saline (pH 7.9), and then resuspended in 400

NF-IL-6 may play an important role in the expression of the acutew of cold buffer A (10 mM HEPES (pH 7.9), 10 MM KCl, 0.1 mM EGTA,

f ; . _ mM DTT, 0.5 mM PMSF, 1 mM aprotinin, 14 mM leupeptin, 1 mM
phase response genes, especially in the transcription of IL-6 an;l)jepstatin, and 8@g of benzamidine/ml). After the cells were allowed to

IL-8 genes (30, 31). Depending on the cell line, co-operation bexye| on ice for 15 min, they were lysed by vigorous vortexing for 10 s in
tween NF«B and either NF-IL-6 or AP-1 is sufficient for IL-8 the presence of Nonidet P-40 (final concentration, 1.0%). The homogenate
gene activation (29). NF-IL-6 may be the primary co-operator, andvas centrifuged for 30 s at 13,000 g, and the nuclear pellet was resus-
in its absence or when the NF-IL-6 site is mutated, an interactiorger:fﬂe‘ég‘&q*i%&OEG$295%(JOD¢¥ 1Hﬁ1IT\/IE§’I\(/|pSHF7.192';ﬂ(\)/I.‘; ;';Aro’;:ﬁi?’
betwee_n NF«B and A_‘P'l QCCWS (29). . 14 mM Ieupéptin, 1mM pépstatin, an(’i @ of benza{midine/ml). This’

In this study we investigated the molecular mechanisms bysuspension was agitated at 4°C for 15 min with a Vortex-Genie 2 (Scien-
which H. pylori activates IL-8 gene expression in gastric AGS tific Industries, Inc., Bohemia, NY) with a multiple sample head at setting

epithelial cells. We show that both NEB and NF-IL-6 elements 5. followed by microcentrifugation for 5 min at 4°C. The resulting super-

are essential for activation of IL-8 gene expressionHbypylori natant was stored in small aliquots-a80°C. Protein concentrations were
o . . . . . ’ determined as previously described (37).

On exposure ta@wag”™ H. pylori strains, gastric epithelial cells ex-

hibit increased RelA-containing NKB activity, which elevates Preparation of radiolabeled DNA probes and electrophoretic

IL-8 expression and thus contributes to the heightened inflammamobility shift assay (EMSA)

tory response seen in patients infected with these strains (18). gysas were performed as previously described (38). All oligonucleotides

. were synthesized by the Vanderbilt University DNA Core. Double-
Materials and Methods stranded oligonucleotideB (5-CGTGGAATTTCCTCTG-3, —83 to
Bacterial strains and growth conditions —68 bp) and wildtype CEBP/NF-IL-6 (SCATCAGTTG

CAAATCGTGG-3, —97 to —79 bp) binding sites from the IL-8 promoter
The H. pylori clinical isolates used in this study were from the culture were end labeled witho[-3?P]JdATP (6000 Ci/mmol) using the Klenow
collection of the Vanderbilt UniversitCampylobacter/Helicobacterab fragment ofEscherichia coliDNA polymerase | (Pharmacia, Piscataway,
(Nashville, TN). Wild-type strains 88-23 (60190) and N6 express the vac-NJ), were used as probes. The binding reactions (38) were performed on
uolating cytotoxin (toxX) in vitro and possess theag region, including ice in a volume of 25 ml and contained 5 ml okSinding buffer (50 mM
cagAand upstream gengscAL picA2 and picB (16, 32); we recently  Tris-HCI (pH 7.9), 250 mM NaCl, 2.5 mM EDTA, 50% glycerol, and 5
found that thepicA reported previously (32) actually consists of two over- mmM DTT), 5 to 10 ug of nuclear proteins, and 2,0g of poly(dl-dC)
lapping open reading frames, now terndAl andpicA2 Strains 88-22  (Boehringer Mannheim, Indianapolis, IN). After 30 min on ice, 30,000 cpm
(Tx-30a) and 87-203 are wild-type isolates that do not possessdfpe  of 32P-labeled DNA probe was added to the reaction mixture for 30 min at
region and do not express detectable cytotoxin activity (Jam vitro (32). ambient temperature. The DNA-protein complexes were separated on na-
IsogeniccagA, picAlor picB mutants had been prepared by insertion of a tive 4% polyacrylamide gels (prerun at 150 V for 1.5 h) in Tris glycine
kanamycin resistance gene within thagA, picAl or picB loci, respec-  puffer at 150 V for 2 to 4 h aambient temperature. After electrophoresis
tively, in H. pylori strains 88-23, as previously described (16, 32).lAll  was performed, the gels were dried and exposed for autoradiography at
pylori isolates were cultured on 5% sheep blood agar plates in a microaero-70°C for 24 to 36 h. In competition studies, a 25-fold molar excess of
bic atmosphere (generated by Campy Pak-Plus, BBL Microbiology Sysunlabeled wild-type oligonucleotides or oligonucleotides containing mu-
tems, Cockeysville, MD) at 37°C for 24 to 48 h. For all incubations with tant NF«B (5'-CGTtaAcTTTCCTCTG) or CEBP/NF-IL-6 (5CATagcT
cell cultures, the bacterial cultures were harvested in PBS (pH 7.4) and GCAAATCGTGG-3) binding sites was included in the reaction mixture
resuspended to yield a concentration 0k5L0'® CFU/mI. Stock cultures  along with the radiolabeled probe. For supershift experiments, affinity-
were maintained at-70°C in brucella broth (BBL Microbiology Systems) purified rabbit Abs (2ug/reaction) to p50, RelA, c-Rel, or p52 (Santa Cruz
supplemented with 15% glycerol. Biotechnology, Inc., Santa Cruz, CA) were included in the standard reac-
tion mixture and incubated on ice for 30 min before the labeled oligonu-

DNA constructs cleotides were added.
The plL-8(wt)/CAT, plL-8(«B)/CAT, and plIL-8(-BNF)CAT were pro-
vided by Dr. Charles Kunsch and have been described previously (30)Resu|ts

Briefly, in these reporter constructs, chloramphenicol acetyltransferas@ctivation of IL-8 gene transcription bil. pylori is mediated by
(CAT) expression is under control of the human IL-8 genomic Sequence\r_ B and NE-IL-6 in AGS epithelial cells

from —420 to +101 bp. Specific substitution mutations were introduced
into the IL-8 promoter region to disrupt the N& binding site (designated  Molecular analysis of the’Slanking region of the IL-8 gene has
pIL-8(-kB)CAT) and a 5 NF-IL-6 binding site (designated pIL-8(-5  reyealed that putative C/EBP, NiB, and AP-1 binding sites are
NF)CAT) located betweenr-92 and—71 bp (30). . ; } ’ ! -

important in regulating IL-8 gene transcription (29, 30, 39). Se-
Cell culture and transient transfection quences from-94 and—71 bp of the IL-8 promoter consisting of
Human gastric cancer cell line AGS (CRL 1739) obtained from AmericanNF-«B and NF-IL-6 binding sites are essential for responsiveness
Type Culture Collection (Rockville, MD) was grown in DMEM containing t0 IL-1 or TNF-« in human fibrosarcoma 8387 cells and glioblas-
5% FCS (HyClone Laboratory, Logan, UT), gentamicin (20 mg/l), and toma T98G cells (29), whereas in Jurkat T cells, both are required
L-glutamine (2 mM) in a humidified incubator containing 5% £@s pre- oy maximal IL-8 transcriptional activation by phorbol ester and

viously described (21). For transient transfection assays, AGS epitheli . - .
cells were grown in individual 100-mirculture plates to~60% conflu- ah\”:'a (30). SinceH. pylori induces IL-8 mRNA and protein lev-

ence, at which time 1@g of the CAT reporter constructs under control of €S in gastric epithelial cells (20, 21, 40), we examined whether this
the IL-8 promoter were transfected by the calcium phosphate/DNA copreinduction is mediated at the level of transcription. To this end,
cipitation procedure (33, 34). These constructs were cotransfected with human gastric AGS epithelial cells were transiently transfected
ng of Rous sarcoma virug-galactosidase construct for determination Of.With a wild-type IL-8 promoter/CAT reporter gene construct (plL-

transfection efficiency. The transfected AGS cells then were incubated i .
0.5% FCS medium without antibiotics for 24 h in the absence or the pres%(Wt)/CAT’ which spans from-420 to+101 bp of the IL-8 gene)

ence of TNFe (10° U/ml) or H. pylori cells at a concentration of 1/nl and then stimulated with live cells eag” H. pylori strain 88-23
(cell to bacteria ratio of 1:1000), as described previously (21). AGS cellsor with TNF-« as a positive control. Assay of CAT activity re-

Wer)e col(lje;:teddb)t/) siraping, SUSpgr}ded in ﬁ@@f 0-2? M Tris-I-I|CI (PH  yealed 10.8- and 4.5-fold increases in response to &NfRdH.
8.0), and lysed by four repeated freeze-thaw cycles. Equal amounts o . . . . L
protein from different cell extracts were assayed for CAT activity, as pre-nglorl stimulation, respectively (Fig. 1). These results indicated

viously described (35). Each experiment was performed four times with afhatH. pylori induces IL-8 expression in AGS cells at the level of
least two different plasmid preparations. transcription.
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FIGURE 1. NF-«B and NF-IL-6 binding sites are required fét. py- . .
lori- and TNFe-mediated induction of IL-8 expression in AGS epithelial pIl-8 WT CAT (Relative Activity)
cells. AGS cells were transfected with 30y of the indicated reporter FIGURE 2. Products of thecag pathogenicity island are required for
plasmids for 24 h and were treated in the absence of antibiotics with 0.5%nduction of IL-8 expression in AGS epithelial cells lmag" H. pylori
FCS medium alone or 0.5% FCS medium containing eithertiveylori cells. AGS cells were transfected with 1@ of the pIL-8 WT CAT plas-
cells or 16 U of TNF-« for an additional 24 h before samples for CAT mid for 24 h. Samples were treated with 0.5% FCS medium alone (medium
assays were harvested. The CAT activity from the reporter plasmid wagontrol) or with 0.5% FCS medium containing eititérpylori cells or 1§
normalized to theB-galactosidase activity from the cotransfected Rous U of TNF-a. AGS cell lysates were prepared 24 h after stimulation and
sarcoma virug3-galactosidase expression plasmid. The results are preanalyzed foiB-galactosidase and CAT activities. The CAT activity results
sented relative to the use of FCS medium control alone, as the m&h are presented as described in Figure 1, representing a mean of four
of four experiments. transfections.

00 -

To assess whether the NdB and/or the NF-IL-6 binding se-

quences in the IL-8 promoter may contribute to the stimulatorythat hoth NF-IL-6 and NF«<B sites are essential fét. pylori and
activities by H. pylori, transient transfections with mutant IL-8 also for TNFe-mediated activation of the IL-8 promoter in gastric
promoter/CAT reporter gene constructs with specific mutations inAGs epithelial cells. To further determine whether the increase in
either the NFxB (designated pIL-8(B)CAT) or the NF-IL-6  |_-8 expression seen iH. pylori-stimulated gastric epithelial cells
(designated plIL-8(-5NF)CAT) binding site (30) were performed as related to alteration in NEB or NF-IL-6 binding activity in

in parallel studies (Fig. 1). Mutation in either the 8F-IL-6 site  the nuclei, nuclear extracts from AGS cell monolayers were pre-
or the NF«B site in the IL-8 promoter significantly reduced TNF- pared, and EMSAs were performed using as probes radiolabeled
a-mediated CAT activity in gastric cells and essentially abolishedpligonucleotides representing wild-type IL-8 promoter NB-and
activation byH. pylori. These experiments indicated that activa- NF-IL-6 element sequences. A single predominaBt binding

tion of the IL-8 promoter in gastric AGS eplthellal cells in re- Comp|ex (absent in unstimulated cultures; F|g|g81e 1) was in-
sponse toH. pylori stimulation requires intact binding sites for duced in AGS cells after stimulation with livé. pylori wild-type
both the NF«B and the NF-IL-6 elements. strain 88-23 lane 2). The specificity of this inducibl&B-binding
factor was confirmed by competition analysis with unlabeled wild-
type and mutant oligonucleotides. Rel/MB-proteins appeared to
mediate thisH. pylori-induced binding, since unlabeled wild-type
Since recent studies indicated that in AGS epithelial cellsptbe  (lane 3), but not mutaniB oligonucleotides lane 4) effectively
gene products were essential for the enhanced IL-8 mRNA andompeted with the induced NkB complex. NF-IL-6 binding was
protein levels induced bgag" strains (16), we sought to deter- constitutively present in nuclei from unstimulated cultures, appear-
mine whether these products also are essentiaHfopylori-in- ing as two bands on EMSAdne 5. Stimulation withH. pylori
duced IL-8 promoter activity in AGS cells. Inducible activation of did not alter this bindingléne 6).

IL-8 promoter activity was assayed in AGS cells by transient trans- To understand further the mechanism of NB-activation, we
fection analysis, as described above. After stimulation with thestudied the kinetics ofl. pylori-induced NFkB binding in AGS
cag"” H. pylori strain 88-23, there was a 5.2-fold increase in CAT epithelial cells by EMSA. A single DNA-protein complex was
activity (Fig. 2). IsogenigicAl andpicB mutants ofcag” strain  induced in nuclear extracts prepared from stimulated AGS cells 1 h
88-23 and the wild-typeag™ strain 88-22 did not induce IL-8 after coculture withH. pylori strain 88-23, and similakB-DNA
promoter activity. An isogenicagA™ mutant of strain 88-23 in-  binding activity levels were maintained thrdug h (Fig. 4). To
duced IL-8 promoter activity, but at a reduced level. These resultsdentify the subunit composition of the induce&-DNA binding
indicate that theH. pylori pic gene products are essential for in- complex, Abs to Rel family members, Rel A, c-Rel, p50, and p52,
duction of IL-8 promoter activity in AGS cells, which parallels the were preincubated with the nuclear extracts from AGS cells and
previously reported IL-8 mMRNA and protein responses (16). used in supershift analysis (Fig. 5). As expected, nuclear extracts
from AGS cells cocultured with strain 88-23 showed significant
o s > N . stimulation ofkB binding activity (Fig. 5lane 2) compared with
binding complex, while NF-IL-6 is constitutively expressed in - qtimylated cellsléne 1). Anti-RelA Ab specifically recognized
AGS cells this stimulatedxB-DNA binding complex, resulting in super-
The transient transfection analysis experiments with the wild-typeshifted complexesléne 3). Preincubation with anti-c-Rel or anti-
and mutant IL-8 promoter/CAT reporter gene constructs indicatgp52 Ab did not recognize any of theéB binding complexeslénes

H. pylori pic gene products are required for induction of IL-8
promoter activity in AGS epithelial cells

Stimulation withH. pylori induces a single predominarB
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FIGURE 3. Live cells of H. pylori wild-type strain 88-23 induce a

prominent NF«B binding complex, whereas the NF-IL-6 binding complex

is constitutively expressed in AGS cells. Nuclear extracts containing equal

protein concentrations from AGS cells unstimulated or stimulated Kith
pylori strain 88-23 were analyzed for NEB or NF-IL-6 binding activity
by gel-shift assays. The NkB probe (anes 1-4 or the NF-IL-6 probe
(lanes 5—-8§ was incubated with nuclear extracts from unstimulataedés

1 and5) or H. pylori-stimulated AGS cells alondanes 2—4and 6-8),
without (lanes 2and6) or with a 25-fold excess of cold wild-type probe
(lanes 3and7) or a 25-fold excess of mutant problarfes 4and8). The
arrow indicates the location of induced binding complex, and the dot
indicates the specific NF-IL-6 binding complex.

4 and5), but preincubation with anti-p50 Ab resulted in the for-
mation of a very faint supershifted compldarie 6). These results
indicate that in AGS cells, a RelA NkB binding complex is
rapidly induced in response td. pylori infection.

The pic gene products expressed bgg" H. pylori strains are
essential for induction of NikB DNA binding activity in
epithelial cells

Since we (21) and others (20) have previously shown ¢agt

strains induce significantly more IL-8 mRNA and protein than do

cag wild-type H. pylori strains, we sought to further ascertain
whether that difference was related to MB-activation (Fig. 6).
Markedly increased RelA-NkB-DNA binding activity was in-
duced by wild-typecag” H. pylori strains (anes 2-5 compared
with the wild-typecag™ strains (anes 6-9. To determine whether
the observed difference ikB-DNA binding activity was specific
to the cag region, we next examined a wild-tymag" H. pylori
strain (88-23) and isogenicagA picAl or picB mutants. From
previous studies, we know that th@cAl mutation has a polar
effect onpicB. As expected, stimulation with the wild-type strain
88-23 induced a predominant N&B binding complex in AGS
cells that was not seen in unstimulated cells (Fidaides land?2).
The isogenic mutants that lacked expression of eihieB or
picAl did not inducexB-DNA binding activity (anes 4and5).
The isogeniccagA™ mutant induced«B-DNA binding activity
(lane 3), and the dichotomy between the results for tagA™

H. pylori cag”™ STRAINS ACTIVATE IL-8 THROUGH NF«B

Hours of co-culture with H. pylori

0 1 2 3 1

1 2 3

4 5

FIGURE 4. A kB binding complex is induced in AGS cells within 1 h
of coculture withH. pylori. Nuclear extracts containing equal protein con-
centrations from AGS cells that were unstimulated or cocultured With
pylori strain 88-23 were analyzed faB binding activity by gel-shift as-
says using an IL-&B oligonucleotide as a probkane 1 Nuclear extract
from unstimulated AGS celldanes 20 5, Nuclear extract from AGS cells
cocultured withH. pylori for 1 to 4 h. The arrow indicates the position of
the inducedkB binding complex.

mutant and th@icAl™ andpicB™ mutants, exactly parallel earlier
results on induction of IL-8 mMRNA and protein (16, 21). While the
laboratorycagA™ mutant still induces detectableB binding ac-
tivity in EMSA, the reproducible observation thet pylori 88-
23:cagA induces significantly less transcriptional activity re-
mains paradoxical. These data might suggest that the<BIF-
complexes released by 88-28gA  are able to associate with
DNA but are not in a properly modified, hyperphosphorylated
form to activate transcription. Alternatively, given the diminished
kB binding activities of wild-typecagA™ H. pylori strains (Fig. 6,
lanes 6-9, the laboratory 88-28agA  strain might use other
gene products to facilitate the full transcriptional activatioxBf
containing genes (e.gpicAl or picB). As such, these results in-
dicate that the increase in NEB binding activity may play an
essential role in the observed activation of the IL-8 promoter in-
duced bycag" H. pylori strains, and this effect is dependent on the
picAl and/orpicB gene products.

Discussion

IL-8 is an important cytokine in the host inflammatory response to
H. pylori (18, 41, 42), which correlates with its induction in gastric
epithelial cells cocultured withl. pylori in vitro (20, 21, 40). Up-
regulation of IL-8 byH. pylori may lead to free radical generation
and the release of proteolytic enzymes from activated neutrophils,



The Journal of Immunology 2405

H. pvlori 88-23 : H. p. N6 IlH.nss-zs | lH.p.ss.zsl IH.p.ST-mI

! 5 < < <

L 3 o o é é nﬁf c?

g % % % - -
Un — 5 5 3
- -» A ey sy A

1 2 3 4 5 6

FIGURE 5. Anti-RelA sera recognized. pylori-stimulated«B binding
complex in nuclear extracts from AGS cells. Nuclear extracts from AGS
cells that were unstimulated or cocultured withpylori strain 88-23 were  FIGURE 6. Wild-type cag” H. pylori strains show enhanced stimula-
analyzed forxB binding by gel-shift assays. TheB probe was incubated  tion of kB binding activity in AGS cells compared with wild-tymag™ H.
with nuclear extracts from AGS cells that were unstimulatedd 1) or  pylori strains. Equal protein concentrations of nuclear extracts from AGS
cocultured withH. pylori strain 88-23 fanes 2—6. The nuclear extracts  cells that were unstimulated or cocultured withpylori were analyzed for
were preincubated for 30 min with Abs against Rel&ng 3), c-Rel (ane kB hinding by gel-shift assays. TheB probe was incubated with nuclear
4), p52 (ane 5), or p50 (ane 6). Arrows indicate the locations of super- extracts from unstimulated AGS cellfaie 1) or cells cocultured with
shifted complexes itanes 3and6. cag' H. pylori strains N6 fanes 2and3) or 88-23 (anes 4and5) or cag™
strains 88-22l@nes 6and7) or 87-203 (anes 8and9). Forlanes 35, 7,
and9, the nuclear extracts were preincubated with RelA Ab for 30 min.
The arrow indicates the location of the supershifted complex.
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affecting mucosal integrity (43). That eradicationtdf pylori in
ulcer patients results in a reduction in antral IL-8 mMRNA expres-
sion, in neutrophil infiltration, and in surface epithelial lesions

(41), suggests that inflammatory cytokines may play an importangiespite its ability to do so in cells transfected withdgr HIV kB
role in the mucosal damage seenHn pylori infection. site reporters (39).

In this report we investigated the molecular mechanisms by Compared withcag™ H. pylori strains, the more virulertag™

which IL-8 gene expresgion is regulateq upon exposure of gastrigyying showed an enhanced ability to induce RelA+«@Fbinding
AGS cells toH. pylori variants. Our studies demonstrate that both activity and IL-8 promoter activity, paralleling earlier observations

NrF-r»;Btarnd ’t\ll\':lt”‘”? eletrrr}ergségre rift?ulzr?d flc|>r Edzgggm cl)frIiL-B that increased IL-8 induction in AGS cells weag"™ strain specific
promoter activity in gastric eprthelial cefls by 1pylo (20, 21). The current data indicate that increased IL-8 expression

and TNFe, findings consistent with observations that intact bind- . o . N . .
in epithelial cells in response wag" H. pylori strains may result

ing sites of bothkB and NF-IL-6 elements are required for max- . . .

imal IL-8 expression in Jurkat T cells, by stimuli such as IL-1 from an increase in RelA binding to the cognate enhancer element

TNF-a, and phorbol esters (30) ' " in the IL-8 promoter. That thpic-encoded determinants expressed

Our'study further shows that a RelA-containing NB-binding by cag" strains required for IL-8 expression (10, 16) also are es-
sential for inducing NF<B binding and IL-8 promoter activity in

complex is rapidly induced in responseHo pylori stimulation of ; ! - -
AGS cells, whereas there is no increase in NF-IL-6 binding activ-AGS gastric cells confirms that the ability of wild-type and mutant

ity. Although, the NF«B site is required for inducibility of the H pylori strains to aptivate NiB correlates with their ability to
IL-8 enhancer in all cell types examined (29), the NF-IL-6 elementinduce IL-8 expression.

also is necessary as a co-operator for IL-8 gene transcription (29, Recent studies suggest that tbeg pathogenicity island may
30). In vitro DNA binding studies and transient transfection assay$ncode a secretion systemlih pylori analogous to the hybrid-

in Jurkat T cells and fibrosarcoma cells implicate RelA homodimertype secretion systems present Wersinia Bordetella and

as the transcriptional activator binding to tkB-like site in the ~ Agrobacteriumspecies that secrete factors involved in bacteria-
IL-8 enhancer (39), providing direct evidence for the role of RelA host cell interactions (10). Whether inactivationcag genes other

in the regulation of IL-8 gene expression. The classical ¥~ thanpicAlandpicB affects NFxB activation and IL-8 promoter
p50/RelA heterodimer does not appear to bind the IL-8 site in vitroactivity in gastric epithelial cells, as they affect IL-8 secretion (10),
and does notrans-activate transcription from the IL-8 promoter remains to be determined.
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FIGURE 7. The pic gene products ofi. pylori are required for induc-
tion of NF«B binding activity in gastric epithelial cells. Equal protein
concentrations of nuclear extracts from unstimulated AGS ckllse(1)
and cells cocultured with widgne 2), cagA ™~ (lane 3), picA1~ (lane 4), or
picB~ (lane 5 H. pylori strains were analyzed faB.

11.

12.

13.

The finding thatH. pylori is a potent activator of NixB has
important implications, since other N&B-responsive genes, in-
cluding TNF+, IL-1, and IL-6, which have been found to be el-
evated in the gastric mucosa of persons withpylori (44, 45),
also may participate in the pathophysiology tdf pylori coloni-
zation. Co-operation between the NF-IL-6 and the hB7Rel
families of proteins in regulating immune, inflammatory responsess.
and acute phase response genes allows the perpetuation and am-
plification of inflammatory signals (24, 30, 31).

Colonization byH. pylori may lead to altered homeostasis in the 17.
gastric mucosa (3), causing an imbalance between proinflamma-
tory and anti-inflammatory cytokines. Lack of type 2 cytokine re- 1g.
sponses in subjects colonized with pylori (46) helps explain the
elevated levels of proinflammatory cytokines in the gastric mucosg,
(18, 41, 44, 45), since by inhibiting NkB activation, IL-10 sup-
presses the synthesis of proinflammatory cytokines, whereas IL-4
blocks cytokine mRNA accumulation (47). 20.

In summary, the present studies demonstrate that IL-8 induction
in AGS gastric cells byH. pylori is regulated via an NkB-de- 21
pendent transcriptional process. Tie determinants expressed by
cag" strains play a critical role in NikB-mediated up-regulation 22.
of IL-8 expression, and the presence of these secretory pathwad?:
homologues may explain the heightened inflammatory responsg,
observed in subjects colonized witag" strains.

14.

15.

25.
Acknowledgments

26.
We thank Charles Kunsch, Human Genomic Sciences, for providing the
wild-type and mutant IL-8 CAT constructs. We gratefully acknowledge

pylori cag” STRAINS ACTIVATE IL-8 THROUGH NF«B

and Stein and members of his laboratory for useful discussions and

sharing their expertise with gel shift and transfection assays.

References

Anonymous. 1994. NIH Consensus Conferertdelicobacter pyloriin peptic
ulcer disease: NIH consensus development panélaitobacter pyloriin peptic
ulcer diseaseJAMA 272:65.

. Blaser, M. J. 1992. Hypothesis on the pathogenesis and natural histbieliof

cobacter pyloriinduced inflammationGastroenterology. 102:720.

. Blaser, M. J., and J. Parsonnet. 1994. Parasitism by the “slow” bactetalim

cobacter pylorileads to altered gastric homeostasis and neoplasilin. Invest.
94:4.

. Dooley, C. P., P. L. Fitzgibbons, H. Cohen, M. D. Appleman, G. teP&eez,

and M. J. Blaser. 1989. Prevalencerslicobacter pylorinfection and histologic
gastritis in asymptomatic persons. Engl. J. Med. 321:1562.

. Forman, D., D. G. Newell, F. Fullerton, J. W. Yarnell, A. R. Stacey, N. Wald, and

F. Sitas. 1991. Association between infection v¥ittlicobacter pyloriand risk of
gastric cancer: evidence from a prospective investigaBonMed. J. 302:1302.

. Nomura, A., G. N. Stemmermann, P. Chyou, |. Kato, G. Perez-Perez, and

M. J. Blaser. 1991Helicobacter pyloriinfection and gastric carcinoma in a
population of Japanese-Americans in Hawli.Engl. J. Med. 325:1132.

. Blaser, M. J., G. I. Perez-Perez, H. Kleanthous, T. L. Cover, R. M. Peek,

P. H. Chyou, G. N. Stemmermann, and A. Nomura. 1995. Infection Wt
cobacter pyloripossessingagA is associated with an increased risk of devel-
oping adenocarcinoma of the stoma€lancer Res. 55:2111.

. Covacci, A., S. Censini, M. Bugnoli, R. Petracca, D. Burroni, G. Macchia,

A. Massone, E. Papini, Z. Xiang, N. Figura, and R. Rappvoli. 1993. Molecular
characterization of the 128-kDa immunodominant antigeHelfcobacter pylori
associated with cytotoxicity and duodenal ulderoc. Natl. Acad. Sci. USA 90:
5791.

. Crabtree, J. E., J. D. Taylor, J. I. Wyatt, R. V. Heatley, T. M. Shallcross,

D. S. Tompkins, and B. J. Rathbone. 1991. Mucosal IgA recognitidrdedico-
bacter pylori120 kDa protein, peptic ulceration, and gastric patholdgncet
338:332.

Censini, S., C. Lange, Z. Xiang, J. E. Crabtree, P. Ghiara, M. Borodovsky,
R. Rappuoli, and A. Covacci. 1996ag a pathogenicity island dfielicobacter
pylori, encodes type I-specific and disease-associated virulence faetors.
Natl. Acad. Sci. USA 93:14648.

Leunk, R. D., P. T. Johnson, B. C. David, W. G. Kraft, and D. R. Morgan. 1988.
Cytotoxic activity in broth-culture filtrates ad€ampylobacter pyloriJ. Med. Mi-
crobiol. 26:93.

Figura, N., P. Gugliemetti, A. Rossolini, A. Barberi, G. Cusi, R. A. Musmanno,
M. Russi, and S. Quaranta, S. 1989. Cytotoxin productiorCaynpylobacter
pylori strains isolated from patients with peptic ulcers and from patients with
chronic gastritis onlyJ. Clin. Microbiol. 27:225.

Goosens, H., Y. Glupczynski, A. Burette, J.-P. Lambert, L. Vlaes, and J.-P. But-
zler. 1992. Role of the vacuolating toxin frorelicobacter pyloriin the patho-
genesis of duodenal and gastric uldgled. Microbiol. Lett. 1:153.

Schmitt, W., and R. Haas. 1994. Genetic analysis ofHbBcobacter pylori
vacuolating cytotoxin: structural similarities with the IgA protease type of ex-
ported proteinsMol. Microbiol. 12:307.

Telford, J. L., P. Ghiara, M. Dell'Orco, M. Comanducci, D. Burroni, M. Bugnoli,
M. F. Tecce, S. Censini, A. Covacci, Z. Xiang, E. Papini, C. Montecucco, C.,
L. Parente, and R. Rappuoli. 1994. Gene structure ofHbkcobacter pylori
cytotoxin and evidence of its key role in gastric disedsdxp. Med. 179:1653.
Tummuru, M. K. R., S. A. Sharma, and M. J. Blaser. 13%9&licobacter pylori
picB, a homolog of theBordetella pertussisoxin secretory protein, is required
for induction of Interleukin-8 in gastric epithelial cell lindglol. Microbiol. 18:

867.

Cover, T. L., C. P. Dooley, and M. J. Blaser. 1990. Characterization of and
human serological responses to proteinsiglicobacter pyloribroth culture su-
pernatants with vacuolizing cytotoxin activitinfect. Immun. 58:603.

Peek, R. M., G. G. Miller, K. T. Tham, G. |. Perez-Perez, X. Zhao, J. C. Atherton,
and M. J. Blaser. 1995. Heightened inflammatory response and cytokine response
in vivo to cagA* Helicobacter pyloristrains.Lab. Invest. 73:760.

Oppenheim, J. J., C. O. C. Zachariae, N. Mukaida, and K. Matsushima. 1991.
Properties of the novel proinflammatory supergene intercrine cytokine family.
Annu. Rev. Immunol. 9:617.

Crabtree J. E., S. M. Farmery, I. J. D. Lindley, N. Figura, P. Peichl,
D. S. Tompkins. 1994. kcagA/cytotoxic strains ofHelicobacter pyloriand in-
terleukin-8 in gastric epithelial celld. Clin. Pathol. 47:945.

Sharma, S. A., M. K. R. Tummuru, G. G. Miller, and M. J. Blaser. 1995. Inter-
leukin-8 response of gastric epithelial cell lines+telicobacter pyloristimulation

in vitro. Infect. Immun. 63:1681.

Baeuerle, P. A., and D. Baltimore. 1996. NB: ten years afterCell 87:13.
Barnes, P. J., and M. Karin. 1997. Nuclear faetBr-a pivotal transcription
factor in chronic inflammatory diseasés. Engl. J. Med. 336:1066.

Kopp, E. B., and S. Ghosh. 1995. MB-and Rel proteins in innate immunity.
Adv. Immunol. 58:1.

Verma, I. M., J. K. Stevenson, E. M. Schwarz, D. Van Antwerp, and
S. Miyamoto. 1995. Rel/NkB/IxB family: intimate tales of association and
dissociationGenes Dev. 9:2723.

Dyer, R. B., C. R. Collaco, D. W. Niesel, and N. K. Herzog. 199Bigella
flexneri invasion of HelLa cells induces NkB DNA-binding activity. Infect.
Immun. 61:4427.



The Journal of Immunology

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Busam, K., C. Gieringer, M. Freudenberg, and H.-P. Hohmann. Ea8phylo-
coccus aureusnd derived exotoxins induce nuclear facid-like activity in
murine bone marrow macrophagéstect. Immun. 60:2008.

Hauf, N., W. Goebel, E. Serfling, and M. Kuhn. 19@4steria monocytogenes
infection enhances transcription factor NB-in P388D1 macrophage-like cells.
Infect. Immun. 62:2740.

Mukaida, N., S.-1. Okamoto, Y. Ishikawa, and K. Matsushima. 1994. Molecular
mechanisms of interleukin-8 gene expressibnl_eukocyte Biol. 56:554.

Kunsch, C., R. K. Lang, C. A. Rosen, and M. F. Shannon. 1994. Synergisticy;

transcriptional activation of the IL-8 gene by NdB p65 (RelA) and NF-IL-6J.
Immunol. 153:153.

Matsusaka, T., K. Funikawa, Y. Nishio, N. Mukaida, K. Matsushima,
T. Kishimoto, and S. Akira. 1993. Transcription factors NF-IL6 and AB-syn-
ergistically activate transcription of the inflammatory cytokines, interleukin 6 and
interleukin 8.Proc. Natl. Acad. Sci. USA 90:10193.

Tummuru, M. K. R., T. L. Cover, and M. J. Blaser. 1993. Cloning and expression
of a high molecular weight major antigen bfelicobacter pylor evidence of
linkage to cytotoxin productiorinfect. Immun. 61:1799.

Graham, F. L., and A. J. van der Eb. 1973. A new technique for the assay of

infectivity of human adenovirus 5 DNAVirology 52:456.

Wigler, M., A. Pellicer, S. Silverstein, and R. Axel. 1978. Biochemical transfer
of single-copy eucaryotic genes using total cellular DNA as do@el. 14:725.
Nordeen, S. K., P. P. Green Ill, and D. M. Fowles. 1987. Laboratory methods: a
rapid, sensitive, and inexpensive assay for chloramphenicol acetyl-transferase.
DNA 6:173.

Schreiber, E., P. Matthias, M. M. Muller, and W. Schaffner. 1989. Rapid detec-46.

tion of octamer binding proteins with ‘mini extracts,” prepared from a small
number of cellsNucleic Acids Res. 17:6419.

Bradford, M. 1976. A rapid and sensitive method for the quantitation of micro- 47.

gram quantities of proteins utilizing the principle of protein-dye bindiAgal.
Biochem. 72:248.

38.

39.

40.

45.

2407

Kerr, L. D. 1995. Electrophoretic mobility shift assajethods Enzymol. 254:

619.

Kunsch, C., and C. A. Rosen. 1993. NB-subunit-specific regulation of the
interleukin-8 promoterMol. Cell. Biol. 13:6137.

Crowe, S. E., L. Alvarez, M. Dytoc, R. H. Hunt, M. Muller, P. Sherman, J. Patel,
Y. Jin, and P. B. Ernst. 1995. Expression of interleukin-8 and CD54 by human
gastric epithelium afteHelicobacter pyloriinfection in vitro. Gastroenterology
108:65.

Moss, S. F., S. Legon, J. Davis, and J. Calam. 1994. Cytokine gene expression in
Helicobacter pyloriassociated antral gastritiGut 35:1567.

42. Crabtree, J. E., J. I. Wyatt, L. K. Trejdosiewicz, P. Peichl, P. H. Nichols,

N. Ramsay, J. N. Primrose, and I. J. D. Lindley. 1994. a. Interleukin-8 expression
in Helicobacter pyloriinfected, normal, and neoplastic gastroduodenal mucosa.
J. Clin. Pathol. 47:61.

43. Yoshida, N., D. N. Granger, D. J. Evans, D. G. Evans, D. Y. Graham,

D. C. Anderson, R. E. Wolf, and P. R. Kvietys. 1993. Mechanisms involved in
Helicobacter pyloriinduced inflammationGastroenterology 105:1431.

Crabtree, J. E., T. M. Shallcross, R. V. Heatley, and J. I. Wyatt. 1991. Mucosal
tumour necrosis factor alpha and interleukin-6 in patients Wigficobacter py-
lori-associated gastriti$Sut 32:1473.

Noach, L. A., N. B. Bosma, J. Jansen, J., F. J. Hoek, S. J. H. van Deventer, and
G. N. J. Tytgat. 1994. Mucosal tumor necrosis faatointerleukin-13, and in-
terleukin-8 production in patients withlelicobacter pyloriinfection. Scand.

J. Gastroenterol. 29:425.

Karttunen, R., T. Karttunen, H.-P. Ekre, and T. T. MacDonald. 1995. Interferon
v and interleukin 4 secreting cells in the gastric antrunHiglicobacter pylori
positive and negative gastriti&ut 36:341.

Wang, P., P. Wu, M. |. Siegel, R. E. Egan, and M. M. Billah. 1995. IL-10 inhibits
NF-«B activation in human monocytes (IL-10 and IL-4 suppress cytokine syn-
thesis by different mechanisms). Biol. Chem. 270:9558.



