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Abstract
Background & Aims—Dual oxidases (DUOX) are conserved NADPH oxidases that produce
H2O2 at the epithelial cell surface. The DUOX enzyme comprises the DUOX and DUOXA
(DUOX maturation factor) subunits. Mammalian genomes encode 2 DUOX isoenzymes
(DUOX1–DUOXA1 and DUOX2–DUOXA2). Expression of these genes is upregulated during
bacterial infection and chronic inflammatory diseases of the luminal gastrointestinal tract. The
roles of DUOX in cellular interactions with microbes have not been determined in higher
vertebrates.

Methods—Mice with disruptions of Duoxa1 and Duoxa2 genes (Duoxa−/− mice) and control
mice were infected with Helicobacter felis to create a model of Helicobacter pylori infection—the
most common human chronic infection.

Results—Infection with H felis induced expression of Duox2 and Duoxa2 in the stomachs of
wild-type mice, and DUOX protein specifically localized to the apical surface of epithelial cells. H
felis colonized the mucus layer in the stomachs of Duoxa−/− mice to a greater extent than in
control mice. The increased colonization persisted into the chronic phase of infection and
correlated with an increased, yet ineffective, inflammatory response. H felis colonization was also
increased in Duoxa+/− mice, compared with controls. We observed reduced expression of the
H2O2-inducible katA gene in H felis that colonized Duoxa−/− mice, compared with that found in
controls (P=.0002), indicating that Duox causes oxidative stress in these bacteria. In vitro,
induction of oxidative defense by H felis failed to prevent a direct bacteriostatic effect, at
sustained levels of H2O2 as low as 30 μM.
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Conclusions—Based on studies of Duoxa−/− mice, the DUOX enzyme complex prevents gastric
colonization by H felis and the inflammatory response. These findings indicate the non-redundant
function of epithelial production of H2O2 in restricting microbial colonization.
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Introduction
Studies in invertebrates have been seminal in deciphering innate immune defense
mechanisms that are conserved in vertebrates including humans 1. Invertebrate gut epithelial
immune responses rely mainly on two types of complementary and synergistic molecular
effectors that restrict proliferation of microorganisms: antimicrobial peptides and reactive
oxygen species. The latter are released by dual oxidase (DUOX), a hydrogen peroxide
(H2O2) generating membrane-associated NADPH oxidase 2.

Knockdown of duox in the Drosophila gut leads to a severe host defense defect against a
broad spectrum of pathogens 3,4. Studies in duox deficient C. elegans confirmed that H2O2
release from mucosal surfaces is an ancient defense mechanism predating the evolution of
the oxidative burst in specialized immune cells 5. More recently, knockdown of zebrafish
duox was shown to increase the intracellular bacterial load of larvae infected with enteric
Salmonella suggesting that an antibacterial function of DUOX is conserved in lower
vertebrates 6.

The functional DUOX enzyme complex is a heterodimer formed by association of two
multipass transmembrane proteins, DUOX and DUOXA (DUOX maturation factor) (Fig.
1A). Mammalian genomes encode two DUOX isoenzymes, each representing a heterodimer
of distinct DUOX and DUOXA subunits (i.e., DUOX1/DUOXA1 and DUOX2/
DUOXA2) 7–9 (Fig. 1B). Both DUOX enzymes are H2O2-producing calcium-stimulated
NADPH oxidases, but differ in transcriptional regulation. The conserved expression of
DUOX2 throughout the luminal gastrointestinal (GI) tract of vertebrates, including
humans,10 suggests it may confer a crucial evolutionary advantage. DUOX2 and DUOXA2
have been identified among the highest induced genes in Crohn’s disease 11,12, irritable
bowel syndrome 13, and infectious diseases, such as Helicobacter pylori-associated
gastritis 14. Despite the potential importance of this system in the pathophysiology of
common human diseases, its role in mucosal defense has not been explored in any higher
vertebrates in vivo.

Deletion of both Duoxa genes produces mice lacking the expression of functional DUOX
enzymes (Duoxa−/− mice) 15 (Fig. 1B). We have now used this line of mice to investigate
the role of DUOX-generated H2O2 in the mucosal defense against Helicobacter felis (Hf), a
well-established model for H. pylori infection in humans, the most common chronic
bacterial infection 16. Our results provide a paradigm for the role of DUOX in controlling
microbial populations in the juxtamucosal mucus layer.

Results
Helicobacter Infection Induced DUOX2 Expression in the Gastric Epithelium

Wild type mice kept in a specific-pathogen free environment expressed both Duox2 and
Duoxa2, but not Duox1 and Duoxa1 mRNA in the stomach (average threshold cycle [ct] in
realtime PCR: 25.5 for Duox2; 28.5 for Duoxa2; 38.3 for Duox1; >40 for Duoxa1). The
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predominant expression of the DUOX2 isoenzyme in the murine stomach is consistent with
the GI tract expression in other mammals 10.

In wild type mice, infection with Hf acutely induced Duox2 and Duoxa2. Nine days post
infection, induction of Duoxa2 and Duox2 was 6.9 fold (P=.008) and 3.2-fold (P=.06),
respectively (Fig. 1C–D). The expression of both genes remained elevated at 6 months post
infection. By immunofluorescence, DUOX protein was barely detectable in control animals
(Suppl. Fig. 1A–B) but showed strong multifocal expression in the gastric mucosa of Hf
infected mice (Fig. 1F). Expression in infected mice was limited to epithelial cells and
absent in stromal cells.

In Duoxa−/− mice, no Duoxa2 transcripts spanning the targeted deletion were detected as
expected (Fig. 1C), but baseline Duox2 expression levels did not differ from wild type
controls. Induction of Duox2 mRNA by Hf infection was higher than in infected wild type
animals (Fig. 1D) suggesting a stronger activation of signaling pathways that induce Duox2
expression. Lack of DUOXA heterodimerization partners prevents ER-exit of DUOX
proteins 15, a finding confirmed by absence of apical targeting of DUOX proteins in gastric
epithelium of Duoxa−/− animals (Fig. 1E). To directly assess the functional activity of
DUOX proteins, isolated gastric glands were tested for the ability to release H2O2 into the
medium. Glands isolated from wild type animals generated over 4-fold higher extracellular
H2O2 levels compared to those from Duoxa−/− littermates (Fig. 1F). Impaired H2O2
generation in Duoxa−/− mice was observed in Hf infected animals as wells as mock-infected
controls. These data indicate that DUOX proteins are a major source of epithelial derived
extracellular H2O2 in the murine stomach.

Lack of Functional DUOX Enzymes Increased Mucosal Colonization with Helicobacter
To examine whether DUOX activity affects gastric colonization and persistence of Hf, we
measured colonization levels by semiquantitative realtime PCR. In Duoxa−/− animals,
colonization levels were higher during both the acute and chronic phases of infection (Fig.
2A). Immunofluorescent detection of Hf revealed that colonization was limited to the mucus
layer in both Duoxa−/− and wild type mice (Fig. 2B). There were no differences in gastric
acidity, the number of parietal cells or the expression of H+/K+-ATPase subunit genes that
could have affected Hf colonization (Fig. 2C, Suppl. Fig. S2) 17. Also, overall morphology
of the gastric glands (by H&E staining) and mucus pattern (by Alcian Blue/PAS staining)
were both indistinguishable between Duoxa−/− and wild type controls (data not shown).

Lack of DUOX Activity Lead to Exacerbated Acute and Chronic Helicobacter-Induced
Gastritis

The acute phase of Hf-induced gastritis was characterized by diffuse polymorph- and
mononuclear infiltrates in the subglandular region. In infected Duoxa−/− mice, infiltrates
were more widespread than in wild type controls and frequently displaced the lower portion
of the glands (Fig. 3A). In accordance, mRNAs for acute inflammatory markers, such as
interleukin-β, interferon-γ, the chemokine CXCL1 (a murine interleukin-8 equivalent), and
TNF-α were expressed at a higher level in the stomach of infected Duoxa−/− mice compared
to infected controls (Fig. 3B–C; Suppl. Fig. S3A–B).

In the chronic phase of infection, the gastric mucosa of Duoxa−/− mice showed more
extensive diffuse mononuclear infiltrates and higher numbers of lymphoid follicles (Fig.
4A–D). The chemokine CXCL13 (also known as B cell chemoattractant-1; BCA-1) dictates
homing and motility of B-cells in lymphoid tissue, and its induction in chronic H. pylori
gastritis is involved in the formation of lymphoid follicles and gastric lymphomas of the
MALT type 18. In Duoxa−/− mice, the infection-induced expression of Cxcl13 and the B-cell
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marker Cd19 was 3.1 and 4.1-fold, respectively, higher than in wild type controls, in
agreement with the histopathological finding of increased follicle development in the gastric
mucosa of Duoxa−/− mice (Fig. 4E; Suppl. Fig. S3C). During Helicobacter infection, T-
helper 17 (Th17) cells secrete large amounts of interleukin-17A that acts on a variety of
target cells, including epithelial cells, to upregulate the production of neutrophil chemotactic
factors 19. In Duoxa−/− mice, average IL17a expression at 6 months was 4.1-fold higher than
in wild type controls (Fig. 4F). Overall, Helicobacter-induced Th1, Th17, and B-cell
responses showed identical patterns in Duoxa−/− and control mice, but were far more robust
in Duoxa−/− mice. The expression of proinflammatory markers positively correlated with the
level of colonization by Hf (Suppl. Fig. S4), consistent with the concept that Hf-induced
inflammation is a response to shed antigens or secreted virulence factors 20. The pivotal role
of DUOX in limiting Hf infection and gastritis was underscored by the apparent
haploinsufficiency of heterozygous Duoxa+/− animals: their mucosal colonization levels and
inflammation scores were intermediate to wild type and homozygous Duoxa−/− animals
(Fig. 3, 4; Suppl. Fig. S3, S4).

Hf Colonizing the Mucosa of Duoxa−/− Animals Expressed Lower Levels of H2O2-Inducible
katA

It is well established that exposure of microbes to reactive oxygen species can modulate
redox-sensitive signaling molecules and transcription factors, leading to adaptive responses,
and changes in virulence or viability 21,22. While it is not feasible to directly measure the
effective H2O2 concentration Hf is exposed to in its physiological niche in vivo, differential
exposure of Hf to H2O2 should be reflected in differences in H2O2-responsive gene
expression. Helicobacter catalase is expressed at the cell surface and its only known function
is the degradation of exogenous H2O2 23. The single catalase gene of Hf (katA) 24 is
therefore a prime candidate for redox-sensitive regulation by DUOX-generated H2O2.
Analogous to katA of H. pylori 25, katA of Hf was indeed induced by a single H2O2 bolus
(Fig. 5A). No induction was observed for flaB, a gene previously employed as a
housekeeping gene in oxidative stress response studies 26. Importantly, in both acute and
chronic infection, Hf colonizing control animals expressed higher katA:flaB ratio compared
to Hf found in Duoxa−/− mice (Fig. 5B). These results imply that the rate of H2O2
production by the activated DUOX system is sufficient to modulate redox sensitive gene
expression in Hf colonizing the overlaying mucus layer.

Micromolar Concentrations of H2O2 have a Powerful Bacteriostatic Effect on Hf in vitro
Our results showed that inactivation of the DUOX system lead to increased bacterial
colonization, which positively correlated with the inflammatory response in the Hf infection
model. In addition, DUOX activity was associated with oxidative stress response in
colonizing Hf in vivo. We thus hypothesized that DUOX-generated H2O2 acts as a direct
suppressor of Hf colonization. To provide evidence for this concept, we assessed whether
H2O2 at low concentrations would be sufficient to limit Hf proliferation. H2O2 (15 μM to 1
mM) was stable in sterile culture medium, but disappeared within one hour with the
presence of Hf in the medium indicating that the bacteria efficiently scavenged H2O2 (Fig.
6C and data not shown). To test whether direct H2O2 addition could still inhibit proliferation
of bacteria in the ensuing culture, bacterial DNA and intracellular ATP level were
determined after culture under microaerophilic conditions. We found that a single H2O2
bolus as low as 100 μM was sufficient to suppress Hf proliferation under these conditions
(Fig. 6A–B).

To substantiate these findings and better mimic the situation of sustained H2O2 production
found in vivo, we challenged the H2O2 scavenging activity of Hf with increasing amounts of
glucose oxidase as an H2O2 source. In this system, the H2O2 level is directly proportional to
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the ratio of glucose oxidase activity to bacterial H2O2 scavenging activity. As expected, loss
of proliferation was observed when the initial H2O2 concentration exceeded a critical
threshold, whereas in cultures with lower initial H2O2 equilibrium, Hf was able to outgrow
the enzymatic H2O2 source. Under the culture conditions employed, the critical threshold for
sustained H2O2 exposure was approximately 30 μM (Fig. 6D–F), a physiologically relevant
concentration in extracellular compartments 27.

Discussion
Studies in invertebrates and zebrafish larvae have indicated a crucial role of DUOX enzymes
in host defense within the luminal GI tract 3,6,28. The inducible production of hydrogen
peroxide functions as a second effector arm of epithelial innate immunity, complementary
and synergistic to the better characterized antibacterial peptide system 1. However, up until
now, only the role of the latter has been analyzed in higher vertebrate species in vivo.

Here, using Helicobacter infection in Duoxa−/− mice as a model system, we demonstrate for
the first time a nonredundant function of the DUOX system in mammalian GI immunity.
Our results provide evidence that H2O2 released by DUOX at the apical surface of the
gastric epithelium suppresses proliferation of Helicobacter in the overlying mucus layer. The
identification of DUOX-generated H2O2 as a pivotal host factor in the homeostatic
interaction with Helicobacter is consistent with prior studies showing the failure of oxidative
stress resistance mutants to persist in the murine stomach 29,30. In mice lacking active
DUOX enzymes, Hf was able to colonize at a higher level but did not escape from its
normal niche within the mucus layer. Shedding of bacterial antigens and secretion of
virulence factors trigger Hf-induced gastritis, which, as expected from the increased
bacterial load, was more severe in Duoxa−/− animals. Furthermore, consistent with a primary
defect in cell-autonomous epithelial defense, elevated colonization levels in Duoxa−/−

persisted in the chronic phase of infection despite a stronger adaptive immune response. The
pivotal role of DUOX in host defense against Hf was underscored by the severity of the Hf-
induced phenotype in heterozygous mice (Duoxa+/−), which was intermediate to wild type
and Duoxa−/− mice suggesting haploinsufficieny. This observation is in contrast to the
normal thyroid hormone synthesis in Duoxa+/− 15, and implies that the GI epithelium
expressing almost exclusively the DUOX2 isoenzyme, has a lower capacity to compensate
partial DUOX defects than the thyroid epithelium expressing both DUOX isoenzymes
constitutively.

The release of H2O2 from the luminal surfaces of the GI tract and its degradation within the
mucus layer is expected to generate a rapidly dissipating H2O2 gradient. In fact, we were
unable to detect significant H2O2 release from the luminal mucus surface ex vivo suggesting
complete consumption of epithelial produced H2O2 within the mucus layer (data not
shown). It remains to be shown whether H2O2 released into the mucus is primarily
decomposed into H2O and O2, or whether it drives peroxidative formation of more stable
oxidants, such as, HOSCN and HOCl with powerful microbicidal activity 31. Nevertheless,
since the enzymatic activity of stimulated DUOX is comparable to the activated leukocyte
NADPH oxidase 32, the H2O2 challenge encountered by microbes close to the epithelium
should be substantial. At least in the stomachs of gerbils, the currents recorded with H2O2
sensitive microsensors indicate a greatly increased rate of H2O2 release into the
juxtamucosal mucus layer following infection with H. pylori 33. Hf almost exclusively
occupies a defined niche between 5–20 μm from the epithelial surface 34, a restriction
dictated by the pH gradient within the mucus layer 35. These constraints on the vertical
distribution of Hf may be critical for the efficient exposure to DUOX-generated H2O2. That
DUOX-generated H2O2 indeed altered redox signaling in Hf in vivo was substantiated by
significant higher katA expression in Hf colonizing wild type mice compared to those from
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Duoxa−/−. As we have shown here, growth of Hf is highly susceptible to H2O2, which exerts
a bacteriostatic effect at low micromolar concentrations in vitro.

That low concentrations of exogenous H2O2 can affect bacterial redox signaling has been
demonstrated previously for other catalase positive bacteria. For instance, in E. coli, 5 μM of
environmental H2O2 corresponding to an intrabacterial level just above 100 nM, is sufficient
to activate the redox sensor OxyR that controls the adaptive responses to H2O2 stress,
including induction of catalase 36. In Campylobacter jejuni a single H2O2 bolus of 10 μM is
sufficient to suppress polysaccharide capsule synthesis without direct microbicidal
effects 37. In our in vitro system, sustained exposure to 30 μM H2O2 was sufficient to also
interfere with bacterial growth. These results are similar to those obtained in studies of E.
coli using continuous H2O2 infusion where profound growth retardation was observed
between 25–50 μM, and complete bacteriostasis at 100 μM H2O2 38. It should be stressed
that the antimicrobial effect of a single H2O2 bolus depends on the bacterial density, and the
apparent tolerance to high millimolar H2O2 boli in other studies using concentrated cell
suspensions does not seem to reflect the true bacteriostatic potential of a sustained H2O2
flux 22.

While this study illustrates how DUOX controls a noninvasive pathogen colonizing the
mucus layer, we expect DUOX to be effective against a broad spectrum of pathogens
including those that penetrate the inner mucus layer and make direct contact with the
epithelial surface. In the latter scenario, the host defense function of DUOX could be further
enhanced by recruitment of the DUOX enzyme complex to the site of bacterial contact, as
shown in response to Listeria monocytogenes and Campylobacter jejuni infection in
vitro 37,39. Conceivably, such targeting of DUOX should generate a high level H2O2 flux
across the bacterial membrane and could explain the DUOX-mediated protection in
Drosophila and zebrafish larvae from the highly invasive pathogen Salmonella
Typhimurium 3,6.

Although not specifically addressed by our study, DUOX-generated H2O2 may well have
additional effects on the immune response beyond its antimicrobial properties. H2O2 is now
widely recognized as an important signal messenger of various intracellular signaling
pathways 40. Although intracellular H2O2 signaling is spatially restricted 41, there is
evidence from in vitro systems that DUOX-generated H2O2 may enter producing or
neighboring cells, e.g. facilitated by specific aquaporins 42, and oxidize redox-sensitive
signaling molecules in the vicinity of the plasma membrane. There is also a possibility that
DUOX generated H2O2 can provide a signal for nonepithelial cells relevant in the immune
response. For instance, epithelial wounding in zebrafish larvae or Drosophila embryo
epidermis activates DUOX at the wound margin to release H2O2 43,44, with the resulting
tissue-scale H2O2 gradient attracting immune cells to migrate to the epithelial lesion. In
addition, there is evidence that DUOX activity stimulates migration of epithelial cells during
wound closure 45,46. Whether DUOX plays such roles in a mammalian system in vivo will
have to be tested in a model that, unlike Hf infection, induces epithelial injury.

Taken together, our study provides in vivo evidence for a nonredundant function of DUOX-
generated H2O2 as epithelial immune effector in the luminal GI tract. In our chronic
infection model, loss of active DUOX enzymes led to increased mucosal colonization and
exacerbated, yet futile, chronic inflammatory response. The subunits of the DUOX2
isoenzyme have been identified among the highest induced genes in Crohn’s disease 11,12,
irritable bowel syndrome 13, and infectious diseases 14,47. It remains to be shown whether
loss of DUOX activity will also exacerbate other infectious or chronic inflammatory
conditions of the luminal GI tract in which DUOX was found to be activated.
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Materials and Methods
Animals

The generation of Duoxa−/− mice has been described previously 15. All animals used were
females in a pure 129S6 genetic background. Within infection experiments, average body
weight and age did not differ between the different genotype/treatment groups. Animals
were group-housed (3–5 animals/cage; mixed genotypes) in microisolator cages under
specific-pathogen-free conditions. Food and water were supplied ad libitum, with the latter
including a supplemental dose of L-thyroxine to maintain euthyroidism of Duoxa−/− mice 15.
Prior to necropsy, mice were fasted overnight on wire mesh with free access to water. All
studies were approved by the University of Michigan Institutional Animal Care and Use
Committee (PRO-00004497).

Hf culture and infection
See Supplementary Methods section.

Tissue dissection
See Supplementary Methods section.

H2O2 release of isolated mouse gastric glands
The glandular portions of the stomachs were excised and everted by cutting along the lesser
curvature. The rinsed stomachs were kept in oxygenated digestion medium (Dulbecco’s
Modified Eagle Medium, 20 mM Hepes pH 7.4, 10 μg/ml soybean trypsin inhibitor, 0.2%
bovine serum albumin, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.25 μg/ml
amphotericin B). For collagenase treatment, stomachs were placed in 10 ml fresh digestion
medium containing 1 mg/ml collagenase (type XI; >1200 collagenase digestion units/mg
protein; Sigma, St. Louis, MO) and incubated at 37°C in a shaking incubator (130 rpm) for
40 minutes. The partially digested stomachs were held with forceps and shaken in DMEM/
F12 medium supplemented with 0.5 mM dithiothreitol to liberate gastric glands. The
resulting suspension was passed through a 100 μm nylon filter mesh. The filtrate was
sedimentated (30 g for 4 min) and gently washed thrice each in digestion buffer and Krebs-
Ringer-Hepes buffer (KRH; 124 mM NaCl, 5 mM KCl, 1.25 mM MgSO4, 1.45 mM CaCl2,
1.25 mM KH2PO4, 25 mm Hepes pH 7.4, 8 mM D-glucose, and 0.5 g/L BSA) to remove
isolated cells. In the final preparations, >95% of the cells were found in multi-cellular
clusters. Cell viability was confirmed by trypan blue exclusion. The glands from each
stomach were incubated for one hour in KRH with or without 100 U/ml catalase (Sigma).
H2O2 accumulation in the supernatant was determined using the Amplex Red/horseradish
peroxidase (HRP) assay (Life Technologies). Catalase-inhibitable relative fluorescence units
were converted to H2O2 concentrations using standards prepared in KRH. Gland pellets
were lysed in T-PER Tissue Protein Extraction Reagent and protein content determined
using the BCA assay (Thermo Fischer Scientific, Rockford, IL).

Histology and morphometric analysis
Serial 4 μm sections of formalin-fixed paraffin-embedded samples were stained with
hematoxylin and eosin (H&E). For histopathological evaluation of gastric inflammation,
microscopic fields at 200× magnification were scored as described by Eaton et al. 48. For
each animal, scores represent the percentage of the fields displaying gastric gland
displacement or lymphoid aggregates, respectively.
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Immunostaining of tissue sections
For staining of frozen sections, thawed 8 μm sections were fixed again in 4% freshly
prepared formaldehyde for 10 min, washed twice in PBS, and then blocked with 20%
donkey serum in PBS. Primary antibodies used were a pan-DUOX antiserum 8 or normal
rabbit IgG (control; Santa Cruz Biotechnology, Santa Cruz, CA), an anti-H. pylori serum
(Covance, Princeton, NJ), and rat anti-E-cadherin (Invitrogen). The staining was developed
using Alexa Fluor-conjugated secondary antibodies (Life Technologies) and DNA
counterstained with DAPI. Mucins were visualized using biotinylated Ulex Europaeus
agglutinin 1 (UEA-1; Vector Laboratories, Burlingame, CA) with Texas-Red conjugated
anti-biotin antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA).

Real-time reverse transcription PCR (RT-qPCR)
See Supplementary Methods section.

Exposure of Hf to H2O2 in vitro and proliferation assays
Hf from a mid-log culture were washed and resuspended in phenol red-free RPMI-1640
medium supplemented with 2% heat inactivated FBS. Although RPMI/FBS did not meet the
nutritional requirements for longterm culture of Hf 49, it supported limited proliferation
within the first 24 hours (Fig. 5A). For bolus treatment, H2O2 from a 3% stock solution (880
mM) was diluted into culture medium that had been equilibrated in a microaerophilic
atmosphere followed by addition of washed bacteria at 3.2·106/ml. Culture was then
performed for 18 hours.

For sustained H2O2 exposure, bacterial dilutions (1.6·106/ml) were prepared in 16 ml phenol
red-free DME/F12/2% FBS in vented T150 flasks that had been equilibrated in a
microaerophilic atmosphere. Glucose oxidase (GOX; Sigma) was serially diluted in glucose-
free phosphate buffer and mixed with the cultures (final: 2.5–40 mU/l; KM=9.8 mM; [D-
glucose]=17.15 mM). In control experiments, 400 U/l catalase was added to the flasks prior
to the addition of GOX. Samples of the cultures were obtained immediately after setting-up
the reaction (t=0 h) and following 24 h culture (t=24 h). The initial equilibrium [H2O2] was
derived from the y-intercept (t=0 h) of the kinetics of resorufin generation in the Amplex
Red/HRP assay with H2O2 standards diluted in PBS (note that kHRP≫kcatalase). Repeat
measurements confirmed that the initial steady state [H2O2] had been reached at less than 5
min following addition of GOX at the highest dilution. Within the linear range of the assay,
[H2O2] was directly proportional to the ratio of [Hf] versus [GOX]. Values >10 μM were
derived by linear extrapolation. Equilibrium [H2O2] at t=24 h had typically either shifted
close to background level of the medium (growing cultures suppressing [H2O2]) or exceeded
the range of the assay (bacteria inactivated by accumulating H2O2).

Intracellular ATP levels of bacteria were determined using a luciferase-based method
(BacTiter-Glo Microbial cell viability assay kit; Promega, Fitchburg, WI). To determine the
relative amount of bacterial DNA, cultures were diluted 1:5 in 200 mM Tris-HCl pH 8.0/50
mM EDTA containing SYBR Green I (1:2000 dilution of a 10,000× stock solution), and the
fluorescence signal (ex/em, 485/535 nm) recorded. Values were corrected for the
background fluorescence of sterile medium.

Statistics
The Mann-Whitney U test or unpaired Student t test were used for comparison of two
groups. For multiple comparisons, data were analyzed using the Kruskal-Wallis test or one-
way analysis of variance following log-transformation. Multiple comparison adjusted P
values for pairwise comparisons were then calculated using Dunn’s multiple comparison test
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or Tukey’s post-hoc test, respectively. Data were analyzed and plotted using GraphPad
Prism software, version 5 (San Diego, CA). P values <.05 were considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hf infection induces DUOX2 expression in the gastric surface epithelium
A) Topology model depicting the heterodimeric structure of a functional DUOX complex.
B) Arrangement of DUOX and DUOXA subunit genes in mice (identical to other
mammals). Duoxa− indicates Duoxa-deficient allele. C–D) RT-qPCR determination of
Duoxa2 (C) and Duox2 (D) expression in the gastric corpus. Data points represent average
expression values of individual mice. Bars indicate median expression values of N=5 to 11
mice per group. * P<.05 (Kruskal-Wallis test). E) Release of H2O2 from gastric glands
isolated from Hf or mock-infected Duoxa−/− mice and wild type littermates. Extracellular
H2O2 accumulation was calculated from the catalase-inhibitable change in signal in the
fluorescence-based H2O2 assay, normalized for protein content in the gland preps. Data
represent median and range of N=4 mice per group from two independent experiments. F)
Immunostaining of DUOX proteins in the gastric epithelium of mice infected for 9 days
with Hf. In Duoxa−/− mice, DUOX detection is limited to epithelial cells neighboring
extensive E-cadherin (CDH1) negative infiltrates (asterisks). Confocal imaging (right
panels) shows targeting of DUOX proteins to the apical surface in infected wild type but not
Duoxa−/− animals. Dashed lines, lumen and circumference of individual glands.
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Fig. 2. Loss of functional DUOX enzymes leads to increased mucosal colonization by
Helicobacter
A) Relative Hf colonization levels in the acute and chronic phase of infection determined by
realtime qPCR. Expression of the Hf housekeeping gene flaB in gastric corpus samples was
normalized for the amount of host mRNA (Hprt1). Bars indicate median values. * P<.05. B)
Immunofluorescent detection of Hf in the gastric body at 9 days post infection. Mucus is
visualized with Ulex Europaeus agglutinin 1 (UEA-1). C) Acidity of the gastric content
expressed as μEq H+ per gram of body weight. Data represent median and range of the
acidity values of N=5 to 10 mice per group. NS P>.05.
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Fig. 3. Hf-induced acute gastritis is exacerbated in Duoxa−/− mice
A) Representative hematoxylin and eosin stained sections of the midcorpus 9 days post
infection showing marked mixed-myeloid infiltrates in the mucosa and submucosa of
infected Duoxa−/− mice compared to wild type controls. Yellow triangles indicate spiral
shaped bacteria within a gastric gland. B–C) mRNA expression of acute inflammation
markers interleukin-1β (B) and interferon-γ (C) in the midcorpus. Bars show median
expression values of N=5 to 11 mice per group. * P<.05.
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Fig. 4. Chronic follicular gastritis is more severe in Duoxa−/− mice
A–B) Histology at 6 months post infection depicting increased number of lymphoid
aggregates in the gastric corpus of chronically infected Duoxa−/− mice. C–D) Histologic
scoring of gland displacement (C) and frequency of lymphoid follicles (D). E–F) mRNA
expression profiles of CXCL13 (E) and interleukin-17A (F). Bars represent medians. * P<.
05.
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Fig. 5. Hf colonizing the gastric mucosa of Duoxa−/− mice express lower level of H2O2-inducible
katA mRNA
A) H2O2 induces Hf katA expression in vitro. Bacteria were cultured for 12 h following
addition of H2O2 at the indicated concentrations. Data represent mean ± standard deviation
of the mean of three independent experiments. * P<.05. B) In vivo katA expression of Hf
colonizing the gastric mucosa of wild type and Duoxa−/− animals, respectively. Data were
normalized to the Hf housekeeping gene flaB. Bars depict median values of N=5 to 11 mice
per group.
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Fig. 6. Hf is susceptible to transient or sustained exposure to μM concentrations of H2O2
Bolus treatment: H2O2 was added to bacterial cultures (3.2 × 106 Hf/ml) at the indicated
concentrations. Bacterial DNA (A) and intrabacterial ATP (B) level were determined
following 18 h culture under microaerophilic conditions. Note that added H2O2 is
completely scavenged by Hf resulting in transient exposure (C). Enzymatic exposure: For
each experiment, Hf cultures (1.6 × 106 Hf/ml) were challenged with dilutions of glucose
oxidase and cultured for 24 h. Results represent three independent experiments. Bacterial
DNA (D) and ATP level (E) were measured at the end of the culture period. Values are
plotted against the initial H2O2 equilibrium reached after glucose oxidase addition. H2O2
concentrations at the end of the culture period were either suppressed to background level of
the medium (viable cultures; data points left to the critical threshold) or outside the
measurement range (bacteria inactivated by accumulating H2O2; right to the transition).
Note that the culture with 30 μM initial H2O2 level (black filled symbol) was closest to the
equilibrium and had not fully outcompeted the oxidase activity at the end of the culture.
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