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Helicobacter pylori Uses the TlpB Receptor To Sense Sites of
Gastric Injury

Hikaru Hanyu,a Kristen A. Engevik,a Andrea L. Matthis,a Karen M. Ottemann,b Marshall H. Montrose,a Eitaro Aiharaa

aDepartment of Pharmacology and Systems Physiology, College of Medicine, University of Cincinnati, Cincinnati, Ohio, USA
bDepartment of Microbiology and Environmental Toxicology, University of California—Santa Cruz, Santa Cruz, California, USA

ABSTRACT Helicobacter pylori is a pathogen that chronically colonizes the stom-
achs of approximately half of the world’s population and contributes to the de-
velopment of gastric inflammation. We demonstrated previously in vivo that H.
pylori uses motility to preferentially colonize injury sites in the mouse stomach.
However, the chemoreceptor responsible for sensing gastric injury has not yet
been identified. In this study, we utilized murine gastric organoids (gastroids) and
mutant H. pylori strains to investigate the components necessary for H. pylori che-
motaxis. High-intensity 730-nm light (two-photon photodamage) was used to cause
single-cell damage in gastroids, and repair of the damage was monitored over time;
complete repair occurred within �10 min in uninfected gastroids. Wild-type H. pylori
accumulated at the damage site after gastric damage induction. In contrast, mutants
lacking motility (ΔmotB) or chemotaxis (ΔcheY) did not accumulate at the injury site.
Using mutants lacking individual chemoreceptors, we found that only TlpB was re-
quired for H. pylori accumulation, while TlpA, TlpC, and TlpD were dispensable. All
strains that were able to accumulate at the damage site limited repair. When urea
(an identified chemoattractant sensed by TlpB) was microinjected into the gastroid
lumen, it prevented the accumulation of H. pylori at damage sites. Overall, our find-
ings demonstrate that H. pylori colonizes and limits repair at damage sites via che-
motactic motility that requires the TlpB chemoreceptor to sense signals generated
by gastric epithelial cells.

KEYWORDS Helicobacter pylori, TlpB, chemotaxis, gastric organoids, injury, intravital
microscopy, pathogenesis, photodamage, repair, stomach

Helicobacter pylori is a pathogen that colonizes the stomach and contributes to the
development of gastric inflammation (1). H. pylori resides chronically in half of the

world’s population, in both developing and developed countries, although 90% of
these cases are asymptomatic (2). Therefore, the trigger responsible for H. pylori
pathogenesis remains unclear. We demonstrated previously in vivo that pathogenic H.
pylori preferentially colonizes injury sites of the stomach using its chemotaxis system
(3). However, it has yet to be elucidated which chemoattractants and respective H.
pylori chemoreceptors are essential for this preferential colonization.

H. pylori uses a chemotaxis system to modulate its motility and rapidly establish
colonization near the gastric epithelium (4). H. pylori senses chemoattractants or
repellents by using four chemoreceptors: TlpA, TlpB, TlpC, and TlpD. H. pylori mutants
lacking these chemoreceptors (ΔtlpA, ΔtlpB, ΔtlpC, or ΔtlpD mutants) are motile (5, 6)
but are unable to sense their respective chemoattractants or repellents. Numerous
signals are sensed by these chemoreceptors, including arginine by TlpA (7), urea and
autoinducer 2 (AI-2) by TlpB (8, 9), lactate by TlpC (10), acid by TlpA, TlpB, and TlpD (11),
and reactive oxygen species (ROS) and cellular energy by TlpD (6, 12). While several
signals have been confirmed for specific H. pylori chemoreceptors, additional H. pylori
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signals that have yet to be identified may be present in the gastric environment. Upon
sensing gradients of signaling compounds, chemoreceptors activate signal transduc-
tion proteins in the Che family. CheY is the most downstream member of the Che
proteins and interacts directly with the flagellar motor to control the direction of
flagellar rotation. H. pylori mutants lacking CheY (ΔcheY) are motile but are unable to
control the direction of flagellar rotation (13). The flagellar motor is controlled by
proteins of the Mot family. H. pylori mutants lacking MotB (ΔmotB) are nonmotile, since
they retain only a nonfunctioning flagellar structure (14).

Currently, 3-dimensional primary culture of gastric epithelial cells (15, 16), called
gastric organoids (gastroids), has been utilized as a model for H. pylori infection studies
(17, 18). We have recently established gastroids as a restitution model with which to
investigate actin dynamics (19). Restitution is the initial step during the repair process;
it is characterized by cell migration and does not involve cell proliferation. During
restitution, viable cells neighboring the injury site migrate to cover the denuded area
while simultaneously exfoliating the dead cell into the lumen; this event is completed
within �10 min in response to two-photon-induced single-cell damage in gastroids
(19, 20).

In this study, we utilize mouse-derived gastroids to explore the sensing of an injury
site by H. pylori chemoreceptors. Using gastroids as a reductionist model, we are able
to recapitulate gastric epithelial events during restitution and to observe the H. pylori
chemotaxis response closely. Gastroids provide the opportunity to monitor the initial
interactions of H. pylori with the gastric epithelium in the absence of other systemic
elements, such as the immune system.

RESULTS
Wild-type H. pylori accumulates at the damage site during restitution. We first

asked if H. pylori utilizes chemotaxis to colonize damage sites in the gastroid model, a
mechanism similar to that observed previously in the mouse stomach in vivo (3). To
address this question, gastroids were generated from isolated corpus tissue of human
green fluorescent protein (GFP)-actin-expressing (HuGE) transgenic mice (19–21). H.
pylori Sydney strain 1 (wild type [WT]) or fluorescent beads were microinjected into
gastroids. Following injection, gastroids were injured using localized photodamage
(PD), which induces cell death at the single-cell level. In agreement with previous
findings (19), PD caused a loss of GFP-actin fluorescence within the damaged cell, as
well as the migration of neighboring cells toward the site of damage. Finally, the
damaged cell (nucleus stained by Hoechst 33342) was expelled into the gastroid lumen.
These events were accompanied by actin redistribution, visualized as a localized
increase in the level of GFP-actin fluorescence in the migrating cells.

After microinjection and PD, fluorescent beads remained distributed through the
gastroid lumen and did not accumulate at the site of injury (Fig. 1A). We used
fluorescence intensity ratios, comparing the damaged area of the gastroid to the
gastroid lumen, as a measure of fluorescence accumulation at the damage site. We
observed that fluorescent beads maintained an even distribution in the gastroids as
long as 16 min following PD (Fig. 1B and D). In contrast, fluorescently labeled (CellTrace)
WT H. pylori accumulated significantly at the damaged site (Fig. 1A, B, and D; see also
Movie S1 in the supplemental material). To confirm these findings, we also monitored
WT H. pylori genetically tagged with red fluorescent protein (RFP). In agreement with
our findings using the CellTrace label, RFP-tagged WT H. pylori also accumulated at the
damage site (see Movie S2), confirming that the accumulation of H. pylori is not affected
by the surface label. WT H. pylori rapidly accumulated at the damage site, starting at
3 min after PD (Fig. 1B and D). The results suggest that the damaged gastric epithelium
is sufficient to generate chemotactic signals without the other tissue cell types present
in vivo.

Microinjection of fluorescent beads had no effect on PD-induced gastric restitution,
where we observed a complete elimination of the damaged area, as seen in previous
studies (19, 20). Based on measurement of the damaged area, WT H. pylori limited the
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FIG 1 H. pylori accumulates at the damage site and delays restitution in gastroids. WT H. pylori was labeled with CellTrace
Far Red fluorescent dye. Brucella broth (50 nl) containing 105 fluorescent beads or 106 WT H. pylori cells was microinjected
into each gastroid. Latrunculin A (LatA) (1 �M) was added to the gastroid growth medium 1 h prior to H. pylori
microinjection. Photodamage (PD) was induced at 0 min. (A) Representative time course. Confocal images show Hoechst
33342 (10 �g/ml)-stained nuclei (blue), GFP-actin (green), and the fluorescent bead control (red) or WT H. pylori (red) with
or without Latrunculin A. Yellow asterisks indicate single-cell PD sites. Bars, 10 �m. (B and C) Time course of the
fluorescence intensity ratio (B) or the damaged area (C) in gastroids microinjected with WT H. pylori alone (red), WT H. pylori
in the presence of Latrunculin A (blue), or a bead control (black). The fluorescence intensity ratio is calculated as the raw
fluorescence at the injury site divided by the raw fluorescence in the lumen. (D and E) Measurements of the fluorescence
intensity ratio (D) and the damaged area in gastroids (E) during and following PD at 0 min, 3 min, and 16 min. Compiled results
are means � SEM for fluorescent beads (n � 8), WT H. pylori alone (n � 5), or WT H. pylori with Latrunculin A (n � 5). Asterisks
indicate significance (P � 0.05) by one-way repeated-measures ANOVA with Bonferroni’s multiple-comparison test.
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restitution of the damage site relative to that with the fluorescent-bead control (Fig. 1C
and E), a result also similar to previous findings in vivo (3). Interestingly, while H. pylori
delayed repair, it did not affect actin redistribution (see Fig. S1 in the supplemental
material). This suggests that short-term H. pylori infection has no immediate effect on
actin dynamics, despite the ability to inhibit proper restitution in the same time interval.

To determine if the process of epithelial repair was necessary for H. pylori accumu-
lation, we inhibited actin polymerization with Latrunculin A (LatA), a specific actin
polymerization inhibitor. Actin polymerization is essential for initiating dead-cell exfo-
liation and cell migration during restitution in gastroids (19). We confirmed that
Latrunculin A inhibited gastric restitution in a concentration-dependent manner (see
Fig. S2 in the supplemental material) and observed that the concentrations tested did
not grossly affect H. pylori motility or morphology (see Movie S3A, B, C, and D). In
agreement with previous studies (19), we observed that preincubation of gastroids with
1 �M Latrunculin A completely inhibited gastric restitution (Fig. 1A, C, and E). We found
that the accumulation of WT H. pylori at the damage site in gastroids was strongly
inhibited by Latrunculin A (Fig. 1A, B, and D). This shows that H. pylori chemotaxis relies
on a process that is disrupted by Latrunculin A, likely either an action of the migrating
cells to generate the chemosensing signal or potentially the response of H. pylori to that
signal.

Preferential accumulation of H. pylori relies on chemotaxis signaling and
motility. To determine the role of H. pylori motility and chemotaxis in damage site
colonization, we used H. pylori mutants that are nonmotile (ΔmotB) or nonchemotactic
(ΔcheY). Following PD, both the ΔmotB and ΔcheY mutants were unable to accumulate
at the damage site (Fig. 2A and B). To identify the chemoreceptors involved in the
observed accumulation of H. pylori at the damage site, we used mutants lacking
individual chemoreceptors: the ΔtlpA, ΔtlpB, ΔtlpC, or ΔtlpD mutant. During restitution,
the H. pylori ΔtlpA, ΔtlpC, and ΔtlpD strains accumulated at the damage site by 5 min
after PD, whereas the ΔtlpB mutant failed to accumulate (Fig. 3A and B). These results
demonstrate that chemotaxis signaling and bacterial motility are essential for H. pylori
accumulation at damage sites, and they suggest that TlpB is the chemoreceptor
responsible for the ability of H. pylori to sense the damage site.

H. pylori accumulation and damage repair. Since H. pylori colonization at damage
sites slows repair in the mouse stomach (3), we examined the requirements for
chemotaxis and motility in gastroid repair. Previously, we analyzed the repair of the
damage area using data fit to a single exponential curve that assumed complete
resolution of repair (19, 20). In uninfected gastroids, the closure of the damaged area
fit well with an exponential decay curve, resulting in an R2 value (goodness of fit) of
0.98 � 0.8 (n � 8) (see Fig. S3A and C in the supplemental material). This indicates that
the repair of damage was well represented by a single rate constant. However,
microinjection of WT H. pylori prevented full recovery from damage in gastroids
(Fig. 1C), and best-fit curves were observed to consistently underestimate the rate of
repair at early time points and to overestimate repair at later time points (Fig. S3B).
Under this condition, the single exponential fit had an R2 value (0.86 � 0.1) (n � 5)
significantly lower (Fig. S3C) than that for the bead controls. Therefore, we refined our
analyses to examine early and late events separately.

Restricting single exponential fits to the first 6 min of repair, we observed that there
was no significant difference in the early repair rate among the control bead, WT H.
pylori, and mutant H. pylori conditions (data not shown). Furthermore, at 3 min follow-
ing PD, there was no significant difference in the size of the damaged area from the
bead control (Fig. 4A), suggesting overall that WT and mutant H. pylori strains do not
impact early restitution events.

We focused on later repair events by measuring the residual damage area at 16 min
following PD, a time point at which damage was consistently sustained in gastroids
microinjected with WT H. pylori. At 16 min, gastroids microinjected with WT H. pylori
showed significantly more damage than control gastroids (microinjected with beads)
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(Fig. 4B). The ΔtlpA, ΔtlpC, and ΔtlpD mutants, which colonized damage sites
similarly to WT H. pylori, also demonstrated greater residual damage areas (i.e.,
failure to repair) than the control (Fig. 4B). Gastroids microinjected with an H. pylori
ΔmotB, ΔcheY, or ΔtlpB mutant exhibited smaller damage areas 16 min after PD than
those microinjected with WT H. pylori, and gastroids microinjected with the ΔmotB
mutant did not differ from those with the bead control (Fig. 4B). These results
suggest that H. pylori colonization does not delay the early phase of restitution but
does inhibit healing events at later times (16 min). Further, only H. pylori strains that
accumulated at the damage site similarly to the WT (the ΔtlpA, ΔtlpC, and ΔtlpD
strains) (Fig. 3C) showed an effect similar to that of the WT in compromising gastric
restitution.

Urea in the lumens of gastroids confounds H. pylori accumulation. TlpB is the
only chemosensor receptor reported to have a high affinity for urea (8). Therefore, to
confirm the importance of TlpB independently of the ΔtlpB mutant experiments, we
added exogenous urea to the lumen. This approach allowed us to test if a high urea
concentration in the gastroid lumen would affect H. pylori accumulation at the damage
site or alter repair. In the presence of 10 mM urea, WT H. pylori was unable to
accumulate at the damage site (Fig. 5A, B, and D). At 3 min after PD, the damaged areas
were similar with the bead control, WT H. pylori alone, and WT H. pylori in the presence
of urea (Fig. 5C and E). However, 16 min after PD in the presence of urea, gastroids

FIG 2 Role of H. pylori motility and chemotaxis in H. pylori accumulation at the damage site. (A) Representative time course.
Shown are confocal images of Hoechst 33342 (10 �g/ml)-stained nuclei (blue), GFP-actin (green), and H. pylori ΔmotB or
ΔcheY (red). Bars, 10 �m. Yellow asterisks indicate single-cell photodamage (PD) sites. (B) Time course of the fluorescence
intensity ratio in gastroids microinjected with the WT (red), ΔmotB (blue), or ΔcheY (orange) H. pylori strain. (C) Time course
of the damaged area before and following PD in gastroids microinjected with a fluorescent-bead control (black) or the WT
(red), ΔmotB (blue), or ΔcheY (orange) H. pylori strain. All compiled results are means � SEM (n � 6). In panels B and C, WT
H. pylori and bead control data were taken from Fig. 1B and C, respectively, for purposes of comparison.
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microinjected with WT H. pylori exhibited a significantly smaller damaged area than
those microinjected with WT H. pylori without urea (Fig. 5C and E). In uninfected
gastroids, the presence of 10 mM urea did not affect repair (data not shown). These
results demonstrate that the presence of urea within the gastroid lumen confounds the
ability of H. pylori to accumulate at the site of damage, confirming the essential role of
TlpB.

FIG 3 Roles of specific chemoreceptors in H. pylori chemotaxis. (A) Representative confocal images of Hoechst 33342
(10 �g/ml)-stained nuclei (blue), GFP-actin (green), and H. pylori chemoreceptor mutants (red): the ΔtlpA, ΔtlpB, ΔtlpC, and
ΔtlpD mutants. Yellow asterisks indicate single-cell photodamage (PD) sites. Bars, 10 �m. (B) Time course of the fluores-
cence intensity ratio in gastroids microinjected with WT (red), ΔtlpA (blue), ΔtlpB (green), ΔtlpC (pink), or ΔtlpD (purple) H.
pylori strains. (C) Time course of the damaged area before and after PD in gastroids microinjected with fluorescent beads
(black) or with WT H. pylori (red) or H. pylori ΔtlpA (blue), ΔtlpB (green), ΔtlpC (pink), or ΔtlpD (purple). Compiled results are
means � SEM for the ΔtlpA (n � 5), ΔtlpB (n � 6), ΔtlpC (n � 5), or ΔtlpD (n � 4) mutant. In panels B and C, WT H. pylori
and bead control data were taken from Fig. 1B and C, respectively, for purposes of comparison.
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DISCUSSION

Our study has revealed that gastroids are an excellent model with which to study
the impact of H. pylori on wound healing and that the H. pylori chemoreceptor TlpB is
an essential component for sensing sites of gastric injury in this model. We demon-
strated previously that H. pylori preferentially colonizes injury sites in the stomach via
the chemotaxis system in two distinct in vivo models (3). In the acetic acid ulceration
model, H. pylori preferentially colonized the ulcerated area, starting from 1 day posti-
noculation, which resulted in delayed ulcer healing (3). Additionally, during in vivo
photodamage (PD) of the gastric epithelium, WT H. pylori accumulated at the damage
site by 5 min and delayed restitution (3). This study established the general requirement
for motility and chemotaxis in order for H. pylori to accumulate at the gastric surface
and inhibit restitution in these in vivo models (3). In agreement with these in vivo
results, the current in vitro study demonstrates that WT H. pylori accumulates at damage
sites in gastroids, initially accumulating at the damage site �3 min after PD induction
and limiting the repair of damage in the later period up to 16 min following PD. In vivo,
it is difficult to isolate the host sources necessary for H. pylori chemotaxis in response
to gastric damage. Potential candidates include molecules generated from blood,
subepithelial tissues (lamina propria, endothelial cells, etc.), or epithelial cells. The
current work uses primary culture of the gastric epithelium, or gastroids, to demon-
strate that chemotactic signals from the epithelium are sufficient to attract H. pylori
accumulation.

H. pylori utilizes four chemoreceptors, TlpA, TlpB, TlpC, and TlpD, in its chemotaxis
system (22, 23). Previous studies have shown that H. pylori ΔtlpB colonizes normally in
vivo at early time points (3 to 4 weeks postinfection) when it is the sole infecting H.
pylori strain (24, 25). However, at later time points (6 weeks postinfection), ΔtlpB
mutants exhibit lower levels of colonization in vivo (25). While these studies have
provided insight into the role of TlpB in infection, no study has revealed the chemo-
receptor responsible for sensing a gastric injury site. In the present study, only ΔtlpB
strains were unable to accumulate at the damage site, while H. pylori ΔtlpA, ΔtlpC, and
ΔtlpD strains accumulated at levels comparable to that of WT H. pylori at the damage
site. Recently, TlpB was reported to have a high affinity for urea, detecting nanomolar
concentrations (8). Our study also shows that experimental addition of luminal urea can
confound the ability of WT H. pylori to accumulate at the surface. Combined, the results
suggest that TlpB is necessary and sufficient as the chemoreceptor responsible for
sensing sites of epithelial injury.

FIG 4 Analysis of the early and later stages of restitution following exposure to H. pylori. Results are compiled from
Fig. 1 to 3 (bead control and WT H. pylori data from Fig. 1C, H. pylori ΔmotB and ΔcheY data from Fig. 2C, and
chemoreceptor mutant data from Fig. 3C). Shown are measurements of the damage area at 3 min (A) and 16 min
(B) after PD in gastroids microinjected with fluorescent beads (black) or the WT (red), ΔmotB (sky blue), ΔcheY
(orange), ΔtlpA (blue), ΔtlpB (green), ΔtlpC (pink), or ΔtlpD (purple) H. pylori strain. All compiled results are means �
SEM. Results represented by bars labeled with the same lowercase letter are not significantly different from each
other (a, versus Beads; b, versus WT; c, versus ΔtlpB). A P level of �0.05 by one-way repeated-measures ANOVA with
Dunnett’s multiple-comparison test was considered significant.
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In addition to sensing urea, TlpB has been shown to sense HCl (5) or the quorum-
sensing molecule autoinducer 2 (AI-2) (9) as a repellent. It is not clear which molecules
participate in the observed chemosensing of damage by TlpB. Not all compounds for
H. pylori chemoreceptors have been identified, and it is possible that TlpB senses other
signals that are present at the sites of injury. Due to the production of circulating urea
by the liver and the high membrane permeability of urea, it has been proposed that the
gastric mucosa may manifest a concentration gradient of urea moving into the gastric

FIG 5 Effects of urea supplementation on H. pylori accumulation at damage sites. (A) Representative time course. Shown
are confocal images of Hoechst 33342 (10 �g/ml)-stained nuclei (blue), GFP-actin (green), and WT H. pylori (red) under
control conditions (top) or in the presence of 10 mM urea microinjected into the lumen (bottom). Yellow asterisks indicate
single-cell photodamage (PD) sites. Bars, 10 �m. (B and C) Time course of the fluorescence intensity ratio (B) or damage
area (C) in gastroids microinjected with a bead control (black), WT H. pylori alone (red), or WT H. pylori with urea (white).
(D and E) Compiled measures of the fluorescence intensity ratio (D) or damage area (E) during PD and at 3 min and 16 min
after PD in gastroids microinjected with a bead control (black), WT H. pylori alone (red), or WT H. pylori with urea (white).
Results are means � SEM for the bead control (n � 4), WT H. pylori alone (n � 6), or WT H. pylori in the presence of urea
(n � 7). Asterisks indicate significance (P � 0.05) by one-way repeated-measures ANOVA with Bonferroni’s multiple-
comparison test. n.s., not significant.
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lumen, which could be the signal for H. pylori chemotaxis (26–28). However, it is also
possible that the experimental addition of urea masks the ability of H. pylori to sense
another TlpB attractant. Further studies will be needed to identify the primary signal
attracting H. pylori colonization.

The inhibition of actin polymerization by Latrunculin A blocks both epithelial repair
and H. pylori accumulation at the site of damage. These results suggest that the process
of epithelial repair (rather than the damage itself) may lead to the generation of the
chemotactic signal or, alternatively, that Latrunculin A directly interferes with H. pylori
function. Supplemental data suggest that bacterial motility is not affected by Latrun-
culin A, but there may be other, unexpected (and unreported) actions of the drug that
directly interfere with bacterial chemosensing. Assuming that the drug acts only on the
epithelium, the results would implicate the migrating cells directly neighboring the site
of damage, and not the dead cell itself, as the source of the signal(s) sensed by H. pylori,
since migrating cells have been shown to have altered actin dynamics during epithelial
repair (19).

It is not clear why H. pylori accumulation slows epithelial repair and why this is
evident only after �6 min of H. pylori accumulation. The reason could be simple
steric hindrance (bacteria physically getting in the way of the repair process) or
potentially a toxic molecule produced by the bacteria. In both cases, the delay in
slowing repair could be due to the need to accumulate either bacteria or the toxic
product. We speculate that ammonium (NH4

�) is a candidate secreted toxic factor,
since it is produced by H. pylori urease as part of the bacterial defense against
gastric acid (29, 30) and is known to cause gastric injury and/or to slow restitution
(31, 32).

This is the first study to reveal that the H. pylori chemoreceptor TlpB plays an
important role in H. pylori chemotaxis for accumulation at an injury site, and it shows
that the host epithelium undergoing repair provides a set of signals sufficient to drive
the bacterium to a site of injury. Our results also demonstrate that gastroids provide a
suitable model for further exploration of the mechanisms whereby H. pylori accumu-
lation at the site of injury delays healing. These findings have the potential to facilitate
the development of alternative treatments for H. pylori-infected patients, such as
targeting TlpB to prevent H. pylori sensing and accumulation in areas of gastric injury.
This could prove especially useful for patients who do not respond well to the current
antibiotic regimen.

MATERIALS AND METHODS
Animal husbandry. The human GFP-actin-expressing (HuGE) heterozygous mice (C57BL/6 back-

ground) used in the experiments carried one GFP-actin knock-in allele in the profilin 1 locus (33), and
they were confirmed by PCR genotyping. Animals were fed a standard rodent chow diet and had free
access to water. Male and female mice were used for experimentation at the age of 2 to 4 months. All
animal procedures were approved by the Institutional Animal Care and Use Committee of the University
of Cincinnati.

Generation of gastroids. Gastroids from the mouse gastric corpus were generated as described
previously (15, 19, 21, 34). Briefly, the isolated mouse gastric corpus was incubated with rocking at 4°C
for 2 h in 10 mM EDTA in Dulbecco’s phosphate-buffered saline (DPBS) without calcium and magnesium.
The tissue was then placed in ice-cold dissociation buffer (43.3 mM sucrose and 54.9 mM D-sorbitol
[Sigma], in DPBS) and was shaken forcefully by hand to dissociate individual glands. Dissociated glands
were centrifuged at 150 � g for 5 min at 4°C, and the pellet was resuspended in Matrigel (Corning).
Glands suspended in Matrigel were added to a 2-well Lab-Tek chamber with a cover glass (Thermo
Scientific). After Matrigel polymerization at 37°C, advanced Dulbecco’s modified Eagle medium (DMEM)/
Ham’s F-12 supplemented with L-glutamine (2 mM; Thermo Scientific), HEPES (10 mM; Thermo Scientific),
penicillin-streptomycin (1�; Corning), N2 and B27 supplements (1�; Life Technologies), Wnt3a condi-
tioned medium (50%), R-Spondin conditioned medium (10%), Noggin conditioned medium (10%),
[Leu15]-Gastrin I (10 nM; Sigma), and epidermal growth factor (EGF) (50 ng/ml; PeproTech) was added to
the wells and was replaced every 4 days. Gastroids were cultured in a 5% CO2 incubator at 37°C. For the
Latrunculin A (LatA) incubation experiment, LatA (1 �M) was added to the gastroid growth medium 1 h
prior to H. pylori microinjection. For the urea incubation experiment, the gastroid growth medium was
replaced with DMEM/F-12 1 h prior to H. pylori microinjection. Urea (10 mM) was added to DMEM/F-12
30 min prior to H. pylori microinjection.

Preparation and microinjection of H. pylori. For preparation of the H. pylori frozen stock, H. pylori
Sydney strain 1 (WT) and isogenic mutants (the ΔmotB, ΔcheY, ΔtlpA, ΔtlpB, ΔtlpC, and ΔtlpD mutants) (14,
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25, 35, 36) were grown on Columbia blood agar plates (Remel) containing defibrinated horse blood (5%;
Colorado Serum), �-cyclodextrin (0.2%; Sigma), cycloheximide (50 �g/ml; Sigma), vancomycin (5 �g/ml;
Sigma), trimethoprim (10 �g/ml; Sigma), and chloramphenicol (for mutants; 5 �g/ml; Sigma) for 3 days.
Colonies from these plates tested positive for urease (BD Diagnostic Systems), catalase (using 30% H2O2),
and oxidase (DrySlide; BD Diagnostic Systems). Bacteria harvested from the plate were grown in Brucella
broth (BD Diagnostic Systems) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Fisher
Scientific), chloramphenicol (for mutants; 10 �g/ml; Sigma), and a CO2 gas pack (BD Diagnostic Systems)
in a humidified microaerophilic chamber (BBL GasPak system) in an incubator at 37°C overnight. Bacteria
were collected and were frozen in Brucella broth (BD Diagnostic Systems) containing 15% glycerol. For
experiments, the H. pylori frozen stock was used for growing H. pylori in Brucella broth (BD Diagnostic
Systems) supplemented with 10% FBS in a microaerophilic chamber at 37°C overnight. H. pylori was
diluted in glycerol, and cells were counted in a hemocytometer. Bacteria were collected by centrifugation
at 1,000 � g for 5 min and were resuspended in DPBS. To label H. pylori, a fluorescent dye (CellTrace Far
Red; 1 �M; Invitrogen) was added to DPBS containing H. pylori for 20 to 60 min at 37°C. Based on the
counting of bacteria, the number of H. pylori cells was adjusted to 109/ml by resuspension in Brucella
broth without serum. As described previously (34), Brucella broth (50 nl) containing 106 H. pylori bacteria
was microinjected into a gastroid by using Nanoject II injectors (Drummond Scientific). Brucella broth (50
nl) containing 105 fluorescent beads (diameter, 1.0 �m; Invitrogen) was injected as a control. In some
experiments, H. pylori was resuspended in Brucella broth (50 nl) containing urea (10 mM) and was used
for microinjection.

Induction of two-photon laser-induced microlesions. Experiments were performed in gastroid
culture medium under 5% CO2 at 37°C in a microscope incubation chamber (PeCon, Erbach, Germany)
on an inverted confocal microscope (LSM 510 NLO; Zeiss), and the results were imaged with a
C-Achroplan NIR 40� objective as described previously (19, 20). Gastroids were preincubated with
Hoechst 33342 (10 �g/ml; Thermo Fisher Scientific) for 30 min to visualize cellular nuclei. Images of
Hoechst 33342 (Ti-Sa excitation at 730 nm; emission at 435 to 485 nm), GFP-actin (excitation at
488 nm; emission at 500 to 550 nm), fluorescently labeled H. pylori (CellTrace: excitation at 633 nm;
emission at �650 nm), RFP-tagged H. pylori (excitation at 543 nm; emission at �560 nm), and
fluorescent beads (excitation at 633 nm; emission at �650 nm) in the gastroid were collected
simultaneously with transmitted light. A small rectangular region (	5 �m2) of a single cell was
repetitively scanned at high Ti-Sa laser power (734 nm; average, 550 mW) for 500 iterations
(duration, 2 to 3 s). Gastroids located approximately 150 to 300 �m from the cover glass in the
Matrigel were used.

Image analysis. The damaged area was quantified from the time course of images as described
elsewhere (19) using ImageJ. The damaged area was measured as the region of cellular loss of GFP
fluorescence. The areas that sustained damage were compared at 0, 3, or 16 min after the damage. The
fluorescence ratio was calculated from the raw fluorescent intensity of fluorescently labeled H. pylori in
the area next to the damaged area (10 by 20 �m) divided by the raw fluorescent intensity in the lumen
(40 by 70 �m). Outcomes from at least four different gastroids were compiled for each experimental
protocol.

Statistical analysis. All values are reported as the means � standard errors of the means (SEM) from
multiple representative experiments. Statistical significance was determined using one-way repeated-
measures analysis of variance (ANOVA) with Dunnett’s multiple-comparison test or Bonferroni’s multiple-
comparison post hoc test. A P value of �0.05 was considered significant.
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