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Abstract

BACKGROUND & AIMS—Dual oxidase 2 (DUOX2), a hydrogen-peroxide generator at the
apical membrane of gastrointestinal epithelia, is upregulated in patients with inflammatory bowel
disease (IBD) before the onset of inflammation, but little is known about its effects. We
investigated the role of DUOX2 in maintaining mucosal immune homeostasis in mice.

METHODS—We analyzed the regulation of DUOX2 in intestinal tissues of germ-free vs
conventional mice, mice given antibiotics or colonized with only segmented filamentous bacteria,
mice associated with human microbiota, and mice with deficiencies in interleukin (IL)23 and 22
signaling. We performed 16S rRNA gene quantitative PCR of intestinal mucosa and mesenteric
lymph nodes of Duoxa™'~ mice that lack functional DUOX enzymes. Genes differentially
expressed in Duoxa™'~ mice compared to co-housed wild type littermates were correlated with
gene expression changes in early-stage IBD using gene set enrichment analysis.

RESULTS—Colonization of mice with segmented filamentous bacteria upregulated intestinal
expression of DUOX2. DUOX2 regulated redox-signaling within mucosa-associated microbes and
restricted bacterial access to lymphatic tissues of the mice, thereby reducing microbiota-induced
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immune responses. Induction of Duox2 transcription by microbial colonization did not require the
mucosal cytokines IL17 or IL22, although IL22 increased expression of Duox2. Dysbiotic, but not
healthy human microbiota, activated a DUOX2 response in recipient germ-free mice that
corresponded to abnormal colonization of the mucosa with distinct populations of microbes. In
Duoxa™'~ mice, abnormalities in ileal mucosal gene expression at homeostasis recapitulated those
in patients with mucosal dysbiosis.

CONCLUSIONS—DUOX2 regulates interactions between the intestinal microbiota and the
mucosa to maintain immune homeostasis in mice. Mucosal dysbiosis leads to increased expression
of DUOX2, which might be a marker of perturbed mucosal homeostasis in patients with early-
stage IBD.

Keywords
intestine; gastroenterology; microbial dysbiosis; inflammatory bowel disease

A single layer of epithelial cells constitutes a physical and immune barrier between the gut-
associated lymphatic tissue (GALT) and >1013 commensal microbes in the intestinal lumen.
The function of this barrier plays a central role in maintaining normal mucosal homeostasis
and protecting against potentially life-threatening pathogens by creating spatial separation
and adequate innate defense response against luminal microbes 1.

Conceivably the most primordial form of innate defense response, present in all metazoans,
is the release of reactive oxygen species (ROS) generated by membrane integral enzymes. In
animals, prime candidates for such ROS-based defense system at barrier epithelia are the
dual oxidases (DUOX), epithelial-specific NADPH oxidases that generate extracellular
H»0,. Of the two DUOX isoenzymes, DUOX1 is highly expressed in bronchial epithelium
and urothelium, whereas in the gut the expression is dominated by DUOX2 23, Expression
of a DUOX2 homolog in the gut epithelium is evolutionary conserved. Indeed, studies in
invertebrates indicate an important role of DUOX in innate host defense against luminal
bacteria 4. We recently provided evidence in mice that DUOX2-generated H,05 restricts
Helicobacter felis colonization within the gastric mucus layer, providing a paradigm for the
nonredundant function of DUOX in mammalian innate defense 6. A critical function of
DUOX2 in the epithelial defense response against the abundant intestinal microbiota would
be consistent with the robust upregulation of DUOX2 in conditions frequently associated
with dysbiosis, even in the absence of manifest inflammation. For instance, DUOX2 is
markedly upregulated in the intestine of patients with irritable bowel syndrome 7, in the
normal appearing proximal small intestine after ileal pouch-anal anastomosis &, and in
noninflamed ilea of patients with colon-only Crohn’s disease (cCD) . However, whether
DUOX2 induction is a consequence of microbial dysbiosis and plays a role in maintaining
immune homeostasis is currently unclear.

In the present study we provide evidence that an epithelial-attaching commensal, segmented
filamentous bacterium (SFB), is sufficient to induce DUOX2. DUOX activity modulates
redox-signaling in mucosa-associated microbes and restricts the access of bacteria to the
GALT system, thereby dampening microbiota-induced mucosal immune responses.
Dysbiotic microbiota from patients transplanted into germ-free recipient mice leads to
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differential mucosal colonization and Duox2 induction compared to microbiota from healthy
donors. In addition, a loss of DUOX activity alone is sufficient to cause ileal gene
expression abnormalities reminiscent of that associated with mucosal dysbiosis in cCD.
These findings implicate DUOX2 as a critical modulator in mutualistic host-microbiota
interactions that are fundamental in maintaining gut immune homeostasis.

Materials and Methods

Animals

Statistics

Results

Duoxa™'~ and gender-matched wild type (wt) littermates in 12956 genetic background were
cohoused (3-5 animals/cage) in microisolator cages under SPF conditions 6. Food and water
were supplied ad libitum, with the latter including a supplemental dose of L-thyroxine to
maintain euthyroidism of Duoxa™~ mice 9. 1122/~ 1123r~/~, and RORgt™/~ mice (all in
B6 background) have been described previously 1113, C57BL6 mice with distinct resident
microbiota were purchased from Taconic Farms and Jackson Laboratory, respectively. For
all studies, mice were used at 9-12 weeks of age. Studies were approved by the University
of Michigan Institutional Animal Care and Use Committee (PRO-00004497 and
PRO-00002436).

Detailed methods for tissue collection, mono-association of mice with SFB, human-flora
associated mouse model, enteric Salmonella Typhimurium infection, dextran sodium sulfate
challenge, intestinal permeability assay, microarray-based gene expression profiling,
histology and morphometric analysis, 16S rRNA in situ hybridization and immunostaining,
DNA and RNA extraction, realtime reverse transcription PCR (rt-gPCR), Western blotting
and ileal enteroid culture are available in the Supplementary materials and methods.

Log-transformed expression data from unpaired groups were analyzed using Welch’s t-test
with multiple comparisons adjustment or with one-way ANOVA and Bonferroni post-hoc
tests. The Wilcoxon matched-pairs signed-rank test was used to test for differences between
genotype groups in mixed housing experiments. Each cage was analyzed as a pair of the
means obtained in Duoxa™~ and cohoused wt littermates (n=2—-3 mice per genotype and
cage). Data were analyzed using GraphPad Prism 6.0 (San Diego, CA).

Intestinal expression of DUOX2 in response to microbial colonization

We initially analyzed longitudinal DUOX2 expression profiles in the gut of mice kept in our
specific pathogen-free (SPF) or germfree (GF) environment. Both DUOX2 subunit genes
(i.e., Duox2 and Duoxa2; Supplementary Figure S1A) were robustly induced by the
microbiota as reported previously 14, but expression did not directly correlate with luminal
bacterial density as Duox2 mRNA induction peaked in the terminal ileum (Figures 1A and
B). Compared to GF mice, DUOX2 protein expression was also robustly induced in the ilea
of SPF mice (Figure 1C; Supplementary Figure S2). Expression of other epithelial NADPH
oxidases was exceedingly low (Duox1, Figure 1D) or predominant in the colorectum (Nox1,
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Figure 1E). Duox2 expression was maintained in response to continuous stimulation by the
microbiota, since levels of Duox2 and Duoxa2 mRNA were significantly diminished
following a single dose of antibiotics by oral gavage (Figure 1F).

Induction of DUOX2 by colonization with a mucosa-adherent commensal

Because the murine ileum is typically colonized by SFB that, unusual for commensal
bacteria, grow firmly attached to the intestinal epithelium in a symbiotic relationship, we
hypothesized that SFB contributed to the ileum-dominant expression of DUOX2. We
compared mice maintained in either an SFB"9 SPF environment (Jackson Laboratories; B6-
Jax) with those housed in SFBP°S SPF environment (Taconic Farms (B6-Tac)® or our own
SFBPY SPF animal facilities). Quantitative PCR of SFB-specific 16S rRNA confirmed that
mucosa-associated SFB were essentially restricted to the ileum in SFBP®S animals but absent
in SFB"®Y B6-Jax mice (Figure 2A). SPF mice from these different environments had
indistinguishable Duox2 expression profiles except that B6-Jax mice lacked the peak ileal
expression (Figure 2A and B; Supplementary Figure S2). To corroborate that SFB was
sufficient to trigger DUOX2 induction, GF mice were gavaged with cecal content from
SFB-monocolonized (SFB™M"0) mice. After one week, a high level of mucosa-associated
SFB was detected in both the ileum and colon (Figure 2C). SFB colonization was
accompanied by robust induction of Duox2 mRNA (Figure 2C) and protein (Figure 2D and
E; Supplementary Figure S2) confirming that mono-association with SFB was sufficient for
Duox2 induction. Twenty-four hours following treatment with streptomycin, SFB-specific
16S rRNA in ileal mucosal samples (as surrogate for viable SFB) was reduced to less than
0.1% (Figure 2F), in agreement with the suppression of Duox2 and Duoxa2 mRNA (Figure
1F). Overall, these results indicate that epithelial-attaching SFB strongly triggers DUOX2
expression.

Microbial induction of DUOX2 does not require a functional IL-22 pathway

SFB is known to be a particular powerful inducer of mucosal innate lymphoid cells (ILC) to
produce interleukin-22 (IL-22), which is a master regulator of epithelial defense

responses 1°. In fact, I1L-22 was strongly stimulated in the ileum of SFBMO" mice (Figure
3A; Supplementary Figure S3A) and its expression was acutely abrogated in mice treated
with enteral streptomycin (Figure 3B), reminiscent of the sharp decline in mucosal SFB
colonization and Duox2 expression (Figures 1F and 2F). The anti-microbial lectin Reg3g, a
known IL-22 target gene, was also strongly upregulated in the ileum of SFBM° mice
(Figures 3A).

To directly test whether IL-22 can activate Duox2 expression, ileal enteroids were
stimulated with recombinant I1L-22. Both Duox2 and Duoxa2 were induced about 15-fold
within 18 hours (Figure 3C) and DUOX protein became clearly detectable at the luminal
surface of enteroids (Figure 3D). In contrast, the proinflammatory cytokine TNFa was
unable to induce the Duox2 expression pathway in enteroids (Supplementary Figure S3B).
To investigate whether IL-22 is essential to maintain Duox2 expression in vivo, we
examined whether disrupted IL-22-signaling in mice abrogates Duox2 expression. As
expected, 1L227/~, IL23R™/~ and RORgt™/~ (deficient in both T17 and ILC development)
mice all lacked ileal 1L22 expression compared to wt controls sharing the same environment
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(Figure 3E). Accordingly, the former were also deficient in expression of the I1L-22 target
genes Reg3g and Saal. In stark contrast, Duox2 and Duoxa2 were both upregulated in mice
lacking IL-22-mediated defense (Figure 3F), indicating that IL-22 is not essential for high
ileal DUOX2 expression. Interestingly, induction of Duox2 in these IL-22 deficient models
was associated with higher level of mucosa-adherent SFB (Figure 3F), further corroborating
the concept that increased commensal-epithelial interaction can trigger Duox2 expression
independently of 1L-22. Exposure of ileal enteroids to sterile microbial extracts prepared
from either SFB®9 or SFBPS mice induced epithelial toll-like receptor downstream targets,
but completely failed to induce Duox2 (Supplementary Figure S4), suggesting that active
bacteria, rather than soluble bacterial products, are critical for the Duox2 response.

DUOX supports luminal containment of bacteria

To investigate further the role of the DUOX response, we utilized mice lacking functional
DUOX enzymes (Duoxa~'~) © (Figure 4A; Supplementary Figure S1B). A ROS-inducible
SFB catalase gene (SFB-kat) (Supplementary Figure S5) was measured as a marker of H,O,
exposure. We found that kat expression of mucosal, but not luminal, SFB was markedly
higher in wt compared to Duoxa™'~ mice (Figure 4B), confirming DUOX deficiency status
of Duoxa™~ mice and the ability of DUOX to modulate redox-sensitive pathways in
mucosa-adherent SFB. The expression of several other tested SFB genes was not under
control of DUOX activity indicating specificity of the SFB-kat response (Supplementary
Figure S6A). In contrast to SFB-kat, expression of epithelial anti-oxidative enzymes was not
significantly affected by DUOX status (Supplementary Figure S6B). Thus, DUOX activity
does not lead to global changes in epithelial redox status, at least under homeostatic
conditions. Duoxa™'~ mice did not manifest signs of spontaneous intestinal inflammation
(such as, body weight loss or cellular infiltration) (Supplementary Figure S7) and SFB
colonization levels did not differ between Duoxa~'~ mice and cohoused wt littermates nor
did the level of mucosa-associated ileal microbiota surveyed using 16S gPCR assays
specific for the major bacterial phyla (Supplementary Figure S8).

Although considered a strict anaerobe unable to survive within host tissues, SFB or
remnants thereof are translocated across the epithelial barrier 16, potentially involving
epithelial endocytosis 17:18, We therefore investigated whether induction of DUOX2 by
commensal bacteria regulates their transepithelial passage, an integral part of small intestinal
immune surveillance. As proxy for transepithelial flux of bacterial DNA, we compared the
relative concentration of bacterial DNA in mesenteric lymph nodes (MLN) and
corresponding mucosal samples. MLN-to-mucosa ratios for y—Proteobacteria and SFB were
significantly elevated in Duoxa™~ mice compared to littermate controls sharing the same
environment (Figure 4C; Supplementary Figure S9). Paracellular permeability to dextran (4
kDa) was not altered in Duoxa™~ mice (Figure 4D) excluding an unspecific defect in the
intestinal epithelial barrier.

The ability of DUOX2 to restrict translocation of indigenous bacteria appeared to be
congruent with in vitro studies, where DUOX2 conferred cell-autonomous protection against
pathogens, such as, Salmonella Typhimurium 19, Listeria monocytogenes 20, and
Campylobacter jejuni 21. To assess whether DUOX interfered with pathogen translocation,
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mice were orally challenged with Salmonella Typhimurium, which preferentially targets the
small intestinal epithelium 22, Following pretreatment with streptomycin, acute infection
induced ileal Duoxa?2 expression to a level observed in mice with an SFB-containing
microbiota (Supplementary Figure S11A). Salmonella colonization was not different in
Duoxa™’~ mice and wt controls (Figure 4E). The epithelial chemokines Cxcl1 and Ccl20 are
robustly induced by acute Salmonella infection in vitro and in vivo, a response attributed to
stimulation of toll-like 5 receptors 2324, Both chemokines showed exacerbated induction in
the ileum of infected Duoxa™/~ mice compared to infected controls, compatible with
increased activation of basolateral receptors (Supplementary Figures S11B and C). That
Duoxa™'~ mice were less able to contain luminal Salmonella was further indicated by
increased early systemic dissemination of the pathogen (Figure 4E; Supplementary Figure
S12). Unspecific intestinal permeability in infected mice was indistinguishable between
Duoxa~'~ and wt mice (Figure 4D). Overall, these studies indicate that DUOX reduces early
systemic dissemination of a bona fide epithelial-invasive pathogen providing further
evidence as to its role in maintaining the innate epithelial barrier in the small intestine.

Loss of DUOX2 augments SFB-induced changes in ileal gene expression

To further examine whether loss of DUOX activity perturbs immune homeostasis, we
analyzed genome-wide expression profiles in the ileal mucosa of Duoxa™~ and cohoused wt
littermates (Figure 5A). We identified genes with consistent induction in Duoxa™~ mice
(Figure 5B). Functional pathway analysis revealed an enrichment of annotations related to
innate defense and inflammatory responses (Supplementary Figure S13). Since DUOX2 was
strongly induced by SFB (Figure 2C) and restricted their mucosal passage (Figure 4C), we
hypothesized that loss of DUOX activity would exaggerate the effects of SFB on host gene
expression. We used gene set enrichment analysis (GSEA) to test whether SFB-regulated
genes 15 show concordant expression differences between Duoxa™~ and wt littermate
controls. Genes strongly upregulated (or downregulated) by monocolonization of GF mice
with SFB (or by cohousing of B6-Jax with B6-Tac animals, respectively) were significantly
enriched (P<.001; 1000 permutations) among the genes upregulated (or downregulated) in
Duoxa™'~ (Figures 5D and 5E). There was also a trend towards higher expression of
IL-17/22 cytokines in Duoxa~'~ mice (Supplementary Figure S14). Results of these studies
imply that SFB not only induces DUOX2 expression, but that normal DUOX activity may
dampen other SFB-induced innate mucosal responses under homeostatic conditions.

Dysbiotic microbiota from IBD patients confers Duox2 induction in human-microbiota
associated mice

Our findings above indicate that murine DUOX2 functions as an epithelial first-line defense
system affecting normal mucosal immune homeostasis. In humans, DUOX2 and DUOXA2
have been identified among the top upregulated genes in the ilea of IBD patients ¢ including
those without ileal inflammation, suggesting a role in abnormal immune homeostasis
preceding the manifestation of histological lesions. In these patients, dysbiotic changes of
the mucosal microbiota have been described, although a causative relationship to DUOX2
upregulation has not been established. To explore whether abnormal microbiota is sufficient
to explain overexpression of DUOX?2 in the pre-clinical stage of IBD, we analyzed Duox2
expression in GF mice following association with human microbiota from IBD patients or
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healthy donors. As observed previously 2°, association of mice with normal human
microbiota has little or no effect on the expression of host defense genes highly responsive
to mouse microbiota (Figure 6A). However, significantly higher induction of the DUOX2
system was observed among mice inoculated with dysbiotic fecal samples from patients
with active colitis. Although intestinal samples from mice colonized with healthy or
dysbiotic human microbiota did not differ in the overall mucosa-adherent eubacterial load,
there was higher mucosal association with members of the family of Enterobacteriaceae
(Figure 6B). While the specific microbial species responsible for DUOX2 induction are
unknown and likely donor specific, it is tempting to speculate that, in the context of
dysbiotic microbiota, indigenous pathobionts gain increased access to the intestinal
epithelium triggering a DUOX2 defense response.

The gene expression changes in DUOX defective mice resemble mucosal dysbiosis
associated changes in non-inflamed ilea of IBD patients

Since a DUOX defect exaggerated the ileal immune response to epithelial-attaching SFB,
we hypothesized that a defect in DUOX would trigger similar pathogenetic changes as those
observed in non-inflamed ilea affected by mucosal dyshiosis. Cross-species GSEA revealed
that genes with strongest upregulation in non-inflamed ilea of patients with cCD 2 were
significantly enriched among genes upregulated in Duoxa~/~ animals, whereas genes with
suppressed expression in cCD patients showed concordant downregulation in Duoxa™'~
(Figure 6C). Hence, a loss of DUOX activity in mice leads to subtle gene expression
changes that recapitulated the abnormalities found in non-inflamed ilea of patients with
mucosal dysbiosis.

Discussion

Our current study establishes mammalian DUOX2 as a critical modulator of mutualistic
host-microbiota interactions that are fundamental in maintaining gut immune homeostasis.
While the induction of murine Duox2 by the normal microbiota has been reported

recently 14, our results provide a link between an epithelial-attaching commensal and
DUOX2 activation. Induction does not depend on mucosal 1L-23/22 cytokine circuitry,
although the latter can boost expression of DUOX2. DUOX activity modulates redox-
signaling in mucosa-associated commensals and restricts the translocation of bacterial
material into the GALT system, thereby dampening microbiota-induced mucosal immune
responses. Ultimately, our study provides a functional link between DUOX2 induction in
early stages of IBD and the associated changes in mucosal microbiota. Not only is DUOX2
induced by constituents found in the dysbiotic flora of IBD patients, but lack of the DUOX
defense system is sufficient to cause ileal gene expression changes reminiscent of those in
an early pathogenetic stage of IBD associated with mucosal dysbiosis.

There are several lines of evidence that support the concept that direct commensal epithelial
contact is a primary trigger for DUOX2 expression. We showed that monocolonization with
SFB was sufficient for high-level DUOX2 induction corresponding to the mucosal
abundance of SFB along the intestinal tract. This finding was in contrast to a recent report
showing that other indigenous bacteria that, unlike SFB, are normally kept at distance from
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the epithelium, did not stimulate Duox2 expression 14. Consistent with the concept that
DUOX2 induction is triggered by access of bacteria to the epithelium, we found that
microbial extracts prepared from either SFB"®9 or SFBPS microbiota were not sufficient to
induce Duox2 in ileal enteroids (Supplementary Figure S4). Arguing against a role of
soluble factors is also the fact that microbiota-induced Duox2 expression at homeostasis
does not depend on toll-like receptor signaling since it was not abolished in
Myd88~/~Trif~/~ mice 4. The regulation of DUOX2 by epithelial contact with constituents
of the microbiota is consistent with a role of mammalian DUOX2 as sentinel response
against potential threats to the epithelial barrier. In SFB"®9 SPF mice, induction of DUOX2
was still higher in the small intestine compared to the colon, despite the latter having higher
bacterial load (bacteria per ml luminal content: ileum ~108; colon ~1011). This observation
is likely related to the distinct physical properties of the colonic mucus layer, which is less
penetrable for bacteria-sized particles 26. To directly examine SFB-induced cell-autonomous
signaling and its effects on Duox2 expression will require the coculture of SFB with highly
differentiated intestinal epithelial cells in vitro. Given the recent progress in the in vitro
culture of SFB 27 and enteroid-derived monolayers 28, such studies should become feasible
in the future.

Epithelial innate defense responses are coordinated by I1L-22, which stimulates expression of
secreted antimicrobial effectors 29 (Figure 7). 1L-22 is produced in Ty17 cells and ILC
found in the intestinal lamina propria, Peyer’s patches and MLN 30, whereas 1L-22 receptor
is almost exclusively detected in epithelial cells. A master regulator for activation of the
IL-22 pathway is IL-23 produced by lamina propria macrophages upon contact with bacteria
or sensing of bacterial products 31. We showed that IL-22 robustly induced Duox2 in
enteroids indicating that activation of the 1L-23/22 pathway can amplify DUOX2-mediated
defense. However, in contrast to expression of Reg3g or Saal, expression of Duox2 was
upregulated rather than diminished in IL-22 deficient animals. In this scenario, a lack of
antimicrobial effectors allowed increased mucosal access of indigenous bacteria (e.g., SFB)
inducing Duox2 expression (Figure 7C). In terms of Duox2 expression, increased bacterial-
epithelial contact in IL-22 deficient mice apparently overrides the lack of IL-22 mediated
stimulation. We thus hypothesize that the first line defense provided by DUOX2 restricts
activation of the IL-22 pathway under homeostatic conditions, the latter being strongly
activated following bacterial sensing by lamina propria macrophages (Figure 7A). In fact,
even in an SPF environment (SFBP°S), Duoxa™~ displayed a trend towards higher ileal
expression of IL-17/22 cytokines (Figure 7B; Supplementary Figure S14).

We found that loss of DUOX activity increased mucosal penetration of a microbiota subset
at homeostasis despite normal paracellular permeability. One potential mechanism is the
suppression of bacterial virulence within an oxidative microenvironment. For instance, in
vitro exposure of Campylobacter jejuni to DUOX2-generated H,O, suppresses
polysaccharide capsule synthesis and thereby invasion of epithelial cells 21. We showed here
that DUOX was sufficient to regulate expression of a redox-sensitive response element
(putative perR-kat operon) in mucosa-associated SFB. Such DUOX-dependent change in the
redox-status of juxtaepithelial bacteria was also evident in our prior study of gastric
Helicobacter felis infection 6. Hence, DUOX-generated H,0, can modulate protein function
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within mucosa-associated bacteria, potentially suppressing virulence behavior of indigenous
pathobionts. In addition, DUOX may also support epithelial-cell intrinsic defense
mechanisms that contain endocytosed bacteria, a concept compatible with the protective
effect of DUOX2 in epithelial invasion studies 1920, Endocytosed bacteria are targeted for
lysosomal degradation via selective macroautophagy (xenophagy). Such epithelial
xenophagy delays early Salmonella dissemination to extraintestinal sites 32:33 and may be
facilitated by oxidative inactivation of the delipidation enzyme ATG4B 34. It is thus an
attractive hypothesis that in intestinal epithelium, DUOX-generated H,O, supports the
targeting of autophagy activity to endocytosed bacteria. This concept would also be
consistent with the previous finding that DUOX2 co-localizes at the bacterial entry site with
the bacterial pattern recognition receptor NOD2 20, which can directly recruit the
autophagocytic protein ATG16L1 35.

Although low level of transepithelial uptake of bacteria is part of the normal immune
surveillance, exaggerated translocation of bacteria into Peyer’s patches is a feature found in
CD patients, despite normal permeability to protein and absent inflammation 36:37, The
genes most specifically associated with CD are crucial for epithelial containment of
intracellular commensals 32 and invasive pathogens, such as, Salmonella in animal

models 32:33:38 The mild phenotype observed in these models is not unlike the phenotype of
Duoxa™’~ mice (Figure 7B). The robust upregulation of DUOX2 in non-inflamed ilea of
colon-only CD patients @ could therefore provide a compensatory response limiting bacterial
translocation. In fact, we showed that a defect in the DUOX response alone is sufficient to
cause ileal gene expression profiles reminiscent of those found in noninflamed ilea of cCD
patients, suggesting that a functional defect in the DUOX2 system could be a novel
susceptibility event in CD. Here we also showed that dyshiotic microbiota from IBD
patients, but not microbiota from healthy donors, was able to trigger the DUOX2 system
when transferred into GF mice. Mice reconstituted with a dysbiotic microbiota showed a
higher abundance of mucosa-associated Enterobacteriaceae. In this context, it is interesting
that adherent, invasive E. coli have been frequently isolated from mucosal samples of CD
patients 39,

Since unbalanced production of ROS can exacerbate inflammation 4%, DUOX2 upregulation
in IBD is often deemed to be deleterious. Here we demonstrate that loss of DUOX activity
not only increases mucosal bacterial uptake, but caused an ileal gene expression profile
reminiscent of early CD-associated changes, indicating a distinct paradigm for the role of
DUOX2 in early CD pathogenesis. Accordingly, the upregulation of DUOX2 in patients
with quiescent ileal disease can be interpreted as a sentinel response against increased
commensal-epithelial interaction reflecting a defective host defense mechanism that
normally keeps commensals at bay. Thus, increased ileal DUOX2 level may prove to be an
important marker of perturbed mucosal homeostasis early in the pathogenesis of IBD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD Crohn’s disease

cCD colon-only Crohn’s disease

GALT gut-associated lymphatic tissue

GF germ-free

GSEA gene set enrichment analysis

IBD inflammatory bowel disease

ILC innate lymphoid cells

MLN mesenteric lymph node

SFB segmented filamentous bacterium

SPF specific pathogen-free
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Figure 1.

Intestinal DUOX2 expression depends on microbial colonization. Relative Duox2 (A) and
Duoxa? (B) mRNA expression in GF (n=5) and SPF (n=7) mice. Data represent geometric
means£95% CI. dd, duodenum; je, jejunum; il, ileum; co, colon; re, rectum. (C) Immunoblot
of DUOX2 protein. ACTB, B-actin loading control. (D, E) Relative mRNA expression of
Duox1 and Nox1. Data represent geometric means+95% ClI. (F) Effect of acute enteral
antibiotic treatment on ileal Duox2 and Duoxa2 expression. Mice were analyzed 24 hours
following oral gavage with streptomycin (20 mg; Abx); SPF, sham treated control. Bars
indicate geometric means. ****, P<.0001; ***, P<.001; **, P<.01; *, P<.05.
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Figure 2.
Mucosa-adherent SFB are a dominant inducer of ileal DUOX2 expression. (A) Mucosa-

adherent SFB (16S-rRNA) and Duox2 mRNA level in SFB™9 (B6-Jax; n=5) and SFBPS
(B6-Tac; n=5) mice. Data represent geometric means+95% ClI. dd, duodenum; je, jejunum;
il, ileum; co, colon; re, rectum. (B) DUOX2 protein expression in ilea of B6-Jax and B6-Tac
mice. Each lane represents an individual mouse. ACTB, $-actin loading control. (C, D)
Mucosa-associated SFB and expression of Duox2 mRNA and protein in mice mono-
associated for one week with SFB (SFB™M"0; n=5) or sham-treated GF controls (n=5). Data
represent geometric means+£95% ClI. (E) Detection of DUOX2 protein by indirect
immunofluorescence (red) and SFB by in situ hybridization (green) in the terminal ileum of
GF and SFB™MPN"® mice. Scale bars, 10 um. (F) lleal mucosa-adherent SFB (16S-rRNA) in
mice treated with oral streptomycin (Abx) or sham treated controls (SPF). ***, P<.001; **,
P<.01; *, P<.05.
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Figure 3.

IL-22 can augment DUOX2 expression but is not essential for DUOX2 induction by
microbial colonization. (A) Expression of IL22 and Reg3g along the intestinal tract of GF
and SFB™MOM° mice (n=5 per group). Data represent geometric means+95% CI. Note lower
colonic expression of 1L22 and Reg3g despite high level of mucosal SFB and DUOX2 (Fig
2C). (B) Acute microbial regulation of ileal I1L22 expression. SPF (SFBP%) mice were
analyzed 24 hours following oral gavage with streptomycin (Abx) or sham treatment (SPF).
(C) lleal enteroids were cultured with or without 1L-22 (50 ng/ml for 18 h) and gene
expression of selected genes determined by RT-qPCR. (D) Immunofluorescence of DUOX2
protein in IL-22-stimulated ileal enteroids. Cdhl, E-cadherin. (E) lleal expression of 1L22
and IL-22 target genes in wt and IL-22 deficient mice (1L22~/~, IL23R™/~, RORgt /7). (F)
Expression of DUOX2 subunit genes and mucosal SFB-colonization. Bars in panels E and F
indicate median values. **** P<.0001; ***, P<.001; **, P<.01; *, P<.05.
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Figure 4.

DUOX2 restricts transepithelial uptake of bacteria in the small intestine. (A) Detection of
DUOX2 protein (red) at the epithelial brush border in the terminal ileum of wt but not
Duoxa™~ littermates; the basolateral cell marker E-cadherin (CDH1) is shown in green;
scale bars represent 50 um (left panels) and 20 um (right panels), respectively. (B) SFB-
specific catalase (kat) expression in mucosa-adherent and luminal SFB. (C) Graph depicts
the ratio of 16S rDNA in MLN vs ileal mucosa indicative of transepithelial bacterial flux.
Dashed lines connect mean bacterial DNA level of Duoxa™'~ mice and cohoused littermate
controls. Eu, eubacteria; Firm, Firmicutes; Bac, Bacteroidetes; Prot, Gammaproteobacteria;
Actino, Actinobacteria. (D) In vivo intestinal permeability for 4 kDa dextran in Duoxa '~
and wt mice at baseline, following acute enteral Salmonella infection (ST), and after
treatment with dextran sulfate sodium (DSS) to induce unspecific epithelial injury. (E) Acute
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systemic dissemination of enteral Salmonella Typhimurium in Duoxa™'~ and wt animals 24
h post enteral infection.
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Figure 5.
Loss of DUOX activity disturbs mucosal homeostasis in the terminal ileum. (A)

Experimental setup for gene expression profiling. (B) Expression heat maps depicting
selected genes upregulated in the ileum of Duoxa™~ animals. (C) Ileal gene expression
analyzed by RT-gPCR. Mean expression in Duoxa™/~ animals is plotted relative to the mean
in cohoused wt littermates (set to 1) in cage-wise comparisons (n=7). **, P<.01. (D, E)
Genes controlled by SFB-monocolonization or by cohousing of B6-Jax (SFB"®9) with B6-
Tac (SFBPO) mice 1° were tested for correlation with genes affected by loss of DUOX
activity using GSEA (see Supplementary Methods). Within each plot, genes are sorted for
their relative ileal expression in Duoxa™~ mice (left side: up in Duoxa—'~; right side: down
in Duoxa™"). Genes upregulated (downregulated) by introduction of SFB are significantly
correlated with those upregulated (downregulated) in mice with loss of DUOX activity. Core
enriched genes are listed in Supplementary Tables S16-S19. FDR, false discovery rate g-
value; NES, normalized enrichment score.
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Figure 6.

DUOX2 is induced by constituents of the microbiota from IBD patients and acts as a
compensatory mucosal defense pathway. (A) Gene expression in colonic mucosa of mice
colonized for two weeks with fecal material from healthy donors or patients with ulcerative
colitis-associated dysbiosis. Bars indicate median values. Kruskal-Wallis test; ***, P<.001;
** P<.01; *, P<.05. (B) 16S rRNA level in mucosal samples corresponding to (A). *, P<.05.
(C) Genes dysregulated in the non-affected ileum of patients with colon-only CD (cCD vs
healthy controls) © were tested for correlation with genes affected by loss of DUOX2
activity using GSEA. Genes upregulated (downregulated) in non-inflamed tissue from CD
patients are significantly enriched among those upregulated (downregulated) in mice with
loss of DUOX activity. Leading edge gene subsets are depicted in Tables S20 and S21.
FDR, false discovery rate g-value; NES, normalized enrichment score.
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Figure 7.

Model for the integration of the DUOX2 system into the intestinal epithelial defense
response. (A) Epithelial contacting microbes (e.g., SFB) induce DUOX2 by an IL-22-
independent pathway at homeostasis. DUOX2 activity triggers an anti-oxidative response
(kat) in mucosa-adherent SFB but does not prevent their colonization. (B) Lack of DUOX2
activity leads to increased uptake of bacterial material (e.g., SFB, Proteobacteria).
Expression of compensatory host defense systems resulting in a proinflammatory milieu. (C)
Lack of IL-22 dependent mucosal defense leads to mucosal dysbiosis and compensatory
induction of DUOX2. (D) In IBD-associated mucosal dyshiosis, increased epithelial contact
with and uptake of indigenous pathobionts triggers a compensatory DUOX2 response before
the onset of clinical inflammation. Sensing of bacterial factors by antigen-presenting cells
(APC) activates the IL-23/IL-22 cascade for secretion of antimicrobial effectors and further
enhancement of DUOX2 expression.
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