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Inflammatory Bowel Disease (IBD) is a multifactorial disorder involving dysregulation of the immune response
and bacterial translocation through the intestinal mucosal barrier. Previously, we have shown that activation
of the bile acid sensor Farnesoid X Receptor (FXR), which belongs to the family of nuclear receptors, improves
experimental intestinal inflammation, decreasing expression of pro-inflammatory cytokines and protecting the
intestinal barrier.
Here, we aimed to investigate the immunological mechanisms that ameliorate colitis when FXR is activated. We
analyzed by FACS immune cell populations in mesenteric lymph nodes (MLN) and in the spleen to understand
whether FXR activation alters the systemic immune response. We show that FXR activation by obeticholic acid
(OCA) has systemic anti-inflammatory effects that include increased levels of plasma IL-10, inhibition of both
DSS-colitis associated decrease in splenic dendritic cells (DCs) and increase in Tregs. Impact of OCA onDC relative
abundance was seen in spleen but not MLN, possibly related to the increased FXR expression in splenic DCs
compared to MLN DCs. Moreover, FXR activation modulates the chemotactic environment in the colonic site of
inflammation, as Madcam1 expression is decreased, while Ccl25 is upregulated. Together, our data suggest
that OCA treatment elicits an anti-inflammatory immune status including retention of DCs in the spleen,
which is associated with decreased colonic inflammation. Pharmacological FXR activation is therefore an
attractive new drug target for treatment of IBD.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Inflammatory Bowel Disease (IBD) encompasses a group of
disorders characterized by chronic intestinal inflammation. IBD involves
dysregulation of the local mucosal immune response combined with
compromised intestinal epithelial barrier function, in genetically
predisposed individuals [1]. While treatment options for IBD patients
are reasonably effective, they are often accompanied by significant
side-effects and 40–50% of patients on currently available IBD medica-
tion fail to respond to the treatment [2,3]. Thus, these clinical observa-
tions underscore the need for novel treatment options for IBD.
Considering that progression into active disease requires the recruit-
ment of leukocytes to the intestine, current research for IBD treatment
involves the targeting of selective adhesion molecules and chemokine
receptors that guide leucocyte migration [4,5].

Farnesoid X Receptor (FXR) is a bile acid (BA)-activated transcrip-
tion factor belonging to the family of nuclear receptors. FXR regulates
, UMCUtrecht, HP 3.217, PO box
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BA glucose and lipid homeostasis and decreases tumor formation in
liver and intestine [6]. Besides its metabolic functions, FXR activation
also elicits anti-inflammatory and immune modulatory effects. We,
and others have shown that FXR activation attenuates the severity of
colitis in two separate murine models of IBD [7,8]. In these studies, the
protection against colitis involved the repression of pro-inflammatory
cytokine expression and inhibition ofmicrobicidal genes, and thus likely
modification of intestinal microbiota. FXR activation was shown to
modulate in vitro dendritic cell (DC) differentiation and TNF production
by immune cells, but the nature and extent of FXR impact on immune
function in colitis in vivo is currently unclear.

DCs are a critical immune cell subset bridging the innate and
adaptive immune responses, and are implicated in the immune
dysregulation associated with colitis. Adoptive transfer of bone
marrow-derived DCs exacerbated dextran sodium sulfate (DSS)-
induced colitis inmice, while selective genetic ablation of DCs attenuated
the severity of colitis [9]. Anti-DC therapy in colitis blocked leukocyte in-
filtration to the inflamed colon and controlled inflammation more effec-
tively than targeting further downstream events, highlighting the
involvement of DCs at early stages of inflammation [9]. DCs are found
scattered throughout tissues, where they monitor the surroundings and
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capture antigens. Nuclear receptors are also sensors of the local tissue
environment and can relay extracellular signals into changes in gene
expression. Consistently, some nuclear receptors trigger both metabolic
and immunological effector functions. Nuclear receptors involved in
metabolism also modulate macrophage and DC function, affecting their
maturation, their ability to activate T cells and their migratory properties
[10]. For example, retinoid receptors (RXR and RAR) mostly imprint a
pro-inflammatory phenotype in DCs, whereas peroxisome proliferator-
activated receptor (PPARγ), vitamin D receptor (VDR) and liver X recep-
tor (LXR) have anti-inflammatory effects [10]. Yet the widespread con-
nections between immunology and metabolism and the potential of
nuclear receptor agonists in therapy for IBD are far from being fully
explored.

In this study, we examined the systemic effects of FXR activation on
splenic and mesenteric lymph node (MLN) immune cell populations in
DSS-induced colitis. We show that FXR activation changes the relative
abundance of splenic immune cell populations and affects the chemo-
taxis of cells in the colon during colitis. Together, our data suggest that
obeticholic acid (OCA) treatment results in retention of DCs in the
spleen, which is associated with decreased colonic inflammation.

2. Methods

2.1. Animals

Wild-type (WT) C57BL/6J male mice (8 weeks old) were obtained
from Charles River Laboratories (Leiden, The Netherlands). Mice were
fed chow diet ad libitum and housed in a temperature and light-
controlled room. All experiments were approved by the ethics commit-
tee of the University Medical Center Utrecht.

Colitis was induced by administration of 2,5% (wt./vol) Dextran So-
dium Sulfate (DSS; MW. 36,000–50,000 Da, MP Biochemicals, Santa
Ana, California, U.S.) in drinking water for 8 days. Pharmacological acti-
vation of FXR was accomplished by treatment with obeticholic acid
(OCA, 6-ethyl-chenodeoxycholic acid, kindly provided by Luciano
Adorini, Intercept Pharmaceuticals Inc., San Diego, California, U.S.).
OCA (10 mg/kg/day) or vehicle (1% methyl cellulose) were adminis-
tered by oral gavage once a day from three days prior to DSS treatment,
and continued until the end of the DSS-treatment. In the evening prior
to the sacrifice,mice received an extra gavage of OCA.Micewere starved
for 4 h prior to sacrifice. 10 mice per group were used for this experi-
ment (groups: no DSS, DSS, and DSS+OCA). Bodyweightwas assessed
daily. Rectal bleeding was scored on a scale from 0 to 4, indicating no
(0) to severe (4) rectal bleeding.

2.2. Intestinal permeability assay

Intestinal permeability was examined in mice after 8 days of DSS
treatment, as described previously [11]. In brief, mice were gavaged
with 0.6 mg/g body weight of fluorescein isothiocyanate (FITC)-
conjugated dextran (Sigma, S Louis, Missouri, U.S.; molecular mass 3–
5 kDa) 4 h before termination. FITC concentrations were measured in
plasma (Fluorimeter Pharos FX; BioRad, Hercules, California, U.S.).

2.3. RNA extraction, cDNA synthesis and qRT-PCR analysis

Colons were harvested, washed in PBS and snap frozen. RNA was iso-
lated using the RNeasyMicro kit (Qiagen, Venlo, The Netherlands). cDNA
was generated from 1 μg of total RNA using SuperScript II Reverse Tran-
scriptase (Invitrogen, Carlsbad, California, U.S.). qRT-PCR analysiswas car-
ried out using SYBR green PCRmastermix (Roche, Basel, Switzerland) and
analyzed on a MyIQ real time PCR cycler (BioRad, Veenendaal, The
Netherlands). Relative expression of colonic genes is normalized to
glyceraldehyde-3-phosphate dehydrogenase, whereas expression of
splenic genes is normalized to hypoxanthine phosphoribosyltransferase
1. Primer sequences are listed in Supplementary Table 1.
2.4. Isolation of spleen and mesenteric lymph node (MLN) cells for flow
cytometry and cell sorting

Spleen and MLNs were passed through a cell strainer to make a
single-cell suspension and then stained with fluorochrome-labeled
mouse antibodies. All antibody incubations were performed at 4 °C for
30 to 45 min. For detection and phenotyping of cell subsets in cell sus-
pensions of spleen and mesenteric lymph nodes, cells were stained
with monoclonal antibodies directed against CD3, MHCII, CD11c,
CD19, GR-1, CD11b, CD4, CD8 and CD25 (all from Biolegend, San
Diego, California, U.S.), CD69 (BD Biosciences, Franklin Lakes, New
Jersey, U.S.), Foxp3 Transcription Factor Staining Buffer Set and fixable
live/dead marker Aqua (eBioscience, San Diego, California, U.S.). For
intranuclear staining, cells were stained using the FoxP3 staining kit
(eBioscience) according to the manufacturer's protocol. Acquisition of
multicolor stained samples was done on a LSRII cytometer. Cell sorting
was performed on a FacsARIA II cytometer and after cell sorting, purity
was checked (always N95%). Final analysis and graphical output were
performed using FACS Diva™ software (BD bioscience).

2.5. Multiplex cytokine analysis

Cytokine concentrations of IFNγ, IL-2, IL-10 and IL-17A were mea-
sured in mouse plasma, using Diaclone Murine 5-plex, following the
manufacturer's protocol (Diaclone, Besançon cedex, France). In brief,
antibodies coupled to differentially fluorescently labeled beads were
mixed in suspension with plasma samples and incubated with biotin-
conjugated secondary antibody. Phycoerythrin-Streptavidin was subse-
quently added to the sample and detection of the cytokine-specific in-
tensities was performed by FacsCalibur.

2.6. Immunohistochemistry and immunofluorescence

Paraffin-embedded colon tissue sections were incubated overnight
with anti-CXCR3 1:250 (Bioss, Woburn, Massachusetts, U.S.) and for
1 h with secondary antibody goat anti rabbit 1:200 (Thermo Fisher
Scientific, Waltham, Massachusetts, U.S.) and counterstained with
Hematoxylin. The percentage of CXCR3-positve cells was calculated as
a ratio over haematoxilin positive cells as quantified by ImageJ. Colon
cryosectionswere fixed in acetone and incubated with antibody against
MHCII conjugated with APC diluted 1:100 (Biolegend) and counter-
stained with NucGreen Dead488, following themanufacturer's protocol
(Life Technologies, Carlsbad, California, U.S.). Imaging of the sections
was performed using a confocal microscope (Zeiss LSM510).

2.7. Statistical analysis

All results are expressed as mean ± SEM, unless stated differently.
Statistical significance was determined by unpaired non parametric
T-test (Mann–Whitney test) and by Kruskal–Wallis Anova test. Statisti-
cal analyses were performed using Graphpad (version 6.02) software.
Two-sided p values (p b 0.05) were considered significant.

3. Results

3.1. FXR activation alters the composition of splenic immune cell
populations

We addressed whether amelioration of colitis induced by FXR
activation involves secondary lymphoid organs. We therefore induced
colitis in C57Bl6 mice by administering 2.5% DSS in the drinking water
for 8 days. Three days prior to DSS treatment, we started daily OCA
administration (10 mg/kg) per oral gavage until the end of the experi-
ment, as previously described [7]. Efficient FXR activation in the colon
of OCA-treated mice was evaluated by increased mRNA expression of
the primary FXR target gene IBABP (Supplementary Fig. 1A). We



168 V. Massafra et al. / Biochimica et Biophysica Acta 1862 (2016) 166–173
confirmed that FXR activation decreased rectal bleeding scores, intesti-
nal permeability and mRNA expression of the pro-inflammatory cyto-
kine IL-1β in the colon (Supplementary Fig. 1B–D), as previously
described [7].

To understand the role of immune cells in mesenteric lymph nodes
and spleen in OCA-mediated amelioration of colitis, we assayed the
cellular composition of the MLNs and splenocytes by flow cytometry
(Supplementary Fig. 2). Colitis induction triggered a significant decrease
in splenic DCs. OCA treatment fully prevented the disease-associated
decrease in splenic DCs (Fig. 1A). OCA did not alter the ratio of CD8-
positive/CD11b-positive DCs, as the abundance of both DC subsets was
equally rescued by OCA during colitis (Supplementary Fig. 3A). In
MLNs, which are known to drain colonic tissues, DC counts were unaf-
fected by DSS or OCA treatment (Fig. 1A), despite the significant in-
crease in total number of live cells in the MLNs upon DSS treatment
Fig. 1. FXR activation alters the composition of splenic immune cell populations. FACS analysis o
receiving vehicle, DSS or DSS in combination with OCA. Gating on live cells and out gating
Granulocytes are expressed as percentage of CD11b+GR-1+ cells. Tregs are expressed as perc
group. Mann–Whitney T-test was performed to determine differences between groups. (*p b 0
(Supplementary Fig.3B). The amount of granulocytes was higher in
the MLNs and the spleen in the DSS-treated groups compared to the
group receiving no DSS. OCA treatment further increased the amount
of granulocytes only in the spleen (Fig. 1B). The fraction of FoxP3-
positive regulatory T-cells (Tregs) increased in the MLNs as well as in
the spleen upon the induction of colitis by DSS. OCA treatment resulted
in a significant decrease in Tregs only in the spleen (Fig. 1C). No signif-
icant differences were observed between DSS and DSS+OCA groups in
the relative fraction of B cells, CD4-positive and CD8-positive T lympho-
cytes either in spleen or MLNs (Supplementary Fig. 3C/D).

The decrease in spleen DCs upon inflammation induced by DSS
colitis and its intersection byOCA treatmentmaybedue to impaired dif-
ferentiation/maturation, increased cell death, or local depletion in favor
of accumulation at sites of inflammation. We first addressed the possi-
bility that OCA treatment causes changes in differentiation/maturation
f DCs (A), granulocytes (B) and Tregs (C) in the spleen and in theMLNs collected frommice
T-, B-cells and granulocytes, the relative amount of DCs (CD11c+MHCII+) is depicted.
entage of CD4+CD25+FoxP3+ cells. Data are represented as mean ± SEM, n = 10 mice/
.05, **p b 0.01).
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of the DCs, by assessment of gene expression of MHCII encoding genes
H2Ab1 and H2Eb1 and APC markers CD80 and CD86 in spleen tissue
(Fig. 2B). Expression of thesematurationmarkers decreased significant-
ly upon DSS but mRNA levels were not restored upon OCA treatment,
suggesting that OCA-treatment probably does not cause persistence of
DC markers due to increase of these markers per cell. Instead, low
CD80/CD86 mRNA levels caused by DSS might be explained by DC
migration out of the spleen, rather than by an effect on maturation, be-
cause it is expected that DSS treatment would increase DC maturation.
Further analysis of FACS data revealed an increase in CD11c/MHCII-
positive DC size (Forward Scatter) and granularity (Side Scatter) upon
DSS treatment (Fig. 2C), which is commonly associated with increased
maturation [12,13] and negatively associated with cell death [14]. Im-
portantly, OCA treatment restored normal size and granularity of DCs,
suggesting decreased maturation compared to DSS alone. We therefore
conclude that alteration of DC maturation or cell death cannot explain
Fig. 2.OCA impacts on splenic depletion of DCs upon colitis induction.mRNA expression ofMHC
spleen tissue of mice treated either with vehicle or DSS. Data are normalized to Hprt1 expressio
MHCII+, derived from gating on live cells and out gating T-, B-cells and granulocytes. Data are re
between groups. (*p b 0.05, **p b 0.01).
the reduction in splenic DCs upon DSS treatment, nor the rescue by
OCA. Instead, all available evidence supports that DSS treatment causes
depletion of splenic CD11c/MHCII-positive DCs, a feature that OCA can
counteract.

3.2. FXR activation enhances systemic anti-inflammatory cytokine
production

In light of the tight functional connection between the spleen and
the bloodstream, we aimed at determining the systemic effects of FXR
activation, by measuring cytokine production in plasma. The plasma
concentration of the pro-inflammatory cytokine IL-6 was remarkably
high upon DSS treatment, irrespective of OCA administration. Interest-
ingly, the concentration of the anti-inflammatory cytokine IL-10 was
significantly increased in mice receiving OCA. No significant differences
were detected in the plasma concentrations of IFNγ, IL-2 and IL-17A.
II encoding genes H2Ab1 andH2Eb1 (A) and of APCmaturationmarkers CD80 and CD86 in
n. (B). (C) Geometrical mean of forward and side scatter signal of DCs defined as CD11c+

presented asmean± SEM.Mann–Whitney T-test was performed to determine differences



Fig. 3. FXR activation alters systemic cytokine concentration. Absolute concentration of cy-
tokines IL-6, IL-10, IFNγ, IL-2 and IL-17A were determined in plasma of mice treated with
either vehicle, DSS or DSS in combinationwith OCA. Data are represented asmean± SEM,
n = 6 mice/group. Mann–Whitney T-test was performed to determine differences be-
tween groups. (*p b 0.05, **p b 0.01).
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(Fig. 3). In conclusion, administration of OCA resulted in higher systemic
levels of the anti-inflammatory cytokine IL-10.
3.3. FXR is highly expressed in splenic DCs

FXR activation increased systemic levels of the anti-inflammatory
cytokine IL-10, and abrogated the decrease in splenic DCs and increase
in Tregs in DSS-treated mice. We therefore hypothesized that FXR is
expressed in a subset of splenic cells. In order to investigate which im-
mune cells express FXR, RNAwas isolated from FACS-sorted subpopula-
tions of immune cells in MLNs and spleen (Supplementary Fig. 4). FXR
expression is lower in immune cells than in liver and intestinal cells
(data not shown), but it is significantly higher in splenic DCs compared
to lymph node DCs and splenic and MLN B, CD4-positive and CD8-
positive cells (Fig. 4). Based on these data and data in Fig. 1, we propose
that FXR expressing splenic DCs respond to OCA treatment in DSS-
treated colitis, potentially resulting in their retention in the spleen.
Fig. 4. FXR is expressed in splenic DCs. mRNA expression of the nuclear receptor FXR in
FACS-sorted subsets of immune cells derived from either spleen or MLNs. Wild type
healthy BL/6 mice were used for this purpose. RT-qPCRwas performed in technical dupli-
cate. Data are normalized to Gapdh expression. Data are represented as mean ± SD.
3.4. FXR activation modulates colonic chemotaxis events in favor of
amelioration of colitis

We next addressed whether splenic DC depletion upon DSS treat-
ment associates with an increase in migratory cells in the colon and
whether OCA can counteract such immune cell infiltration. Intestinal
MHCII/CD103-positive DCs express the chemokine receptor CXCR3
and migrate to the colon in response to inflammatory stimuli during a
Cryptosporidium parvum infection [15]. In our study, the percentage of
CXCR3-positive cells was significantly increased upon DSS treatment,
correlating with an increased influx of CXCR3-positive cells during co-
lonic inflammation. OCA treatment tended to reverse the increase in
CXCR3 expression in the colon (Fig. 5A/B), possibly contributing to the
OCA-dependent decrease of recruitment of immune cells to the colon,
including DCs. Also MHCII staining and CD11c mRNA expression were
increased upon DSS treatment, and showed a trend to decrease upon
OCA (Supplementary Fig. 5). To exclude that the changes in these DC
markers are not due to changes in macrophage infiltration in the
colon, as these markers are also expressed on macrophages, we deter-
mined gene expression of macrophage specific markers F4/80 and
CD68. In support, neither of these twomarkers showed any enrichment
uponDSS treatment or rescuing effect uponOCA (Fig. 5C/D), collectively
underscoring that OCA treatmentmay cause a reduction in DC counts in
the colon.

To investigate further the local chemotaxis events affected by FXR
activation, we determined gene expression levels of chemokine recep-
tors and chemokine ligands in the colon (Fig. 5E–I). Madcam1 is a che-
mokine expressed in cytokine activated endothelial cells within the
MLNs and in the lamina propria of the intestine. Colonic expression of
Madcam1 increased significantly upon DSS treatment, and this increase
was partially prevented by OCA treatment (Fig. 5E). The receptor for
Madcam1, α4β7, an integrin expressed in T cells recruited to inflamed
sites in the gut. Colonic expression of Itga4 and Itgb7 (encoding for
the integrin α4β7) was not affected by OCA (Fig. 5F/G). Disruption of
α4β7-Madcam axis is known to ameliorate symptoms of colitis [16].
Thus, inhibition of Madcam1 expression may contribute to OCA
treatment-induced amelioration of colitis.

Ccl25 is another chemokine with gut homing effects produced by
small and large intestinal epithelial cells [17]. Ccl25 binds the chemo-
kine receptor Ccr9. Tregs rely on Ccl25-Ccr9 axis for homing to intestine
during ileitis [18]. Expression of Ccl25 increased upon DSS and in-
creased even further upon OCA treatment in DSS-treatedmice, whereas
changes in Ccr9 expressionweremodest (Fig. 5H/I). Unlike deficiency of
the Madcam1-α4β7 axis which ameliorates colitis [16], disruption of
Ccl25-Ccr9 axis worsens the symptoms of colitis [17]. Thus, OCA-
induced improvement of colitis may depend on the increase in Ccl25
expression and the consequent recruitment of Tregs inhibiting the
inflammatory process.

Together, these data suggest that FXR acts as a modulator of colonic
chemotaxis of immune cells resulting in a decrease in colitis inflamma-
tory symptoms.

4. Discussion

IBD is thought to primarily result froma damagedmucosal barrier as
a consequence of genetic factors or exogenous agents. The recurrent ep-
isodes of intestinal inflammation are promoted by the penetration of
bacterial products through the damaged mucosal layer [1]. DSS-
induced mouse colitis is a well-established model for studying human
colitis, which encompasses a DSS-dependent damaging effect on the co-
lonic epithelium, responsible for allowing bacterial translocation and
therefore activatingmacrophages and neutrophils [19,20]. However, re-
cent studies question the role of bacterial translocation as primary event
in the development of inflammation [21,22]. Instead, DC activation is
now considered a direct trigger after epithelial damage, sufficient to
trigger production of chemokines and pro-inflammatory cytokines [9].



Fig. 5. FXR activation modulates colonic chemotaxis events in favor of amelioration of colitis. (A) Representative immunohistochemistry pictures of CXCR3+ cells in paraffin-embedded
colon sections collected frommice treated with either vehicle or DSS or DSS in combination with OCA. Sections of 3 different mice are depicted. (B) Relative amount of CXCR3+ over he-
matoxylin-stained cells was determined using ImageJ; 10 independent microscope fields per sectionwere analyzed (in 2 non consecutive sections/mouse; 10mice/group). (C)mRNA ex-
pression of Madcam1 and of Itga4 and Itgb7 (encoding for the gut homing integrinα4β7) and (D) of Ccl25 and its receptor Ccr9. (E) mRNA expression of macrophagemarkers F4/80 and
CD68 in colon tissue ofmice treated eitherwith vehicle or DSS or DSS+OCA. Data are normalized to Gapdh expression. (A–E) Data are represented asmean± SEM. Kruskal-Wallis Anova
test was performed for multiple comparison analysis.
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DCs are key sentinels able to sense pathogen and danger signals in the
intestinal epithelium and deliver them to the lymphoid tissues, orches-
trating an appropriate immune response to maintain mucosal homeo-
stasis [9,23]. DCs gain a functional phenotype able to enhance or
attenuate the severity of DSS colitis, depending on the locally perceived
stimuli [24]. Here we show that activation of the metabolic nuclear re-
ceptor FXR i) rescued depletion of splenic DCs and prevented local in-
creases in Tregs, ii) increased the plasma concentration of IL-10, an
anti-inflammatory cytokine, iii) collectively and consistently shows a
trend for DC markers to be decreased in the colon, iv) decreased gene
expression of intestinal homing factor for effector T cells Madcam1,
and v) increased gene expression of intestinal homing factor for Tregs
Ccl25 in DSS colitis (Fig. 6).

MLNs host immunological changes relevant formounting an inflam-
matory response in DSS colitis [25]. The relative amounts of
granulocytes and Tregs were increased in the MLNs during DSS colitis
(Fig. 1B/C). This is in line with a previous study [25], reporting that
the percentage of CD11b/CD11c-positive phagocytes, and CD4/CD25-
positive Tregs increased inMLNs upon DSS treatment. Although FXR ac-
tivation improved the symptomsof colitis (Supplementary Fig. 1) in line
with previous studies [7,8], we did not observe significant immunolog-
ical changes in the MLNs compared to the DSS group, suggesting that
FXR mediated protection from colitis may rely on the involvement of
different secondary lymphoid tissues, such as the spleen.

DSS treatment has been reported to cause splenomegaly [26,27], and
increase splenic Tregs and CD4/CD49-positive NK [25]. We report an in-
crease in Tregs and a decrease in DCs in the spleen during DSS colitis.
Tregs probably increase to restrain a dysregulated inflammatory re-
sponse, and the OCA-mediated decrease in Tregs may therefore reflect
the reduced need to limit intestinal inflammation. Analysis of DC mor-
phology and surface-expressed activation markers suggested that DCs
are likely more mature upon DSS treatment and OCA reverses this in-
crease in maturation, suggesting that the decrease in DCs in the spleen
cannot be explained by DC maturation differences. Of note, it has also
been shown that the spleen stores reservoirs of monocytes readily de-
ployable to migrate to injured tissue during acute inflammation [28,
29]. Together, the data suggest that OCA-mediated FXR activation may
cause retention ofmonocyte DC progenitors in the spleen,which lowers
their influx into the colonic inflammatory site, and thereby reduces co-
litis symptoms.

FXR has been shown to be expressed in immune cells derived from
peripheral blood mononuclear cells (PBMCs) and immortalized
immune cells [30,31]. Here we show that FXR is highly expressed in
mouse splenic DCs and we propose that it may have a role in modula-
tion of DC function upon colitis induction. Considering that FXR
activation can favor polarization of anti-inflammatory rather than of
pro-inflammatorymonocytes in liver inflammation [32], further studies
are needed to establish whether FXR is preferentially expressed in DCs
carrying a pro-inflammatory or anti-inflammatory phenotype during
colitis. FXR has also been described to inhibit NF-κB transcriptional
activity [7]. It could then be plausible that by FXR activation in DCs or
monocyte DC progenitors, the signaling cascade that leads to migration
to the colon is suppressed due to an FXR-mediated reduction in NF-κB
signaling in DCs. However, our experimental setup precluded us from
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analysis whether OCA directly impacts on splenic immune cells or acts
on the intestine, thereby indirectly altering the necessity of the splenic
DCs to react to the inflammation.
Depletion of colonic DCs has proven to be beneficial for colitis,
whereas adoptive transfer of DCs worsens the symptoms [9]. This indi-
cates that DCs are critical in this model of colitis and implies that inhibi-
tion of their migration to the colon would be protective against DSS
colitis features. Intriguingly, the chemokine receptor CXCR3, which is
responsible for gut homing of DCs [15] was increased in mice with
DSS colitis, and decreased by OCA treatment. CXCR3 is reported to be
upregulated in IBD patients. In addition, ablation of CXCR3 attenuates
the progression of DSS-induced colitis [33]. Taken together, these obser-
vations indicate that protection of OCA against colitis could involve co-
lonic depletion of DCs and impaired expression of chemokine
receptors. However, further cytofluorimetry-based assays of cells fresh-
ly isolated from colon are needed to validate that OCA actually impairs
specific CXCR3-positive DC infiltration.

As the chemokine environment present in the colon is of utmost im-
portance in shaping the immunological response, we determined the
colonic expression of genes having gut or lymphoid tissue homing ef-
fects.α4β7-Madcam1 interaction guides effector T cells to the inflamed
colon and the induction of migratory phenotype in effector T cells is de-
pendent on DCs [34]. In our study, expression of Madcam1 increased in
coliticmice and this increasewas partially prevented by OCA treatment.
These results provide insight into the potential effects of FXR activation
on migratory properties of immune cells during colitis. Of note,
targeting Madcam1 has been proven to be beneficial for colitis, as
blockingMadcam1 in vivo reduces leukocyte extravasation and reverses
both chronic and acute colitis [16,35]. These observations support the
beneficial role of FXR in counteracting gut homing signaling of immune
cells fostering the inflammatory process.

The Ccr9-Ccl25 interaction is also ascribed as causal for gut homing
effects, but targets different immune cells. Indeed, Tregs have been
shown to be more dependent on Ccl25/Ccr9 than effector T cells for
homing to the intestine [18]. Moreover, unlikeα4β7-Madcam1 interac-
tion, ablation of Ccr9-Ccl25 interaction exacerbates colitis, causes an im-
balance in DC subpopulations (increase of plasmatcytoid/conventional
DCs ratio) and leads to accumulation of inflammatory monocytes in
the lamina propria of the colon and in the gut-associated lymphoid tis-
sue [17]. Ccl25 levels in large intestine have been described to increase
during the recovery period of DSS-treatedmice, confirming a regulatory
role of Ccr9–Ccl25 interactions during large intestinal inflammation
[17]. In our study, expression of Ccr9 cells underwent amodest decrease
uponDSS andwent back to normal levels uponOCA treatment, whereas
Ccl25 expressionwas strongly increased upon OCA treatment. These re-
sults point to an FXR-dependent generation of strong chemotactic sig-
nals for Tregs, which can contain the inflammatory response and
accelerate the recovery from colitis. It has yet to be determinedwhether
intestinal cells expressing FXR produce Ccl25 or if FXR impacts on DC
function, as bridging event for the recruitment of Tregs. Interestingly,
DSS colitis increased IL-6 secretion systemically, whereas FXR activation
counteracts inflammatory stimuli via systemic IL-10 increase. This is a
remarkable finding, considering that IL-10 knockout mice develop coli-
tis [36] and IL-10 administration reverses experimental colitis [37].

The extent of disease state in mice receiving DSS treatment is quite
variable, depending on mouse strain [38], animal housing conditions
and intestinal microbiota [39]. This probably explains why the FXR-
mediated protection against DSS colitis was less pronounced than
Fig. 6. Schematic representation of immunological effects of FXR activation during DSS co-
litis. Similar to IBD, DSS compromises the integrity of intestinal mucosal barrier, allowing
bacterial translocation from the lumen to the lamina propria, where specialized antigen
presenting cells react to the presence of danger signals. The inflammatory process involves
the spleen where the amount of DCs reduces and Tregs increase. FXR activation reverses
the effects of DSS colitis, probably via abrogation of the depletion of DCs (a) and the in-
crease in Tregs in the spleen (b). At the systemic level, FXR activation causes an increase
in anti-inflammatory cytokine IL-10 (c). In the colon, FXR activation attenuates the DSS-
dependent increase of the gut homing chemokine Madcam1, which binds α4β7 on effec-
tor T cells and enhances the production of Ccl25 (d), attracting Tregs to contain the
inflammation.
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previously described [7]. Yet, the direction of changes induced by OCA
treatment results in consistent beneficial effects across all measure-
ments performed, pointing towards lowering the propagation of colonic
inflammation to secondary lymphoid tissues. Our results strengthen our
interest to further investigate the molecular mechanisms underlying
these improvements and further encourage investigation of FXR
agonists as treatment option in IBD patients.

In conclusion, our results support that FXR activation, previously
shown to be beneficial for DSS colitis, impacts on the splenic immune
response during colitis and can shift the balance in the colon and
blood in favor of anti-inflammatory responses. Our work provides
novel support to the emerging role of FXR in regulation of immune re-
sponses, broadening the well-established knowledge of its functions
as metabolic sensor.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2015.11.001.
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