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The ulcer-causing pathogen Helicobacter pylori uses directed motility, or chemotaxis, to both colonize the
stomach and promote disease development. Previous work showed that mutants lacking the TlpB chemore-
ceptor, one of the receptors predicted to drive chemotaxis, led to less inflammation in the gerbil stomach than
did the wild type. Here we expanded these findings and examined the effects on inflammation of completely
nonchemotactic mutants and mutants lacking each chemoreceptor. Of note, all mutants colonized mice to the
same levels as did wild-type H. pylori. Infection by completely nonchemotactic mutants (cheW or cheY) resulted
in significantly less inflammation after both 3 and 6 months of infection. Mutants lacking either the TlpA or
TlpB H. pylori chemotaxis receptors also had alterations in inflammation severity, while mutants lacking either
of the other two chemoreceptors (TlpC and HylB) behaved like the wild type. Fully nonchemotactic and
chemoreceptor mutants adhered to cultured gastric epithelial cells and caused cellular release of the chemo-
kine interleukin-8 in vitro similar to the release caused by the wild type. The situation appeared to be different
in the stomach. Using silver-stained histological sections, we found that nonchemotactic cheY or cheW mutants
were less likely than the wild type to be intimately associated with the cells of the gastric mucosa, although
there was not a strict correlation between intimate association and inflammation. Because others have shown
that in vivo adherence promotes inflammation, we propose a model in which H. pylori uses chemotaxis to guide
it to a productive interaction with the stomach epithelium.

Chemotaxis, the ability of microorganisms to move in re-
sponse to chemical cues, is widespread within the prokaryotic
world, but its role in mammalian infection is not well under-
stood (34, 48). In some pathogens, nonchemotactic mutants
have altered animal colonization, but the underlying cause of
this phenotype is not known. Helicobacter pylori has become a
model organism for understanding the biological contributions
of chemotaxis to infection. This microbe chronically infects
gastric tissue, which can lead to peptic ulcers, gastric adeno-
carcinoma, and mucosa-associated lymphoid tumors (42).

Motility is known to be critical for H. pylori infection of
piglet, mouse, and gerbil stomachs (19, 21, 39, 47). Similarly,
mutants that lack directed motility (nonchemotactic mutants)
are attenuated, but to various degrees depending on the infec-
tion model (19, 24, 40, 62). These results are usually inter-
preted to mean that chemotaxis promotes growth in the stom-
ach. Recent work has suggested that chemotaxis also plays
roles in processes other than colonization (40). In particular, it
was found that mutants lacking one of the chemotaxis pathway
receptors, TlpB, colonized gerbils to wild-type levels but
caused less inflammation.

Chemotaxis has been extensively studied in Escherichia coli
(4, 8). In this microbe, chemoreceptors sense environmental
cues, such as amino acids, and transmit this ligand-binding

information to a signal transduction cascade that affects flagel-
lar rotation. The core signal transduction proteins consist of
the CheW receptor-kinase coupling/adapter protein, the CheA
kinase, and the CheY response regulator. CheY interacts with
the flagellar motor in its phosphorylated state. When an at-
tractant ligand binds to the chemoreceptor, the kinase activity
of CheA is diminished and nonphosphorylated CheY predom-
inates. In this form, CheY fails to interact with the flagellar
motor, the flagella rotate counterclockwise, and the bacteria
swim. When no ligand is bound to the chemoreceptor, the
CheA kinase is active, and CheY is phosphorylated (CheY�P)
and interacts with the flagellar motor. In the presence of
CheY�P, the flagellar motor rotates clockwise, and the bac-
teria randomly reorient in a behavior called tumbling.

H. pylori chemotaxis appears to have some similar and some
distinct features compared with E. coli chemotaxis (2, 46, 63).
H. pylori has four chemoreceptors: TlpA (HP099), TlpB
(HP0103), TlpC (HP0082), and HylB (HP0599). In addition, it
has the core signaling components CheW, CheA, and CheY,
and mutants lacking each of these have the predicted chemo-
taxis deficiencies (7, 24, 49). H. pylori furthermore has three
proteins that are hybrids of CheW and CheY, called CheVs.
While Bacillus subtilis CheV is redundant with CheW (51),
none of the H. pylori CheVs is redundant with its CheW (49),
suggesting that H. pylori may have a number of unique features
in its chemotaxis pathway. Finally, it was recently shown that
H. pylori contains a remote homolog of CheZ, a protein that
accelerates the dephosphorylation of CheY�P (61).

Two of the four H. pylori chemoreceptors, TlpA and TlpC,
are important for mouse colonization in a coinfection model
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(3) but dispensable for occupation of the gastric niche when
there is only one H. pylori strain present (3, 16). TlpB mutants
have no defect for gerbil infection in either a single-strain or
coinfection model (40) but recently were reported to have a
defect for single-strain infection of interleukin-12 (IL-12)
knockout mice (16). HylB mutants behave similar to TlpA and
TlpC mutants (S. M. Williams and K. M. Ottemann, unpub-
lished data). There is experimental evidence that TlpA senses
arginine and bicarbonate (11) (see Discussion) and that TlpB
senses protons (16), but the ligands of the other receptors
remain unknown.

An important part of the H. pylori disease process is the
ability to cause inflammation, a process believed to underlie all
H. pylori-induced pathology. Inflammation in the gastric mu-
cosa is caused by the production of proinflammatory cytokines
and chemokines (22, 41, 57, 66). Several cells produce these
mediators, including gastric epithelial cells and immune cells.
Bacterial molecules that stimulate cytokine/chemokine manu-
facture are known from studies of H. pylori or the related
organism Helicobacter felis. For example, proteins encoded by
the cag pathogenicity island (Cag PAI) trigger epithelial cells
to secrete the proinflammatory mediators IL-8, IL-6, and tu-
mor necrosis factor alpha (66). The same chemokines and
cytokines are released by macrophages confronted with H.
pylori urease, while a different protein, OipA, has been shown
to cause cultured gastric epithelial cells to produce IL-8 (68).
Neutrophil-activating protein activates neutrophils such that
they produce more reactive oxygen species and thus enhance
inflammation. Helicobacter proteins that directly stimulate
Th-1 T-helper cells are not yet known, although it is well
known that these cells are critical for the development of
gastritis (17, 52). The strain used here, SS1, induces a strong
inflammatory response in both mice and gerbils (18, 23, 39, 40,
64) but is proposed to have an incomplete Cag PAI (14).

Previous work revealed that H. pylori mutants lacking the
TlpB chemoreceptor colonize gerbils to wild-type levels but the
animals have decreased inflammation. There are other mu-
tants that share this phenotype. The best understood are mu-

tants lacking the Cag PAI (1, 31, 45), which lose the ability to
trigger secretion of proinflammatory cytokines and chemo-
kines from gastric epithelial cells (42). Here we expand the
study of the chemotaxis-inflammation connection by employ-
ing a mouse model. Because nonchemotactic mutants (e.g.,
mutants lacking cheW, cheY, or cheA [62]) infect mice but not
gerbils, we are able to determine that this bacterial process in
general influences inflammation and also that one other H.
pylori chemoreceptor aids this immune response. We also find
that in vivo adherence is lessened in chemotaxis mutants, and
we suggest that this lack of intimate contact with the gastric
epithelium underlies the lessened inflammation.

MATERIALS AND METHODS

H. pylori strains, growth conditions, and general molecular biology. For these
studies we used H. pylori strains SS1 and G27 (Table 1) and isogenic mutants of
these strains. To culture H. pylori, we used either Columbia blood agar (Difco)
plates with 5% defibrinated horse blood (Hemostat Labs, Davis, CA), 50 �g/ml
cycloheximide, and 0.2% (wt/vol) �-cyclodextrin (Sigma) (CHBA) or brucella
broth (Difco) with 10% fetal bovine serum (FBS). Cultures were incubated at
37°C under 7 to 10% O2, 10% CO2, and 80 to 83% N2. All antibiotics were from
Sigma or ISC Bioexpress. For selection of H. pylori mutants, chloramphenicol
was used at 5 to 10 �g/ml, and kanamycin was used at 15 �g/ml. For selection of
plasmid-bearing E. coli we used chloramphenicol at 20 �g/ml, kanamycin at 30
�g/ml, and ampicillin at 100 �g/ml.

Plasmids were prepared using QIAGEN kits, and genomic DNA was prepared
using either Wizard genomic kits (Promega) or DNeasy (QIAGEN). All restric-
tion and DNA modification enzymes were from New England Biolabs or Invitro-
gen. Amplification of DNA was carried out using Pfu-Turbo polymerase (Strat-
agene) or Taq polymerase (generous gift from D. Kellogg). DNA sequencing was
performed by the University of California at Berkeley sequencing facility.

Assessment of motility and chemotaxis. Motility was determined by phase-
microscopic inspection of cultures and using soft-agar plates composed of 0.35%
agar in brucella broth, 2.5% FBS, and H. pylori-selective antibiotics (5 �g/ml
trimethoprim, 8 �g/ml amphotericin B, 10 �g/ml vancomycin, 50 �g/ml cyclo-
heximide, 5 �g/ml cefsulodin, 2.5 U/ml polymyxin B), as described previously
(47).

Cloning and mutagenesis of tlpB to create tlpB::cat-2. For creation of
tlpB::cat-2, the tlpB gene (HP0103) with �50-bp flanking sequences was ampli-
fied from H. pylori G27 genomic DNA using primers HPTlpB1 (5�-CTCTGGA
TCCCCCGTTGTTGGAAAAATTG-3�; the underlined region indicates homol-
ogy) and HPTlpB3 (5�-TGGAAGCTTGCACTTGTTTGTCTAAATTC-3�) and

TABLE 1. Strains used in this study

Strain Characteristics Chemotaxis
phenotype Gene in 26695a Reference(s)

and/or source

H. pylori SS1 Wild type, type I Che� 37; Janie O’Rourke
H. pylori SS1 cheY �cheY::cat-102, Cmrb Che� HP1067 40, 62
H. pylori SS1 cheW �cheW::aphA3, Kmr Che� HP0391 62
H. pylori SS1 tlpB::cat-2 tlpB::cat-2, Cmr Che� HP0103 This study
H. pylori SS1 �tlpB::cat �tlpB::cat, Cmrc Che� HP0103 40
H. pylori SS1 �tlpA::cat �tlpA::cat-1, Cmr Che� HP0099 3
H. pylori SS1 �tlpC::cat �tlpC::cat-1, Cmr Che� HP0082 3
H. pylori SS1 �hylB::cat �hylB::cat-D1, Cmr Che�/� HP0599 This study
H. pylori G27 Wild type, type I Che� 10; Nina Salama
H. pylori G27 tlpB::cat-2 tlpB::cat-2, Cmr Che� HP0103 This study
H. pylori G27 �tlpB::cat �tlpB::cat, Cmr Che� HP0103 This study
E. coli DH10B Cloning strain; F� mcrA �(mrr-hsdRMS-mcrBC)

�80dlacZ�M15 �lacX74 deoR recA1 araD139
�(ara-leu)7697 galU galK rpsL endA1 nupG

Lab stock

E. coli BL21 Overexpression strain; E. coli B F� ompT gal
(dcm) (lon) hsdSB (rB

� mB
�)

Novagen

a See reference 63.
b �cheY::cat-102 is referred to as �cheY::cat-m in reference 40.
c �tlpB::cat is referred to as SS1 tlpB in reference 40.
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Pfu polymerase. All primers for cloning and mutagenesis were designed from the
H. pylori 26695 genome sequence (63). The 2.2-kb PCR product was treated with
Taq polymerase to add an overhanging T and then ligated with pCR2.1 using T4
DNA ligase (Invitrogen) to create pKO105. This plasmid was verified by restric-
tion digestion and sequencing. The tlpB insert was then removed by EcoRI
digestion and ligated with EcoRI-cut pUC19 (69) using T4 DNA ligase to create
pKO115. Restriction enzyme analysis was used to confirm the construction of
pKO115.

To create the tlpB::cat-2 mutant, pKO115 was digested with the restriction
enzyme Bpu11021, which cuts about two-thirds into tlpB. The cut DNA was
rendered blunt by treatment with T4 DNA polymerase, and the 5� phosphates
were removed with calf intestinal phosphatase. pBS-cat (54) was then digested
with KpnI and SacI to release a 0.8-kb cat fragment. The cat fragment was
rendered blunt as described above and gel purified. The purified fragments were
ligated together using T4 DNA ligase to create plasmid pTC1 (pUC19::tlpB::
cat-2). pTC1 was screened by restriction enzyme digestion to verify that the cat
gene was correctly inserted into tlpB.

Cloning and mutagenesis of hylB. hylB (HP0599) and flanking sequences were
amplified from H. pylori SS1 genomic DNA using primers hylB3 (5�-GCATGG
TTGCCTTGGGG) and hylB4 (5�-CGGCAAGAATGCTAGCGG). The result-
ing 2.2-kb PCR fragment was cloned into pBad18 (27) cut with SmaI to generate
pL30A2. A deletion was made in the hylB coding sequence by using inverse PCR
to amplify the plasmid backbone and hylB flanking sequences with primers
hylB10 (5�-GGTGGCATTCCTTATTTAAATTTG) and hylB11 (5�-TGATTCC
ACTCAATGAAGTGTTTTG), resulting in a 1,300-bp deletion of the entire
hylB open reading frame and a product that was 5,530 bp long. An 817-bp
fragment containing the chloramphenicol resistance gene (cat) was cut from
pBS-cat (54) with NotI and PstI and rendered blunt ended with T4 polymerase,
and the resulting product was ligated into the hylB-deleted PCR product to
generate pL30A2cat2.

Transformation of H. pylori to create tlpB::cat-2 and �hylB::cat-1 mutants.
Plasmids pTC1 and pL30A2cat2 were used individually to transform H. pylori
G27 or SS1 to chloramphenicol resistance, using natural transformation as de-
scribed previously (47). Chloramphenicol-resistant colonies were colony purified
twice, and the location of the insertion was verified by PCR amplification of
chromosomal DNA from the mutants, using primers HPTlpB1 and HPTlpB3 for
tlpB mutants and primers hylB5 (5�-TAAATGGGCCAAAGTCAAAG) and
hylB6 (5�-GCTGGGTATAGCATTGATGATAAT) for hylB mutants (data not
shown). Additionally, we performed Southern blotting of genomic DNA digested
with HindIII to verify that a single copy of cat was present in each H. pylori
mutant, using a probe complementary to the cat gene labeled with an AlkPhos
Direct kit (Amersham Pharmacia) (data not shown).

Western blotting and chemoreceptor antibody creation. Total cell proteins
were prepared from H. pylori cultured on Columbia horse blood agar plates for
2 days by resuspending and lysing the cells in 2� Laemmli sample buffer (6).
Samples were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel, transferred to immunoblot polyvinylidene difluoride mem-
branes (Bio-Rad), and incubated with a 1:5,000 dilution of anti-glutathione
transferase (GST)-TlpA22. For visualization, the blots were incubated with the
secondary antibody goat anti-rabbit conjugated to horseradish peroxidase (Santa
Cruz Biotech) at a dilution of 1:2,000, followed by incubation with luminol,
p-coumoric acid, and hydrogen peroxide. Luminescent blots were visualized by
exposure to Biomax Light film (Kodak).

The GST-TlpA22 antibody is a rabbit polyclonal antibody directed toward a
GST-TlpA(cyto) fusion protein. GST-TlpA(cyto) was made by cloning the por-
tion of tlpA that encodes amino acids 358 to 666 of the TlpA cytoplasmic domain
into pGEX-4T.1 (Amersham) to create an N-terminal GST fusion in plasmid
pTA22. This region of TlpA was chosen because it encompasses the conserved
region of chemoreceptors. GST-TlpA(cyto) was overexpressed in E. coli BL21,
and the cells were lysed by grinding them under liquid N2. The protein was then
purified by glutathione chromatography (Sigma G4510 glutathione column),
eluted using glutathione, dialyzed, and then concentrated using a 3,500-molec-
ular-weight cutoff Centricon concentrator (Millipore). Purified protein was sent
to Animal Pharm Inc. for rabbit inoculation and serum isolation.

Mouse infections. All animal protocols were approved by the Institutional
Animal Use and Care Committee. H. pylori SS1 and its isogenic mutants were
grown overnight in shaking brucella broth plus 10% FBS and used for mouse
infection as described previously (47). The mice used were 4- to 6-week-old
female FVB/N mice (Charles River) or 4- to 6-week-old female C57BL/6 mice
(Taconic). After the infection period, one half of each stomach was homogenized
with a sterile pestle in brucella broth plus 10% FBS and plated to determine the
number of CFU/gram of stomach as described previously (62); the other half was
used for histology (see below). To obtain coinfection data, the stomach homog-

enates were plated on two media that differentiate between the two strains, as
described previously (62). Ratios are given as mutant/wild type.

Histology and pathology. After mouse sacrifice, one half of each stomach was
placed in a histology cassette with a sponge (Fisher) and fixed using buffered
formalin (Fisher). The tissue was embedded in paraffin, sectioned (5 �m),
stained with hematoxylin and eosin, and evaluated in a blind fashion by a
pathologist (J. E. Carter). Each slide was read twice to ensure reproducibility,
and identical grades were obtained in all cases. Grading was conducted by two
established methods. First, lymphocytic infiltration was scored using the method
of Eaton et al. (20). The scores are as follows: 0, no infiltrate; 1, mild, multifocal
infiltration; 2, mild, widespread infiltration; 3, mild, widespread and moderate,
multifocal infiltration; 4, moderate, widespread infiltration; and 5, moderate,
widespread and severe, multifocal infiltration. Neutrophil infiltration was scored
as present or absent. Gastric atrophy was assessed using the method of Rugge et
al. (53). In general terms, atrophy refers to the shrinkage of cells in a histologic
population by loss of cell substance. We used the definition of Rugge et al., in
which atrophy is defined as the loss of gastric glands histologically specific to the
area of the gastric mucosa being sampled. This definition allows division of
atrophy into two categories: atrophy associated with metaplasia, in which gastric
glands in one portion of the stomach are lost but are replaced by gastric glands
from a histologically separate region of the gastric mucosa, and atrophy without
metaplasia, in which gastric glands in one portion of the stomach are lost without
replacement by other types of gastric glands and fibrosis of the lamina propria is
seen. Categorization of a specimen as negative for atrophy meant that it lacked
atrophy associated with metaplasia and atrophy without metaplasia and was
indeterminate for atrophy if inflammation obscured histologic classification.

To assess the proximity of the H. pylori to the cells, sections were scored by a
researcher (S. M. Williams) who was blind to the identity of the infecting strain.
H. pylori in the glands of the corpus or antrum was scored as either (i) “touch-
ing,” with the majority of the bacterium touching the gastric cell surface; (ii)
“near,” with the bacterium within one bacterial cell length of the gastric cell or
only a small part of the bacterium touching the cell; or (iii) “distant,” with the
bacterium completely in the center of the gland or in the superficial mucus and
not near the cells. Bacterial cells were usually found in groups, within the gastric
glands. If there were adherent or nearby cells in a gland, the group was scored as
touching/near regardless of whether some of the bacteria were far. A group was
scored as distant only if no members were adherent or nearby.

Cytokine array assay. AGS (ATCC CRL-1739 [56]) or NCI-N87 (CRL-5822
[13]) human gastric epithelial cells were cultured according to the ATCC guide-
lines in Dulbecco’s modified Eagle’s medium (DMEM). To assay cytokine and
chemokine production, cells were seeded at 2 � 105 cells/well in 24-well tissue
culture plates and incubated for 24 h. After this time, H. pylori, cultured for 24 h
on CHBA, was scraped from a plate and resuspended in sterile DMEM or
phosphate-buffered saline. The bacterial concentration was determined by de-
termining the optical density at 600 nm, and a volume equivalent to 2 � 107

bacteria was added to each well in fresh tissue culture medium to give a multi-
plicity of infection of 100. After 22 to 24 h, the culture supernatant was removed,
centrifuged to remove any bacteria, and stored at �80°C until it was assayed (less
than 1 week). This supernatant was applied to a Human Cytokine Array I
(RayBiotech, Inc.) by following the manufacturer’s protocols. This array tests for
granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulat-
ing factor, Gro, Gro-	, IL-1	, IL-2, IL-3, IL-5, IL-6, IL-7, IL-8, IL-10, IL-13,
IL-15, gamma interferon, monocyte chemoattractant protein 1 (MCP1), MCP2,
MCP3, MIG, RANTES, transforming growth factor �, and tumor necrosis factor
beta. The results were visualized by exposing the blots to Biomax Light film
(Kodak).

In vitro adherence assay. AGS cells (ATCC CRL-1739 [56]) were cultured
according to ATCC recommendations in DMEM and were prepared and inoc-
ulated with H. pylori as described above for the cytokine arrays. The cells were
incubated with bacteria for 2 to 3 h and then washed extensively with phosphate-
buffered saline, as described by Segal et al. (56). AGS cells along with attached
H. pylori were removed from the plates with trypsin-EDTA, and the H. pylori was
plated on CHBA plates to determine the number of associated microbes.

Statistical analysis of data. Inflammatory scores and mouse colonization levels
were analyzed statistically using a two-tailed t test (unpaired) at http://www
.graphpad.com/quickcalcs/ttest1.cfm. P values of 
0.05 were considered signifi-
cant. H. pylori-gastric epithelium interactions were analyzed using the chi-square
test for categorical data. Briefly, all the bacteria in each class (touching, near, and
distant) were summed, and an expected frequency table was generated. We then
compared our data to the expected table.
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RESULTS

Bacterial chemotaxis promotes inflammation in mice. In our
previous studies, we found that H. pylori lacking the TlpB
chemoreceptor was defective for causing inflammation in ger-
bils (40). We decided to expand those studies to investigate
whether chemotaxis in general was important for triggering an
inflammatory response, as well as whether other chemorecep-
tor mutants have the same phenotype as mutants lacking TlpB.
Unlike the TlpB mutants, nonchemotactic mutants (e.g., mu-
tants lacking cheY) do not infect gerbils at all (40), so we could
not analyze such mutants in the gerbil model. Nonchemotactic
mutants do, however, infect mice, so we decided to switch to
this animal model to analyze the link between chemotaxis and
inflammation. Previous work has shown that C57BL/6 mice
develop inflammation in response to H. pylori infection (37), so
we infected mice of this strain with previously characterized
nonchemotactic SS1 mutants lacking either cheY or cheW (7,
40, 62). Each of these mutants was generated by deletion of
most of the open reading frame and replacement with a non-
polar antibiotic resistance cassette. The cheY mutation has
been complemented previously (40, 62). This analysis found
that all cheY-associated phenotypes were corrected by the
complementation, suggesting the cheY mutation is responsible
for the defects. The cheW gene is predicted to be at the end of
its operon, and thus this mutation is likely nonpolar (http:
//www.microbesonline.org). Both of these mutants swim with-
out changing direction and are thus not chemotactic in labo-
ratory assays. These nonchemotactic mutants do not have a
mouse colonization defect at later time points during infection
(�1 month) when they are the sole infecting strains (62). We
carried out two separate infections, allowing one to proceed
for 3 months and the other to proceed for 6 months. For both
of these experiments, 4- to 6-week-old female C57BL/6 mice
were infected with �5 � 107 CFU.

After 3 months of infection, we found that the nonchemo-
tactic mutant (cheY) caused less inflammation than did wild-
type H. pylori SS1. For this time point we did not analyze the
cheW mutant. The average inflammatory score for the cheY
mutant was 0.80 � 0.45, while that for the wild type was 1.4 �
1.1 (Table 2 and Fig. 1A). Although the scores of mice infected
with the cheY mutant were lower than those of wild-type-
infected mice, the difference between the two was not signifi-
cant (P  0.3). There was no difference in colonization levels
between the wild type and the cheY mutant (Fig. 1B), suggest-
ing that differences in bacterial load were not the cause of the
altered inflammation levels. Furthermore, we found that the
cheY mutant and wild type were distributed similarly between
the antrum and corpus (data not shown), indicating that this
mutant colonizes the stomach as fully as the wild type at this
time point.

Although the data suggested that nonchemotactic cheY mu-
tants cause less inflammation, the levels of inflammation
caused by wild-type H. pylori were low and variable. Because
others had shown that longer H. pylori infections result in
higher inflammatory scores, we repeated the experiment and
allowed infection to proceed for 6 months. In addition, we used
two different nonchemotactic mutants, one lacking cheY and
the other lacking cheW. Consistent with the 3-month infection,
both nonchemotactic mutants caused significantly less inflam-

mation than did wild-type H. pylori (Table 3 and Fig. 1A) but
colonized to similar levels (Fig. 1B). These findings thus sug-
gest that bacterial chemotaxis enhances H. pylori-triggered in-
flammation.

Two H. pylori chemoreceptors modulate inflammation. The
results presented above suggest that proper chemotaxis is im-
portant for the development of inflammation, because nonche-
motactic cheY or cheW mutants cause less-severe inflammation
(Tables 2 and 3 and Fig. 1). Previous work in gerbils had shown

TABLE 2. Histology and numbers of CFU for stomachs from mice
infected for 3 months with SS1 and isogenic chemotaxis mutantsa

Infecting strain Log CFU/g
stomach

Inflammation
grade

Presence of
neutrophils

Wild-type SS1
S1 6.57 3 No
S2 7.44 0 No
S3 5.51 1 Yes
S4 4.6 1 Yes
S5 6.3 2 Yes
Avg 6.82 1.4 � 0.51b

SS1 �cheY::cat-102
Y1 5.05 1 Yes
Y2 6.31 1 Yes
Y3 7.03 0 No
Y4 5.40 1 Yes
Y5 5.44 1 Yes
Avg 6.42 0.8 � 0.20

SS1 �tlpA::cat-1
A1 7.22 1 Yes
A2 4.96 1 Yes
A3 5.65 1 Yes
A4 6.89 0 No
A5 5.72 1 Yes
Avg 6.7 0.8 � 0.2

SS1 �tlpB::cat Yes
B1 7.15 1 Yes
B2 6.09 1 Yes
B3 5.12 1 Yes
B4 7.27 1 No
B5 4.80 1 Yes
Avg 6.83 1.0 � 0

SS1 �tlpC::cat-1
C1 5.57 1 Yes
C2 5.83 3 Yes
C3 5.65 2 Yes
C4 5.07 1 Yes
C5 6.46 1 Yes
Avg 5.96 1.6 � 0.4

SS1 �hylB::cat-D1
H1 5.52 1 No
H2 6.41 1 Yes
H3 5.97 2 Yes
H4 5.94 3 Yes
H5 7.39 1 Yes
Avg 6.77 1.6 � 0.4

Uninfected
U1 0 0 No
U2 0 0 No

a C57BL/6 mice were used for these infections. All grading was done using a
stomach sample that included both the antrum and the corpus. All mice were
also graded for gastric atrophy and had a score of 0.

b Average � standard error of the mean.
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that one chemoreceptor, TlpB, was important for inflamma-
tion in that animal model. We were curious whether other H.
pylori chemoreceptor mutants have similar phenotypes, so we
analyzed inflammation in mice infected for 3 or 6 months with
H. pylori SS1 mutants lacking tlpA, tlpB, tlpC, or hylB. Each of
these mutants was constructed by replacing most or all of the
target gene with a cat gene that can be slightly polar due to its
very weak transcriptional terminator (A. Castillo and K. M.
Ottemann, unpublished data). We have shown previously that
the gene downstream of tlpB is transcribed at wild-type levels,
suggesting that the tlpB mutation is not polar (40). This finding
is consistent with predictions that tlpB is in a single-gene
operon (http://www.microbesonline.org). tlpC is similarly pre-
dicted to be the only gene in its operon. The hylB and tlpA
mutations may be polar because these genes are predicted to
be in three- and two-gene operons, respectively. Each of these
mutations results in loss of a specific protein recognized by an
anti-chemoreceptor antibody of the correct molecular weight
(Fig. 2). H. pylori lacking tlpA, tlpB, or tlpC does not have any
detectable in vitro phenotype (3, 40), while mutants lacking
hylB have a modest defect in the soft-agar assay commonly
used for H. pylori chemotaxis (unpublished data). tlpA, tlpC,
and hylB mutants have defects for mouse colonization when
they are in competition with the wild type (3; data not shown).
We found that H. pylori mutants lacking tlpA behaved similar
to the mutants lacking tlpB. After 3 months of infection,
C57BL/6 mice infected with tlpA and tlpB mutants had less
inflammation than mice infected with the wild type, although
the difference was not statistically significant (Fig. 1A and
Table 2). After 6 months of infection, tlpA and tlpB mutants
caused enhanced inflammation that was statistically significant
(Fig. 1A and Table 3). tlpC and hylB mutants displayed phe-
notypes different from those of tlpA and tlpB mutants. These
mutants had inflammation scores that were very similar to
those of the wild type at both 3 and 6 months (Fig. 1). All H.
pylori chemoreceptor mutants colonized to wild-type levels

(Fig. 1B). Thus, it appears that some chemoreceptors influence
inflammation, while others do not, suggesting that each che-
moreceptor may have evolved to have different roles in the
disease process.

Taken together, these results suggest that proper chemotaxis
is important for development of inflammation. In particular,
the H. pylori tlpA and tlpB chemoreceptors influence how in-
flammation develops in mice. TlpB mutants also had inflam-
mation phenotypes in gerbils after 1 month of infection; they
caused less inflammation, and the immune cell population was
skewed toward neutrophils relative to the wild-type immune
cell population (40).

Mutants lacking tlpB colonize mice to wild-type levels. Pre-
vious work had shown that chemotaxis is not required for
colonization of mice when there is only one H. pylori strain
infecting the animals (62). Consistent with this notion, we also
found that H. pylori can lack its individual chemoreceptors and
achieve wild-type colonization in mice (Fig. 1B) (3) and gerbils
(40). Recently, Croxen et al. reported that H. pylori SS1 tlpB
mutants did have a mouse colonization defect (16). Because
decreased colonization could underlie the decreased inflam-
mation of tlpB mutants, we decided to analyze whether tlpB
mutants had any colonization defects. For these analyses we
used two independent tlpB mutants. One, used in the experi-
ments described above and in our previous work (40), has
almost the entire tlpB gene deleted and replaced by cat. This
mutant is called �tlpB::cat. The second tlpB mutant, tlpB::cat-2,
has the cat gene inserted at a BpuII0121 restriction site within
tlpB, corresponding to codon 380 out of 565 codons. This
insertion disrupts the portion of TlpB predicted to interact
with the downstream signaling protein CheW (residues 303 to
564) and is likely a null mutation. Both tlpB alleles were gen-
erated in H. pylori strains SS1 and G27 and analyzed for in vitro
chemotaxis and the presence of the TlpB protein.

Loss of TlpB in any strain, using either insertion mutant, did
not significantly affect chemotaxis as measured using the soft-

FIG. 1. (A) Inflammatory scores of mouse stomachs infected with H. pylori SS1 or its isogenic chemotaxis mutants. Mouse stomach sections
were stained with hematoxylin and eosin and graded for the amount of lymphocyte infiltration as described in Materials and Methods. Mice were
infected for 3 months or 6 months with the strains indicated below the bars. In all experiments C57BL/6 mice were used. Five mice were used for
each group for the 3-month infections. For the 6-month infections, six mice were used for all groups except the wild-type and �tlpB::cat groups
(five mice). Uninfected mice for both time points gave inflammatory scores of zero. The error bars indicate the standard errors of the means. An
asterisk indicates that there is a statistically significant difference between the inflammatory score for a strain and the score for mice infected with
the wild type for the same length of time. The data are also shown in Tables 2 and 3. WT, wild type. (B) CFU per gram of mouse stomach. The
numbers of viable bacteria were determined after 3 or 6 months of infection, using samples described above. At each time point, there is no
difference between the number of wild-type bacterial cells and the number of cells of any of the mutants. The error bars indicate the standard errors
of the means.
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agar plate assay. In the SS1 and G27 H. pylori strain back-
grounds, the tlpB mutations resulted in soft-agar migration
rates ranging from 97% to 119% of those of the corresponding
wild type (data not shown). These phenotypes were the same
as those reported previously for SS1 �tlpB::cat (40). As shown
in Fig. 2, mutation of tlpB resulted in elimination of a 63-kDa
band, supporting the conclusion that the tlpB mutant does not
have the TlpB protein.

We next examined the role of the TlpB chemoreceptor in
mouse infection, using both single-strain infections and com-
petition infections. For both types of infections we used 4- to
6-week-old FVB/N mice and allowed the infection to proceed
for 2 weeks. We commonly use this mouse strain for coloniza-
tion studies and have found that H. pylori infects it and
C57BL/6 mice similarly (data not shown). After 2 weeks, we
determined the number of H. pylori cells in the stomach. In the
single-strain infections, both tlpB mutants infected to levels
that were indistinguishable from the levels obtained with the
wild type, suggesting that the TlpB chemoreceptor is not
needed for infection of mice (Table 4). This result is similar to
that in gerbils (40). We also carried out competition experi-
ments because these types of experiments can reveal subtle
colonization defects (3, 54). For these experiments, mice were
coinfected with a mixture of equal amounts of the wild type
and either the SS1 �tlpB::cat or tlpB::cat-2 mutant. After 2

FIG. 2. Western analysis of H. pylori SS1 and its isogenic chemo-
receptor mutants, showing that each mutant lacks one chemoreceptor.
Total bacterial proteins were collected from 2-day CHBA cultures.
Proteins were separated on a 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gel and transferred to polyvinylidene diflu-
oride membranes. Transferred proteins were incubated with 1:5,000
anti-GST-TlpA22, which reacts to the conserved domain that is shared
between all chemoreceptors. The strains are indicated above the lanes,
and SS1 �tlpB::cat was used for this analysis. The position of each
chemoreceptor is shown on the left, and the molecular masses (in
kilodaltons) are given at the right. TlpC is predicted to be a 75.2-kDa
protein, TlpA is predicted to be a 74.5-kDa protein, TlpB is predicted
to be a 62.8-kDa protein, and HylB is predicted to be a 48.4-kDa
protein; the sizes determined in this study agree well with these pre-
dictions.

TABLE 3. Histology and numbers of CFU for stomachs from mice
infected for 6 months with SS1 and isogenic chemotaxis mutantsa

Infecting strain Log CFU/g
stomach

Inflammation
grade

Presence of
neutrophils

Wild-type SS1
S1 4.96 1 Yes
S2 5.01 2 Yes
S3 5.17 2 Yes
S4 4.85 2 Yes
S5 5.97 2 Yes
Avg 5.40 1.8 � 0.20b

SS1 �cheY::cat-102
Y1 4.79 1 Yes
Y2 4.86 1 Yes
Y3 5.34 0 No
Y4 5.34 1 Yes
Y5 5.39 1 No
Y6 5.69 1 Yes
Avg 5.3 0.8 � 0.17

SS1 �cheW::kan
W1 4.53 1 No
W2 5.01 1 No
W3 4.93 1 No
W4 5.22 1 No
W5 5.39 1 No
W6 4.77 1 No
Avg 5.06 1.0 � 0

SS1 �tlpA::cat-1
A1 6.12 3 Yes
A2 5.37 3 Yes
A3 4.63 3 Yes
A4 5.59 4 Yes
A5 5.43 3 Yes
A6 4.45 3 Yes
Avg 5.58 2.83 � 0.17

SS1 �tlpB::cat Yes
B1 3.53 3 Yes
B2 4.74 3 Yes
B3 3.94 2 Yes
B4 5.54 2 Yes
B5 4.59 3 Yes
Avg 4.99 2.7 � 0.37

SS1 �tlpC::cat-1
C1 4.86 3 Yes
C2 6.08 2 Yes
C3 4.78 3 Yes
C4 6.70 2 Yes
C5 5.66 1 No
C6 5.32 1 No
Avg 6.07 2.0 � 0.37

SS1 �hylB::cat-D1
H1 4.6 2 Yes
H2 5.09 2 Yes
H3 
2.40 2 Yes
H4 5.16 1 Yes
H5 4.38 2 Yes
H6 5.72 3 Yes
Avg 5.23 2.0 � 0.26

Uninfected
U1 0 0 No
U2 0 0 No
U3 0 0 No
Avg 0

a C57BL/6 mice were used for these infections. All grading was done using a
stomach sample that included both the antrum and the corpus. All mice were
also graded for gastric atrophy and had a score of 0.

b Average � standard error of the mean.

TABLE 4. Single-strain experiments with wild-type SS1, tlpB
mutants, and FVB/N micea

Strain N 106 CFU/g (avg � SEM)

SS1 �tlpB::cat 5 3.73 � 0.79
SS1 tlpB::cat-2 4 4.41 � 0.34
SS1 wild type 8 2.77 � 0.42

a The inoculating doses were between 4 � 106 and 1.7 � 108 CFU. All
infections proceeded for 2 weeks, and we detected bacteria in all mice that were
infected. N is the number of infected mice in each experiment.
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weeks of infection, there were similar numbers of wild-type
and mutant cells (Table 5), and in some coinfected animals
there was a slight decrease in the number of wild-type bacteria
relative to the number when the wild type was used alone,
although we do not know the basis for this phenotype (Table
5). Taken together with the 3- and 6-month infection results,
these findings indicate that the TlpB chemoreceptor is not
required for bacterial growth or maintenance in the rodent
stomach.

Chemotaxis mutants and wild-type H. pylori both adhere to
and trigger IL-8 release from cultured gastric cells in vitro.
We observed consistently that nonchemotactic H. pylori SS1
cheY or cheW mutants do not cause as much inflammation as
wild-type H. pylori SS1. One of the ways that H. pylori leads to
inflammation is by adhering to the gastric epithelial cells (26).
We examined two aspects of H. pylori-epithelial cell interac-
tions: adherence and the ability to stimulate the cells to release
cytokines and chemokines. For assessing in vitro adherence, we
cocultured H. pylori with the gastric epithelial cell line AGS.
This cell line has been used extensively for similar studies (10,
35, 56). After allowing 2 h for the bacteria to interact with the
cells, we washed the cells extensively and then determined the
number of bacteria that remained adherent to the cells. We
found that there was not a significant difference between the
numbers of wild-type H. pylori cells and the numbers of mutant
H. pylori cells adhering to the AGS cells (cheY, tlpA, and tlpB
mutants were tested) (data not shown). As stated above, H.
pylori promotes inflammation in part by interacting with epi-
thelial cells and causing them to release the chemokine IL-8.
This response is mediated largely through the bacterial Cag
PAI, which encodes a type IV secretion apparatus that sends
both peptidoglycan and the CagA protein into eukaryotic cells
(9, 65). Both of these factors cause IL-8 production (9, 25, 36).
H. pylori Cag PAI-deficient mutants cause less inflammation in
animals and less IL-8 release from cultured gastric epithelial
cells, consistent with a strong link between these two processes
(1, 15). We thus determined whether our cheW, cheY, tlpA, and
tlpB mutants caused cultured gastric cells to release IL-8 and
other cytokines by coculturing gastric AGS cells with wild-type
or mutant H. pylori. We then analyzed the cell supernatant for
several cytokines and chemokines using a cytokine array that
functions like several simultaneous immunoblots. We found
that all H. pylori strains, including the wild type and the iso-
genic chemotaxis mutants, resulted in comparable levels of

IL-8 release (Fig. 3). Similar results were obtained with non-
motile and tlpB mutants of a more robust IL-8-inducing H.
pylori strain, G27 (Data not shown). In addition, there were no
differences in the release of any of the other cytokines tested,
although most cytokines were not detected even with wild-type
H. pylori. An exception was Gro (the two spots above the IL-8
samples in Fig. 3). Taken together, these findings suggest that
nonchemotactic H. pylori interacts normally in vitro with cul-
tured gastric cells.

cheY and cheW mutants are not as close to the gastric epi-
thelium as wild-type H. pylori. In vivo, inflammation is en-
hanced by bacterium-host cell interactions. This connection
was shown in an elegant series of experiments by using trans-
genic mice that expressed the H. pylori adhesin Lewis B (LeB).
These LeB mice had a greater number of H. pylori cells adher-
ing and, concomitantly, a stronger inflammatory response than
their wild-type siblings, strongly suggesting that bacterial ad-
herence is a key factor for promoting inflammation (26). We
thus decided to examine whether our various chemotaxis mu-
tants had defects in interactions with gastric epithelial cells in

FIG. 3. Cytokine/chemokine release from AGS cells. AGS cells
were incubated with H. pylori wild-type strain SS1 and its isogenic
mutants as indicated above the panels. Culture supernatant was col-
lected and assayed using a cytokine array. The six panels show repre-
sentative arrays from H. pylori SS1 strains. The white box on each array
encompasses the IL-8 spots; the two spots above these spots, positive
in every sample, are Gro. The group of four spots at the top left and
the group of two spots at the bottom right are positive controls. The
assays were repeated three or four times for each H. pylori strain; the
results of one representative assay are shown.

TABLE 5. Competition experiments with wild-type SS1, tlpB mutants, and FVB/N micea

Expt N Strains Input
ratio

Output
ratio

Competitive
index Strain Input

(CFU/g)

Output (CFU/g)

Mouse 1 Mouse 2 Mouse 3 Mouse 4 Mouse 5

1 2 SS1 tlpB::cat-2 � 1.5 0.45 0.3 Mutant 2.5 � 107 7.3 � 105 3.8 � 105

wild type Wild type 3.8 � 107 1.2 � 106 1.2 � 106

2 5 SS1 �tlpB::cat � 1.3 9.0 7.0 Mutant 2.0 � 108 3.4 � 106 6.0 � 106 7.6 � 106 6.5 � 106 3.2 � 106

wild type Wild type 1.5 � 108 1.1 � 106 1.7 � 106 4.7 � 105 2.9 � 105 1.3 � 106

3 3 SS1 �tlpB::cat � 0.6 2 3.3 Mutant 4 � 106 1.9 � 106 4.2 � 106 2.5 � 106

wild type Wild type 6.7 � 106 4.2 � 105 3.6 � 106 7.6 � 106

a The inoculating doses were between 4 � 106 and 1.7 � 108 CFU. All infections proceeded for 2 weeks, and we detected bacteria in all mice that were infected.
N is the number of infected mice in each experiment. All ratios are mutant/wild type ratios. The competitive index is defined as output ratio/input ratio. The input is
the number of CFU that each mouse was infected with. The output is the number of CFU/g stomach found in each mouse after 2 weeks of infection.
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vivo. We carried out this analysis in a blind fashion by exam-
ining Warthin-Starry-stained gastric tissue sections of H. pylori-
infected mice for the bacterial position relative to the gastric
gland surface. We used tissue sections from the same 6-month-
infected C57BL/6 mice that were scored for inflammation (Fig.
1 and Table 3). We placed all visible bacteria with Helicobacter-
like morphology in a stomach section into one of three classes,
based on the nature of the bacterial contact with the gastric
epithelial surface. These classes were (i) touching, (ii) near,
and (iii) distant (see Materials and Methods) (Fig. 4). Using
this rating system, we found there was a statistically significant
difference in the distributions within each category between
the mutants and the wild type in mice infected for 6 months
(Table 6). For all nonchemotactic mutants (cheW, cheY, tlpA,

and tlpB) 11 to 21% of the enumerated cells were in the
superficial mucous layer, while only 3% of wild-type cells were
found in this portion of the stomach. In contrast, 88% of the
wild-type cells were scored as “touching,” while only 53 to 74%
of the mutant cells were scored similarly. These observations
are consistent with a model in which chemotaxis facilitates H.
pylori-epithelium interactions. cheW and cheY nonchemotactic
mutants have decreased cell interactions, and the mutants re-
sult in reduced inflammation. Although the tlpA and tlpB mu-
tants do not fit as nicely into this model, we speculate that they
may have differential interactions with a particular cell type
that is difficult to detect in this assay.

DISCUSSION

The major finding of this study is that H. pylori chemotaxis
has a profound influence on inflammation. This finding was
presaged by studies showing that tlpB mutants cause less in-
flammation in gerbils, but we were unable to analyze the
inflammatory response to totally nonchemotactic mutants
(Che�) because they do not infect gerbils (40). Che� mutants
do, in contrast, infect mice, and so these types of mutants were
assessed for the ability to trigger inflammation. We found that
two independent Che� mutants, lacking cheY or cheW, result
in significantly less mouse stomach inflammation but colonize
this organ to wild-type levels. This result suggests that these
mutants have a specific defect in cell interactions that cause
inflammation.

We carried out several experiments to investigate why
nonchemotactic cheW or cheY mutants cause lessened inflam-
mation. In tissue sections of infected mouse stomachs, we

FIG. 4. Examples of H. pylori-gastric epithelium interactions observed in infected mouse stomach sections. Stomach samples from C57BL/6
mice infected for 6 months (same mice as those described in Fig. 1 and Tables 3 and 6) were stained with Warthin-Starry stain and visualized using
light microscopy with a �100 oil immersion objective. Bacteria stain dark brown, the epithelium stains gold, and the mucus stains light yellow-clear.
A grader who was blinded to the identity of the infecting strain scored every visible bacterium with morphology appropriate for H. pylori as either
touching, near, or distant, as described in the text. (A) Examples of bacteria scored as touching (indicated by arrowheads) for each bacterial strain
(H. pylori wild-type strain SS1, SS1 cheY, or SS1 cheW). (B) Examples of bacteria scored as near and bacteria scored as distant (indicated by green
and blue arrowheads, respectively).

TABLE 6. Categorization of H. pylori-gastric epithelium
interactions in C57BL/6 mice infected for 6 monthsa

Strain % Touching % Near % Distant N

Wild-type SS1 87.6 9.0 3.4 276
SS1 cheW 53.4 24.9 21.7 178
SS1 cheY 70.6 17.9 11.4 243
SS1 tlpA 74.2 14.6 11.2 474
SS1 tlpB 63.0 22.2 14.8 1,005

a The mouse samples were the same samples that were used for the experi-
ments whose results are shown in Fig. 1 and Table 3. Categories are defined in
the text. N is the number of bacteria examined; for each strain five or six mouse
stomach sections (each from an individual mouse) were examined, and all visible
helical bacteria were placed into one of the three categories. The data were
analyzed using a chi-square test to compare the distribution between the three
categories to a distribution that would occur randomly. The analysis indicated
that the differences in frequency observed between groups have a very low
probability of being generated by random chance (P 
 0.00001) from a single
theoretical frequency distribution.
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analyzed the interactions of Che� and wild-type H. pylori with
the gastric epithelium. We found that Che� mutants are less
closely cell associated, on average, than wild-type H. pylori is.
The decreased intimate association may underlie the dimin-
ished inflammation, as other experiments have shown that
bacterial adherence to gastric cells enhances inflammation
(26). Thus, one possible model is that chemotaxis guides H.
pylori to the epithelial cells and facilitates intimate bacterium-
cell association. There are other possibilities, however, that are
consistent with our findings. One possibility is that chemotaxis
guides H. pylori to a particular niche and in that niche H. pylori
expresses certain adhesins or proinflammatory molecules. In
this model, the inflammation defect is due to Che� H. pylori
not expressing certain proteins, rather than chemotaxis per se
being important for bacterium-cell contact. This model is con-
sistent with findings for Vibrio cholerae, in which nonchemotac-
tic mutants misexpress certain virulence factors (38). Another
possibility is that the dysregulated flagella of Che� mutants
result in poor attachment. In the Che� mutants used here,
flagella rotate continuously in the swim/counterclockwise di-
rection (unpublished observations). There are other examples
in which flagella locked into one rotational mode affect bacte-
rium-cell interactions, such as Salmonella enterica serovar Ty-
phimurium (32). In this case, swim/counterclockwise-locked
flagellum mutants invaded cultured cells better than the wild
type; mutants with tumble/clockwise-locked or paralyzed fla-
gella invaded less well than the wild type, and totally aflagellate
bacteria invaded similar to the wild type. These studies were
interpreted to mean that the orientation of the flagella around
the bacteria influences how the bacteria interact with cells.
Salmonella flagella are peritrichous, and the flagella could
whirl around the bacterium and block adhesins. H. pylori, in
contrast, has polar flagella, and the whirling flagellar mass
appears to be localized at one end of the cell (unpublished
observations). Thus, it seems unlikely that a polar flagellar
structure would block a significant portion of the bacterial cell
surface. Consistent with this idea, we and others have found
that H. pylori with paralyzed flagella adhere and cause IL-8
release similar to the wild type (12, 30; data not shown). In-
triguingly, there is a link between adherence and chemotaxis in
a relative of H. pylori, Campylobacter jejuni. In this case, how-
ever, mutants lacking cheY are hyperadherent (70), suggesting
that this system is opposite that of H. pylori.

An H. pylori virulence factor known to contribute to severity
of inflammation is the Cag PAI (10, 42). The Cag PAI encodes
a type IV secretion system that delivers the CagA protein (5,
44, 55, 60) and peptidoglycan (65) to the mammalian cells.
Both of these factors cause the mammalian cells to produce the
IL-8 chemokine (9, 25, 65). The Cag PAI is not needed for
animal colonization (18, 45) but is needed for full inflamma-
tion (45, 67). There is some controversy about whether the
strain used here, SS1, contains a functional Cag PAI (14).
Some studies have shown that SS1 causes low production of
IL-8 relative to other strains and that mutation of the Cag PAI
does not decrease the amount of IL-8 further (18, 64), while
other studies have shown that SS1 does lead to significant IL-8
production (67, 68). Yamoaka et al. (67) discussed the vari-
ability in strains called SS1, indicating that some elicit IL-8 and
others do not. The SS1 strain used here came directly from
Adrian Lee and Janie O’Rourke and has been minimally pas-

saged in the laboratory, suggesting that it likely retains any
original functions. Furthermore, we show here that our SS1
does elicit at least some IL-8 production. The role of IL-8
induction in mouse infection is also unclear. Mice lack the
gene for IL-8 and instead have functional homologs, MIP-2
and KC, that act through the same cellular receptor (58). H.
pylori does cause the upregulation of MIP-2 and KC, and this
response appears to be Cag PAI dependent (43, 68). Taken
together, these studies suggest that H. pylori strain SS1 does
upregulate IL-8, but whether this response is Cag dependent
remains to be determined.

Intriguingly, S. enterica serovar Typhimurium Che� mutants
have an inflammation deficit similar to the deficit that we
report here for Che� H. pylori (59). In a mouse colitis model,
serovar Typhimurium mutants lacking cheY infect the cecum
and mesentery lymph nodes similar to the wild type but cause
less intestinal inflammation than the wild type. The inflamma-
tory defect of Che� mutants was similar to the defect found
with aflagellate mutants. The latter mutants were analyzed for
bacterial position relative to the intestinal epithelial surface in
infected mouse colons. Aflagellate mutants were, on average,
further from the cell surface than the wild type. Taken to-
gether, these results suggest that chemotactic motility drives
serovar Typhimurium to the intestinal epithelial surface and
this interaction in turn promotes inflammation. This pheno-
type is similar to the one that we describe for H. pylori and
suggests that chemotaxis plays similar roles in the infection
cycles of these microbes.

Two of the four H. pylori chemoreceptors, TlpB and TlpA,
modulate inflammation. Interestingly, mutants lacking these
chemoreceptors initially cause somewhat lower inflammatory
scores, but at later time points mice infected with these mu-
tants have significantly higher inflammatory scores. One pos-
sibility is that these mutants have delayed inflammation kinet-
ics such that they have “caught up” to the wild type by 6
months. Even at 6 months, however, these mutants still seem to
be removed from the gastric epithelial surface. Although we do
not yet understand this phenotype, it should be noted that our
method for monitoring the bacterium-epithelial distance is
crude. Most of the Che� tlpA and tlpB mutants are close to the
gastric epithelium in toto, but we do not know if the mutants
home to different cells than the wild type. TlpB has been
suggested to sense protons, as mutants lacking the TlpB gene
lose a characteristic swimming response to acid (16). The same
workers found that H. pylori SS1 tlpB mutants have a coloni-
zation defect in IL-12-deficient mice. IL-12 is a proinflamma-
tory cytokine, and mice lacking this protein are extrapermissive
for H. pylori infection (29). It is not yet clear why tlpB mutants
have a colonization defect in this model and not in normal
mice, although possibly the lack of an inflammatory response
makes tlpB mutants less able to survive. Recruitment of other
T-cell populations found to be regulators of inflammation and
bacterial colonization may be disrupted in this mouse strain
(50). TlpA is required for colonization of wild-type mice in a
competition infection model (3). Using H. pylori strain 26695,
some workers have suggested that TlpA senses both arginine
and bicarbonate (11). H. pylori strain 26695 is typically non-
motile (33), and Cerda et al. (11) gave no information about
whether the strain was treated to yield a motile variant. We
have been unable to demonstrate chemotaxis toward arginine
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using H. pylori strain SS1 and several chemotaxis assays (28, 71;
K. M. Ottemann and T. M. Andermann, unpublished data).

In summary, we have shown that proper chemotaxis en-
hances H. pylori-triggered inflammation. Chronic inflammation
is the source of clinical disease in H. pylori infection, and so a
better understanding of this process may help us design ther-
apies that can thwart this pathological response. Our data
furthermore highlight the finding that two of the four H. pylori
chemoreceptors direct this response, suggesting that H. pylori
senses specific host molecules in order to modulate inflamma-
tion. We also observed that nonchemotactic mutants are less
intimate with host cells than wild-type H. pylori is. Because
adherence enhances gastritis, this finding suggests a model in
which chemotaxis guides H. pylori to adhere to cells of the
gastric epithelium, thereby triggering an inflammatory re-
sponse to the pathogen.
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