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ABSTRACT In addition to their chemical antimicrobial nature, bile acids are thought
to have other functions in the homeostatic control of gastrointestinal immunity.
However, those functions have remained largely undefined. In this work, we used il-
eal explants and mouse models of bile acid administration to investigate the role of
bile acids in the regulation of the intestinal antimicrobial response. Mice fed on a
diet supplemented with 0.1% chenodeoxycholic acid (CDCA) showed an upregulated
expression of Paneth cell �-defensins as well as an increased synthesis of the type-C
lectins Reg3b and Reg3g by the ileal epithelium. CDCA acted on several epithelial
cell types, by a mechanism independent from farnesoid X receptor (FXR) and not in-
volving STAT3 or �-catenin activation. CDCA feeding did not change the relative
abundance of major commensal bacterial groups of the ileum, as shown by 16S
analyses. However, administration of CDCA increased the expression of ileal Muc2
and induced a change in the composition of the mucosal immune cell repertoire,
decreasing the proportion of Ly6G� and CD68� cells, while increasing the relative
amount of IgG�� B cells. Oral administration of CDCA to mice attenuated infections
with the bile-resistant pathogens Salmonella enterica serovar Typhimurium and Citro-
bacter rodentium, promoting lower systemic colonization and faster bacteria clear-
ance, respectively. Our results demonstrate that bile acid signaling in the ileum trig-
gers an antimicrobial program that can be potentially used as a therapeutic option
against intestinal bacterial infections.

KEYWORDS bile acids, Citrobacter rodentium, intestinal antimicrobial peptides,
mucins, mucosal immunity, Salmonella enterica

Bile acids are synthetized by hepatocytes and excreted to the bile in their primary
glycine- or taurine-conjugated forms. Approximately 50% of bile is collected and

stored in the gallbladder (1), where the concentration of bile acids rises 6- to 10-fold (2,
3). Eventually, the bile is discharged into the duodenum in response to feeding,
incorporating concentrated bile acids into the process of digestion and absorption of
dietary lipids and liposoluble compounds (4). Most of the intestinal bile acids are later
reabsorbed in the ileum by active transport, carried back to the liver by the entero-
portal circulation, and incorporated again into the bile. The bile acids not reclaimed by
the ileum are metabolized by the intestinal commensal microbiota or excreted in the
feces (4). Microbial transformation of primary conjugated bile acids starts in the
terminal ileum (5) with amino acid deconjugation, which produces primary, unconju-
gated bile acids. Those may be subsequently converted into secondary bile acids by
other chemical modifications, such as oxidation and dehydroxylation (6). Once decon-
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jugated, bile acids do not require active transport and can be passively absorbed by the
intestinal mucosa (5). In humans, the primary, conjugated bile acid pool is composed
mostly of cholic acid (CA) and chenodeoxycholic acid (CDCA) conjugated to either
glycine or taurine (7). However, in mice, it is composed of approximately 49%
�-muricholic acid, 46% CA, and only 2% chenodeoxycholic acid (CDCA), exclusively
conjugated to taurine (3).

Due to their detergent nature and membranolytic activity (8), bile acids are micro-
bicidal (9, 10), a feature considered important for limiting the growth of bacteria in the
proximal small intestine (10, 11). However, recent evidence suggests that in addition to
that, bile acid signaling to the gut epithelium is important for intestinal immunity and
homeostasis, as genetic deficiency of the bile acid nuclear receptor FXR (farnesoid X
receptor) facilitates intestinal bacterial overgrowth and leads to a compromised intes-
tinal barrier (12). This barrier is a functional entity formed by the continuous single-cell
layer of intestinal epithelial cells, antimicrobial peptides and proteins (AMPPs), immu-
noglobulins produced by mucosal resident B cells (13), the mucus layer that separates
the epithelium from the luminal content (14), dispersed mucosal secondary lymphoid
tissue, and a full complement of mucosal immune cells (15). All of these elements work
together to maintain the delicate homeostatic balance of the gastrointestinal tract.
Defects of the epithelial barrier lead to increased intestinal permeability, mucosal
inflammation, and physiological dysfunction (15, 16). In the intestines, enterocytes,
Paneth cells, and goblet cells of the epithelium produce a large repertoire of AMPPs (17)
that has been associated with the control of the intestinal microbiota number and
composition (18, 19) and the defense from enteric pathogens (20, 21). The regulation
of AMPP synthesis and secretion involves the microbiota, the innate immune system,
bacterial pathogens, mucosal immune cells, or cytokines, depending on the specific
AMPP (19, 22–24). Secreted AMPPs, together with immunoglobulins, accumulate to
their highest antimicrobial concentrations within the intestinal mucus layer (25–28).

In this study, using mice as a model, we investigated the role of bile acids on the
regulation of ileal AMPP synthesis and their impact on the intestinal antimicrobial
environment. We found that dietary supplementation with chenodeoxycholic acid
(CDCA, the unconjugated form of the primary low-abundance bile acid taurochenode-
oxycholic acid [TCDCA]), stimulated the synthesis of several AMPPs in the terminal
ileum, in vivo. CDCA feeding also upregulated the ileal expression of Muc2, caused a
significant decrease in the number of mucosal macrophages and neutrophils, and
modestly increased the number of mucosal B cells. All of these effects occurred without
significant changes in the relative abundance of several major commensal bacterial
groups of the ileal microbiota. CDCA feeding enhanced the intestinal antimicrobial
environment such as to limit the systemic spread of orally administered Salmonella
enterica serovar Typhimurium and accelerate the clearance of enteric Citrobacter ro-
dentium infections. Taken together, our results show that bile acids play important roles
in the regulation of the antimicrobial program of the terminal ileum and suggest they
act as regulators of critical aspects of the intestinal epithelial barrier and immunity.
These findings also uncover a potential therapeutic use of bile acids in the control of
enteric bacterial infections.

RESULTS
CDCA induces the synthesis of multiple ileal antimicrobial peptides. To deter-

mine the direct effect of bile acids in the intestinal production of antimicrobial
peptides, we used an ex vivo system based in cultured ileal explants (23). Under the
experimental conditions used here, these explants are essentially devoid of microbiota
due to the use of antibiotics and the aerobic environment. Explants were exposed to
a panel of primary conjugated bile acids (taurocholic acid [TCA] and taurochenode-
oxycholic acid [TCDCA]), their primary unconjugated derivatives (cholic acid [CA] and
chenodeoxycholic acid [CDCA], respectively) or their secondary derivatives (deoxycholic
acid [DCA] and lithocholic acid [LCA], respectively) at 5 �M concentrations for 6 h. The
ileum was selected as the target tissue because (i) it is involved in the reabsorption of
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bile acids from the intestinal lumen (4), (ii) bacterial modification of bile acids starts in
the ileum, and thus it is exposed to different types of bile acids (5), and (iii) it is the
region of the small intestine that harbors the highest abundance of Paneth cells, the
professional antimicrobial-producing cells and the sole producers of multiple intestinal
�-defensins (Defa) (29). The relative levels of transcripts for several �-defensin genes
were analyzed by quantitative PCR (qPCR). As shown in Fig. 1, primary conjugated and
unconjugated bile acids induced the expression of Defa genes to various extents. CDCA
induced the strongest and more generalized effect. The secondary bile acids DCA and
LCA failed to stimulate the expression of Defa genes in cultured ileal explants.

CDCA was selected for further studies because it induced significantly higher
transcript levels for 4 of the 5 �-defensin genes tested. Also, we reasoned that since
CDCA is a low-abundance bile acid in mice, variations of its concentrations could be
more meaningful to the intestinal environment than changes of the same magnitude
in the concentration of highly abundant bile acids. Under this assumption, CDCA could
be more likely to evoke an adaptive response in vivo. Furthermore, as activation of the
MyD88 pathway by the intestinal microbiota is involved in the homeostatic expression
of multiple AMPP genes in vivo (19, 23), we evaluated the impact of ileal Toll-like
receptor 4 (TLR4) activation (as a way of mimicking signaling from the microbiota) in
the context of CDCA treatment. We focused on one member of the Defa gene family
(Defa20) and expanded the analyses to other AMPPs that, in contrast to the �-defensins,
are also produced by other cell types of the intestinal epithelium. Ileal explants were
independently or simultaneously treated with 10 ng/ml lipopolysaccharide (LPS) from
Escherichia coli and 5 �M CDCA for 6 h in culture. The results in Fig. 2 show that

FIG 1 Bile acids induce the expression of AMPPs in ileal explants. Shown are the relative transcript levels
of Defa genes in ileal explants treated with various bile acids. TCA, taurocholic acid; TCDCA, tauroche-
nodeoxycholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, litho-
cholic acid. The expression levels in explants treated with vehicle controls are set at 1 and indicated by
a dotted line. Data were obtained by qPCR. n � 6 to 8 samples per group. Statistically significant
differences are shown by asterisks (*, P � 0.05).

FIG 2 CDCA induces the synthesis of AMPPs in ileal explants independently of TLR4 activation. Shown
are the relative transcript levels of AMPP genes in ileal explants treated with 5 �M CDCA, 10 nM E. coli
LPS, or a combination of both. Data were obtained by qPCR. n � 12 to 14 samples per group. Statistically
significant differences are shown by asterisks (*, P � 0.05; **, P � 0.01; ****, P � 0.0001).
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independent treatments with either CDCA or LPS significantly increase the relative
transcript levels for Defa20, Reg3b, and Reg3g, whereas lysozyme (Lyz1), angiogenin 4
(Ang4) and matrix metalloproteinase 7 (Mmp7, coding for the enzyme responsible for
processing precursor Paneth cell �-defensins to their mature functional form) were
rather insensitive to both CDCA and LPS exposure. Moreover, cotreatment with CDCA
and LPS caused a higher increase in Defa20 transcripts, although not that of other
AMPPs. These results indicate that the regulatory pathways of ileal AMPP production by
bile acids and by microbial activation of TLR4 are independent of each other and
suggest that at least for some of the �-defensin genes, those pathways may operate in
synergy.

To evaluate whether this effect of CDCA occurs in a physiological context in vivo,
C57BL/6 mice were given a diet supplemented with 0.1% CDCA ad libitum for 16 h
(from 5:00 p.m. to 9:00 a.m., including the dark period). The animals were euthanized
at the end of the feeding period, and ileal AMPP transcripts and protein levels were
analyzed by quantitative PCR, Western blotting, and immunofluorescence (Fig. 3). The
CDCA diet induced the transcript abundance of Defa20 and other �-defensin genes, as
well as Reg3b and Reg3g (Fig. 3A). The protein levels of Reg3b and Reg3g were also
increased, as shown by Western blotting (Fig. 3B). Immunofluorescent staining for
Reg3b and Reg3g revealed a marked increase in the number of positive cells in the
ileum of CDCA-fed animals (Fig. 3C and D), whereas lysozyme did not show any
significant difference between the two diets (Fig. 3E). Reg3b staining was absent in the
crypts and more strongly localized to the base of the villi, in agreement with others (30).
Stimulation of Reg3g synthesis occurs not only in cells of the crypt (presumably Paneth

FIG 3 CDCA induces the synthesis of ileal AMPPs in vivo. (A) Relative transcript levels of AMPP genes in the ileum
of animals fed on a 0.1% CDCA-supplemented diet in comparison to animals fed on a normal diet for 16 h. Data
were obtained by qPCR. n � 11 to 13 samples per group. Statistically significant differences are shown by asterisks
(*, P � 0.05; **, P � 0.01). (B) Reg3b and Reg3g Western blots of total ileum lysates from two animals each fed with
CDCA or on a normal diet (ND). (C to E) Immunofluorescent microscopy of ileal tissues from animals fed CDCA or
normal diet stained for Reg3g (C), Reg3b (D), or lysozyme (E). Scale bars are 25 �m.
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cells) but also in cells localized along the villus. These results demonstrate that CDCA
can upregulate antimicrobial peptide synthesis in more than one type of intestinal
epithelial cells in vivo.

So far, only two cytoplasmic membrane receptors for bile acids have been
described. SLC10A2 (apical sodium-dependent bile acid transporter [Asbt]) is re-
sponsible for bile acid reabsorption from the intestinal lumen, but its expression is
restricted to ileal enterocytes, and it exclusively transports conjugated bile acids
(31), thus it is unlikely to mediate the CDCA effect. The other receptor, TGR5
(Gpbar), is a G-protein-coupled receptor present in many cell types, responsive to
conjugated and unconjugated CDCA, and highly expressed in the ileum and colon
(32). To determine if activation of TGR5 increased AMPP synthesis, ileal explants
were treated with the TGR5-specific agonist 3-(2-chlorophenyl)-N-(4-chlorophenyl)-
N,5-dimethyl-4-isoxazolecarboxamide. The results in Fig. S1A in the supplemental
material show that as previously reported, TGR5 activation induced the expression
of the Il1b and Tnf genes (33). However, it failed to induce Defa20, Reg3b, or Reg3g,
thus suggesting that TGR5 is not involved in the regulation of the synthesis of these
AMPPs by CDCA.

Since bile acids have the ability to bind to and activate the nuclear receptor FXR (11),
we probed whether activation of this receptor with the specific agonist GW4064 causes
an increase in AMPP gene expression. Different from CDCA, GW4064 treatment failed
to significantly upregulate the synthesis of AMPPs in ileal explants, while it still induced
the FXR target genes Slc51a (organic solute transporter alpha [Osta]) and Fabp6 (fatty
acid binding protein 6) (see Fig. S2 in the supplemental material), suggesting that FXR
activation has no effect in the expression of the AMPPs analyzed. In keeping with that,
CDCA treatment did not induce the expression of the FXR target genes Slc51a and
Fabp6 (see Fig. S3 in the supplemental material). Together, these results strongly
suggest that stimulation of AMPP expression by CDCA is not dependent upon activa-
tion of FXR and that instead it proceeds through a different pathway.

Bile acid signaling in esophageal cells and hepatocytes has been linked to the
interleukin-6 (IL-6)/STAT3 pathway (34, 35). Moreover, STAT3 activation has been
associated with Reg3b and Reg3g synthesis in intestinal and lung epithelia, respectively
(36, 37): thus, we considered the possibility that CDCA would act over AMPP synthesis
by activation of STAT3 either directly or through the induction of IL-6. In fact, activation
of STAT3 using IL-6 in rat IEC-6/L1 intestinal epithelial cells and mouse explants
correlated with increased production of Reg3b (Fig. S1B). However, IL-6 was undetect-
able in CDCA-fed animals, and CDCA did not induce phosphorylation of ileal STAT3 in
animals, explants, or IEC-6/L1 cells (Fig. S1C). Collectively, these results suggest that a
pathway relying on direct or indirect activation of STAT3 by CDCA is not involved in the
CDCA-induced synthesis of AMPPs.

Signaling through the Wnt/�-catenin pathway is involved in the control of both
Paneth cell development and �-defensin expression (38, 39). Extrapolation of data from
cancer studies (40–45) suggested the possibility that a CDCA-Wnt/�-catenin or a
CDCA-COX2-Wnt/�-catenin pathway might function in the healthy intestinal epithe-
lium and drive AMPP synthesis. Expression of Ptgs2 (Cox2) in the ileum was in fact
upregulated by CDCA feeding (Fig. S1D), but immunohistochemical staining of ileal
sections showed no increase of �-catenin nuclear localization (Fig. S1E) or upregulation
of expression of its target gene Ccnd1 (cyclin D1) in CDCA-fed animals (Fig. S1D),
indicating that activation of �-catenin does not participate in the stimulation of ileal
AMPP synthesis by CDCA.

CDCA modifies the intestinal immunological environment. To characterize the
impact of CDCA feeding on the immunological intestinal environment, we studied its
effects over the ileal mucosa. Hematoxylin and eosin (H&E)-stained sections from the
ileum of animals fed normal diet and CDCA were examined for signs of an inflammatory
response. Histological examination showed a good preservation of mucosal architec-
ture and did not reveal any apparent epithelial damage or signs of ileal inflammation
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as a result of CDCA administration (Fig. 4A). An analysis of major types of immune cell
populations in the ileal mucosa (Fig. 4B and C) revealed lower relative numbers of
mucosal monocytes/macrophages (CD68�) and neutrophils (Ly6G�), whereas no sig-
nificant change in the frequency of CD4� cells was observed. The proportion of IgG��

B cells was increased, although it did not reach statistical significance. Collectively, the
results show that this regimen of CDCA feeding does not trigger ileal inflammation and
strongly suggest that an inflammatory response is not the cause underlying the
induction of antimicrobial peptide synthesis. The observed changes in the proportion
of immune cells are in fact suggestive of a shift toward an attenuated capacity of the
ileal mucosa to mount an inflammatory response.

FIG 4 CDCA does not induce inflammation but alters the relative abundance of major immune cell types of the ileal mucosa. Animals were fed on a
CDCA-supplemented diet or a normal diet (ND) for 16 h. (A) H&E staining of ileal cross sections. Scale bars are 100 �m. (B) FACS dot plots of CD68�, Ly6G�,
CD4�, and IgG�� cells from the ileal mucosa; the results shown are from one representative animal. (C) Percentage of CD68�, Ly6G�, CD4� and IgG�� cells
from the ileal mucosa (CDCA, n � 5 animals; normal diet, n � 4 animals). Statistically significant differences are shown by asterisks (*, P � 0.05; **, P � 0.01).
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Histological examination did not reveal crypt hyperplasia or gross changes in
appearance and abundance of Paneth cells upon CDCA feeding (Fig. 4A), suggesting
that increase in Paneth cell number is not the cause of elevated levels of antimicrobial
peptides. However, goblet cells, another important producer of antimicrobial peptides
such as Reg3b, Reg3g, and angiogenin 4, were more prominent upon side-by-side
staining with alcian blue (Fig. 5A and B). Moreover, the transcript levels of Muc2, the
gene coding for the major intestinal goblet cells’ mucin, were moderately but signifi-
cantly increased in CDCA-fed animals (Fig. 5C), suggesting that in addition to antimi-
crobial peptide synthesis, CDCA feeding stimulates mucin production in the ileum.

Given that intestinal commensals are involved in multiple aspects of intestinal
mucosal immunity, including immune cell differentiation, proliferation, AMPP synthesis,
and mucin production (23, 46, 47), we investigated if the short-term CDCA feeding
regimen used here caused gross alterations in the relative abundance of major bacterial
groups normally found in the mouse ileal microbiota. 16S qPCR analyses showed a
slight but statistically significant increase in the relative abundance of Bacteroidetes on
the ileum of CDCA-fed animals (see Fig. S4 in the supplemental material). However, no
significant changes were observed for the phylum Firmicutes, the family Enterobacte-
riaceae, Lactobacillus spp., Bacteroides spp., or segmented filamentous bacteria (SFB)
(Fig. S4). These results suggest that the ileal microbiota composition was generally
stable in response to CDCA feeding and that major shifts in the composition of the
normal microbiota are not associated with the observed effects of CDCA over the ileal
epithelium.

CDCA feeding limits the systemic spread of Salmonella Typhimurium and
accelerates the clearance of Citrobacter rodentium infection. To determine the
antimicrobial potential of the changes induced by CDCA against intestinal pathogens,
we used two well-established models of enteric bacterial infections. Orally administered
Salmonella Typhimurium is able to traverse the intestinal epithelial barrier and spread
systemically, establishing a lethal typhoid-like disease in susceptible mouse strains such
as C57BL/6 (48). Citrobacter rodentium is the mouse model of human enteropathogenic
and enterohemorrhagic E. coli (EPEC and EHEC, respectively). In contrast to Salmonella,
Citrobacter remains confined to the colon extracellularly attached to the colonic
mucosa and in C57BL/6 mice establishes a self-limiting infection that typically peaks
around day 10 and clears by 3 to 4 weeks postinfection (49). Both Salmonella and
Citrobacter are highly resistant to bile acids and are capable of growing very efficiently
in bile (10, 50) (see Fig. S5 in the supplemental material).

Animals given the CDCA-supplemented diet were infected with either Salmonella or
Citrobacter and examined for systemic colonization at day 3 postinfection (Salmonella)
or monitored for fecal bacterial shedding for a period of 28 days (Citrobacter). In both
cases, CDCA feeding was maintained for the duration of the experiments. The results in
Fig. 6A and B show that Salmonella burden in the liver and spleen was significantly
lower in CDCA-fed animals, possibly as a consequence of more efficient intestinal

FIG 5 Alcian blue staining of ileal sections from mice fed on a normal diet (ND) (A) or a CDCA-supplemented diet (B). Scale bars are 100 �m. (C) Relative
transcript levels of ileal Muc2 in animals fed with the CDCA-supplemented diet in comparison to animals fed a normal diet. Data were obtained by qPCR. n �
8 to 9 samples per group (*, P � 0.05).
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bacterial killing resulting in lower numbers of Salmonella cells translocated through the
epithelium. However, overall survival of infected animals in this model was not affected
by CDCA treatment (see Fig. S6 in the supplemental material).

In contrast, infections with Citrobacter progressed similarly during the first days of
infection, as evaluated by bacterial fecal shedding. However, by day 12, Citrobacter
counts in the CDCA-fed group started to decrease faster than in the group fed the
normal diet (Fig. 6C). By day 20 postinfection, bacterial counts were significantly
different and only 3 out of 11 CDCA-fed animals had detectable Citrobacter in their
feces, whereas in the normal-diet-fed group, 8 out of 10 mice were still colonized. By
day 28, all CDCA-fed animals had cleared the infection, whereas most in the control
group remained infected. Collectively, our results show that oral CDCA administration
decreases the bacterial burden of experimental Salmonella and Citrobacter infections in
mouse models of typhoid fever and gastroenteritis.

DISCUSSION

In recent years, it has become clear that in addition to their digestive function, bile
acids are involved in multiple other functions, including the control of whole-body
immunity and metabolism (11, 51). Using an experimental mouse model of dietary
administration, we demonstrate here that CDCA, a bile acid whose conjugated form
constitutes only 2% of the total bile acids that reach the gastrointestinal tract of mice,
acts as a positive regulator of the intestinal antimicrobial environment in vivo. CDCA
impacted the ileal expression of genes from two major families of intestinal AMPPs,
namely, Paneth cell �-defensins and C-type lectins, while not influencing the synthesis
of others, such as lysozyme, also produced by Paneth cells.

It is apparent that in vivo, CDCA evokes an antimicrobial program in more than one
type of ileal epithelial cells. While intestinal �-defensins are exclusively produced by
Paneth cells, the C-type lectins Reg3b and Reg3g are made by several cell types,
including Paneth cells, goblet cells, and enterocytes (19, 30, 52). In keeping with that,
immunofluorescence microscopy showed enhanced positive staining for Reg3b and
Reg3g in the villi, outside the Paneth cell niche on the crypts. The notion of a multicell
effect of CDCA is further supported by the increase of goblet cells’ Muc2 expression,
although it is unclear how CDCA signals to all of these cell types.

Our data show that activation of TGR5 with a specific agonist failed to induce ileal
AMPP expression, suggesting that TGR5 is not part of the acting pathway. Given these
results and the fact that unconjugated bile acids such as CDCA do not require active
transport to enter the intestinal epithelium (5), passive uptake of CDCA seems the most
likely entry mechanism. Once inside the cells, bile acids can interact with the nuclear
receptor FXR, which has been involved in the immunity of the gut (12). However, CDCA
induced AMPP genes but failed to induce the FXR target genes Slc51a and Fabp6 in
intestinal explants (although taurine-conjugated CDCA did). Moreover, FXR activation
with a specific agonist failed to induce AMPP expression (although it induced Slc51a

FIG 6 CDCA feeding attenuates the bacterial burden of enteric infections. (A and B) Bacterial counts (CFU per milligram of tissue) in the liver (A) and spleen
(B) of mice fed with CDCA-supplemented diet or on a normal diet (ND) and orally infected with Salmonella Typhimurium SL1344. Counts were taken at day
3 postinfection. n � 12 to 15 mice/group. (C) Bacteria counts in the feces (CFU per milligram of feces) of mice fed the CDCA-supplemented or normal diet and
orally infected with Citrobacter rodentium DS100. Counts were taken up to day 28 postinfection. n � 10 to 11 mice/group (*, P � 0.05).
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and Fabp6), suggesting that bile acid control of ileal AMPP expression is not mediated
by FXR. CDCA also failed to activate STAT3 and �-catenin, the central components of
two signaling pathways known to regulate intestinal AMPP expression (36–39). The
mechanism by which CDCA induces the synthesis of ileal AMPPs remains to be
determined.

The relative abundance of several important groups of the normal ileal microbiota
was not affected by CDCA feeding, with the exception of a subtle but statistically
significant increase of Bacteroidetes. The phylum Bacteroidetes includes a large number
of bacterial species, and changes in its abundance in the gut upon bile acid (cholic acid)
feeding have been previously reported (53 [although in that instance, the Bacteroidetes
population was almost wiped out]). Whether the higher abundance of Bacteroidetes
observed by us is directly responsible for the stimulation of AMPP synthesis is unclear.
Decreased ileal Bacteroidetes abundance after prednisolone treatment has been seen in
association with lower Reg3b and Reg3g expression, opening the possibility of a causal
connection (although changes in Defa20 were not observed) (54). On the other hand,
it has also been shown that streptomycin treatments, which decrease the abundance
of Bacteroidetes (55), also reduce the synthesis of ileal AMPPs (23), which suggest that
no such causal connection exists.

CDCA induced changes in the relative numbers of several types of mucosal immune
cells, resulting in an attenuated effector cell profile (fewer neutrophils and macro-
phages) and a potentially enhanced immunoglobulin secretory capacity of the ileal
mucosa. To our knowledge, these effects of a bile acid over intestinal immune cell
populations have never been reported, and it is intriguing that those changes are
detectable after the short time of CDCA administration used here. This is suggestive of
a highly dynamic homeostatic turnover of immune cells on the ileal mucosa in response
to changes in the lumen chemical composition. The mechanisms behind these varia-
tions are not known, but two plausible nonexclusive explanations are that CDCA
signaling influences immune cell differentiation and/or their homing to the intestinal
mucosa.

Intestinal AMPPs, immunoglobulins, and a healthy mucus layer are all important
factors in the defense against enteric infections (20, 56–61). CDCA administration,
which increased AMPP production, the mucosal B cell fraction, and Muc2 expression,
also accelerated the clearance of Citrobacter rodentium infection and limited the
systemic spread of Salmonella Typhimurium. Extraintestinal dissemination of orally
acquired Salmonella occurs by traversing the gut epithelium, primarily at the distal
ileum (62). Translocated bacteria are then picked up by mucosal macrophages, trans-
ported to mesenteric lymph nodes, and from there spread systemically through the
circulation (63). Host defense against Salmonella infection involves Reg3b, Reg3g, and
Paneth cell �-defensins (20, 58, 59, 64), which are all induced in the ileum by CDCA. It
is fair to assume that the combination of higher intestinal AMPP concentrations and a
relatively lower number of mucosal macrophages would create a restrictive scenario for
the systemic spread of Salmonella. However, CDCA did not have an impact on survival,
as it did not fully prevent systemic colonization. In this model of infection (C57BL/6
mice and wild-type Salmonella Typhimurium), once systemic colonization is estab-
lished, the pathogenesis rapidly proceeds to full lethality.

Citrobacter rodentium on the other hand, is an attaching-effacing extracellular patho-
gen mostly restricted to the colon (49). IL-22-induced Reg3g is involved in protection
from Citrobacter infection (65), and Paneth cell �-defensins kill it (66). In addition, its
clearance is mediated by B cells and immunoglobulins (56, 61). In this work, we did not
study the effects of CDCA on the colonic immunological environment; however, it is
possible that ileal immunoglobulin secretion is increased. That, together with the fact
that Paneth cell �-defensins from the small intestine are found intact and functional up
to the distal large bowel (67) may explain the beneficial effect of CDCA in the clearance
of Citrobacter infections. The finding that CDCA interferes with two bile-resistant
intestinal pathogens with such different life styles is striking and provides a rationale to
explore the use of targeted bile acids for the treatment of enteric infections.
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The fact that CDCA stimulates the synthesis of ileal AMPPs, mucins, and possibly
immunoglobulins and at the same time seems to restrain cellular effector arms of the
innate mucosal immunity is intriguing and suggests that CDCA coordinates a homeo-
static antimicrobial mechanism that relies on the secretory response to control micro-
bial overgrowth in the terminal ileum. Such a mechanism could be very important to
limit the nutrient-induced bacterial growth that occurs after meals (68), while prevent-
ing an unnecessary inflammatory burst in response to a homeostatic activity such as
feeding. It could be expected to be active also in humans and would offer the
opportunity to be manipulated and exploited as a therapeutic tool against intestinal
infections. It should be noted that different from mice, CDCA constitutes approximately
50% of the primary bile acid pool of humans, and it may fall to another bile acid species
to exert the same effects over the ileal antimicrobial environment. Therefore, CDCA’s
function as a regulator of AMPP synthesis and its potential to counteract enteric
bacterial infections in humans need to be experimentally determined.

MATERIALS AND METHODS
Animals. Eight- to 12-week-old male C57BL/6 mice were purchased from Charles River Laboratories

and maintained on standard diet (D12102C) or normal diet supplemented with 0.1% CDCA (D12020705).
Both diets were formulated and manufactured by Research Diets, Inc., NJ. Tissue samples of the terminal
ileum were taken approximately 2 cm from the ileo-cecal junction for RNA/DNA isolation, protein
analyses, and microscopy. Animal protocols were approved by the Animal Care Committee of the
Université de Sherbrooke.

Culture of cells and ileal explants. Cells of the stable Cdx2-transfected rat intestinal epithelial cell
line IEC-6/L1 (69) were a kind gift from F. Boudreau (Université de Sherbrooke). They were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5 g/liter D-glucose, 5% fetal
bovine serum, and 0.1 U/ml of insulin. The cells were treated with 4 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) to express Cdx2, which under these conditions induces their limited differ-
entiation (70). After 3 days, the cells were treated with 10 ng/ml IL-6 (BioShop, Ontario, Canada) for
6 h and analyzed for synthesis of PAP1 (rat Reg3b [NCBI accession no. P25031.1]). Ileal explants were
prepared as described previously (23). Briefly, the distal region of the ileum was resected and flushed
with sterile phosphate-buffered saline (PBS). The tissue was opened longitudinally and washed repeat-
edly with sterile PBS to eliminate the remaining intestinal content and immediately placed in DMEM–10%
charcoal-treated bovine serum–100 �g/ml streptomycin–100 U/ml penicillin. The tissue was divided into
3- to 4-mm-long sections under sterile conditions and incubated at 37°C in a humidified 5% CO2

atmosphere for 1 h. Following this, the medium was replaced with fresh medium and incubated for an
additional hour. Explants were then placed on the same medium containing 5 �M bile acids (taurocholic
acid [TCA], taurochenodeoxycholic acid [TCDCA], cholic acid [CA], chenodeoxycholic acid [CDCA],
deoxycholic acid [DCA], and lithocholic acid [LCA]: Sigma catalogue no. T4009, T6260, C1129, C9377,
D4297, and L6250, respectively), E. coli LPS, or vehicle (dimethyl sulfoxide [DMSO] or water, as required)
and incubated for 6 h at 37°C in a humidified 5% CO2 atmosphere. Treatment of explants with the TGR5
and FXR agonists 3-(2-chlorophenyl)-N-(4-chlorophenyl)-N,5-dimethyl-4-isoxazolecarboxamide (AbCam;
ab142091) and GW4064 (Sigma; G5172), respectively, was done in a similar way.

Analysis of expression. Ileal tissue sections were collected in RNAlater (Qiagen); explants were
directly processed for RNA purification. RNA was isolated using the RNeasy kit (Qiagen), and cDNA was
prepared from 1 �g of RNA using the Quantitech reverse transcription kit (Qiagen). Quantitative PCRs
were done in an Eppendorf Realplex 2 apparatus using the DyNamo SYBR green PCR kit from Thermo-
Fisher. The qPCR primers and conditions for the Defa genes are as in reference 23; all other primers are
given in Table 1. Relative expression was calculated with respect to controls fed normal diet or explants
treated with vehicle, using the threshold cycle (ΔΔCT) method corrected for primer efficiencies according
to Pfaffl et al. (71). Western blots were performed using total ileum lysates prepared from snap-frozen
tissue. No luminal flush washes were done in order to quantitate AMPPs in both the tissue and the
luminal content, including the mucus layer in which the highest concentrations of AMPPs typically
accumulate (26, 28). SDS-PAGE gels were loaded with 20 �g of protein/well, determined in triplicate
using a bicinchoninic acid (BCA) assay (ThermoFisher). The antibodies used were against Reg3g (Aviva
System Biology; OAAB03017 [1:200]), Reg3b (R&D Systems; AF5110 [1:200]), PAP1 (R&D Systems; AF1996
[1:200]), and horseradish peroxidase (HRP)-conjugated �-tubulin (AbCam; ab21058 [1:10,000]).

Mouse infections. Salmonella enterica serovar Typhimurium strain SL1344 (Smr) and a streptomycin-
resistant derivative of Citrobacter rodentium DS100 (a kind gift from B. Vallance, CFRI, Vancouver, Canada)
were used in this study. Bacteria were grown overnight at 37°C in LB supplemented with 100 �g/ml
streptomycin. Inocula were prepared in sterile 100 mM HEPES– 0.9% NaCl (pH 8.0). Mice were infected
orally with 5 � 107 Salmonella or 5 �108 Citrobacter cells/per animal. For Salmonella counts, tissues were
collected 3 days after infection and homogenized using a Mixer Mill MM400 (Retsch GmbH) followed by
plating of serial dilutions in LB plates containing 100 �g/ml streptomycin. For Citrobacter quantification,
feces were collected at the times indicated and treated as described for Salmonella.

Microscopy. For histological analysis, tissue sections were fixed in 10% buffered formalin, embedded
in paraffin, and stained with H&E. Unstained sections were used for immunofluorescence microscopy as
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previously described (50) and for immunohistochemistry (IHC) using a Dako EnVision�system-HRP (DAB)
kit (Dako, K4007). The antibodies were against Reg3g (Aviva System Biology; OAAB03017 [1:100]), Reg3b
(R&D System; AF5110 [1:50]), �-catenin (BD Transduction Laboratories; 610154 [1:800]), and lysozyme
(DakoCytomation; A0099 [1:600]).

Analysis of microbial populations. Total DNA was extracted from 5- to 7-mm ileum sections using
a Qiagen stool extraction kit following the manufacturer’s instructions, including a 95°C lysis step. The
DNA was quantified using an ND1000 (Nanodrop, Wilmington, DE) and normalized to 40 ng/�l. qPCR
mixtures included 40 ng DNA and 5 �M each forward and reverse primers (Table 1) with 2� EvaGreen
master mix (Bio-Rad, Mississauga, Ontario, Canada). The efficiency of primer sets was determined to be
between 85 and 115%. qPCRs were performed on a CFX96 (Bio-Rad) under the following conditions:
initial denaturation of 98°C for 5 min, followed by 40 cycles of 98°C for 5 s and 55/60°C for 5 s, followed
by a 65 to 95°C melt curve analysis. The data were analyzed with CFX Manager 3.0 software (Bio-Rad) by
the relative quantity method, with bacterial populations normalized to total bacteria detected using the
universal bacteria primer set.

Isolation and quantification of ileal mucosal immune cells. Ileal sections were opened longitu-
dinally, washed twice in PBS, and separated into 1- to 2-mm pieces, each in 50 to 100 �l of DMEM–10%
fetal calf serum (FCS). The sections were transferred to a tube containing 15 ml DMEM–300 U/ml
collagenase (Sigma; C2139) and gently dissociated by agitation for 2 h at 100 rpm at 37°C. The cell
suspension was filtered through a 70-�m-pore strainer to separate individual cells, and the filtrate was
centrifuged for 8 min at 1,000 � g. The supernatant was discarded, and the pellet was suspended in 10
ml of 30% Percoll (Sigma; P4937) and incubated for 1 min at room temperature. The Percoll cell

TABLE 1 Genes analyzed in this study and sequences of the qPCR primer sets

Target gene or bacteria NCBI accession no. and/or product Primer set sequencea

Genes
Reg3b NM_011036.1 (regenerating islet-derived 3 beta) GGCTTCATTCTTGTCCTCCA

TCCACCTCCATTGGGTTCT
Reg3g NM_011260.2 (regenerating islet-derived 3 gamma) AAGCTTCCTTCCTGTCCTCC

TCCACCTCTGTTGGGTTCAT
Lyz1/Lyz2 NM_013590.4 (lysozyme 1) AGCCGATACTGGTGTAATGATG

NM_017372.3 (lysozyme 2) GCACATTGTATGGCTGCAGTG
Muc2 NM_023566.2 (mucin 2) GGTGACTGTGACTGTTTCTGC

CTTCAGGTCCTCATCATAGATG
Mmp7 NM_010810.4 (matrix metallopeptidase 7) CACTCTAGGTCATGCCTTCGC

GGTGGCAGCAAACAGGAAGTTC
Ang4 NM_177544.4 (angiogenin, RNase A family, member 4) AACTCTGGCTCAGAATGAAAG

GGCGAGGTTAGCTTTCTTTC
Fabp6 NM_008375.2 (fatty acid binding protein 6, ileal [gastrotropin]) GAATTACGATGAGTTCATGAAGC

TTGCCAATGGTGAACTTGTTGC
Slc51a NM_145932.3 (organic solute transporter alpha [Osta]) TCTCCATCTTGGCTAACAGTG

GATAGTACATTCGTGTCAGCAC
IL1b NM_008361.4 (interleukin 1�) ACGGACCCCAAAAGATGAAG

TTCTCCACAGCCACAATGAG
Tnf NM_013693.3 (tumor necrosis factor) CCACCACGCTCTTCTGTCTAC

AGGGTCTGGGCCATAGAACT
Ptgs2 NM_011198.3 (prostaglandin-endoperoxide synthase 2 [Cox2]) AAGACAGATCATAAGCGAGGAC

TACCTGAGTGTCTTTGACTGTG
Ccnd1 NM_007631.2 (cyclin D1) AGCATGCACAGACCTTTGTGG

GATGACTCTGGAAAGAAAGTGC
Rplp0 NM_007475.5 (ribosomal protein, large, P0 [36B4]) TCTGGAGGGTGTCCGCAAC

CTTGACCTTTTCAGTAAGTGG

Bacteria
Bacteroides 16S rRNA GAGAGGAAGGTCCCCCAC

CGCTACTTGGCTGGTTCAG
Bacteroidetes 16S rRNA CGATGGATAGGGGTTCTGAGAGGA

GCTGGCACGGAGTTAGCCGA
Firmicutes 16S rRNA GGAGYATGTGGTTTAATTCGAAGCA

AGCTGACGACAACCATGCAC
Enterobacteriaceae 16S rRNA GTGCCAGCMGCCGCGGTAA

GCCTCAAGGGCACAACCTCCAAG
Lactobacillus 16S rRNA AGCAGTAGGGAATCTTCCA

CACCGCTACACATGGAG
SFB 16S rRNA CGGAGCATGTGGTTTAATTC

GCTGTCTTCGCTAAAGTGCTC
Universal bacteria 16S rRNA CGGTGAATACGTTCCCGG

TACGACTACCTTGTTACGACTT
aThe top sequence of each set corresponds to the forward primer and the bottom sequence to the reverse primer.
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suspension was centrifuged for 30 min at 800 � g at room temperature with the brake on low, and
the upper Percoll layer containing fat and cellular debris was discarded. The rest of the suspension
was treated with ACK lysis buffer (Invitrogen; A1049201) for 2 min to eliminate red blood cells. The
reaction was stopped with PBS, and the cells were washed twice by centrifugation. Isolated cells
were resuspended in PBS–2% FCS and stained with isotype control antibodies or fluorochrome-
conjugated antibodies to cell surface antigens (phycoerythrin [PE]-conjugated rat anti-mouse CD4
[clone GK1.5; ebiosciences], allophycocyanin [APC]-conjugated rat anti-mouse Ly-6G [clone RB6-8C5;
ebiosciences]), biotin-conjugated rat anti-mouse CD68 [clone FA-11; AbD Serotec]), streptavidin-APC-
conjugated eFluor 780 (ebiosciences), and fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse
Ig� [clone 187.1; BD Biosciences]). After incubation with the antibodies for 30 min at 4°C, the cells were
washed with PBS–2% FCS and then examined using a FACSCanto flow cytometer (Becton Dickinson).
Fluorescence-activated cell sorter (FACS) results were analyzed using FlowJo (Tree Star, Inc.).

Statistical analyses. Data were analyzed with GraphPad Prism 6.0 (GraphPad Software, Inc., San
Diego, CA). Statistical comparisons were done using the Mann-Whitney U test.
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