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GUT MICROBIOTA

A role for bacterial urease in gut dysbiosis and

Crohn’s disease
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Gut dysbiosis during inflammatory bowel disease involves alterations in the gut microbiota associated with inflamma-
tion of the host gut. We used a combination of shotgun metagenomic sequencing and metabolomics to analyze fecal
samples from pediatric patients with Crohn’s disease and found an association between disease severity, gut dysbiosis,
and bacterial production of free amino acids. Nitrogen flux studies using ">N in mice showed that activity of bacterial
urease, an enzyme that releases ammonia by hydrolysis of host urea, led to the transfer of murine host-derived nitro-
gen to the gut microbiota where it was used for amino acid synthesis. Inoculation of a conventional murine host (pre-
treated with antibiotics and polyethylene glycol) with commensal Escherichia coli engineered to express urease led to
dysbiosis of the gut microbiota, resulting in a predominance of Proteobacteria species. This was associated with a
worsening of immune-mediated colitis in these animals. A potential role for altered urease expression and nitrogen
flux in the development of gut dysbiosis suggests that bacterial urease may be a potential therapeutic target for in-

flammatory bowel diseases.

INTRODUCTION
The gut hosts a dense microbial community that responds to envi-
ronmental stressors such as diet (1, 2), antibiotic use (3), inflammation
of the intestinal tract (4-6), and infection of the host with enteric
pathogens. The term “dysbiosis” refers to the alteration of microbiota
composition when it is associated with a host disease state. When
characterized in patients with inflammatory bowel diseases (IBDs),
such as ulcerative colitis or Crohn’s disease, the dysbiotic microbiota
often shows a decrease in richness and an increase in taxa belonging to
the Proteobacteria phylum. This is typically associated with an increase
in facultative anaerobes such as Enterobacteriaceae and a decrease in
Firmicutes, particularly of the Clostridium clade (7). By studying the gut
microbiota in pediatric patients with Crohn’s disease, we have recently
shown that multiple factors such as diet, antibiotic use, and intestinal
inflammation each independently contribute to the development of
gut dysbiosis (5, 6, 8, 9).

Although intestinal inflammation may contribute to dysbiosis, chron-
ic alteration of the gut microbiota may also play a role in perpetuating
inflammation (8-10). The Proteobacteria phylum is enriched in intestinal
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pathogens, and several have been shown to cause intestinal inflammation
in animal models of IBD (11-13). Reduced abundance of Firmicutes,
principally Clostridia, may reduce the production of short-chain fatty
acids (SCFAs) that are known to augment regulatory T cells that support
immune tolerance in the intestinal mucosa (14, 15). These observations
have led to a growing interest in reversing the dysbiotic microbiota and
augmenting the production of microbial metabolites such as SCFAs as a
therapeutic modality. Potentially supporting this idea, a randomized
controlled trial demonstrated the potential of fecal microbiota transplan-
tation in patients with ulcerative colitis (16).

The biological mechanisms responsible for the development of
dysbiosis remain incompletely characterized. The outgrowth of faculta-
tive anaerobic organisms has led some to hypothesize that dysbiosis
results from an alteration in redox potential in the gut associated with
intestinal inflammation (17). An alternative hypothesis is that inflam-
mation may result in host production of small molecules such as nitrate,
which serve as electron acceptors that facilitate anaerobic respiration
(18). Evidence that nitrogen metabolism may play a role in the devel-
opment of dysbiosis in IBD comes from the Pediatric Longitudinal
Study of Elemental Diet and Stool Microbiome Composition (PLEASE)
study (5). Here, gene pathway analysis of shotgun metagenomic se-
quencing data revealed an association of Crohn’s disease with sulfur
relay systems and nitrogen metabolism. Both of these pathways are
involved in nitrogen utilization by bacteria, particularly in Proteo-
bacteria (19), a prominent phylogenetic signature of a dysbiotic gut mi-
crobiota (4).

To investigate the possible role of nitrogen metabolism in the devel-
opment of dysbiosis, we performed an untargeted metabolomic analysis
of fecal samples obtained from participants in the PLEASE study. The
results showed that fecal amino acids were associated with Crohn’s dis-
ease and positively correlated with increasing disease activity. Fecal amino
acids and their derivatives were also positively associated with taxa in the
Proteobacteria phylum, such as Escherichia, Klebsiella, Haemophilus,
and Proteus, all of which have been associated with gut microbiota
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dysbiosis in patients with IBD (7, 20, 21). These bacterial lineages also
induce intestinal inflammation in animal models of IBD (11, 12, 22).

Ammonia, a product of urea hydrolysis produced by bacterial urease
in the mammalian intestinal tract, is a major source of nitrogen for
bacteria. To track nitrogen metabolism by the gut microbiota, we used
"*N-labeled urea to trace nitrogen incorporation into amino acids by
bacteria in a mouse model and then focused on the role of urease en-
zymatic activity. Using our recently described method for altering the
gut microbiota in previously colonized mouse hosts (23), we show that
inoculation of a single aerotolerant bacterial species, Escherichia coli,
into conventional mice pretreated with antibiotics and polyethylene gly-
col (PEG) altered the gut microbiota in a manner dependent on the pres-
ence or absence of a bacterial urease gene. The presence of urease led to a
dysbiotic microbiota with enhanced abundance of Proteobacteria taxa
and a reciprocal decrease in Firmicutes (namely, Clostridia); in contrast,
inoculation of mice with urease-negative (Ure") E. coli did not lead to
dysbiosis. Finally, we demonstrated the functional consequences of the
dysbiotic microbiota engineered through inoculation of a urease-positive
(Ure") E. coli strain by showing exacerbation of disease ina T cell adoptive
transfer mouse model of colitis (24). The ability to engineer the mouse gut
microbiota into either a dysbiotic or a more normal configuration by the
inoculation of a single aerotolerant taxon with or without urease enzy-
matic activity provides a proof of concept that a single defined bacterial
strain can reconfigure the gut microbiota.

RESULTS
The presence of amino acids in fecal microbiota from
patients with Crohn’s disease positively correlates with
disease activity
Using shotgun metagenomic sequencing, we previously reported the
characterization of the fecal microbiome of 90 pediatric patients with
Crohn’s disease receiving either anti-tumor necrosis factor (TNF) or
dietary therapy and compared these data to those from 26 healthy con-
trol children (5). An analysis of gene pathways using Random Forest
showed that sulfur relay systems, nitrogen metabolism, and several
biosynthetic pathways for amino acids were enriched in the Crohn’s
disease fecal samples (5). Here, we performed an untargeted fecal
metabolomic analysis on these samples using liquid chromatography—
mass spectrometry (LC-MS) and identified 341 known small molecules.
Nearly all of the molecules that fell into the category “Amino acids and
their derivatives” were statistically significantly associated with Crohn’s
disease [false discovery rate (FDR)-adjusted P < 0.05] (Fig. 1A). This
was confirmed using quantitative high-performance LC (HPLC)
(fig. S1A). Dietary intake of protein was explored as a possible explana-
tion for the association between fecal amino acids and Crohn’s disease,
but there was no significant difference based on 24-hour dietary recalls
performed at study entry (P = 0.79; fig. S1B).

Among the pediatric patients with Crohn’s disease, fecal amino acids
and their derivatives positively correlated with activity of intestinal
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Fig. 1. Associations between fecal amino acids and their derivatives with disease in pediatric patients with Crohn’s disease compared to healthy subjects. (A) Associa-
tions with metabolic pathways as determined by Wilcoxon rank-sum test, with FDR-adjusted P < 0.05 as the cutoff. Bars indicate the number of metabolites in each category, as
defined by the Human Metabolome Database (56). (B) A heat map demonstrating relative abundance of fecal amino acids and their derivatives before therapy according to the
presence of disease, cluster assignment, fecal calprotectin concentration, use of antibiotics and corticosteroids, response or no response to therapy, and treatment assignment.
Metadata are indicated by the color code at the top of the figure. Metabolite categories are color-coded along the left side of the heat map. White cells indicate missing data. All
metabolites that were statistically different (FDR-adjusted P < 0.05) in abundance between Crohn’s disease samples and healthy controls are marked with an asterisk (*); metabolites
differing significantly (FDR-adjusted P < 0.05) between cluster 1 and cluster 2 (previously defined clusters based on bacterial abundances in which cluster 1 resembled the
healthy controls and cluster 2 was dysbiotic) are marked by a plus sign (+). The clusters were defined by partitioning around medoids (a centroid within a data set whose
average dissimilarity to all the data points in the cluster is minimal) with estimation of number of clusters [PAMK (partitioning around medoids with estimation of number of
clusters)], as previously described (5). EEN, exclusive enteral nutrition; PEN, partial enteral nutrition; FCP, fecal calprotectin; SDMA, symmetric dimethylarginine; ADMA,
asymmetric dimethylarginine; GABA, y-aminobutyric acid; NMMA, N®-methyl-.-arginine.
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inflammation as measured by the concentration of fecal calprotectin  increased fecal amino acids in pediatric Crohn’s disease patients was, in
(Fig. 1B and fig. S1C). It was not possible to determine the contributions  part, due to the gut microbiota.

of the host versus the gut microbiota to the quantities of fecal amino

acids and their derivatives measured. However, the reduction in the ~Fecal amino acids positively correlate with Proteobacteria in
positive correlation between fecal calprotectin and the quantities of fecal ~ pediatric patients with Crohn’s disease

amino acids and their derivatives associated with antibiotic treatment of  In pediatric patients with Crohn’s disease, quantities of fecal amino acids
the pediatric patients (fig. S1, C and D) suggested that the presence of and their derivatives positively correlated with a dysbiotic composition of
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Fig. 2. Associations between bacterial taxa abundance ascertained by fecal shotgun metagenomic sequencing and the fecal metabolome in healthy pediatric subjects
and those with Crohn’s disease. Spearman rank correlation with the direction and strength of association indicated by the color index in the figure. Only metabolites classified as
amino acids and their derivatives are shown. Statistically significant correlations after adjusting for healthy and disease status (FDR < 0.01 based on linear regression analyses) are
indicated by an asterisk (¥). Taxa belonging to the Proteobacteria phylum are indicated with a plus sign (+).
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the gut microbiota, defined by gut bacterial composition and gene types,
that we previously labeled as “cluster 2” (Fig. 1B) (5). Further evaluation
demonstrated that concentrations of fecal amino acids and their deriva-
tives from pediatric patients with Crohn’s disease positively correlated
with the abundance of Proteobacteria (Fig. 2). Bacteria of this phylum
are associated with gut microbiota dysbiosis in IBD (7, 20, 2I) and have
been shown to exacerbate colitis in animal models of immunologically
mediated intestinal inflammation (11, 12, 22). These findings are con-
sistent with our previously reported observations of positive associations
between dysbiosis in Crohn’s disease and enrichment of bacterial genes
for nitrogen metabolism and amino acid synthesis (5).

Bacterial urease promotes the flux of nitrogen into amino
acids synthesized by the murine gut microbiota

The gut microbiota plays an essential role in nitrogen flux. Bacterial ure-
ase hydrolyzes host-derived urea in the colon into ammonia that is sub-
sequently absorbed by the host or used by the microbiota as a nitrogen
source. To investigate the role of bacterial urease in microbial amino
acid synthesis, we administered isotopically labeled [*°N;]urea via oral
gavage to three groups of mice: (i) healthy control mice colonized with a
conventional murine gut microbiota, (ii) mice treated with antibiotics
(ABX) and PEG to deplete their endogenous gut microbiota (23), and
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Fig. 3. In vivo heavy isotope assays using '°N-labeled urea to determine the
effect of bacterial urease on nitrogen flux in the murine gut microbiota. (A) 165
ribosomal RNA (rRNA) gene-tagged sequencing showing effective engraftment of
the murine host with ASF after 3 days after completion of ASF inoculation (after ASF
transplant) and 8 days after initiation of ['°N,]urea administration (after ['°N,]urea).
(B) Atom percent excess (APE) of "°N in fecal lysine for mice with a normal com-
mensal microbiota (control), a minimal urease microbiota (ASF-transplanted), and a
substantially reduced microbiota biomass due to antibiotic treatment. Mice were
given ">N-labeled urea via oral gavage. n = 5 per group, means * SD; statistical
analysis performed by two-tailed Student's t tests, *P < 0.05.
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(iii) mice treated with ABX/PEG and then inoculated with altered
Schaedler flora (ASF), a defined consortium of eight murine commensal
bacteria with minimal urease gene content (23). 16S rRNA gene-tagged
sequencing of fecal pellets from mice in group 3 confirmed effective
engraftment, as previously described (Fig. 3A) (23). We then collected
fecal pellets and used liquid/gas chromatography-MS to measure atom
percent excess of "N in fecal amino acids. Given that bacterial urease is
necessary for the hydrolysis of ['°N,]urea into "’NH; and that lysine
does not undergo transamination via host utilization of '*NHs, the de-
tection of ['°N]lysine in the mouse feces could be attributed solely to
synthesis by bacteria (25). Relative to control mice colonized with
conventional microbiota, ASF-inoculated mice showed significant-
ly lower quantities of fecal [ISN]lysine (P < 0.05) (Fig. 3B). These
quantities were comparable to the reduction observed in the feces
of ABX/PEG-treated mice and thus demonstrate the importance
of urease in the flux of nitrogen for amino acid synthesis by the gut
microbiota.

Reduction of gut bacterial load promotes the establishment
of a new steady state in colonized mice

We have previously shown that the combined use of antibiotics and PEG
reduces the endogenous bacterial load in the murine gut (23) and that
this reduction is required for engraftment of a defined bacterial consor-
tium. To determine the effects of different host preparations on the gut
microbiota, we administered PEG, antibiotics, or a combination of
antibiotics and PEG (ABX/PEG) to three different groups of mice.
Treatment with antibiotics in the presence or absence of PEG led to
alterations in mouse gut microbiota composition, as measured by un-
weighted UniFrac (26) distances (Fig. 4A); PEG alone was not suf-
ficient to induce these alterations.

For this reason, the difference in the composition of the mouse gut
microbiota at day 30 after antibiotics versus ABX/PEG treatment was
unlikely to be a result of PEG treatment. Rather, the reduction in mi-
crobiota biomass by antibiotic treatment could have allowed the devel-
opment of a different community state that was dependent on cage
effects. Cage effects, where mice housed in the same cage share a similar
gut microbiota due to mixing by coprophagia, constitute a large source
of variance in murine studies (17, 27, 28). To distinguish between these
two mechanisms, we analyzed the composition of the mouse gut micro-
biota in three additional cages where mice were treated with ABX/PEG.
Although the composition of the microbiota after 1 month was signif-
icantly different from the baseline in each cage, there were significant
differences at 1 month between the three cages (fig. S2). These results
suggest that our gut-cleansing protocol resulted in a permissive en-
vironment, leading to the development of a new community state
determined by cage environment. This implies that inoculation of the
mouse host with specific organisms after ABX/PEG treatment may pro-
vide a method for engineering a new community state in a consistent
fashion.

Although antibiotics have been shown to alter the composition of
the human gut microbiota, their effect on reducing bacterial load has
not been fully quantified (3). Treatment of five adult human subjects
with three antibiotics (rifaximin, trimethoprim/sulfamethoxazole, and
metronidazole) over 3 days showed no effect on bacterial load as quan-
tified by 16S rRNA gene copy number in stool samples (Fig. 4B). There
was a surprisingly small effect on the composition of the human gut mi-
crobiota, with the dominant effect being intersubject variability (Fig. 4C).
However, using a similar protocol in our human subjects as used in our
mouse studies, that is, two antibiotics (vancomycin and neomycin) taken
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for 3 days, with PEG taken on the second day, we observed a marked
reduction in both culturable bacteria and 16S rRNA gene copy number
of about 4 to 5 logs after 72 hours (P <0.01) (Fig. 4D) (23). The difference
between a 5-log decrease in culturable bacteria and a 2-log decrease in
16S rRNA gene copy number at 48 hours likely represented residual
DNA in the gut lumen from nonviable bacteria that were cleared from
the gut with the PEG purge by day 4. These results suggest that a specific
ABX/PEG protocol may be needed to prepare the human gut for inoc-
ulation and engineering of the gut microbiota.

Bacterial urease alters the composition of an engineered gut
microbiota in colonized mice

We hypothesized that the bacterial enzyme urease may influence the
gut microbiota after ABX/PEG treatment. As noted above, the dys-
biotic gut microbiome in pediatric patients with Crohn’s disease was
associated with expression of genes involved in bacterial nitrogen
metabolism (5). In addition, we observed a positive correlation be-
tween the severity of Crohn’s disease in these patients, fecal amino
acid concentrations, and bacterial taxa associated with dysbiosis
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(Figs. 1 and 2, and fig. S1). This led us to hypothesize a role for ure-
ase enzymatic activity in shaping the dysbiotic microbiota, given its
importance in bacterial nitrogen flux, ammonia production, and the
subsequent incorporation of ammonia into bacterial amino acids
(Fig. 3).

We have previously shown that aerotolerant organisms such as
Enterobacteriaceae are the first to colonize the gut after cleansing
(28), a possible consequence of oxygen diffusion into the intestinal
luminal environment (17). We hypothesized that inoculation of the
mouse gut microbiota, after gut cleansing, with E. coli engineered to
express urease could facilitate alterations in the gut microbiota
composition. To test this hypothesis, we engineered a derivative of
the murine commensal E. coli MP1 (29) with the urease operon from
Proteus mirabilis inserted in the chromosome. We used an inducible
urease gene cluster that had previously been shown to be functional
in E. coli (30) and verified urease activity with Christensen’s urea
agar plates (Fig. 5A). Both the wild-type MP1 murine E. coli strain,
which was Ure™, and the engineered Ure" strain were consecutively
inoculated into mice for 5 days after the depletion of the native gut
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Fig. 4. Specific antibiotics reduce fecal biomass in mice and humans. (A) Unweighted UniFrac principal coordinates analysis of the murine fecal microbiota at baseline (day 0)
and 30 days after treatment of mice orally with two nonabsorbed antibiotics (vancomycin and neomycin), PEG, or a combination of both (ABX/PEG). (B) Fecal bacterial load
quantified by 165 rRNA gene copy number polymerase chain reaction (PCR) in five healthy human subjects at baseline and days 2, 3,4, 8,and 11 during and after a 3-day treatment
with three oral antibiotics (rifaximin, trimethoprim/sulfamethoxazole, and metronidazole). (C) Unweighted UniFrac principal coordinates analysis of fecal microbiota composition
in the samples collected from five healthy human subjects as described in (B). (D) Fecal bacterial load quantified by 16S rRNA gene copy number PCR (per gram of stool) and
anaerobic culture [colony-forming units (CFU) per gram of stool)] in healthy human subjects, who received a bowel-cleansing protocol of oral antibiotics (neomycin and
vancomycin) for 72 hours and a PEG purge initiated at 36 hours. n = 5, means + SD; statistical analysis performed using two-tailed paired Student’s t tests of log-transformed
data, *P < 0.05, **P < 0.01. qPCR, quatitative PCR.
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microbiota with ABX/PEG. This gut-cleansing protocol resulted in
successful colonization of the inoculated mice with both Ure™ and
Ure" E. coli MP1 strains for at least 3 months at numbers about
1000-fold greater than those achieved with a different colonization
protocol previously reported in the literature (Fig. 5, B and C) (29).

Successful engraftment of E. coli MP1 resulted in changes in mouse
gut microbiota composition that were dependent on the presence of
urease but independent of caging. We carried out five interventions:
ABX/PEG, ABX/PEG followed by inoculation with the feces of conven-
tionally housed mice, ABX/PEG followed by inoculation with Ure™
MP1, ABX/PEG followed by inoculation with Ure” MP1, and ABX/
PEG followed by inoculation with a 1:1 mixture of Ure” and Ure"
MP1. Although all of the groups had similar gut microbiota composi-
tions at baseline, 16S rRNA gene sequencing revealed a pronounced
difference among the five groups at day 29 after inoculation (Fig. 5D).
All groups diverged from the ABX/PEG-treated group. Mice inoculated
with conventional murine feces showed a similar gut composition to
the donor, whereas mice that received either Ure” MP1 or a mixture of
Ure" and Ure” MP1 showed a gut composition different from those
animals that received Ure” MP1 (Fig. 5D). Using a Mann-Whitney
test, the greatest distance among all pairwise comparisons before

(day 0) and after (day 29) gavage was between cages that had undergone
different treatments (Fig. 5E), indicating that these effects were
independent of caging. Testing for differences between groups using
the permutational multivariate analysis of variance test (fig. S3) revealed
that a number of groups were different at baseline (fig. S3), although
with a small effect size (R* < 0.15). However, the differences between
groups increased markedly on day 29, all of which were statistically sig-
nificant (P < 0.05). The Ure* MP1- and Ure*/Ure” MP1-inoculated
mice were most similar among the groups and had the smallest effect
size between them. They were very different from the mice inoculated
with conventional murine feces (R* > 0.4), the ABX/PEG group (R* >
0.3), and the Ure” MP1 group (R? > 0.25), all with large effect sizes.
These data suggest that E. coli can function as a keystone species that
allows for the establishment of a stable microbiome (31) when inocu-
lated into a properly prepared host and that the presence of the urease
gene influences the composition of the new gut microbiota.

Bacterial urease influences dysbiosis and exacerbates colitis
in a murine model

The difference in the composition of the gut microbiota induced by
the inoculation of mice with Ure™ versus Ure” MP1 is shown in Fig. 5F
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Fig. 5. Effect on gut microbiota composition of inoculating a murine host with E. coli MP1 strain engineered with a urease operon. (A) Christensen’s urea agar plate shows
urease activity, indicated by phenol red as a pH indicator, of Ure* E. coli MP1 colonies and Ure™ E. coli MP1 colonies 6 hours after inoculation of murine hosts. (B and C) Bacterial load
in mouse feces after inoculation of murine hosts with Ure* E. coli MP1 (B) or Ure™ E. coli MP1 (C) at the indicated time points after oral gavage. (D) Unweighted UniFrac principal
coordinates analysis of day 0 and day 29 fecal microbiota composition using 16S rRNA gene-tagged sequencing in five groups of mice: ABX/PEG, ABX/PEG then gavaged with
normal feces (NF), ABX/PEG then gavaged with Ure™ E. coli MP1, ABX/PEG then gavaged with Ure™ E. coli MP1, and ABX/PEG then gavaged with a mixture of Ure*/Ure™ E. coli MP1.
(E) Box plot of unweighted UniFrac distances between samples within and between cages and within and between study groups. (F) Taxonomic abundance of bacteria 29 days
after inoculation of murine hosts with Ure™ E. coli MP1, Ure* E. coli MP1, or a mixture of both.
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and fig. S4. The Ure” MP1-inoculated gut microbial community had
higher proportions of taxa belonging to the Firmicutes phylum, including
order Clostridiales, genus Ruminococcus, genus Dorea, genus Oscillospira,
genus Peptostreptococcus, and family Clostridiaceae (fig. S4). Taxa
within each of these clades have been associated with health of the host.
In contrast, the Ure"” MP1-inoculated microbial community had higher
proportions of Proteobacteria that were associated with dysbiosis, in-
cluding family Enterobacteriaceae and family Sphingomonadaceae
(fig. S4). Thus, inserting a single operon encoding bacterial urease in
E. coli MP1 appeared to be sufficient to cause a shift in the inoculated
mouse gut microbiota composition to a dysbiotic state.

To investigate the functional effects of the dysbiotic gut microbiota
engineered by bacterial urease, we examined the effect of inoculation
with either Ure™ or Ure" MP1 on the development of colitis in a T cell
adoptive transfer model of murine colitis (24). Thirty days after Rag™’~
mice were inoculated with the two different MP1 strains, adoptive
transfer of CD45Rb™¢" naive T cells was performed. Initial CFUs for
both strains approximated numbers observed in wild-type mice
(Fig. 6A) but then dropped transiently with a recovery to baseline by
day 44. About 1 month after T cell transfer, mice that were inoculated
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with Ure" MP1 began to lose weight. By day 44 after transfer, these
mice exhibited a 20% loss in weight, triggering euthanasia (Fig. 6B).
Consistent with a greater loss of weight in the Ure” MP1-inoculated
mice, colonic and cecal weights were increased, and colonic length
was decreased relative to the colons of mice inoculated with Ure™
MP1 (Fig. 6C). Together with a higher clinical colitis disease activity
index (Fig. 6C) (32, 33), these results indicate that inoculation of mice
with Ure” MP1 led to an exacerbation of colitis. This was confirmed by
histological evidence of more pronounced chronic inflammation in the
colons of mice inoculated with Ure" MP1 compared to Ure” MP1
(Fig. 6D). The Ure" MP1-inoculated mice also exhibited an increase in
Enterobacteriaceae and a decrease in Clostridiaceae (fig. S5, A and B).
Consistent with our finding that fecal amino acid quantities were
higher in Crohn’s disease patients with a dysbiotic microbiota (Fig. 1B),
the quantity of fecal amino acids was higher in mice inoculated with
Ure" MP1 with colitis compared to those receiving Ure” MP1 (fig. S5C).
These results implicate the dysbiotic microbiota established by inocula-
tion with a commensal E. coli engineered to express a bacterial urease in
the pathogenesis of colitis in a chronic immunologically mediated mu-
rine model of IBD.
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Fig. 6. Effect of E. coli urease on colitis in a T cell adoptive transfer mouse model of colitis. (A) Bacterial load represented as CFUs per gram of stool in the feces of mice after
inoculation with Ure™ (black) or Ure* (red) E. coli MP1 strains. Day 0 is the time point of T cell adoptive transfer. (B) Weight of T cell adoptively transferred Rag™~ mice after
inoculation with either Ure™ (black) or Ure™ (red) E. coli MP1 strains. Statistical analysis was performed using two-tailed unpaired Student’s t test, *P < 0.05. (C) Mouse colonic and
cecal weights, colonic length, and disease activity index (DAI) in T cell adoptively transferred Rag™~ mice 44 days after inoculation with either Ure™ or Ure* E. coli MP1 strains.
Statistical analysis was performed using two-tailed unpaired Student’s t test, *P < 0.02, **P = 0.002. (D) Photomicrographs of hematoxylin and eosin-stained mouse colon tissue

from T cell adoptively transferred Rag™~
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mice 44 days after inoculation with either Ure™ or Ure* E. coli MP1 strains.
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DISCUSSION

If gut microbiota dysbiosis is in the causal pathway of a disease, then
correction of the dysbiosis is a potential therapeutic strategy. Here, we
provide evidence that urease-mediated nitrogen flux into the gut micro-
biota may play an important role in the development of the dysbiotic
microbiota in IBD. We also show that inoculating a properly prepared
murine host with a single aerotolerant commensal bacterial strain ex-
pressing urease caused worsening colitis in an immune-mediated
mouse model.

Gene pathway analysis supports the notion that the gut microbiota
responds to gut environmental stressors principally through the mod-
ification of metabolism. Given that Proteobacteria are increased in
Crohn’s disease and that these bacteria are enriched for genes that pro-
mote utilization of nitrogen, we anticipated that the microbiome in pa-
tients with Crohn’s disease would demonstrate increased abundance of
gene pathways associated with nitrogen metabolism. This was con-
firmed in our gene pathway analysis in which there was increased
representation of gene pathways associated with IBD and dysbiosis
in pediatric Crohn’s disease patients. These included sulfur relay
systems, nitrogen metabolism, and biosynthetic pathways for several
amino acids, all of which are involved in bacterial nitrogen utilization.
For example, the sulfur relay system provides sulfur via r-cysteine
desulfurase for biosynthesis of molybdenum cofactor, as well as other
biomolecules such as thiamin, iron-sulfur clusters, and thionucleosides.
Specifically, we show that various genes encoding enzymes involved in
the synthesis of molybdenum cofactor, which is responsible for catalyzing
redox reactions in the bacterial metabolism of nitrogen, sulfur, and
carbon compounds (34), are associated with both Crohn’s disease and
taxa belonging to the Proteobacteria phylum. In addition, molybdenum
cofactor may also play a role in various nitrate reduction pathways
associated with nitrogen respiration in the setting of intestinal inflam-
mation (18). Whereas the shifts in both bacterial community structure
and gene expression may be linked to a variety of factors, the predom-
inance of the sulfur relay system in the gut microbiome of patients with
Crohn’s disease emphasizes the possible importance of nitrogen metab-
olism in the development of the dysbiotic gut microbiota.

The notion that bacterial nitrogen metabolism plays a role in the
development of dysbiosis is supported by the strong positive correlation
between Proteobacteria taxa found in the dysbiotic microbiota of pa-
tients with IBD (5) and our fecal metabolomic profiling showing a
strong association between dysbiosis and quantities of fecal amino acids.
However, one potential limitation of this study is that the metagenomic
data focused on bacteria and not the contribution of fungal microbiome
members (which also encode ureases) to nitrogen cycling in dysbiosis
associated with Crohn’s disease. Nitrogen metabolism pathways have
been extensively characterized in E. coli (35) where the preferred nitro-
gen source is ammonia (36). To provide mechanistic evidence sup-
porting the metagenomic and metabolomic associations between
nitrogen metabolism and fecal amino acid quantities with the dysbiotic
microbiota in Crohn’s disease, we examined the role of urease in bac-
terial nitrogen flux and amino acid synthesis. Urease activity in the gut
microbiota is particularly important for nitrogen flux between the host
and its gut microbiota (37). The catabolism of dietary protein by the
host results in the formation of urea, a nitrogenous waste product that
is excreted through the urine or delivered into the colon, where hydrol-
ysis by bacterial urease results in the production of carbon dioxide and
ammonia. Using ['*N;]urea as an isotopic tracer, we provide direct ev-
idence for the importance of bacterial urease and its production of am-
monia for bacterial amino acid synthesis. The quantification of >N

Ni et al., Sci. Transl. Med. 9, eaah6888 (2017) 15 November 2017

enrichment specifically in lysine, an amino acid that cannot undergo
mammalian transamination, established that bacteria are responsible
for nitrogen flux from urea into ammonia, resulting in the incorpora-
tion of '°N into amino acids synthesized by bacteria. Having established
the importance of urease in bacterial nitrogen flux and amino acid syn-
thesis in vivo in a mouse model, we then sought to assess the effect of
urease on the composition of the gut microbiota in a mouse host. We
have recently shown that it is possible to engineer the gut microbiota of
conventionally housed mice using ASF, a defined bacterial consortium
of eight organisms (23). Required preparation included administration
of two orally delivered nonabsorbable antibiotics, vancomycin and ne-
omycin, together with a gut-purging agent, PEG. Here, we extend these
findings by showing that antibiotics are critical for reshaping the
composition of the murine gut microbiota because PEG had little effect
on its own. Moreover, in humans, the choice of antibiotics is important
because a combination of three antibiotics administered without PEG
had little impact on bacterial load and microbiota composition, whereas
use of vancomycin, neomycin, and PEG resulted in a 5-log reduction in
bacterial load. Finally, in mice, the composition of the resultant gut mi-
crobiota after gut cleansing was variable and dependent on cage effects.
We inoculated the E. coli MP1 strain, engineered to express urease or
not, into mice after gut cleansing with ABX/PEG. We found that long-
term engraftment of the inoculated bacterial strain was possible,
independent of urease activity. Inoculation with Ure" E. coli, but not
Ure™ E. coli, was sufficient to engineer the murine gut microbiota into
a dysbiotic state characterized by increased proportions of Proteobac-
teria and reduced Firmicutes. A 1:1 mixture of Ure” and Ure" E. coli also
led to the development of a dysbiotic microbiota, showing dominance
of the Ure" phenotype. These results demonstrated that the compo-
sition of the gut microbiota can be engineered by altering expression
of a single enzyme in one bacterial lineage when inoculated into a prop-
erly prepared murine host, supporting the importance of nitrogen flux
and metabolism in the development of the dysbiotic gut microbiota.

The worsening of disease in a chronic immune-mediated murine
model of colitis by inoculation with Ure" MP1 relative to the Ure™ strain
provides functional evidence for the relevance of the dysbiosis induced
by urease. Our results may explain why the transfer of specific Entero-
bacteriaceae, namely, Klebsiella pneumoniae and P. mirabilis (both
known to express urease) (38), correlates with the development of colitis
in another chronic T cell-mediated model of colitis (11). Fecal micro-
biota transplantation has been used with mixed results in Crohn’s dis-
ease and ulcerative colitis, a related IBD with similar dysbiosis to that
seen in patients with Crohn’s disease (16, 39-44). Some studies have
identified differential effectiveness of fecal microbiota transplantation
depending on the donor. It is possible that the inconsistent effectiveness
of fecal microbiota transplantation could be related to inconsistent re-
duction in urease activity because about 15 to 30% of urea produced by
humans is hydrolyzed by microbial ureases (45, 46).

There are limitations to our study. Although there was a clear cor-
relation between fecal amino acids and the dysbiotic gut microbiota
in both IBD and a murine colitis model, it was not possible to de-
termine the degree to which this was due to host versus microbial
biology because it was not technically possible to distinguish between
fecal amino acids derived from the host versus the gut microbiota. In
addition, our mouse models did not provide information about the
mechanism by which bacterial urease induced dysbiosis. However, our
human and murine data do reveal a role for bacterial nitrogen flux
via urease activity in the development of dysbiosis and the patho-
genesis of IBD. These observations will inform gut microbiota-based
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strategies for the treatment of human diseases. It appears to be impor-
tant to reduce microbial load to enhance the engraftment of engi-
neered bacterial consortia. Not all antibiotics influence the bacterial
load and composition in the human gut, but vancomycin and neomy-
cin together with PEG reduced both culturable bacteria and 16S rRNA
gene copy number in humans and mice (23). In addition, human com-
mensal organisms that are available as probiotics might have greater
utility in the treatment of disease when used in combination with a
gut-cleansing protocol. For example, E. coli Nissle, which has been
shown to have modest beneficial effects in ulcerative colitis and lacks
urease activity (47), might be more effective when inoculated into pa-
tients in which bacterial load has been sufficiently diminished. Such a
strategy might enable currently used probiotics, which have minimal
effects on the composition of the human gut microbiota, to confer
more benefits on patients with disease.

MATERIALS AND METHODS

Study design

The results reported in this manuscript were generated from a two-part
study where the primary aim was to determine the biological mecha-
nism by which fecal amino acids are correlated with the dysbiotic gut
microbiota in IBD. The first component involved the analysis of
biospecimens collected in a human subject study named PLEASE,
where correlations between fecal amino acids and the dysbiotic gut
microbiota were demonstrated using a combination of metabolomics
and shotgun metagenomic sequencing (5). Details of the PLEASE hu-
man subject prospective study have been previously reported (48). In
brief, enrolled in the PLEASE study were children under the age of
22 with active disease defined as having a Pediatric Crohn’s Disease Ac-
tivity Index score of greater than 10, who were initiating therapy with
PEN, EEN, or anti-TNF-o therapy. Patients had stool samples collected
for determining fecal calprotectin concentration and microbiome char-
acterization at baseline and 1, 4, and 8 weeks after initiation of the treat-
ment. Metabolomic and gene pathway analyses were performed on
baseline stool samples from subjects with Crohn’s disease compared
to healthy controls. In addition, two interventional human subject
studies were performed to determine the effect of various antibiotics
and a PEG gut purge on fecal bacterial biomass using anaerobic culture
and 16S rRNA gene copy number PCR. All human subject studies were
performed with Institutional Review Board (IRB)-approved protocols
that included informed consent.

The second component of this study was designed to determine the
mechanism by which fecal amino acids correlated with dysbiosis in
IBD. Using a combination of heavy isotope nitrogen flux studies, bac-
terial culture experiments, and mouse models, we show that bacterial
urease can lead to the development of dysbiosis that exacerbates
the course of murine experimental colitis. We used in vivo heavy iso-
tope assays using '’N-labeled urea to determine the effect of bacterial
urease on bacterial nitrogen flux, where '>’N was incorporated into
bacterial amino acids in a urease-dependent fashion. We then engi-
neered a strain of commensal mouse E. coli to express urease. When
this Ure" E. coli strain was inoculated into mice that were pretreated
with ABX/PEG, resulting in stable engraftment, it led to the devel-
opment of a dysbiotic gut microbiota with an increase in Proteobac-
teria and a decrease in Clostridia spp. Last, when this Ure" E. coli strain
was inoculated into Rag™~ mice in which colitis was induced via T cell
transfer, we observed an exacerbation of disease with an increase in
fecal amino acids, providing functional evidence for the relevance of
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the dysbiosis induced by bacterial nitrogen flux via a urease-dependent
mechanism.

Animal studies

All animal experiments were performed according to Institutional
Animal Care and Use Committee-approved protocols. Mice were
prepared for inoculation by oral delivery of antibiotics in the drinking
water (1 g of aspartame, 0.1 g vancomycin, and 0.2 g of neomycin in
200-ml sterile water) for 72 hours with the addition of PEG 10% (w/v)
for the last 12 hours. For the MP1 experiments, the mice were then in-
oculated daily with the desired E. coli strains by oral gavage for 5 days.
For the T cell adoptive transfer model of colitis, the mice were inocu-
lated with the desired E. coli strains by oral gavage then underwent in-
duction of colitis detailed below at day 30 after gavage. Freshly sorted
CD4*CD45RB™" T cells from 6- to 8-week-old C57BL/6 mice were
transferred intraperitoneally into 8-week-old RaglKO (Rag™’~) mice
on a C57BL/6 background on day 0 per established protocols (24).
>N flux experiments were performed on conventionally housed mice
that had received fecal microbial transplant using ASF (with low urease
activity), as previously described (23). These mice were compared to
mice that were continuously treated with antibiotics (vancomycin and
neomycin) and to control mice. All groups were gavaged with 50 mg of
["°N,]urea per mouse daily for 7 days. >N enrichment in amino acids
was determined by liquid/gas chromatography-MS and HPLC (49, 50).

Human studies

All studies were performed using IRB-approved protocols. Fecal samples
used for metabolomic studies were collected from pediatric patients
with Crohn’s disease as part of our PLEASE study (5) and from healthy
controls. Fecal samples used to determine the effect of antibiotics on the
bacterial load of the human gut microbiota were obtained from two
independent studies. The AFTER (Impact of Antibiotics on Fecal Bac-
terial Concentration) study was a single-arm clinical trial examining the
composition of the stool microbiome from healthy adult volunteers ex-
posed to 3 days of oral antibiotics [rifaximin (550 mg, orally twice daily)
plus metronidazole (500 mg, orally twice daily) plus trimethoprim/sul-
famethoxazole (160 to 800 mg;, orally twice daily)]. In the FARMM (Food
and Resulting Microbial Metabolites) inpatient study, fecal samples were
collected from healthy adult volunteers before, during, and immediately
after a bowel-cleansing protocol consisting of vancomycin (500 mg, every
6 hours) and neomycin (1000 mg, every 6 hours) daily for 3 days with a
PEG purge (4 liters) on day 2. Anaerobic culture conditions for CFU deter-
mination of bacterial load were performed as previously described (51).

DNA extraction, 16S rRNA amplification, sequencing,

and analysis

Total DNA was extracted from mouse fecal pellet and bacterial gavage
samples using the MO BIO PowerSoil-htp kit. The first and second
hypervariable regions of the 165 rRNA gene (V1 and V2) were ampli-
fied using Golay-barcoded 27F and 338R primers (52-54). 165 rRNA
amplicons were sequenced using 2 x 250-base pair paired-end reads
on the llumina MiSeq platform (53, 54). The sequenced 16S rRNA reads
were analyzed using the QIIME software package (55) and the R
programming language.

Metabolomic analyses of fecal samples

Stool samples were homogenized using a bead mill (TissueLyser II,
QIAGEN), and the aqueous homogenates were aliquoted for metabolite
profiling analyses. Four separate LC-tandem MS methods were used to
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measure polar metabolites and lipids in each sample. Methods 1, 2, and
3 were conducted using two LC-MS systems composed of Nexera X2
UHPLC systems (Shimadzu Scientific Instruments) and Q Exactive
Hybrid Quadrupole-Orbitrap MSs (Thermo Fisher Scientific), and
method 4 was conducted using a Nexera X2 UHPLC (Shimadzu
Scientific Instruments) coupled to an Exactive Plus Orbitrap MS (Thermo
Fisher Scientific).

Statistical analysis

Wilcoxon rank-sum test was used for two group comparisons, and
Spearman rank correlation was used to assess the association between
two quantitative variables such as taxon abundance and metabolite. To
account for sample heterogeneity between normal and disease samples,
linear regression analyses were applied to assess the statistical significance,
including a disease indicator as a covariate. Linear regression analysis was
also applied to associate the amino acid abundance and fecal calprotectin
measurements adjusting for antibiotic use. Log transformation was ap-
plied to both taxon and metabolite abundances. Finally, FDR was applied
to control for multiple comparisons. Two-tailed Student’s ¢ tests were
used for comparisons of fecal amino acids, atom percent excess, mouse
weights, and clinical end points of colitis.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/416/eaah6888/DC1

Extended experimental procedures

Fig. S1. Fecal amino acids in healthy control subjects versus patients with pediatric Crohn’s
disease.

Fig. S2. Composition of the gut microbiota at baseline and 1 month after ABX/PEG bowel
cleansing in three independent experiments.

Fig. S3. Test for difference in microbiota community composition based on unweighted
UniFrac distance.

Fig. S4. Heat map and Kruskal-Wallis analysis of the murine gut microbiota before and after
inoculation with Ure™ and Ure* E. coli MP1.

Fig. S5. Changes in microbiota composition and fecal amino acids in mice inoculated with Ure*
versus Ure™ E. coli MP1 in a T cell adoptive transfer model of colitis.

REFERENCES AND NOTES

1. G. D. Wy, J. Chen, C. Hoffmann, K. Bittinger, Y.-Y. Chen, S. A. Keilbaugh, M. Bewtra,
D. Knights, W. A. Walters, R. Knight, R. Sinha, E. Gilroy, K. Gupta, R. Baldassano, L. Nessel,
H. Li, F. D. Bushman, J. D. Lewis, Linking long-term dietary patterns with gut microbial
enterotypes. Science 334, 105-108 (2011).

2. L. A. David, C. F. Maurice, R. N. Carmody, D. B. Gootenberg, J. E. Button, B. E. Wolfe,
A. V. Ling, A. S. Devlin, Y. Varma, M. A. Fischbach, S. B. Biddinger, R. J. Dutton,
P. J. Turnbaugh, Diet rapidly and reproducibly alters the human gut microbiome. Nature
505, 559-563 (2014).

3. L. Dethlefsen, S. Huse, M. L. Sogin, D. A. Relman, The pervasive effects of an antibiotic on
the human gut microbiota, as revealed by deep 16S rRNA sequencing. PLOS Biol. 6, €280
(2008).

4. D.N. Frank, A. L. St. Amand, R. A. Feldman, E. C. Boedeker, N. Harpaz, N. R. Pace,
Molecular-phylogenetic characterization of microbial community imbalances in human
inflammatory bowel diseases. Proc. Natl. Acad. Sci. U.S.A. 104, 13780-13785 (2007).

5. J. D. Lewis, E. Z. Chen, R. N. Baldassano, A. R. Otley, A. M. Griffiths, D. Lee, K. Bittinger,

A. Bailey, E. S. Friedman, C. Hoffmann, L. Albenberg, R. Sinha, C. Compher, E. Gilroy,
L. Nessel, A. Grant, C. Chehoud, H. Li, G. D. Wu, F. D. Bushman, Inflammation, antibiotics,
and diet as environmental stressors of the gut microbiome in pediatric Crohn’s disease.
Cell Host Microbe 18, 489-500 (2015).

6. D. Gevers, S. Kugathasan, L. A. Denson, Y. Vazquez-Baeza, W. Van Treuren, B. Ren,
E. Schwager, D. Knights, S. J. Song, M. Yassour, X. C. Morgan, A. D. Kostic, C. Luo,

A. Gonzalez, D. McDonald, Y. Haberman, T. Walters, S. Baker, J. Rosh, M. Stephens,
M. Heyman, J. Markowitz, R. Baldassano, A. Griffiths, F. Sylvester, D. Mack, S. Kim,
W. Crandall, J. Hyams, C. Huttenhower, R. Knight, R. J. Xavier, The treatment-naive
microbiome in new-onset Crohn’s disease. Cell Host Microbe 15, 382-392 (2014).

7. N. A. Nagalingam, S. V. Lynch, Role of the microbiota in inflammatory bowel diseases.

Inflamm. Bowel Dis. 18, 968-984 (2012).

Ni et al., Sci. Transl. Med. 9, eaah6888 (2017) 15 November 2017

8.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

R. B. Sartor, Therapeutic correction of bacterial dysbiosis discovered by molecular
techniques. Proc. Natl. Acad. Sci. U.S.A. 105, 16413-16414 (2008).

. C. Manichanh, L. Rigottier-Gois, E. Bonnaud, K. Gloux, E. Pelletier, L. Frangeul, R. Nalin,

C. Jarrin, P. Chardon, P. Marteau, J. Roca, J. Dore, Reduced diversity of faecal microbiota in
Crohn'’s disease revealed by a metagenomic approach. Gut 55, 205-211 (2006).

. W. A. Walters, Z. Xu, R. Knight, Meta-analyses of human gut microbes associated with

obesity and IBD. FEBS Lett. 588, 4223-4233 (2014).

. W.S. Garrett, C. A. Gallini, T. Yatsunenko, M. Michaud, A. DuBois, M. L. Delaney, S. Punit,

M. Karlsson, L. Bry, J. N. Glickman, J. I. Gordon, A. B. Onderdonk, L. H. Glimcher,
Enterobacteriaceae act in concert with the gut microbiota to induce spontaneous and
maternally transmitted colitis. Cell Host Microbe 8, 292-300 (2010).

. F. A. Carvalho, N. Barnich, A. Sivignon, C. Darcha, C. H. F. Chan, C. P. Stanners,

A. Darfeuille-Michaud, Crohn’s disease adherent-invasive Escherichia coli colonize and
induce strong gut inflammation in transgenic mice expressing human CEACAM. J. Exp.
Med. 206, 2179-2189 (2009).

. F. A. Carvalho, O. Koren, J. K. Goodrich, M. E. Johansson, I. Nalbantoglu, J. D. Aitken, Y. Su,

B. Chassaing, W. A. Walters, A. Gonzélez, J. C. Clemente, T. C. Cullender, N. Barnich,

A. Darfeuille-Michaud, M. Vijay-Kumar, R. Knight, R. E. Ley, A. T. Gewirtz, Transient inability
to manage proteobacteria promotes chronic gut inflammation in TLR5-deficient mice.
Cell Host Microbe 12, 139-152 (2012).

. P. M. Smith, M. R. Howitt, N. Panikov, M. Michaud, C. A. Gallini, Y. M. Bohlooly-Y,

J. N. Glickman, W. S. Garrett, The microbial metabolites, short-chain fatty acids, regulate
colonic Treq cell homeostasis. Science 341, 569-573 (2013).

. Y. Furusawa, Y. Obata, S. Fukuda, T. A. Endo, G. Nakato, D. Takahashi, Y. Nakanishi,

C. Uetake, K. Kato, T. Kato, M. Takahashi, N. N. Fukuda, S. Murakami, E. Miyauchi, S. Hino,
K. Atarashi, S. Onawa, Y. Fujimura, T. Lockett, J. M. Clarke, D. L. Topping, M. Tomita,

S. Hori, O. Ohara, T. Morita, H. Koseki, J. Kikuchi, K. Honda, K. Hase, H. Ohno, Commensal
microbe-derived butyrate induces the differentiation of colonic regulatory T cells.
Nature 504, 446-450 (2013).

. S. Paramsothy, M. A. Kamm, N. O. Kaakoush, A. J. Walsh, J. van den Bogaerde, D. Samuel,

R. W. L. Leong, S. Connor, W. Ng, R. Paramsothy, W. Xuan, E. Lin, H. M. Mitchell,
T. J. Borody, Multidonor intensive faecal microbiota transplantation for active ulcerative
colitis: A randomised placebo-controlled trial. Lancet 389, 1218-1228 (2017).

. L. Albenberg, T. V. Esipova, C. P. Judge, K. Bittinger, J. Chen, A. Laughlin, S. Grunberg,

R. N. Baldassano, J. D. Lewis, H. Li, S. R. Thom, F. D. Bushman, S. A. Vinogradov, G. D. Wu,
Correlation between intraluminal oxygen gradient and radial partitioning of intestinal
microbiota in humans and mice. Gastroenterology 147, 1055-1063.e8 (2014).

. S. E. Winter, C. A. Lopez, A. J. Baumler, The dynamics of gut-associated microbial

communities during inflammation. EMBO Rep. 14, 319-327 (2013).

K. Forchhammer, Glutamine signalling in bacteria. Front. Biosci. 12, 358-370 (2007).

M. Sasaki, S. V. Sitaraman, B. A. Babbin, P. Gerner-Smidt, E. M. Ribot, N. Garrett, J. A. Alpern,
A. Akyildiz, A. L. Theiss, A. Nusrat, J.-M. Klapproth, Invasive Escherichia coli are a feature of
Crohn'’s disease. Lab. Invest. 87, 1042-1054 (2007).

N. Rolhion, A. Darfeuille-Michaud, Adherent-invasive Escherichia coli in inflammatory
bowel disease. Inflamm. Bowel Dis. 13, 1277-1283 (2007).

W.S. Garrett, G. M. Lord, S. Punit, G. Lugo-Villarino, S. K. Mazmanian, S. Ito, J. N. Glickman,
L. H. Glimcher, Communicable ulcerative colitis induced by T-bet deficiency in the innate
immune system. Cell 131, 33-45 (2007).

T.-C. D. Shen, L. Albenberg, K. Bittinger, C. Chehoud, Y.-Y. Chen, C. A. Judge, L. Chau, J. Ni,
M. Sheng, A. Lin, B. J. Wilkins, E. L. Buza, J. D. Lewis, Y. Daikhin, I. Nissim, M. Yudkoff,

F. D. Bushman, G. D. Wu, Engineering the gut microbiota to treat hyperammonemia.

J. Clin. Invest. 125, 2841-2850 (2015).

D. V. Ostanin, J. Bao, |. Koboziev, L. Gray, S. A. Robinson-Jackson, M. Kosloski-Davidson,
V. H. Price, M. B. Grisham, T cell transfer model of chronic colitis: Concepts, considerations,
and tricks of the trade. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G135-G146 (2009).

D. Torrallardona, C. I. Harris, M. E. Coates, M. F. Fuller, Microbial amino acid synthesis and
utilization in rats: Incorporation of '°N from "*NH,Cl into lysine in the tissues of germ-free
and conventional rats. Br. J. Nutr. 76, 689-700 (1996).

C. A. Lozupone, M. Hamady, S. T. Kelley, R. Knight, Quantitative and qualitative B diversity
measures lead to different insights into factors that structure microbial communities.
Appl. Environ. Microbiol. 73, 1576-1585 (2007).

M. A. Hildebrandt, C. Hoffmann, S. A. Sherrill-Mix, S. A. Keilbaugh, M. Hamady, Y.-Y. Chen,
R. Knight, R. S. Ahima, F. Bushman, G. D. Wu, High-fat diet determines the composition
of the murine gut microbiome independently of obesity. Gastroenterology 137,
1716-1724.e2 (2009).

S. Dollive, Y.-Y. Chen, S. Grunberg, K. Bittinger, C. Hoffmann, L. Vandivier, C. Cuff,

J. D. Lewis, G. D. Wuy, F. D. Bushman, Fungi of the murine gut: Episodic variation and
proliferation during antibiotic treatment. PLOS ONE 8, 71806 (2013).

M. Lasaro, Z. Liu, R. Bishar, K. Kelly, S. Chattopadhyay, S. Paul, E. Sokurenko, J. Zhu,

M. Goulian, Escherichia coli isolate for studying colonization of the mouse intestine

and its application to two-component signaling knockouts. J. Bacteriol. 196, 1723-1732
(2014).

10 of 11

€702 ‘0€ dun( uo 310°90UdI0s" mMm//:sd1IY WIOI) papeO[UMO(]


http://www.sciencetranslationalmedicine.org/cgi/content/full/9/416/eaah6888/DC1

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

30. E.B. Nicholson, E. A. Concaugh, P. A. Foxall, M. D. Island, H. L. T. Mobley, Proteus mirabilis
urease: Transcriptional regulation by UreR. J. Bacteriol. 175, 465-473 (1993).

31. R.E.Ley, D. A. Peterson, J. . Gordon, Ecological and evolutionary forces shaping microbial
diversity in the human intestine. Cell 124, 837-848 (2006).

32. H.S. Cooper, S. N. Murthy, R. S. Shah, D. J. Sedergran, Clinicopathologic study of dextran
sulfate sodium experimental murine colitis. Lab. Invest. 69, 238-249 (1993).

33. D. Q. Shih, L. Zheng, X. Zhang, H. Zhang, Y. Kanazawa, R. Ichikawa, K. L. Wallace, J. Chen,
C. Pothoulakis, H. W. Koon, S. R. Targan, Inhibition of a novel fibrogenic factor Tl1a
reverses established colonic fibrosis. Mucosal Immunol. 7, 1492-1503 (2014).

34. C. lobbi-Nivol, S. Leimkuhler, Molybdenum enzymes, their maturation and
molybdenum cofactor biosynthesis in Escherichia coli. Biochim. Biophys. Acta 1827,
1086-1101 (2013).

35. L. Reitzer, Nitrogen assimilation and global regulation in Escherichia coli. Annu. Rev.
Microbiol. 57, 155-176 (2003).

36. D.R.Brown, G. Barton, Z. Pan, M. Buck, S. Wigneshweraraj, Nitrogen stress response and
stringent response are coupled in Escherichia coli. Nat. Commun. 5, 4115 (2014).

37. M. F. Fuller, P. J. Reeds, Nitrogen cycling in the gut. Annu. Rev. Nutr. 18, 385-411 (1998).

38. H.L.T.Mobley, R. P. Hausinger, Microbial ureases: Significance, regulation, and molecular
characterization. Microbiol. Rev. 53, 85-108 (1989).

39. S. Angelberger, W. Reinisch, A. Makristathis, C. Lichtenberger, C. Dejaco, P. Papay,

G. Novacek, M. Trauner, A. Loy, D. Berry, Temporal bacterial community dynamics vary
among ulcerative colitis patients after fecal microbiota transplantation. Am. J.
Gastroenterol. 108, 1620-1630 (2013).

40. B. Cui, P. Li, L. Xu, Y. Zhao, H. Wang, Z. Peng, H. Xu, J. Xiang, Z. He, T. Zhang, Y. Nie, K. Wu,
D. Fan, G. Ji, F. Zhang, Step-up fecal microbiota transplantation strategy: A pilot study for
steroid-dependent ulcerative colitis. J. Transl. Med. 13, 298 (2015).

41. S.Kunde, A. Pham, S. Bonczyk, T. Crumb, M. Duba, H. Conrad Jr., D. Cloney, S. Kugathasan,
Safety, tolerability, and clinical response after fecal transplantation in children and young
adults with ulcerative colitis. J. Pediatr. Gastroenterol. Nutr. 56, 597-601 (2013).

42. R.J. Colman, D. T. Rubin, Fecal microbiota transplantation as therapy for inflammatory
bowel disease: A systematic review and meta-analysis. J. Crohns Colitis 8, 1569-1581
(2014).

43. P. Moayyedi, M. G. Surette, P. T. Kim, J. Libertucci, M. Wolfe, C. Onischi, D. Armstrong,
J. K. Marshall, Z. Kassam, W. Reinisch, C. H. Lee, Fecal microbiota transplantation induces
remission in patients with active ulcerative colitis in a randomized controlled trial.
Gastroenterology 149, 102-109.e6 (2015).

44. D. L. Suskind, M. J. Brittnacher, G. Wahbeh, M. L. Shaffer, H. S. Hayden, X. Qin, N. Singh,
C. J. Damman, K. R. Hager, H. Nielson, S. I. Miller, Fecal microbial transplant effect on
clinical outcomes and fecal microbiome in active Crohn’s disease. Inflamm. Bowel Dis. 21,
556-563 (2015).

45. M. Walser, L. J. Bodenlos, Urea metabolism in man. J. Clin. Invest. 38, 1617-1626 (1959).
46. C.R. Kelly, S. Kahn, P. Kashyap, L. Laine, D. Rubin, A. Atreja, T. Moore, G. Wu, Update on
fecal microbiota transplantation 2015: Indications, methodologies, mechanisms, and

outlook. Gastroenterology 149, 223-237 (2015).

47. W. Kruis, P. Fri¢, J. Pokrotnieks, M. Lukds, B. Fixa, M. Ka3¢ak, M. A. Kamm, J. Weismueller,
C. Beglinger, M. Stolte, C. Wolff, J. Schulze, Maintaining remission of ulcerative colitis with
the probiotic Escherichia coli Nissle 1917 is as effective as with standard mesalazine.
Gut 53, 1617-1623 (2004).

48. D. Lee, R. N. Baldassano, A. R. Otley, L. Albenberg, A. M. Griffiths, C. Compher, E. Z. Chen,
H. Li, E. Gilroy, L. Nessel, A. Grant, C. Chehoud, F. D. Bushman, G. D. Wu, J. D. Lewis,
Comparative effectiveness of nutritional and biological therapy in North American
children with active Crohn’s disease. Inflamm. Bowel Dis. 21, 1786-1793 (2015).

49. |. Nissim, M. E. Brosnan, M. Yudkoff, J. T. Brosnan, Studies of hepatic glutamine
metabolism in the perfused rat liver with '*N-labeled glutamine. J. Biol. Chem. 274,
28958-28965 (1999).

50. 1. Nissim, O. Horyn, I. Nissim, Y. Daikhin, L. Caldovic, B. Barcelona, J. Cervera, M. Tuchman,
M. Yudkoff, Down-regulation of hepatic urea synthesis by oxypurines: Xanthine and uric
acid inhibit N-acetylglutamate synthase. J. Biol. Chem. 286, 22055-22068 (2011).

51. A. L. Goodman, G. Kallstrom, J. J. Faith, A. Reyes, A. Moore, G. Dantas, J. |. Gordon,
Extensive personal human gut microbiota culture collections characterized and
manipulated in gnotobiotic mice. Proc. Natl. Acad. Sci. U.S.A. 108, 6252-6257 (2011).

Ni et al., Sci. Transl. Med. 9, eaah6888 (2017) 15 November 2017

52. S. J. Song, C. Lauber, E. K. Costello, C. A. Lozupone, G. Humphrey, D. Berg-Lyons,

J. G. Caporaso, D. Knights, J. C. Clemente, S. Nakielny, J. I. Gordon, N. Fierer, R. Knight,
Cohabiting family members share microbiota with one another and with their dogs. eLife
2, e00458 (2013).

53. J. G. Caporaso, C. L. Lauber, W. A. Walters, D. Berg-Lyons, C. A. Lozupone, P. J. Turnbaugh,
N. Fierer, R. Knight, Global patterns of 16S rRNA diversity at a depth of millions of
sequences per sample. Proc. Natl. Acad. Sci. U.S.A. 108 (suppl. 1), 4516-4522 (2011).

54. J.G. Caporaso, C. L. Lauber, W. A. Walters, D. Berg-Lyons, J. Huntley, N. Fierer, S. M. Owens,
J. Betley, L. Fraser, M. Bauer, N. Gormley, J. A. Gilbert, G. Smith, R. Knight, Ultra-high-
throughput microbial community analysis on the lllumina HiSeq and MiSeq platforms.
ISME J. 6, 1621-1624 (2012).

55. J. G. Caporaso, J. Kuczynski, J. Stombaugh, K. Bittinger, F. D. Bushman, E. K. Costello,

N. Fierer, A. G. Pena, J. K. Goodrich, J. I. Gordon, G. A. Huttley, S. T. Kelley, D. Knights,
J. E. Koenig, R. E. Ley, C. A. Lozupone, D. McDonald, B. D. Muegge, M. Pirrung, J. Reeder,
J. R. Sevinsky, P. J. Turnbaugh, W. A. Walters, J. Widmann, T. Yatsunenko, J. Zaneveld,
R. Knight, QIIME allows analysis of high-throughput community sequencing data.

Nat. Methods 7, 335-336 (2010).

56. D.S. Wishart, T. Jewison, A. C. Guo, M. Wilson, C. Kno, Y. Liu, Y. Djoumbou, R. Mandal,
F. Aziat, E. Dong, S. Bouatra, I. Sinelnikov, D. Arndt, J. Xia, P. Liu, F. Yallou, T. Bjorndahl,
R. Perez-Pineiro, R. Eisner, F. Allen, V. Neveu, R. Greiner, A. Scalbert, HMDB 3.0—The
Human Metabolome Database in 2013. Nucleic Acids Res. 41, D801-D807 (2013).

Acknowledgments: We thank A. Griffiths and A. Otley for their help in designing and
implementing the PLEASE study and A. Deik, K. Bullock, and K. Pierce for their help in the fecal
metabolomic analyses. Funding: This work was supported by the NIH (grants P30 DK050306,
UH3 DK083981, T32 DK007066, K24 DK078228, R01 GM080279, and R01T GM103591), Crohn’s &
Colitis Foundation of America Microbiome Consortium grant, AGA-Takeda Pharmaceuticals
Research Scholar Award in Inflammatory Bowel Disease, AGA Microbiome Junior Investigator
Research Award, the PennCHOP Microbiome Program, and the Sheila and Stanley Greenberg
Fund. Author contributions: J.N,, JB, RJX, CB.C, MY, HL, MG, F.DB, JDL, and GD.W.
designed the research. JN,, T-CDS, EZC, AB, MR, AS-M, ES.F, A. Lin, N, LC, A. Lauder,
CH., GR, LA, and RN.B. performed the research. JN,, EZ.C, KB, AB. JS, M.Y,, H.L, MG.,,
F.D.B, J.D.L, and G.D.W. analyzed the data. JN., L.C, H.L, M.G,, F.D.B,, J.D.L, and G.D.W. wrote
the paper. Competing interests: F.D.B, M.G., JD.L, and G.D.W. are coinventors on patent
application no. 62192406 entitled “Compositions and methods for engineering gut microbiota
with a facultative anaerobe in a properly prepared host for the treatment of IBD and other
disease states associated with gut microbiota.” G.D.W. has consulting agreements with

Chr. Hansen, Janssen, and Pfizer and receives research funding from Takeda, Nestlé, Seres
Therapeutics, and Intercept Pharmaceuticals. However, there was no industry support for this
study. J.D.L. has consulting agreements with Nestlé Health Science, Eli Lilly, Johnson &
Johnson Consumer Inc., Samsung Bioepis, Janssen, Dark Canyon Laboratories, Takeda, Pfizer,
Gilead, AbbVie, UCB, and Merck. H.L. has consulting agreements with Merck, Janssen,
Takeda, and Eli Lilly. J.B. is a scientific advisory board member of Janssen Research and
Development, Prolacta Bioscience, and Eli Lilly and has consulting agreements with Eli Lilly,
Boston Consulting Group, and Betterpath. R.N.B. has consulting agreements with AbbVie,
Janssen, Celgene, and Eli Lilly. RJ.X. has a consulting agreement with Novartis. All other
authors declare that they have no competing interests. Data and materials availability:
BioProject accession numbers SRP057027 and SRP106487.

Submitted 7 August 2016
Resubmitted 5 April 2017
Accepted 26 May 2017
Published 15 November 2017
10.1126/scitranslmed.aah6888

Citation: J. Ni, T.-C. D. Shen, E. Z. Chen, K. Bittinger, A. Bailey, M. Roggiani, A. Sirota-Madi,
E. S. Friedman, L. Chau, A. Lin, I. Nissim, J. Scott, A. Lauder, C. Hoffmann, G. Rivas,
L. Albenberg, R. N. Baldassano, J. Braun, R. J. Xavier, C. B. Clish, M. Yudkoff, H. Li, M. Goulian,
F. D. Bushman, J. D. Lewis, G. D. Wu, A role for bacterial urease in gut dysbiosis and Crohn’s
disease. Sci. Transl. Med. 9, eaah6888 (2017).

11 of 11

€702 ‘0€ dun( uo 310°90UdI0s" mMm//:sd1IY WIOI) papeO[UMO(]



Science Translational Medicine

A role for bacterial urease in gut dysbiosis and Crohn’s disease

Josephine Ni, Ting-Chin David Shen, Eric Z. Chen, Kyle Bittinger, Aubrey Bailey, Manuela Roggiani, Alexandra Sirota-
Madi, Elliot S. Friedman, Lillian Chau, Andrew Lin, llana Nissim, Justin Scott, Abigail Lauder, Christian Hoffmann, Gloriany
Rivas, Lindsey Albenberg, Robert N. Baldassano, Jonathan Braun, Ramnik J. Xavier, Clary B. Clish, Marc Yudkoff,
Hongzhe Li, Mark Goulian, Frederic D. Bushman, James D. Lewis, and Gary D. Wu

Sci. Transl. Med., 9 (416), eaah6888.
DOI: 10.1126/scitransimed.aah6888

Nitrogen flux and gut dysbiosis

Ni et al. used shotgun metagenomic and metabolomic analysis of fecal samples from pediatric patients with Crohn’s
disease. They demonstrated an association between disease severity, gut dysbiosis, and free amino acids. A heavy
isotope—labeled nitrogen flux analysis showed that bacterial urease activity led to the transfer of host-derived nitrogen
to the gut microbiota, boosting amino acid synthesis. Inoculation of a murine host with Escherichia coli engineered

to express urease led to dysbiosis associated with worsened immune-mediated colitis and increased amino acid
production. A potential role for nitrogen flux in the development of gut dysbiosis suggests that urease may be a
potential target for developing treatments for inflammatory bowel diseases.
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