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Abstract

Background: Toll like receptors (TLRs) sense the intestinal microbiota and regulate the innate immune response. A
dysregulation of TLRs function participates into intestinal inflammation. Farnesoid X Receptor (FXR) is a nuclear receptor
and bile acid sensor highly expressed in entero-hepatic tissues. FXR regulates lipid metabolism and innate immunity.

Methodology/Principal Findings: In this study we have investigated whether FXR gene expression/function in the intestine
is modulated by TLRs. We found that in human monocytes activation of membrane TLRs (i.e. TLR2, 4, 5 and 6)
downregulates, while activation of intracellular TLRs (i.e. TLR3, 7, 8 and 9) upregulates the expression of FXR and its target
gene SHP, small heterodimer partner. This effect was TLR9-dependent and TNFa independent. Intestinal inflammation
induced in mice by TNBS downregulates the intestinal expression of FXR in a TLR9-dependent manner. Protection against
TNBS colitis by CpG, a TLR-9 ligand, was lost in FXR2/2 mice. In contrast, activation of FXR rescued TLR92/2 and MyD882/2

mice from colitis. A putative IRF7 response element was detected in the FXR promoter and its functional characterization
revealed that IRF7 is recruited on the FXR promoter under TLR9 stimulation.

Conclusions/Significance: Intestinal expression of FXR is selectively modulated by TLR9. In addition to its role in regulating
type-I interferons and innate antiviral immunity, IRF-7 a TLR9-dependent factor, regulates the expression of FXR, linking
microbiota-sensing receptors to host’s immune and metabolic signaling.
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Introduction

Innate immunity is central to host defense against invading

pathogens, providing recognition of microorganisms and rapid

deployment and activation of effector cells [1]. Activation of innate

immunity also initiates subsequent adaptive immune responses.

The ability to recognize microorganisms depends in part on a

family of receptors known as the Toll-like receptors (TLRs) [1,2].

There are 13 known mammalian TLRs. Ligand engagement of

TLR leads to activation of two pathways. TLR1, 2, 4, 5, 6, 7, 8,

and 9 signal via the MyD88 adaptor, whereas TLR3 activates an

alternative ‘‘MyD88-independent’’ pathway [1,2]. TLR4 is the

only receptor known to activate both MyD88 dependent and

independent pathways [1,2].

TLRs can be divided into two groups on the basis of their

subcellular localization: TLR1, 2, 4, 5 and 6 are expressed on the

surface of the cells and recognize lipid structures and in the case of

TLR5, the protein flagellin. TLR3, 7, 8 and 9 all reside

intracellularly and recognise nucleic acids. The localization and

trafficking of TLRs within the cell is an important mechanism to

allow TLRs to sense proper ligands and modulate downstream

signaling [1,2]. A body of evidence support a mechanistic role of

TLR dysfunction in development of inflammatory bowel diseases

(IBDs) [3].

Nuclear receptors are transcription factors highly expressed in

entero-hepatic tissues integrating nutrient absorption, lipid and

glucose metabolism, energy homeostasis, reproduction and devel-

opment, and xenobiotic metabolism [4,5]. There is evidence that

these transcription factors undergo gene regulation in response to

the microbial flora residing in the gastrointestinal tract and that

this changes contributes to local development and tuning of gut

homeostasis in addition to driving maturation of the host adaptive

immune system [6–8].

Recent data suggest that nuclear receptors are regulated under

intestinal inflammation [9,10]. This view emerges from the

observation that while commensal bacteria elevate the expression

of peroxisome proliferator-activated receptor (PPAR)c in colonic

epithelial cells and can regulate intestinal inflammation by

inhibiting NF-kB activity in a PPARc-dependent manner [11],

inflammation induced in rodents or by IBDs associates with a

robust downregulation of the expression of a number of nuclear

receptors including PPARc, liver-x-receptor (LXRs), pregnane-x-

receptor (PXR), farnesoid-x-receptor (FXR) and retinoid-x-recep-

tor (RXR) among others [9]. Because these receptors exert
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counter-regulatory activities on macrophages and epithelial cells

by inhibiting downstream targets of the TLR pathways [12,13],

aberrations in their expression might have impact in the

pathogenesis of human diseases. Further on, because nuclear

receptors exert their regulatory effects beyond the intestinal wall,

their dysregulation might have systemic effects.

FXR is a bile acid sensor whose expression is highly restricted to

entero-hepatic tissues [14]. FXR is required to maintain intestinal

integrity and its deficiency results in altered intestinal permeability

and tendency toward development of dysregulated immune

response [15,16]. Despite a dysregulated expression of FXR has

been linked to IBDs [17], the mechanisms that govern FXR

expression in the intestine are poorly defined.

In the present study we have investigated the mechanism of

regulation of FXR by TLRs. By using mice deficient for several

TLRs we have obtained compelling evidence that FXR is a

downstream effector of immune response triggered by TLR9. In

addition, we have provided evidence that modulation of FXR by

TLR-9 is mediated by the recruitment of interferon regulatory

factor (IRF)-7, linking microbiota-sensing receptors to immune

and metabolic signaling in the intestine.

Results

FXR is differentially regulated by TLRs in monocytes
We have first investigated whether expression of FXR gene is

regulated by TLRs agonists. For this purpose, CD14 derived

PBMC were stimulated ex vivo with ligands for TLR1–9. As shown

in Figure 1 A, the activation of extracellular TLRs (i.e TLRs 1/2,

2/6, 4 and 5) caused a significant down-regulation of FXR gene

expression (Figure 1 A; n = 3; p,0.05). In contrast, while exposure

of monocytes to TLR3 agonist had no effect on FXR expression,

exposure of PMBC-derived monocytes to TLR7/8 and TLR9

ligands resulted in ,3 fold induction of FXR mRNA (Figure 1 A;

n = 3; p,0.05). These effects were independent on the ability of

TLRs ligand to modulate TNFa mRNA since both TLR4 and

TLR9 ligands increased TNFa mRNA expression (Figure 1 B;

n = 3; p,0.05). Since exposure of monocytes to TNFa, per se,

down-regulates FXR gene expression [18], these data demon-

strated that the effect exerted by TLR9 on FXR gene expression is

direct.

TLR9 selectively targets FXR and its target gene Small
Heterodimer Partner (SHP)

To further investigate on the specificity of the effects exerted by

TLR9 on FXR gene expression we applied a PCR array to

analyze the relative mRNA expression of several nuclear receptors

on CD14 derived PBMC treated with the TLR9 agonist CpG. As

illustrated in Figure 1C, exposure of human monocytes to the

TLR9 agonist CpG resulted in a selective induction of FXR

mRNA and its target gene SHP, while expression of other nuclear

receptors was unchanged (Figure 1 C; n = 3, p,0.05). The

specificity of this interaction was further confirmed by ex vivo CpG

stimulation of spleen-derived monocytes isolated from TLR9+/+

and TLR92/2 mice. Results of Real-Time PCR confirmed that

CpG effectively induced FXR mRNA expression in TLR9+/+

spleen derived monocytes but not in TLR92/2 cells (Figure 1 D;

n = 4;p,0.05).

Severity of colitis induced by TNBS is modulated by
expression of TLRs and FXR

Since FXR is a robust mediator of innate host defense in the

intestine [3] and colon expression of FXR mRNA is reduced in

IBDs [19] we have next investigated the colonic expression of

FXR in a murine model colitis induced by TNBS administration

to wild type (C57BL/6) and TLR22/2, TLR42/2, TLR92/2 and

MyD882/2 mice. As shown in Figure 2, analysis of mucosal

damage score demonstrated that, with the exception of TLR42/2

mice which showed a less severe disease, the severity of the colitis

was essentially similar in wild type, TLR22/2, TLR92/2 and

MyD882/2 mice (Figure 2 A; n = 6;p,0.05). However, a

tendency toward a development of more severe disease was

observed in mice lacking TLR9, as demonstrated by higher

colonic myeloperoxidase (MPO) activity (Figure 2 B; n = 6,

p,0.05) and TNFa levels (Figure 2 C; n = 6; p,0.05). Of interest,

compared to C57BL/6 mice administered TNBS, the relative

expression of FXR mRNA was strictly down-regulated in TLR92/

2 mice (Figure 2 D; n = 6, p,0.05), confirming in vitro

experiments indicating that TLR9 exerts a positive effect in

regulating the FXR gene expression.

FXR activation protects against colitis development in
TLR9 and MyD88 null mice

Since activation of TLR9 transduces its signal by recruiting the

adaptor molecule MyD88 (Figure S1) we have then investigated

the role exerted by FXR on development of TNBS colitis in

TLR92/2 and MyD882/2 mice. As illustrated in Figure 3 and 4,

the analysis of disease activity index (DAI) and mucosal damage

score demonstrates that activation of FXR by 6-ECDCA

effectively rescued against the development of local and systemic

signs and TNBS colitis. The extent of this protection was

comparable among wild type and TLR92/2 and MyD882/2

mice indicating that TLR9 and its target adaptor molecule

MyD88 were not involved in the protective effects of FXR

(Figure 3 and 4; n = 6; p,0.05). All together these results

intracellular signaling activated by FXR lies downstream to

TLR9 and MyD88.

The TLR9 agonist CpG fails to protect against the
development of TNBS colitis in FXR2/2 mice

Because previous studies have shown that TLR9 activation

exerts protective effects against the development of colitis [20,21]

we have investigated whether TLR9 activation by in vivo

administration of CpG rescues FXR2/2 mice from colitis induced

by TNBS administration. Of interest, while CpG effectively

protected FXR+/+ mice against development of colitis, it had no

effect on severity of TNBS colitis in FXR2/2 mice (Figure 5;

n = 6; p,0.05), suggesting that FXR is a non-dispensable

component of the protective mechanism activated by TLR9 in

this model.

Analysis of human and mouse FXR promoters reveals the
existence of a conserved IRF-7 responsive element
(IRF-7RE)

Signaling to TLR9-MyD88 activation requires the recruitment

of the transcription factor IRF7 (Figure S1), which, in turn, binds

to responsive elements (RE) in the promoter of target genes

enabling the transcription of type-I interferons [22]. We have

therefore searched for putative IRF-7 responsive elements (IRF7-

REs) in the promoter of FXR. The analysis of 5’flanking region of

both human and mouse FXR gene carried out with the on-line

software TFsearch revealed the presence of a conserved IRF7-RE

located at 2602 base pairs in the human FXR gene and at 2787

base pairs in the murine FXR gene, with respect to the

transcriptional start site ATG (Figure 6A). For practical reasons,

i.e. ease of transfection, rapid replication and achievement of high

number of cells to perform molecular experiments such as

FXR Is a Novel TLR-9 Target Gene
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Chromatin Immunoprecipitation (ChIP) and Electrophoretic

Mobility Shift Assay (EMSA), we have decided to assess the

functionality of this IRF7RE sequence in Raw264.7 cells. As

shown in Figure 6B, C, D, exposure of Raw264.7 cells to CpG

resulted in a ,2 folds induction of FXR and IRF7, mRNA and

protein (Figure 6 A; n = 3, p,0.05). To explore the functional role

of this putative IRF7-RE, three copies of the IRF7-RE were

cloned in the pGL4 vector (pGL4 (IRF7RE)3X). Using this

reporter vector we have then investigated whether the identified

IRF7-RE confers responsiveness to CpG stimulation with a

luciferase reporter gene assay. For this purpose, a concentration-

response curve was generated exposing Raw264.7 transiently

transfected with the pGL4(IRF7RE)3X to CpG. As illustrated in

Figure 6E, the effect of CpG on the induction of the reporter gene

expression was concentration-dependent with an EC50 of ,2 mg/

ml (Figure 6E; n = 3; P,0.05).

IRF-7 physically interacts with the FXR promoter after
TLR9 activation

To verify the hypothesis that IRF7 binds the putative IRF7-RE

in the FXR promoter, we have then performed an EMSA

experiment using the following biotin-labelled probes: IRF7-RE

and IRF7REmutated. These probes were incubated with nuclear

extracts from Raw264.7 cells not treated or stimulated with CpG.

As shown in Figure 7A, the binding of IRF7-RE probe was

undetected when this probe was incubated with nuclear extracts

from naive cells while the exposure to CpG strongly induced this

interaction (Figure 7 A; lanes 2 and 3). In contrast, CpG failed to

induce IRF7 binding when an IRF7-RE mutated probe was used

(Figure 7 A; lanes 5 and 6). We confirmed the specificity of these

interactions by adding 100 fold excess of unlabeled IRF7 probes or

1 mg IRF7 antibody (Figure 7 A; lanes 4, 5 and 9, 10). All these

approaches reduced the binding of the IRF7 biotin labelled probe

Figure 1. FXR gene expression is regulated by TLR agonists. (A–B) Quantitative RT-PCR of FXR and TNFa genes was carried out on RNA
purified from CD14 positive cells derived PBMC stimulated ex vivo with TLRs agonists as described in the materials and methods. Data are mean 6 SE
of 3 experiments carried out in triplicate. *P,0.05 versus not treated cells. (C) Specificity of CpG effect. PCR array analysis showing the relative mRNA
expression of various nuclear receptors on CD14+ derived PBMC stimulated ex vivo with TLR9 agonist CpG. (D) Quantitative RT-PCR of FXR was carried
out on RNA purified from spleen-derived monocytes isolated from TLR9+/+ and TLR92/2 mice stimulated ex vivo with CpG. Data are mean of 6 SE of 4
mice. *P,0.05 versus TLR9+/+ not treated cells.
doi:10.1371/journal.pone.0054472.g001
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to nuclear extracts from CpG stimulated cells. Finally we have

performed a ChIP experiment to further examine the IRF7-FXR

promoter interaction within the context of chromatin. For this

purpose we have used Raw264.7 cells exposed to CpG. As show in

Figure 7B, quantitative Real-Time PCR performed with primers

flanking the FXR promoter region containing the IRF7 sequence

confirmed the binding of IRF7 to the FXR gene (Figure 7 B; n = 3;

P,0.05). Thus, the functionality of this site was further confirmed

in the context of intact chromatin structures.

Discussion

Members of the nuclear-receptor superfamily have well-

documented regulatory effects in orchestrating metabolic and

inflammatory programs of gene expression in macrophages and

epithelial tissues [23]. The ability of nuclear receptors to repress

transcriptional responses to diverse signaling pathways is an

essential aspect of their biological activities. Previous studies have

highlighted a nuclear receptor-specific mechanisms that mediate

signal- and gene-specific repression of transcriptional responses

initiated by engagement of TLR3, 4 and 9 [24]. Ogawa et al. have

shown that inhibition of TLR-4 and TLR-9 activated programs by

glucocorticoid receptor (GR) is regulated in a signal-specific

manner through the interaction of GR signaling with IFR3- and

IRF7-dependent transcriptional activation and by a disruption of

the formation of an IRFs/p65 activator/coactivator complex [25].

In contrast, inhibition of TLR4 and 9 by Proxisome Proliferator

Activated Receptor (PPAR)-c was reported to be p65 independent

and mediated by prevention of the clearance of the Nuclear

Corepressor (NcoR) complex from the promoter of specific set of

genes involved in inflammation [12,13]. A similar mechanism, i.e.

stabilization of NCoR to the promoter of Interleukin(IL)-1b,

Tumor Necrosis Factor(TNF)-a and inducible nitric oxide

synthase (iNOS), mediates counter-regulatory effects of FXR in

LPS stimulated macrophages, indicating a common theme for

nuclear receptors in regulating TLRs signaling [19].

In the present study we have extended further on the reciprocal

regulation between FXR and TLRs by revealing that FXR takes

part into a regulatory loop that is specifically activated by TLR-9.

Indeed, analysis of the effects exerted by members of human TLR

family on FXR gene expression led to the discovery that activation

of membrane associated TLRs (i.e. TLR4) in macrophages

downregulates the expression of FXR, while activation of TLR9,

a prototype of endosomal TLRs, by CpG upregulates the

Figure 2. FXR is down-regulated in TLR92/2 mice administered TNBS and upregulated in TLR22/2 mice administered TNBS. TNBS
colitis was induced in C57BL/6, MyD882/2 TLR22/2, TLR42/2 and TLR92/2 mice as described in materials and methods section. (A) Mucosal damage
score, (B) myeloperoxidase activity (MPO), (C–D) quantitative RT-PCR of TNFa and FXR genes. In all panels data rare the mean 6 SE of 6 animals.
*P,0.05 versus naive mice. # P,0.05 versus TNBS wild type.
doi:10.1371/journal.pone.0054472.g002
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expression of FXR. Importantly the effects exerted by CpG were

restricted to FXR, because activation of TLR-9 induces only the

expression of FXR and its target gene SHP, but failed to

upregulate the expression of other nuclear receptors including

PPARs, LXRs, RXR, RAR and GR, among the others. Together

with the fact that the regulatory effects exerted by CpG on FXR

gene expression were lost in macrophages isolated from the

TLR92/2 mice, these data illustrates that TLR9 triggers a specific

program that lead to a direct up-regulation of FXR and its target

gene SHP. Because SHP interacts and inhibits the transcription

factor AP-1 [26], a positive regulator of inflammatory response,

these data support the notion that, in addition to regulating the

expression of a/b interferons, TLR9 induces an additional

regulatory system based on two nuclear receptors, FXR and

SHP, that functions as braking signals for inflammation in the

intestine. Accordingly, FXR deficient mice develop a proinflam-

matory and profibrotic phenotype in the intestine and are prone to

develop bacterial overgrowth and exacerbated colitis in response

to TNBS [15,16,19]. Moreover, the survival of these mice in

response to TNBS administration is reduced in comparison to

C57/BL6 mice and the treatment with an FXR agonist fails to

protect against colitis development [19].

The essential role of TLR9/FXR interaction in shaping

intestinal immune responses was further investigated by using

specific TLRs and FXR deficient mice challenged with TNBS, a

model of colonic inflammation mediated by activation of T cells

with a TH1 polarization [27]. Results of these studies demonstrate

that, in comparison with C57BL6 wild type mice, colitis severity

was attenuated by TLR4 ablation, while the opposite was

observed in TLR92/2 mice (Table S1).

In contrast, no changes in colitis severity was detected in mice

harboring a disrupted TLR2 and MYD88 gene. Noteworthy, in

comparison with C57BL6 wild type mice treated with TNBS, the

colonic FXR expression was up-regulated in TLR22/2 but not in

TLR42/2 mice, despite the colitis was less severe in these mice.

Finally, FXR mRNA expression was up-regulated in TLR92/2

mice after TNBS challenge. This finding is consistent with the fact

that in comparison with wild type mice, the severity of colitis is

exacerbated in TLR92/2 mice. In turn, these findings demon-

strate that the differential modulation exerted by various TLRs

agonists on FXR gene, especially that exerted by negative

modulators of FXR (TLR1/2, TLR6/2 and TLR4 agonists),

might also occur with a TLR/MyD88 independent pathway.

The functional relevance of the TLR9/FXR interaction was

further investigated by administering TLR92/2and MyD882/2

mice with an FXR agonist. Results of these investigations

demonstrate that FXR activation effectively rescued TLR92/2

and MyD882/2 mice from colitis induced by TNBS, strionlgly

Figure 3. FXR agonism protects against colitis development in TLR92/2 mice. TNBS colitis was induced in TLR9+/+ and TLR92/2 mice. Mice
were administered 6-ECDCA, a FXR agonist, as described in materials and methods. (A–C) Analysis of Disease activity index (DAI) in TLR9+/+ (A) and
TLR92/2 mice (C). (B–D) Analysis of mucosal damage score in TLR9+/+ (B) and TLR92/2 mice (D). (E–L) H&E staining of representative paraffin-
embedded sections from distal colons after administration of vehicle (control mice), TNBS or TNBS plus 6-ECDCA in TLR9+/+ (panels E–G) and TLR92/2

(H–L) mice. Data are mean 6 SE of 6 animals.*P,0.05 versus wild type naive mice. #P,0.05 versus wild type mice administered TNBS.
doi:10.1371/journal.pone.0054472.g003
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indicating that the FXR signaling pathways lies downstream to

TLR9 and MyD88 and is conserved in mice lacking the expression

of these genes.

Previous studies have shown that CpG rescues wild type mice

from murine colitis, highlighting a role for TLR9 generated signals

in repressing intestinal inflammation [20] and activation of TLR9

is instrumental to the immune-regulatory activity of probiotics in

rodent models of colitis [21]. However, since in vivo CpG

administration failed to rescue FXR2/2 from colitis induced by

TNBS, it appears that FXR is a non-dispensable component of the

immune-modulatory activity of TLR9.

Another important finding of this study was the demonstration

that regulation of FXR by TLR9 is mediated by activation of

IRF7. IRF7 is a member of the interferon regulatory family of

transcription factors involved in the transcriptional activation of

virus-inducible cellular genes, including the type I interferon genes

[22]. IRF7 is essential for the induction of IFN-a/b genes via the

virus-activated, MyD88-independent and the TLR-activated

MyD88-dependent pathway [22]. Viral induction of IFN-a/b
genes is severely impaired in IRF2/2 fibroblasts and IRF2/2 mice

are more vulnerable than Myd882/2 mice to viral infection, and

this correlates with a decrease in serum IFN levels, indicating the

importance of the IRF7-dependent induction of systemic IFN

responses for innate antiviral immunity [28]. Furthermore, robust

induction of IFN production by activation of the TLR9 subfamily

is entirely dependent on IRF7 [22]. IRF7-RE have been detected

in the promoter of several CpG responsive genes [29]. In the

present study we report the detection of a IRF7-RE in the

promoter of FXR. This IRF7-RE was conserved across species

and its functionality was examined by a variety of molecular

approaches. Results from ChIP, EMSA and transactivation assays

have shown that not only IRF7 binds to the FXR promoter in

response to TLR9 stimulation with CpG, but that this interaction

results in a IRF7 mediated transcription of the FXR gene.

Furthermore, by EMSA we have demonstrated that IRF7 binds to

a specific IRF7 consensus and that mutation of this consensus

results in the abrogation of the binding.

Present findings might have a therapeutic relevance because

probiotics that are increasingly used for treating IBDs and other

intestinal disorders are positive regulator of FXR expression [30].

Since FXR functions as a negative regulator of inflammatory

responses, present data uncover a striking mechanism through

which nuclear receptors function as a gatekeeper signaling in

regulating intestinal immune response to microbiota.

Figure 4. FXR agonism protects against colitis development in MyD882/2 mice. TNBS colitis was induced in MyD88+/+ and MyD882/2 mice.
Mice were administered 6-ECDCA, a FXR agonist, as described in materials and methods section. (A–C) Analysis of Disease activity index (DAI) in
MyD88+/+ (A) and MyD882/2 mice (C). (B–D) Analysis of mucosal damage score in MyD88+/+ (B) and MyD882/2 mice (D). (E–L) H&E staining of
representative paraffin-embedded sections from distal colons after administration of vehicle (control mice), TNBS or TNBS plus 6-ECDCA in MyD88+/+

(panels E–G) and MyD882/2 (H–L) mice. Data are mean 6 SE of 6 animals.*P,0.05 versus wild type naive mice. #P,0.05 versus wild type mice
administered TNBS.
doi:10.1371/journal.pone.0054472.g004

FXR Is a Novel TLR-9 Target Gene
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In conclusion, we have shown that a TLR9/MyD88/IRF7

signaling positively regulates the expression of the bile acid sensor

FXR in the intestine and that FXR mediates housekeeping

activities of TLR9 thus linking microbiota-sensing receptors to

immune and metabolic signaling in the intestine.

Materials and Methods

Reagents
The ‘‘TLR Ligands Set I’’ and the TLR9 agonist, synthetic

oligodeoxynucleotides (ODN), containing unmethylated deoxycy-

tosine-deoxyguanosine (CpG), CpG ODN 2395, were from

Apotech Corporation. The FXR agonist 6-ethyl-chenodeoxycholic

acid (6-ECDCA) was synthesized by Dr. Angela Zampella as

described [31].

Animals
Protocols were approved by the University of Perugia’s Animal

Care Committee according to the Italian guideline for care and

use of laboratory animals. The latest ID for this project is #98/

2010-B. The authorization was released to Prof. Stefano Fiorucci,

as a principal investigator, on May 19, 2010. C57BL/6 male mice

were from Harlan Laboratories, while the colony of C57BL/6j

FXR null mice was established from animals originally donated by

Dr. Gonzalez F.J. (Laboratory of Metabolism, National Cancer

Institute, National Institutes of Health, Bethesda, MD 20892, USA

- fjgonz@helix.nih.gov) [32]. Colitis was induced in mice by

intrarectal administration of TNBS (1.5 mg/mouse). The TLR-9

agonist (CpG, 10 mg/mouse) was administered i.p. in both

FXR+/+ and FXR2/2 mice for 3 days before TNBS administra-

tion. The FXR agonist (6-ECDCA, 5 mg/kg) was administered

i.p. to C57BL6 wild type, MyD882/2 and TLR92/2 mice for 3

days before TNBS administration. Animals were sacrificed 4 days

after TNBS. Myeloperoxidase (MPO) activity was measured as

previously described [33].

Disease activity Index (DAI)
DAI was calculated by combining individual scores of weight

loss, stool consistency and bleeding. The sum of individual scores

was divided by 3 [27,28].

Mucosal damage score
Mucosal damage scoring was analyzed considering the presence

of indurations, edema, thickness and evidence of mucosal

hemorrhage, as indicated previously [19]. For histologic exami-

nation, a section of the distal colon from each animal was fixed in

Figure 5. An intact FXR signalling is required to preserve TLR9 action. TNBS colitis was induced in FXR+/+ and FXR2/2 mice. Mice were
administered CpG as described in materials and methods. (A–C) Analysis of Disease activity index (DAI) in FXR+/+ (A) and FXR2/2 mice (C). (B–D)
Analysis of mucosal damage score in FXR+/+ (B) and FXR2/2 mice (D). (E–L) H&E staining of representative paraffin-embedded sections from distal
colons after administration of vehicle (control mice), TNBS or TNBS plus CpG in FXR+/+ (panels E–G) and FXR2/2 (H–L) mice. Data are mean 6 SE of
6animals.*P,0.05 versus naive mice. #P,0.05 versus mice administered TNBS.
doi:10.1371/journal.pone.0054472.g005

FXR Is a Novel TLR-9 Target Gene
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10% formalin, embedded in paraffin, sectioned, and stained with

Haematoxylin and Eosin (H&E).

Cell culture
The Raw264.7, a mouse macrophage cell line, was purchased

from the ATCC-LGC Standards and cultured in D-MEM

supplemented with 10% Fetal Bovine serum, 1% L-glutamine

and 1% penicillin/streptomycin. Serum starved Raw264.7 cells

were stimulated for 18 hours with CpG ODN 2395 (2 mg/ml) in

D-MEM. After stimulation cells were divided in two aliquots:

56106 cells were lysed in 1 ml TRIZOL reagent (to assess the

relative mRNA expression of FXR and IRF-7 by quantitative

Real-Time PCR) while 56106 cells were lysed in 500 ml SDS lysis

buffer containing b-mercaptoethanol (to measure protein expres-

sion of FXR and IRF-7 by Western blotting).

Western Blotting
Total proteins from Raw264.7 cells were separated by SDS

PAGE, transferred to nitrocellulose membranes (Bio-Rad) and

probed with primary antibodies FXR (Abcam), IRF-7 (SantaCruz)

and a-tubulin (Sigma). The anti-immunoglobulin G horseradish

peroxidase conjugate (Bio-Rad) was used as the secondary

antibody and specific protein bands were visualized using the

Super Signal West Dura reagent (Pierce), following the manufac-

turer’s suggested protocol. Films were scanned and the densitom-

etry analysis performed using the Image J software (NIH,

Bethesda, MD, USA).

Isolation and culture of human and mouse monocytes
Human CD14 derived Peripheral blood mononuclear cells

(PBMCs) were obtained from normal individual donors from the

Blood Bank Service of the University of Perugia Hospital. PBMCs

Figure 6. A conserved IRF7 responsive element is expressed in the promoter of FXR. (A) Analysis of the FXR promoter was performed with
the on-line software TFsearch. The human FXR 5’flanking region contains an IRF7-RE at 2602 base pairs with respect to the transcriptional start site
ATG. The murine FXR 5’flanking region contains an IRF7-RE at 2787 base pairs with respect to the transcriptional start site ATG. (B) Quantitative RT-
PCR of FXR and IRF7 genes was carried out on RNA purified from Raw264.7 cells stimulated with CpG. Data are mean 6 SE of of 4 experiments.
*P,0.05 versus not treated cells. (C) Western Blotting analysis of FXR, IRF7 and tubulin was performed on protein extracts from Raw264.7 cells
stimulated with CpG. The image shown is one of three showing the same pattern. (D) Densitometric analysis of Western blot bands carried out using
the Image J software. Data are the mean of three experiments. (E) Transactivation of IRF7-RE. Three copies of the murine IRF7-RE were cloned into the
luciferase reporter vector pGL4. Raw264.7 cells were transiently transfected with this construct and forty-eight hours post-transfection cells were
stimulated with increasing concentrations of CpG. Cellular extracts were subsequently assayed for luciferase activity. Data are the mean 6 S.E. of 3
experiments carried out in triplicate. *P,0.05 versus not treated cells.
doi:10.1371/journal.pone.0054472.g006
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were isolated by density gradient centrifugation through a Ficoll-

Hypaque gradien (Pharmacia Biotech). Monocytes were isolated

by positive selection using magnetic cell sorting according to the

manufacturer’s instructions (Miltenyi Biotec). After isolation

monocytes were cultured in R-PMI and stimulated 18 hours with

the following TLR ligands: (i) TLR1/2: 100 ng/ml Pam3Cys-Ser-

(Lys)4.3HCl; (ii) TLR3: 100 mg/ml Polyinosinic-polycytidylic acid

potassium salt (Poly IC); (iii) TLR4: 1 mg/ml Lipopolysaccharide

from E. coli, Serotype R515; (iv) TLR5: 100 ng/ml Flagellin

(FLIC); (v) TLR6: 100 ng/ml Macrophage stimulatory Lipopep-

tide 2 (MALP-2); (vi) TLR7–8: 10 mg/ml Polyuridylic acid

potassium salt and (vii) TLR9: 2 mg/ml CpG ODN 2395. Mouse

monocytes were obtained from the spleens of TLR9 wild-type and

null mice (C57BL/6BJ6 background) following a previous

described protocol [19]. After isolation primary murine monocytes

were cultured in RPM-I and stimulated 18 hours with 2 mg/ml

CpG ODN 2395.

RNA extraction and nuclear receptor PCR array
Total RNA from serum starved Raw264.7 cells left untreated or

stimulated with CpG ODN 2395 (2 mg/ml) was extracted with

Trizol reagent (Invitrogen) and reverse transcribed with Super-

script-II reverse transcriptase (Invitrogen) following the manual

instructions. 25 ng cDNA was pipetted in each well of a 96 well

PCR array plate (Human Nuclear Receptors and Coregulators

RT2 Profiler TM PCR Array - http://www.sabiosciences.com/

rt_pcr_product/HTML/PAHS-056A.html - Superarray Biosci-

ence, Frederick,MD, USA) and amplified following the manual

instructions. Genes selected for PCR analysis encode several

classes of nuclear receptors. PCR analysis was carried out with the

on-line software RT2 Profiler PCR Array Data Analysis (http://

pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).

Real-Time PCR
Methods for Real-Time PCR conditions and analysis have been

described previously [34]. Primers were synthesized by MWG

BIOTECH. Human (h) and murine (m) sense and antisense

primers were as following: hFXR: tacatgcgaagaaagtgtcaaga and

actgtcttcattcacggtctgat; hTNFa: aacctcctctctgccatcaa and ggaa-

gacccctcccagatag; hGAPDH: gaaggtgaaggtcggagt and catgggtg-

gaatcatattggaa; mFXR:; mTNFa: acggcatggatctcaaagac and

gtgggtgaggagcacgtagt; mIRF7: agccctctgctttctagtgatg and ctgca-

tagggttcctcgtaaac; mGAPDH: ctgagtatgtcgtggagtctac and

gttggtggtgcaggatgcattg.

FXR promoter analysis, plasmid construction and
Luciferase assay

Human and murine proximal promoter regions of FXR were

analyzed with the on-line software TFsearch (http://www.cbrc.jp/

research/db/TFSEARCH.html) for the search of putative IRF7

consensus sequences (GAA (A/T) N (C/T) GAAAN (T/C)). For

luciferase assay, three tandem repeats of the putative IRF7

responsive sequence (IRF7RE) were cloned KpnI-XhoI into the

pGL4 luciferase reporter vector (pGL3(IRF7RE)3X) using the

following oligonucleotides: ACTGGGTACCCCTGAATAT-

CAAAGCTGCCCTGAATATCAAAGCTGCCCTGAATAT-

CAAAGCTGCCTCGAGACTG and CAGTCTCGAGG-

CAGCTTTGATATTCAGGGCAGCTTTGATATTCAGGG-

CAGCTTTGATATTCAGGGGTACCCAGT. 24 h before

transfection, 106105 Raw264.7 cells were plated in six-well plates

and cultured in D-MEM. Subsequently, cells were transiently

transfected using 1 mg pGL4(IRF7RE)3X and 200 ng pCMV-

bgalactosidase as an internal control for transfection efficiency.

Transfections were performed with the reagent FuGENE HD

(Promega). Forty-eight hours post-transfection, cells were stimu-

lated 18 hours with a dose response of CpG ODN 2395 (0.5, 1, 2

and 4 mg/ml). Control cultures received vehicle (0.1% DMSO)

alone. Cells were lysed in 100 mL diluted reporter lysis buffer

(Promega), and 10 mL of cellular lysate was assayed for luciferase

activity using the Glomax 20/20 luminometer (Promega, Milan,

Italy). Luciferase activities were normalized for transfection

Figure 7. IRF7 binds to the an IRF7-RE located in the FXR promoter. (A) Electrophoretic Mobility shift assay (EMSA). Nuclear extracts from
Raw264.7 cells left untreated or stimulated with CpG were incubated in the presence of a wild type or a mutated IRF7 biotin-labeled probe.
Competition experiments were performed with a 100 fold excess of unlabeled oligo or with 1 mg IRF7 antibody. (B) Chromatin immunoprecipitation
(ChIP). ChIP assay carried out in Raw264.7 cells left untreated or primed with CpG as described in materials and methods section. Values are
normalized relative to input DNA concentration and are expressed relative to those of not treated cells immunoprecipitated with an anti IgG
antibody, condition set as 1. Analysis was carried out in triplicate and the experiment was repeated twice. *P,0.05 versus not treated cells
immunoprecipitated with an anti-IgG antibody. #P,0.05 versus not treated cells immunoprecipitated with an anti-IRF7 antibody.
doi:10.1371/journal.pone.0054472.g007
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efficiencies by dividing the relative light units (RLU) by b-

galactosidase activity.

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts from serum starved Raw264.7 cells left

untreated or stimulated 18 hours with CpG ODN 2395 (2 mg/

ml) were prepared using the NE-PER kit (Pierce). Nuclear extracts

(10 mg) were incubated for 20 min at room temperature with 20

femtomoles of biotin labeled IRF7RE wild type probe

(GCCTGAATATCAAAGCTGCA) or with IRF7-RE mutated

probe (GCCTGAACATCACCGCTGCA, mutated bases are

shown in bold), prior to electrophoresis. For competition

experiments, 100 fold excess of unlabeled probes or anti-IRF7

antibody (Santa Cruz) were incubated for 20 min with nuclear

extracts from stimulated cells before addition of the biotinylated

probes.

Chromatin Immunoprecipitation (ChIP)
106106 serum starved Raw264.7 cells cultured in D-MEM

were stimulated 18 hours with 2 mg/ml CpG ODN 2395 or

received the vehicle alone (1% DMSO). Chromatin was immu-

noprecipitated with an anti-IRF7 antibody (Santa Cruz, CA, USA)

or with an anti-IgG as negative control. Detailed methods for

ChIP protocol and Real-Time data analysis have been previously

described [35]. The sequences of primers used for the amplifica-

tion of the murine FXR promoter were: gcctatgtacgtgttcattgtcc

and aggaggagccaatgtttctga.

Statistic analysis
All values are 6 Standard Error (SE) of number (n) observations

per group. Comparisons of more than two groups were made with

a one-way ANOVA with post-hoc Tukey’s test. Comparison of

two groups was made by the Student’s t-test for unpaired data

when appropriate.
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