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Helicobacter pylori strains that harbor the oncoprotein CagA
increase gastric cancer risk, and this risk is augmented under
iron-deficient conditions. We demonstrate here that iron de-
pletion induces coccoid morphology in strains lacking cagA.
To evaluate the stability of augmented H. pylori virulence
phenotypes stimulated by low-iron conditions, H. pylori iso-
lated from iron-depleted conditions in vivo were serially pas-
saged in vitro. Long-term passage decreased the ability of
hypervirulent strains to translocate CagA or induce interleu-
kin 8, indicating that hypervirulent phenotypes stimulated
by low-level iron conditions are reversible. Therefore, rectify-
ing iron deficiency may attenuate disease among H. pylori-
infected persons with no response to antibiotics.
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Helicobacter pylori is the strongest known risk factor for the de-
velopment of gastric cancer, and H. pylori strains harboring the
cag pathogenicity island further augment cancer risk [1]. The
cag island encodes a bacterial type IV secretion system (T4SS),
which translocates the bacterial protein CagA into host cells. Intra-
cellular CagA aberrantly activates numerous signaling pathways
that are mutated during gastric cancer, including B-catenin, re-
sulting in cellular responses that lower the threshold for carcino-
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genesis, such as hyperproliferation and proinflammatory cyto-
kine production [2, 3]. Further, transgenic mice overexpressing
CagA have been shown to develop gastric adenocarcinoma [4],
thus validating this effector as an oncoprotein.

Iron deficiency is also associated with an increased risk for
neoplasms that arise within the gastrointestinal tract [5], and
H. pylori is linked with iron deficiency [6]. CagA facilitates
H. pylori colonization by mediating bacterial iron acquisition
[7], suggesting that iron deficiency may influence the virulence
of this pathogen. We recently demonstrated that iron deficiency
augments and accelerates the development of gastric carcino-
genesis within the context of H. pylori infection and that this
is mediated by increased assembly and function of the cag secre-
tion system [8]. Whether this phenotype is due to a stable ge-
netic modification or is reversible remains unknown, which
likely influences therapeutic strategies. Therefore, the aim of
this study was to define the dynamics of H. pylori virulence phe-
notypes that are augmented by iron deficiency.

METHODS

H. pylori Strains
Wild-type carcinogenic H. pylori strain 7.13 and its cagA™ iso-
genic mutant were minimally passaged and used to infect Mon-
golian gerbils maintained on iron-replete or iron-depleted diets,
as previously described [8]. Gerbils were euthanized 12 weeks
after challenge, and in vivo-adapted strains were harvested
from gerbils maintained on iron-depleted diets [8]. The Van-
derbilt University Institutional Animal Care and Use Commit-
tee approved all procedures.

Parental strain 7.13 or in vivo—adapted strains harvested from
5 iron-depleted gerbils were serially passaged every 24-48 hours
for 1, 5, 10, 15, 20, 25, and 30 passages. At each passage, strains
were grown in Brucella broth supplemented with 10% fetal bo-
vine serum (FBS) for 16 hours at 37°C with 5% CO, for cocul-
ture with gastric epithelial cells.

Gastric Epithelial Cells
Human AGS gastric epithelial cells were cocultured with H. pylori
strains at a multiplicity of infection of 100:1 for 6 hours.

Immunofluorescence and Confocal and Scanning Electron
Microscopy

Gastric tissue specimens from gerbils were processed for immu-
nofluorescence as previously described [9]. Tissue samples
were fixed in 2% paraformaldehyde and embedded in agar,
and 100-pM sections were cut (Leica). Rabbit anti-H. pylori
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antibodies (Dako), Alexa Fluor 594 phalloidin (Invitrogen), and
DAPI (Invitrogen) were used for visualization of H. pylori,
actin, and nuclei, respectively. Samples were imaged with a Zeiss
LSM 700 confocal microscope, and z-stacks were reconstructed
using Volocity software (Improvision). For scanning electron mi-
croscopy, gastric tissue was fixed in paraformaldehyde phosphate
buffer fixative and processed, as previously described [10].

Transmission Electron Microscopy

H. pylori were grown in Brucella broth supplemented with 10%
FBS alone or with 100 uM FeCl; (iron-replete), 100 uM dipyr-
idyl (iron restricted), or 100 uM dipyridyl plus 100 uM FeCl,
(iron restricted with iron supplementation) for 16 hours at
37°C with 5% CO,. H. pylori were harvested in 0.05-M sodium
cacodylate buffer, spotted onto Formvar-coated grids, and neg-
atively stained with 1% ammonium molybdate. Samples were
viewed with a Philips C-12 transmission electron microscope,
as previous described [11].

Western Blot Analysis

H. pylori:AGS coculture protein lysates were harvested, separat-
ed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and transferred to polyvinylidene fluoride (PVDF)
membranes. Levels of total CagA (anti-CagA antibody; Austral
Biologicals), phosphorylated CagA (anti-pY99 antibody; Santa
Cruz) as a measure of translocated CagA, and B-actin (anti-
B-actin antibody; Sigma) were determined. Protein intensities
were quantified using Image] (National Institutes of Health)
and standardized to levels of B-actin.

Quantitative Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

RNA was extracted (Qiagen) from H. pylori:AGS cocultures,
and quantitative RT-PCR was performed according to the man-
ufacturer’s instructions. IL-8 messenger RNA (mRNA) expres-
sion was normalized to levels of GAPDH mRNA expression
(TagMan; Applied Biosystems).

Interleukin 8 (IL-8) Enzyme-Linked Immunosorbent Assay (ELISA)

H. pylori:AGS coculture supernatants were collected, and levels
of IL-8 were determined by the Quantikine IL-8 ELISA (R&D
Systems) and analyzed with Gen5 software (Synergy4; BioTek).

Statistical Analysis

Mean values with standard errors are shown from experiments
performed on at least 3 independent occasions. Mann-Whitney
U t tests and 1-way analysis of variance were used for compar-
isons. A P value of <.05 was considered statistically significant.

RESULTS

We previously demonstrated that (1) iron deficiency augments
gastric carcinogenesis within the context of H. pylori infection

in Mongolian gerbils [8], and (2) loss of cagA significantly de-
creases H. pylori colonization under iron-deficient conditions
but not normal iron conditions [7], suggesting that CagA pro-
vides a survival advantage in vivo that is revealed under condi-
tions of iron deficiency. To define mechanisms that may
account for these findings, we assessed the morphology of the
cagA~ isogenic mutant in gastric tissue under iron-replete
and iron-depleted conditions, using confocal microscopy (Fig-
ure 1A) and scanning electron microscopy (Figure 1B). Under
iron-replete conditions, the cagA™ isogenic mutant exhibited an
elongated and spiral morphology; however, iron depletion led to
the development of coccoid phenotypes. This phenotype was
not observed with wild-type H. pylori, which maintained its spi-
ral morphology under both iron-replete and iron-depleted con-
ditions (data not shown). To determine whether the transition
to coccoid morphology under conditions of iron depletion could
be replicated in vitro, we next assessed morphologic phenotypes
of wild-type strain 7.13 and its cagA™ mutant under control, iron-
replete, iron-restricted, or iron-restricted conditions with iron
supplementation, by transmission electron microscopy (Fig-
ure 1C). Loss of cagA led to coccoid morphology but only
under conditions of iron depletion, confirming our ex vivo results
(Figure 1A and 1B). Of note, this phenotype was prevented by the
addition of exogenous iron (Figure 1C).

H. pylori strains grown under iron-limiting conditions devel-
op an increased capacity to assemble the cag type IV secretion
system, which is accompanied by increased expression and
translocation of CagA, and increased production of IL-8 by in-
fected gastric epithelial cells [8]. Our data (Figure 1C) demon-
strated that altered morphology of the cagA™ mutant under
conditions of iron deficiency was reversible. Therefore, we
next sought to determine whether augmented cag-dependent
virulence phenotypes were stable or reversible.

The parental strain 7.13 or in vivo-adapted strains har-
vested from gerbils maintained on iron-depleted diets were
serially passaged in vitro and then cocultured with AGS gastric
epithelial cells at each passage number. Compared with mini-
mally passaged H. pylori isolates, long-term in vitro passage re-
sulted in significantly decreased levels of CagA expression and
translocation (Figure 2A and 2B). This occurred rapidly, after
only 10 passages in vitro, indicating that heightened CagA ex-
pression and translocation is reversible in H. pylori strains that
have been exposed to iron-deficient conditions.

Consistent with the pattern observed for CagA expression
and translocation, low-passage in vivo—adapted strains isolated
from gerbils maintained on iron-depleted diets induced signifi-
cantly higher levels of IL-8 mRNA and protein expression in
gastric epithelial cells (Figure 2C and 2D), when compared to
the parental strain 7.13. However, following in vitro passage
of these strains (>5 passages), increased levels of IL-8 mRNA
and protein expression decreased to levels observed with the pa-
rental strain 7.13 (Figure 2C and 2D). Collectively, these data
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Figure 1. Loss of cagA alters Helicobacter pylori morphology in an iron-dependent manner. Immunofluorescence and confocal microscopy (A) and scan-
ning electron microscopy (B) were performed on gastric tissue specimens recovered from gerbils infected with the cagA™ isogenic mutant under iron-replete
or iron-depleted conditions. A, H. pylori (green), actin (red), and nuclei (blue). Bars =10 pm. C, Transmission electron microscopy was performed on wild-
type H. pylori strain 7.13 (WT) and the cagA™~ isogenic mutant (cagA~) under control, iron-replete, iron-restricted, or iron-restricted conditions with iron
supplementation. Bars =1 pm.
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Figure 2. CagA translocation and interleukin 8 (IL-8) induction by in vivo—adapted iron-depleted strains is attenuated following long-term passage. Pa-
rental Helicobacter pylori strain 7.13 or in vivo—adapted 7.13 strains harvested from iron-depleted gerbils (N = 5) were serially passaged (1, 5, 10, 15, 20, 25,
and 30 passages). At each passage, strains were cocultured with AGS for 6 hours. 4, Levels of total CagA, phosphorylated CagA (as a measure of trans-
located CagA), and B-actin were determined. B, Protein intensities quantified using Imaged (National Institutes of Health) are represented as fold-changes
over values for the parental strain 7.13. C, /-8 messenger RNA expression levels are represented as fold-changes over values for uninfected control cells. D,
Levels of secreted IL-8 protein are represented as fold-changes over values for uninfected control cells. Mann—Whitney U t tests and 1-way analysis of
variance were used to determine statistical significance. **FP<.01 and ***P<.001.

demonstrate that the hypervirulent phenotypes stimulated by
iron depletion are reversible.

DISCUSSION

In the setting of iron deficiency, H. pylori accelerates the devel-
opment of inflammation, dysplasia, and adenocarcinoma in an

animal model of gastric cancer that closely resembles human
disease [8]. This phenotype is mediated by enhanced deploy-
ment of the cag T4SS, increased CagA translocation into host
cells, and increased proinflammatory immune responses. In ad-
dition to inducing pathogenic responses, CagA also facilitates
H. pylori colonization through iron acquisition, indicating that
CagA provides a survival advantage in vivo under iron-limiting
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conditions [7]. Our current results demonstrate that loss of cagA
under conditions of iron depletion led to a conversion from a
spiral morphology to a coccoid morphology, a phenotype that
is prevented by iron supplementation. H. pylori typically exists
in a helical form but can convert to a coccoid morphology dur-
ing environmental stress. The functional status exerted by coc-
coid H. pylori, however, remains controversial. Data have shown
that this morphological manifestation leads to nonviable H. py-
lori [12], while other results have demonstrated that coccoid
forms are viable and maintain cell structure and virulence ex-
pression profiles [13, 14]. Coccoid forms of H. pylori have also
been implicated in relapses of infection after antimicrobial treat-
ment [15]. Our data have provided fresh insights into these
questions as we have demonstrated that CagA, an oncoprotein,
is required for normal growth and spiral morphology under
iron-restricted conditions. Further, the ability of CagA to regu-
late bacterial fitness in the absence of host cell contact is a novel
finding, thus providing new insights into how pathogenic fac-
tors may regulate microbial homeostasis.

In addition to defining the dynamics of bacterial morphology
under changing iron conditions, we have now also demonstrat-
ed that H. pylori hypervirulent phenotypes mediated by iron de-
ficiency are reversible. One potential explanation is that in vivo,
there is positive selection for enhanced T4SS activity, whereas in
vitro growth results in negative selection for such activity. How-
ever, we have previously demonstrated that when hypervirulent
strains isolated from iron-depleted gerbils are reintroduced into
iron-replete gerbils, they no longer induce increased frequency
of disease [10], indicating that this is not simply due to negative
selection in vitro.

Global and indiscriminate test-and-treat strategies for
H. pylori have not been fully embraced, primarily because of
the relatively low incidence of cancer among infected individu-
als and studies reporting that carriage of H. pylori is inversely
related to the development of esophageal and atopic diseases
[1]. These data underscore the importance of carefully identify-
ing colonized persons who are highly predisposed to pathologic
outcomes. Our earlier studies provided an important initial step
in this direction by indicating that iron deficiency increases the
virulence of H. pylori, thereby identifying a high-risk group of
persons who may warrant therapy directed against H. pylori.
Our new findings have extended these observations and indicate
that hypervirulent H. pylori phenotypes stimulated by iron de-
ficiency are reversible. Because many studies have reported that
the efficacy of first-line anti-H. pylori therapy is around
80%-85%, a clinical strategy that focuses on treatment of iron
deficiency among H. pylori-colonized individuals who do not
respond therapy may ultimately attenuate disease. Collectively,
these studies should enable clinicians to more appropriately
focus diagnostic testing and eradication therapies on high-risk

populations to effectively prevent the development of gastric
cancer.
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