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Helicobacter pylori Requires TlpD-Driven Chemotaxis To Proliferate

in the Antrum
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Different disease outcomes of Helicobacter pylori infection correlate with distinct inflammation patterns. These different in-
flammatory distributions may be initiated by differences in bacterial localization. One H. pylori property known to affect mu-
rine stomach localization is chemotaxis, the ability to move in response to chemical cues. In this report, we used nonchemotactic
mutants (Che™) to analyze whether chemotaxis is required for initial colonization of particular stomach regions or for subse-
quent growth therein. We found that H. pylori behaves differently in the corpus, antrum, and corpus-antrum transition zone
subregions of the stomach. This outcome suggests that these regions contain unique chemotactic signals. In the corpus, H. pylori
utilizes chemotaxis for initial localization but not for subsequent growth. In contrast, in the antrum and the corpus-antrum
transition zone, chemotaxis does not help initial colonization but does promote subsequent proliferation. To determine which
chemoreceptor is responsible for the corpus-antrum phenotypes, we infected mice with strains lacking each chemoreceptor.
Strains lacking TlpA, TlpB, or TlpC displayed only modest deviations from the wild-type phenotype, while strains lacking TlpD
resembled the Che™ mutant in their antral colonization defect and fared even worse than the Che™ mutant in the corpus. Addi-
tional analysis showed that inflammation is worse in the antrum than in the corpus in both wild-type and Che™ mutant infec-
tions. These results suggest that chemotaxis, specifically, that controlled by TlpD, is necessary for H. pylori to survive or grow in

the environment of increased inflammation in the antrum.

he gastric pathogen Helicobacter pylori chronically infects the

stomachs of 50% of the world’s population. Infection with H.
pylori triggers gastric inflammation, also known as gastritis, which
can lead to a wide range of disease outcomes, such as mild gastritis,
gastric and peptic ulcers, gastric adenocarcinoma, and mucosa-
associated lymphoid tissue (MALT) lymphoma (38). H. pylori-
induced gastritis occurs most frequently in the antrum (A) (3, 26,
49), one of four distinct regions in the human stomach (19, 28).
Each region is defined by the cell types that exist in the gastric
glands. The two largest stomach regions are the antrum and the
corpus (C), and a third region, the corpus-antrum (C-A) transi-
tion zone, separates them. Multiple lines of evidence suggest that
H. pylori-triggered inflammation in each of these regions results in
distinct disease outcomes. For example, gastritis that affects pre-
dominantly the antrum correlates with H. pylori-triggered duode-
nal ulcers (3, 56), a disease state that does not develop to gastric
cancer (3, 45, 49). Gastritis that predominantly affects the corpus,
in contrast, increases the risk of gastric ulcers and intestinal gastric
cancer (3, 49), while gastritis throughout the stomach, so-called
pangastritis, increases the risk for diffuse gastric cancer (49).
These observations demonstrate that specific H. pylori diseases
correlate with inflammation in specific stomach regions. The basis
for these different patterns of inflammation is unclear, but one
possible reason for the differential locations of diseased tissue is
that different H. pylori strains preferentially colonize either the
antrum or the corpus and in turn trigger elevated inflammation in
that region. Thus, the localization of H. pylori within the stomach
may be important for driving disease development.

Studies have shown that different H. pylori strains achieve
higher bacterial colonization numbers in either the corpus or the
antrum (1, 27, 33). For example, strain X47 has a strong prefer-
ence for the corpus, and strain SS1 has an antral preference or
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colonizes the antrum and corpus equally, depending on the study
(1, 27, 47). Three H. pylori characteristics have been found that
influence stomach localization: (i) the presence of a cytotoxin-
associated pathogenicity island, or cag-PAI (40); (ii) the presence
of the ferric uptake regulator (Fur) (33), which is necessary for H.
pylori adaptation to various conditions, including iron limitation
(50), acid stress, and oxidative stress (6, 14); and (iii) the bacterial
ability to be chemotactic, or to move in response to chemical cues
(47).

Bacterial chemotaxis has been extensively studied in Esche-
richia coli and thus serves as a model for other bacteria (34, 52).
Chemotactic responses initiate when chemoreceptors detect envi-
ronmental cues and transmit information to CheA, a histidine
kinase, via CheW, the coupling protein. In the absence of che-
motaxis attractants, the ligand-free chemoreceptors activate the
CheA histidine kinase, which in turn phosphorylates the response
regulator CheY. Phosphorylated CheY (CheY-P) interacts with
the flagellar motor to cause clockwise flagellar rotation and ran-
dom bacterial movement. Conversely, when the chemoreceptors
bind a chemoattractant ligand, the CheA histidine kinase is inac-
tivated and CheY-P populations are reduced and replaced with
nonphosphorylated CheY. Nonphosphorylated CheY does notin-
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FIG 1 A diagram of the different physiological regions of the mouse stomach (28). (A) Side view of the stomach regions. (B) The stomach is opened up along
the lesser curvature and divided down the middle along the longitudinal axis. (C) Representation of the different cell types found in the glands of the antrum and
the corpus. F, forestomach; C, corpus; TZ, C-A transition zone; A, antrum; D, duodenum.

teract with the flagellar motor, which in turn rotates in the default
counterclockwise direction, and the bacteria swim in a straight
line.

The chemotaxis system of H. pylori is similar to that of E. coli
(29). H. pylori has the core signaling complex proteins CheW,
CheA, and CheY, and disruption of any of these core proteins
renders H. pylori nonchemotactic (5, 15, 37). H. pylori has three
membrane-bound chemoreceptors, TlpA, TlpB, and TlpC, and
one cytoplasmic chemoreceptor, TlpD (29). TlpA has been shown
to sense arginine and bicarbonate (7), and TlpB has been shown to
sense pH (10, 20) and autoinducer-2 (AI-2), the quorum-sensing
molecule (39). TlpD is involved in energy taxis (44), and the li-
gands for TlpC are unknown.

Individual H. pylori strain SS1 chemoreceptor mutants colo-
nize the mouse stomach to wild-type levels (2, 28) but fare less well
in coinfections with the wild type. Specifically, mutants lacking
TIpA or TlpC are outcompeted 25-to-50-fold by the wild type (2),
while those lacking TlpB are not (31, 54). In comparison, nonche-
motactic H. pylori SS1 mutants (Che™) that lack core-signaling
components such as CheW, CheA, or CheY are outcompeted
more than 1,000-fold. These Che ™ mutants additionally have col-
onization defects during the first 2 weeks of infection when they
are the sole infecting strain (47). After 2 weeks, Che™ mutants
achieve wild-type colonization levels; however, they have a differ-
ent distribution throughout the stomach. Unlike the wild type,
Che™ mutants have a striking inability to colonize the antrum,
while they occupy the corpus at only modestly decreased levels
compared to the wild type (47). Thus far, it is unknown why antral
localization requires chemotaxis. Chemotaxis may be necessary to
locate the antrum or to maintain colonization there, and one of
the four chemoreceptors may be specifically responsible for the
localization defects.

Since H. pylori infections are associated with antral gastritis (3,
26, 49), we found it interesting that bacterial chemotaxis both
drives antral localization (47) and increases the inflammatory re-
sponse to H. pylori (31, 41, 54). Therefore, we undertook this
study to determine if chemotaxis is necessary for H. pylori to locate
the antrum or to remain there after initial colonization and to
determine which chemoreceptor is responsible for this localiza-
tion phenotype.

MATERIALS AND METHODS

H. pylori strains and growth conditions. H. pylori strain SS1 (27) and
its isogenic mutants were used for all studies. SS1 was a gift of Jani
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O’Rourke (University of New South Wales) and was subjected to min-
imal laboratory passage before our experiments. SS1 AcheY::cat,
AtlpA::cat, AtlpB::cat, AtlpC::cat, and AtlpD::cat were described previ-
ously (2, 31, 47, 54), and all have most of the target gene replaced with
the Campylobacter cat gene. H. pylori was cultured on Columbia blood
agar (Remel) with 5% difibrinated horse blood (Hemostat Laborato-
ries, Davis, CA), 50 pg/ml cycloheximide, 10 pg/ml vancomycin, 5
pg/ml cefsulodin, 2.5 U/ml polymyxin B, and 0.2% [-cyclodextrin.
Mouse stomach samples were plated on the same medium plus 5
pg/ml trimethoprim, 8 pg/ml amphotericin B, 10 pg/ml nalidixic
acid, and 200 wg/ml bacitracin. To prepare H. pylori for mouse infec-
tion, we grew the bacteria with shaking in brucella broth (Becton,
Dickinson and Company) with 10% fetal bovine serum (FBS; Gibco)
(BB10). Cultures were incubated at 37°C with 7 to 10% O,, 10% CO,,
and 80 to 83% N, with chloramphenicol at 13 pg/ml to select for the
various mutants as needed. For mouse infection, we inoculated ani-
mals orally intragastrically via a feeding needle (20 gauge by 1.5 in.)
with a 500-pl inoculum containing ~1 X 107 CFU/ml brucella broth-
grown H. pylori.

Animal infections. The University of California (U.C.) Santa Cruz
Institutional Animal Care and Use Committee approved all animal
protocols and experiments. Female C57Bl6/N mice (Helicobacter-free)
(Taconic Laboratories, Germantown, NY) and female and male
FVB/N mice (Helicobacter-free) (Charles River Laboratories) were
housed at the animal facility of the U.C. Santa Cruz. Mice were be-
tween 6 and 8 weeks old at the time of H. pylori infection, and age-
matched uninfected mice were included in all experiments. After the
infection period, the animals were sacrificed via CO, narcosis, and the
stomach was dissected, opened along the lesser curvature, and divided
into four parts—the corpus, the transition zone, the antrum, and the
upper duodenum (Fig. 1). The nonglandular forestomach was identi-
fied as a yellow, thin tissue structure; it was removed from the stomach
and not included in experimental analysis. The corpus is a brownish,
thick-walled section of tissue, and the antrum is a paler, pinkish, thin-
ner-walled section. The transition zone is an ~1.0-mm-wide region
demarcating these two sections. These regions were identified as de-
scribed by Lee et al. (28). The tissue pieces were homogenized using a
Bullet Blender (Next Advance) with 1.0-mm-diameter zirconium sil-
icate beads and plated to determine the number of H. pylori CFU/gram
of stomach.

Histology and pathology. After dissection, half of the stomach was
placed in a histology cassette with a sponge (Fisher) and preserved in
buffered formalin (Fisher). The tissue was embedded in paraffin, sec-
tioned (5-pm slices), stained with hematoxylin and eosin, and evalu-
ated in a blinded manner by a pathologist (J. E. Carter). Each stomach
slice received a separate grade for each region of the stomach. Each
slide was evaluated twice. Lymphocytic infiltration was scored as out-
lined by Eaton et al. (11), using scoring as follows: 0, no infiltrate; 1,
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FIG 2 Chemotaxis is required for antral colonization at time points after 14 h postinoculation (PI). Female FVB/N mice were infected with the SS1 wild type
(black bars) or the isogenic Che” mutant (gray bars) for 14 h, 36 h, or 1 week. At each time point, stomachs were removed, and divided into the corpus (A), the
C-A transition zone (B), and the antrum (C) and plated to determine H. pylori colonies. Error bars indicate standard error of the mean. n = 8 or 9 for 14 and 36
h, derived from two independent infections. n = 7 for 1 week, derived from one independent infection. *, P < 0.05; **, P < 0.01 (Student’s t test). Data were also

used for the doubling-time calculations in Table 1 and shown in Fig. 3.

mild, multifocal infiltration; 2, mild, widespread infiltration; 3, mild,
widespread, and moderate multifocal infiltration; 4, moderate, wide-
spread infiltration; and 5, moderate, widespread, and severe multifocal
infiltration. Neutrophils were noted as either present or absent (data
not shown). Gastric atrophy was assessed using the method of Rugge et
al. (42) but was not present in any sample.

RESULTS

Chemotaxis is necessary for H. pylori to remain in the antrum
after infection has established. Terry et al. reported previously
that Che™ H. pylori bacteria are barely found in the murine an-
trum at 2 weeks postinoculation compared to wild-type H. pylori
(47). This finding is consistent with chemotaxis either directing
the bacteria to initially locate the antrum or allowing the bacteria
to remain in the antrum after infection has been established. To
determine at what point chemotaxis was needed in infection, we
examined the numbers of wild-type and Che™ H. pyloribacteria in
the corpus, transition zone, and antrum at early time points (14 h)
compared to later time points postinoculation. For our first time
point, we wanted only to enumerate stably infecting bacteria, so
we chose 14 h postinoculation, a time well after the 3 h required
for the mouse stomach to empty from one feeding (46). At 14 h
postinoculation, Che™ bacteria did not have a substantial initial
colonization defect in either the transition zone or the antrum, as
indicated by numbers that did not differ significantly from those
of the wild type (Fig. 2B and C). Interestingly, by 36 h postinocu-
lation in these regions, the Che™ H. pylori population had under-
gone only a modest increase in numbers compared to the substan-
tial increase in wild-type numbers, and thus Che™ colonization
levels were significantly lower in the transition zone and the an-
trum. We observed that this phenotype remained at 1 week post-
inoculation (Fig. 2B and C), similar to what had been observed
previously at 2 weeks (47). These results suggest that chemotaxis
does not promote the initial antrum or transition zone seeding but
is very important during the increase in H. pylori numbers that
occurs from 14 h to 1 week postinoculation in these regions.

In the corpus, Che™ H. pylori colonization levels were some-
what lower at 14 h and remained so at 36 h, suggesting that che-
motaxis plays a minor role in the initial seeding of this stomach
region. Between 36 h and 1 week, numbers of both wild-type and
Che™ H. pylori bacteria increased such that they were nearly equal
at 1 week postinoculation (Fig. 2A). Thus, it seems that che-
motaxis is not needed for bacterial multiplication in the corpus.
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We also examined the upper duodenum to identify if bacteria
were washed out of the stomach into the duodenum. However, H.
pylori colonies rarely grew from the duodenal samples, suggesting
that the H. pylori bacteria were dead, unculturable, or present in
the duodenum at numbers below our limit of detection (~200
CFU per gram) (data not shown). We are therefore not able to
estimate the contribution of bacterial loss due to flow out of the
stomach.

To estimate the doubling time of H. pylori colonies early in
infection, when the bacterial numbers are increasing, we reasoned
that we could use the equation for unrestricted growth. Early in
infection, bacterial numbers are increasing due to multiplication
but there is also presumably an unknown rate of removal of bac-
terial cells due to death and flow out of the stomach. Later in
infection, in contrast, bacterial population growth rates are hy-
pothesized to be similar to growth rates in a continuous-flow or
chemostat culture although more complicated due to nonuni-
form nutrient distributions (16—18, 30). The chemotaxis mutants
used here do not have in vitro growth defects, as measured in BB10
media for the Che™, the AtlpA, and the AtlpC mutants (2) and
AtlpD mutants (S. M. Williams and K. M. Ottemann, personal
communication). The AtlpB mutant behavior has not been di-
rectly measured, but it has no defect in an assay that depends on
growth, the soft agar migration assay, suggesting that it does not
have a growth defect (31). We found that the total population of
wild-type H. pylori doubled approximately every 6.5 h in the cor-
pus and 8 h in the transition zone. In the antrum, in contrast,
wild-type H. pylori did considerably better, with the population
doubling every 3 h (Fig. 3A; Table 1). Similar to that of the wild
type, the population of the Che™ mutant doubled approximately
every 5.5 h in the corpus. However, in the antrum, the Che ™ strain
population doubled approximately every 5 h, or at a rate nearly
two times lower than that seen with the wild type in this region.
Additionally, the Che™ mutant population did not double in the
transition zone over this time period (Fig. 3A; Table 1). These data
further indicate that chemotaxis promotes growth or prevents H.
pylori from washing out of the transition zone and antrum.

Competition with wild-type H. pylori exacerbates the Che™
H. pylori survival defect in the antrum. We also determined how
chemotaxis aids stomach region colonization under conditions
where this process is more important—the competition infec-
tion—at the two earliest time points. For these experiments, we
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FIG 3 Chemotaxis allows H. pylori to grow more quickly in the antrum and provides an advantage in a competition infection. (A) Female FVB/N mice were
infected with the SS1 wild type (solid line) or the isogenic Che ™ mutant (dotted line) for 14 or 36 h. At each time point, stomachs were removed and divided into
the corpus, the C-A transition zone, and the antrum and plated to determine the number of H. pylori. n = 8 or 9 for the wild type and the Che™ mutant for all
time points, derived from two independent infections. Data are also shown in Table 1 and Fig. 2. (B) Competition experiments were carried out by infecting
female FVB/N mice with a 1:1 ratio of the wild type and the Che™ mutant for 14 or 36 h. At each time point, stomachs were removed, divided, and plated as
described for panel A. Black lines represent each strain in single infection, as described for panel A; gray lines indicate the strains in competition. n = 5 for the wild
type and the Che™ mutant for all time points, derived from one experiment. Error bars represent standard error of the mean.

infected mice with a mixture of equal amounts of the wild type and
the Che™ mutant and assessed numbers of each strain at 14 and 36
h postinoculation as described above. Generally speaking, the
numbers of both the wild type and the Che™ mutant were not
affected by the presence of the other strain in the corpus and
transition zone at 14 or 36 h (Fig. 3B). One possibility is that the
total bacterial numbers of both strains were below the threshold at
which competition has an effect or, alternatively, that conditions
that result in a competitive defect do not exist at those early infec-

TABLE 1 Doubling times for H. pylori SS1 or its isogenic Che™
(ACheY) mutant early after infection?

Doubling ti h
Infection category oubling time (h)

and strain Corpus Transition zone Antrum
Single
WT 6.46 7.87 3.00
ACheY 5.47 57.29 5.20
Competition
WT 5.28 49.49 10.55
ACheY 4.63 No growth No growth

“ Doubling time = (22 h)/[(log CFU/gram>® ® — log CFU/gram"* ")/log,]. Data are also
shown in Fig. 3A.
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tion times. The antrum represented a different situation. In this
region, numbers of the Che™ mutant did not increase (Fig. 3B).
These results show that chemotaxis greatly facilitates bacterial sur-
vival or growth in this region, particularly when the wild type is
included (Fig. 3B; Table 1).

Enhanced inflammatory responses may contribute to Che™
antral localization defects. Several studies have reported that the
majority of gastritis cases are antral dominant in humans (3, 26,
49). Since chemotaxis is necessary for H. pylori to remain in the
antrum after infection has been established, we speculated that
antral immune responses make this localization unfavorable for
Che™ H. pylori. Reports on the location of gastritis in mice suggest
that there is increased inflammation in the corpus-antrum (C-A)
transition zone and the antrum at 6 months postinoculation (27),
and so we sought to examine if inflammation specifically in the
antrum correlates with reduced Che™ colonization. Inflammation
is not detectable until after several months of H. pylori infection
(12), so we examined inflammation and colonization levels in
each physiologic region of stomachs from mice infected with wild-
type or Che™ H. pylori for 3 or 6 months. At these time points, we
found that wild-type H. pylori induced more inflammation than
Che™ overall (Fig. 4B), as reported previously (54). Inflammation
in the antrum was higher for both infection types compared to the
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FIG 4 The antrum harbors lower H. pylori colonization than other regions and more severe inflammation. (A) H. pylori colonization levels as CFU/gram of
stomach from female C57BL/6N mice infected for 3 months (symbols surrounded by boxes) or 6 months (symbols without boxes) with H. pylori strain SS1 or
its isogenic Che ™ mutant. n = 7 for the wild type, n = 8 for the Che ™ mutant. (B) Gastric inflammation tissue from mice infected for 6 months was analyzed by
a pathologist and graded for inflammation. Error bars indicate standard error of the mean. Data derived from the same 6-month-infected mice as presented in
panel A. L.D. = limit of detection. n = 5 for the wild type and the Che ™ mutant. *, P < 0.05 (Student’s ¢ test).

corpus (Fig. 4B). Additionally, we noted that Che ™ strains contin-
ued to struggle to colonize the antrum (Fig. 4A). Thus, it appears
that the antrum had significantly more inflammation than the
corpus and was significantly more challenging for Che™ H. pylori
to colonize.

The chemoreceptor TlpD is required for growth and/or sur-
vival in the antrum. To help distinguish the signals required for
colonization of the corpus versus the antrum, we next investi-
gated whether individual chemoreceptor mutants had any dis-
tinct antrum or corpus colonization defects. To this end, we
infected mice with SS1 AtlpA::cat, SS1 AtlpB::cat, SS1 AtlpC::
cat, or SS1 AtlpD::cat and examined the colonization levels of
each mutant 2 weeks postinoculation in the corpus and the
antrum. As observed previously at this time point (47), the
Che™ mutant colonization levels in the antrum were signifi-
cantly below that of the wild type (Fig. 5A). Loss of one recep-
tor, TlpD, came the closest to phenocopying the antral coloni-
zation defect observed in the Che  mutant (Fig. 5A). In
contrast, mutants lacking the TlpA, TlpB, or TlpC chemore-
ceptor had only slight defects in antral localization (Fig. 5A).

To confirm these results, we repeated the experiment and in-
cluded the transition zone. In this independent infection, the
corpus and antrum colonization of TlpD again came closest to
phenocopying the Che™ antral colonization defect (Fig. 5A).
Additionally, we observed that the Che™ and TlpD mutants
had significant defects in colonizing the transition zone (Fig.
5B). These findings suggested that the TlpD chemoreceptor is
needed for H. pylori to flourish in the antrum and transition
zone. Interestingly, we also observed that the AtlpD mutant had
a significant colonization defect in the corpus (Fig. 5A), which
was not observed with any other chemoreceptor mutant and
was more significant than the slight colonization defect of the
Che™ strain in this region (Fig. 5A). We wanted to rule out the
possibility that the t/pD mutant has a colonization defect that is
general and not specific to the antrum. We therefore deter-
mined each strain’s corpus/antrum ratio. If the t[pD mutant
had a general defect, we would expect its corpus/antrum ratio
to match that of the wild type. This analysis instead found that
the t[pD mutant ratio was like that of the Che™ mutant and not
like that of the wild type (Table 2). Therefore, TlpD appears to
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FIG 5 The chemoreceptor TlpD is necessary for antral colonization. FVB/N mice were infected with the wild type or a Che™, TIpA~, TlpB~, TIpC™, or TlpD ™~

mutant for 2 weeks, at which time the stomachs were removed, divided into (A)
plated to enumerate H. pylori colonies. n = between 4 and 13. L.D., limit of dete
to the Che™ mutant, #, P < 0.05; ##, P < 0.0001 (Student’s t test).
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the corpus and antrum or (B) the corpus, antrum, and C-A transition zone, and
ction. In comparison to the wild type, *, P < 0.05; **, P < 0.0001. In comparison
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TABLE 2 Ratio of CFU/gram for the corpus versus the antrum®

Corpus/antrum ratio

Time PI and strain Avg Range

36h
WT 0.92 0.04-8.08
ACheY 1.05 0.29-18.0

2 wk
WT 0.55 0.04-3.71
ACheY 12.0 2.08-1,117.74
ATIpA 1.90 0.57-15.62
ATIlpB 1.39 0.75-4.96
ATIpC 2.30 1.75-6.76
ATlpD 5.19 1.10-507.35

6 mo
WT 1.88 0.13-437.50
ACheY 8.96 3.32-2158.27

“ Data are also presented in Fig. 3 to 5. PI, postinoculation.

be critical for specific H. pylori antral localization. Addition-
ally, however, it seems that TlpD plays an important role in the
corpus as well.

DISCUSSION

In this report, we provide evidence that bacterial chemotaxis pro-
motes initial seeding in some stomach regions and the ability to
rapidly multiply in others. Specifically, we found that H. pylori
chemotaxis is needed to guide H. pylori to the corpus, but not to
the antrum or transition zone, and that, once in the corpus, che-
motaxis is not needed for H. pylori populations to increase. This
finding suggests that nutrients are not limiting in the corpus, such
that Che™ mutants are able to obtain all that they need. The situ-
ation is different in the antrum and transition zone, where che-
motaxis is required for the bacteria to achieve normal bacterial
loads but not initial colonization. In these niches, Che™ mutant
numbers do not increase at the same rate as do those of the wild
type. The main chemoreceptor that allows H. pylori to thrive in the
antrum is TlpD, with the other chemoreceptors playing minor
roles.

The mouse stomach has four distinct physiological regions: the
forestomach, the corpus, the C-A transition zone, and the antrum
(Fig. 1) (28). The gastric epithelium throughout the latter three
regions is organized into repeating units called glands that invag-
inate from the surface. The glands in each stomach region are
composed of different cells. The corpus glands contain zymogen-
ic/digestive enzyme-secreting chief cells at the bottom and pari-
etal/acid-producing cells, mucous neck cells, and mucous pit cells
located progressively closer to luminal surface of the gland. There
are also scattered but infrequent hormone-secreting enteroendo-
crine cells. The antrum similarly has scattered, infrequent en-
teroendocrine cells but, in contrast, has no parietal or chief cells.
Instead, two types of mucous cells dominate these glands. One
type is similar to the corpus mucous pit cells, while the other has
properties that are a mixture of those of mucous neck cells and
zymogenic cells (Fig. 1) (28, 36). Interestingly, mucin secreted by
mucous neck cells inhibits H. pylori growth, while mucous pit cell
mucin stimulates H. pylori growth (24). Accordingly, H. pylori has
been found to occupy and replicate within the mucous pit cell
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mucin but not within the mucous neck cell mucin (23), suggesting
that even within the distinctive stomach regions, there are some
subareas more suitable for H. pylori than others.

The stomach regions described above present H. pylori with
distinctive signals and challenges. For example, the cells in the
antrum have a much higher turnover rate than those in the cor-
pus, possibly increasing numbers of bacteria shed into the lumen
(21). Also, mucous cells in both the corpus and the antrum secrete
abundant superoxide anion (O,-) (48); however, the corpus may
temper the levels of these oxygen radicals with the high parietal
cell expression of free radical scavengers (35). Parietal cells also
secrete concentrated HCI, which presumably results in more fre-
quent exposure to acid in the corpus. The pH of the corpus, how-
ever, is not lower overall than that of the antrum, although it does
display a broader range (8, 32, 51). Thus, the different regions of
the stomach possess distinct physiological characteristics that
likely present H. pylori with different chemotactic signals.

H. pylori-induced disease depends of the localization of in-
flammation: gastritis in the antrum predisposes patients to duo-
denal ulcer, while gastritis in the corpus predisposes patients to
gastric ulcers and cancer (3, 49). While it is unknown why inflam-
mation develops in different stomach regions, one explanation
could be that inflammation follows H. pylori density and that dif-
ferent H. pylori strains have distinct preferences for the corpus or
the antrum (1). Three bacterial genetic determinants have been
found that influence corpus-antrum distribution: the cag-PAI, the
Fur transcription factor, and chemotaxis. Loss of cagA delivery, by
mutation of either cagA or cagy, creates strains that do better in
the gerbil antrum and worse in the corpus than their parents (40).
These strains also induce reduced inflammation in both regions
compared to the wild type. H. pylori fur mutants, in contrast, are
found in nearly wild-type numbers in the antrum at 1 day postin-
oculation but decrease in antral numbers at day 3 postinoculation
(33). These phenotypes suggest that fur, like chemotaxis, is not
needed for antral seeding but is needed for replication. Also, like
the Che™ mutant defect, the fur defect is less significant in the
corpus. Fur regulates some chemotaxis genes, such as cheV1, pos-
sibly explaining the overlapping phenotypes (13, 33). Thus, these
three bacterial properties affect corpus-antrum localization in dif-
ferent ways and suggest that normal H. pylori variations might
influence stomach region density.

Our studies presented here demonstrate that chemotaxis does
not help H. pylorilocate the antrum but does help it achieve nor-
mal bacterial numbers in this region. This finding suggests that
some parameter of the antrum is particularly difficult for H. pylori
and that chemotaxis helps to overcome this challenge. We report
here that one potentially challenging condition is the elevated in-
flammation found in the antrum, which we could detect at 6
months of infection. We did not, however, detect a correlation
between inflammation grade and bacterial numbers, as also seen
by Williams et al. (54). We did note, however, that there was
greater variation in H. pylori numbers at later time points postin-
fection (Fig. 4A) than at earlier ones (Fig. 2 and 3). This difference
may be a reflection of individual variation in the adaptive immune
response to H. pylori, whereas the innate response, which drives
earlier numbers, does not display as much variation. We do not
yet know if early inflammatory events specifically in the antrum
render this area inhospitable for growth in the first part of infec-
tion, but this possibility is consistent with our data.

Based on this information, we envision two possibilities: (i)
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chemotaxis allows H. pylori to locate a nutrient source necessary
for growth and survival in the antrum or (ii) chemotaxis allows H.
pylori to detect and avoid damaging compounds, such as those
created by the immune response. Increased inflammation could
amplify the necessity for chemotaxis in either situation, as inflam-
mation is known to alter the nutrient status by chelating critical
metals such as iron, zinc, and manganese (9, 25), and inflamma-
tion also increases production of reactive oxygen species (ROS)
during the host’s strong oxidative stress response (4). H. pylori
appears to experience significant ROS exposure, as evidenced by
the high cellular levels of enzymes such as SodB, catalase, AhpC,
MdaB, and NapA (4, 22, 53).

To help us determine the nature of the chemotactic signal re-
quired for growth or survival in the antrum, we investigated which
chemoreceptor was responsible for antral localization. Our stud-
ies determined that TIpA, TlpB, and TlpC each had only a mod-
erate role in antral colonization. We were somewhat surprised
that the acid-sensing TlpB did not play a more dominant role in
antral localization, as one might have predicted that acid could
repel H. pylori from the corpus to drive antral colonization (10).
While pH gradients have been shown to impact the orientation of
H. pyloriin the mucus (43), our results suggest that pH sensing by
TIpB does not contribute to H. pylori localization in the murine
antrum. We do not know, however, if TlpB contributes to the
initial seeding of the corpus.

TIpD appears to play the dominant role in the antral coloniza-
tion of H. pylori, as well as in colonization in other regions. Inter-
estingly, the f[pD mutant had a colonization defect in the corpus
that was more severe than that seen with the completely nonche-
motactic Che” mutant. Although we do not yet know why tlpD
mutants experience such a corpus challenge, it is possible that the
remaining chemoreceptors—TIpA, TlpB, and TlpC—attract H.
pylori to an unsuitable niche, and normally, TlpD would act to at
least partially repel the bacteria from a fatal interaction in this
region.

TlpD is the only cytoplasmic chemoreceptor in H. pylori (44).
Schweinitzer et al. demonstrated that TlpD senses cellular energy
levels via the electron transport chain (44). Thus, TIpD may allow
H. pylori to find optimal energy-generating conditions in the an-
trum and therefore promote colonization. One possibility is that
increased antral inflammation alters the metabolically optimal
area for H. pylori growth. For example, inflammation creates new
respiratory electron acceptors in Salmonella infection through
ROS-driven formation of tetrathionate from thiosulfate (55). In
the case of H. pylori, it may be that inflammation limits the met-
abolically favorable region. Another possibility is that TlpD di-
rects a repellent response to a deleterious component of the im-
mune system, which allows H. pylori to escape and survive. This
idea is consistent with our observed corpus phenotype in which
tlpD mutants are even more defective than Che™ mutants. One
possible noxious compound is ROS. Our unpublished observa-
tions support the idea that wild-type H. pylori has a repellent re-
sponse to ROS that is mediated by TlpD (Williams and Ottemann,
personal communication).

In summary, we have shown that chemotaxis plays distinct
roles in colonizing specific stomach regions, suggesting that there
are subtle chemotactic cues that differ across this organ. Surpris-
ingly, chemotaxis promotes initial seeding in some regions and
growth in others. One of the four H. pylori chemoreceptors, TlpD,
plays a dominant role in the growth phenotype. We hypothesize
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that antral success requires detection of a limited energy source or
movement away from deleterious immune responses.
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