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Abstract

Background: Ursodeoxycholic acid (UDCA) is the only known beneficial bile acid
with immunomodulatory properties. Ursodeoxycholic acid prevents eosinophilic
degranulation and reduces eosinophil counts in primary biliary cirrhosis. It is
unknown whether UDCA would also modulate eosinophilic inflammation outside
the gastrointestinal (GI) tract, such as eosinophilic airway inflammation seen in
asthma. The working mechanism for its immunomodulatory effect is unknown.
Methods: The immunosuppressive features of UDCA were studied in vivo, in
mice, in an ovalbumin (OVA)-driven eosinophilic airway inflammation model. To
study the mechanism of action of UDCA, we analyzed the effect of UDCA on
eosinophils, T cells, and dendritic cell (DCs). DC function was studied in greater
detail, focussing on migration and T-cell stimulatory strength in vivo and interac-
tion with T cells in vitro as measured by time-lapse image analysis. Finally, we
studied the capacity of UDCA to influence DC/T cell interaction.

Results: Ursodeoxycholic acid treatment of OVA-sensitized mice prior to OVA
aerosol challenge significantly reduced eosinophilic airway inflammation com-
pared with control animals. DCs expressed the farnesoid X receptor for UDCA.
Ursodeoxycholic acid strongly promoted interleukin (IL)-12 production and
enhanced the migration in DCs. The time of interaction between DCs and T cells
was sharply reduced in vitro by UDCA treatment of the DCs resulting in a
remarkable T-cell cytokine production. Ursodeoxycholic acid-treated DCs have
less capacity than saline-treated DCs to induce eosinophilic inflammation in vivo
in Balb/c mice.

Conclusion: Ursodeoxycholic acid has the potency to suppress eosinophilic
inflammation outside the GI tract. This potential comprises to alter critical func-
tion of DCs, in essence, the effect of UDCA on DCs through the modulation of
the DC/T cell interaction.

Bile acids are end products of cholesterol metabolism and
have essential functions in controlling the secretion of bile
fluid, regulating cholesterol elimination by the liver, and pro-
moting absorption of lipids and fat-soluble vitamins, through
detergent properties in the gut. Ursodeoxycholic acid
(UDCA) is a naturally occurring dihydroxy bile acid that is
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only found in trace amounts (1-3% of bile acids) in human
bile, but has strong choleretic activity and thus prevents cho-
lestasis. Although UDCA is commonly used in the treatment
for primary biliary cirrhosis (PBC) an autoimmune disease,
the mechanisms behind this beneficial effect are not fully
understood. In addition to promoting bile secretion, it has
been suggested that UDCA has immunomodulatory proper-
ties (1-5), such as the suppression of immunoglobulin pro-
duction; suppression of cytokine synthesis by lymphocytes;
downregulation of MHC I expression on hepatocytes; inhibi-
tion of mast cell activation (6); inhibition of gall bladder
inflammation (7, 8); and suppression of eosinophil activation
and degranulation, typical of PBC (9, 10). The immunosup-
pressive effects of UDCA are, at least in part, mediated
through the activation of the glucocorticoid receptor (GR)
and inhibition of NF-KB-dependent transcription through
GR-—p65 interaction (11-13).

The purpose of this study was to observe whether UDCA
also has immunomodulatory effects outside the gastrointesti-
nal (GI) tract. To study this, we turned to the lung because
this organ is also exposed to the outside world, lined with
mucosal epithelial cells, and has been shown to develop
eosinophilic inflammation when triggered with allergens. In
this model, we report that intratracheal administration of
UDCA strongly suppresses the development of airway
inflammation induced by allergen challenge.

Methods
Mice

Six- to 8-week-old Balb/c and C57bl/6 female mice were
obtained from Harlan (Zeist, the Netherlands). Bone marrow
was harvested from farnesoid X receptor (FXR)-deficient
(14) mice, and OTII lymphocytes (all C57bl/6 background)
were obtained from Erasmus MC or UMC Groningen. The
mice were housed under specific pathogen free (SPF) condi-
tions at the animal care facility of the Erasmus MC Rotter-
dam with the approval of the local animal ethics and welfare
committee. The bronchial hyperreactivity (BHR) experiments
were performed at the VIB, Ghent, Belgium, with the
approval of the local animal ethics and welfare committee.

A mouse model of airway inflammation

To induce airway inflammation, we immunized Balb/c mice
with ovalbumin (OVA) (10 pg OVA, grade V from Sigma
Aldrich, Zwijndrecht, the Netherlands) emulsified in 2 mg
AL(OH); (OVA/alum) or as a control with phosphate-buf-
fered saline (PBS) in alum. Six days later on three consecu-
tive days, mice anesthetized with isoflurane were treated with
UDCA 30 pg/animal or diluent intratracheally (i.t.). After
recovery, they were challenged by exposure to OVA aerosols
10 mg/ml or PBS during 30 min.

Twenty-four hours after the last aerosols, the mice were
killed using an anesthetic overdose followed by bleeding from
the vena inguinalis and bronchoalveolar lavage (BAL). The
lungs were snap-frozen in OCT freezing solution (TissueTek,
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Zoeterwoude, the Netherlands). The mediastinal lymph nodes
were collected and stimulated with OVA. Bronchial hyperre-
activity was analyzed 24 h after the last aerosols using Flexi-
vent invasive measurement of dynamic resistance (SCIREQ).
Mice were anesthetized with urethane, paralyzed using
d-tubocurarine, and tracheotomized, followed by mechanical
ventilation. Increasing concentrations of methacholine
(MCH) (0-100 mg/ml) were nebulized using Aeroneb (SCI-
REQ). Dynamic resistance and compliance were recorded
after a standardized inhalation maneuver given every 10 s for
2 min. Baseline resistance was restored before administering
the subsequent doses of MCH.

In some experiments, we performed an adoptive transfer of
dendritic cell (DCs) to induce asthma. In brief, myeloid DCs
were grown for 8 days from the bone marrow (Balb/c or in
case of WT and FxR-KO C57bl/6) in recombinant murine
granulocyte macrophage—colony-stimulating factor (rmGM-
CSF) 20 ng/ml, were subsequently pulsed with OVA or OVA
in the presence of UDCA or PBS, and then 1*10e6 DCs were
injected (i.t.). After this treatment, mice were given three
additional OVA aerosol challenges.

Bronchoalveolar lavage fluid (BALF)

Bronchoalveolar lavage was performed, and cells were col-
lected for cellular differentiation by flow cytometry using a
method described elsewhere (15). Antibodies for CD3 labeled
with PeCy5 (clone 145-2C11; BD Biosciences, Breda, the
Netherlands), CD19 labeled with PeCy5 (clone 1D3; eBio-
sciences, Vienna, Austria), CDI11c labeled with PeCy7 (clone
N418; eBiosciences), MHCII labeled with Fitc (M5/114.15.2;
eBiosciences), and CCR3 labeled with APC (clone FAB729A;
R and D systems, Abingdon, UK). In some experiments,
when C57bl/6 animals were used, half of the BAL cells were
stimulated with ionomycin (Sigma), phorbol 12-myristate 13-
acetate (PMA; Sigma), and Golgiplug (BD Biosciences);
incubated at 37°C for 4 h; and subsequently stained with the
following antibodies: CD3 APC cy7 (clone 145-2C11; BD
Biosciences), CD4 PeCy5 RM4-5 (eBiosciences), interleukin
(IL)-4 (clone 11B11; BD Biosciences), and interferon (IFN)-y
(clone XMG1.2; BD Biosciences). Fixable Aqua Dead Cell
Stain kit for 405 nm (Invitrogen, Molecular Probes, Life Tech-
nologies Europe BV, Bleiswijk, the Netherlands) was used as a
live—dead marker. Cells were measured on a Flowcytometer
LSRII (BD Biosciences) and analyzed with FLowJo software.
Bronchoalveolar lavage fluid and supernatants of the
OVA-stimulated lymph nodes (LN) cell suspensions were
assayed with enzyme-linked immunosorbent assay (ELISA)
for the quantification of 1L-4, IL-5, IL-10, IL-13, and IFN-y.

T-cell stimulation and eosinophil culture

Lymphocytes obtained from animals that were sensitized
against OVA were stimulated in vitro in a nonspecific way
with culture plate—coated antibodies against CD3 (overnight
1 pg/ml) and antibodies against CD28 in solution (2.5 pg/ml)
for 4 days. Ursodeoxycholic acid was present during the
whole culture period.

© 2012 John Wiley & Sons A/S
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To generate eosinophils, bone marrow cells (0.2*10e6/well)
were cultured in 30% fetal bovine serum (FBS) and IL-5
25 ng/ml, as described (15). Ursodeoxycholic acid was added
on day 5. Twenty-four hours later, cells were counted and
stained for the eosinophil-specific marker CCR3 (eotaxin
receptor) and for live-dead with PI.

Bone-marrow-derived myeloid DCs

To generate mDCs, bone marrow cells were collected from
naive mice and cultured in 5% FBS and rmGM-CSF (kindly
provided by Dr. K. Thielemans, Belgium) for 9 days as
described (16). At day 9, they were exposed to a different con-
centration of UDCA and pulsed in vitro overnight with 100 pg/
ml OVA or sham-pulsed with PBS. Supernatants of DC med-
ium were stored for IL-10 and IL-12 ELISA (BD Biosciences).

Visualization of DC/T cell interaction

For visualizing dynamic interactions between DCs and spe-
cific T cells, OVA-specific T cells obtained from OTII TCR
Tg (H-2b) mice were cocultured with unpulsed bone marrow
derived dendritic cells (BMDCs), OVA protein—pulsed
BMDCs (100 pg/ml), or OVA peptide (323-339)—pulsed
BMDC:s (1 pg/ml) treated or not treated with 10 uM UDCA
overnight. Prior to incubation, DCs were stained with an
fluorescein isothiocyanate (FITC)-labeled antibody to I-Ak,b
(M5/114), and T cells were stained with biotin-tagged TCR
Va2 antibodies, followed by Qdot 655 streptavidin conjugates
(Invitrogen) essentially as described (17). Stained DCs adhere
in a poly-L-lysine (PLL)-coated imaging chamber at 37°C in
an atmosphere of 5% CO,. After 1 h, T cells were added in
a ratio of 1 DC to 10 T cells. Interactions were visualized
with an LSM 510 confocal microscope (Zeiss, Sliedrecht, the
Netherlands) equipped with 488- and 633-nm lasers.
Time-lapse images were collected every 20 s for 40 min.
Interactions were quantified using IMARIS software (version
5.0; Bitplane AG, Zurich, Switzerland) (17).

Statistical analysis

For statistical analysis, Kruskal-Wallis one-way ANova was
used to calculate the overall P-value. A P-value of <0.05 was
considered a significant difference between groups. The non-
parametric Mann-Whitney U-test was performed to analyze
each group with respect to each other. The Pearson correlation
test was used to indicate a significant concentration dependency.

Results

Ursodeoxycholic acid treatment reduces eosinophilic airway
inflammation and IL-13 production

Ursodeoxycholic acid was used as a topical therapeutic drug
in a mouse model of acute allergic inflammation in which we
administered 30 pg UDCA in diluent (=PBS) (1 mM 80 pl)
or diluent approximately 30 min before each OVA aerosol
challenge during 30 min in OVA-immunized mice. Twenty-

© 2012 John Wiley & Sons A/S

Ursodeoxycholic acid suppresses eosinophilic airway inflammation

four hours later, animals were killed, and UDCA-treated ani-
mals (OVA—alum/UDCA/OVA group) demonstrated a signif-
icant reduction in the percentage and the number of BAL
eosinophils compared with the controls (OVA-alum/PBS/
OVA group) (Fig. 1A,E). Matching the reduction in eosin-
ophils, we found that the number and percentage of DCs
and T cells (Fig. 1B,C,F,G) were also lower in the UDCA-
treated group compared with the control (OVA-alum/PBS/
OVA) group. Next, we measured BHR. A significant less
response to MCH was observed in the UDCA-treated animals
(OVA-alum/UDCA/OVA group) as compared to PBS-treated
animals (OVA-alum/PBS/OVA group). Phosphate-buffered
saline—alum controls showed no signs of BHR (Fig. 11).

To address the effect of UDCA treatment on cytokine pro-
duction, the mediastinal LNs draining the lungs were stimu-
lated with OVA in vitro. After 4 days of OVA restimulation,
levels of 1L-13 (Fig. 2B) were markedly reduced, while other
measured cytokines like 1L-4 (Fig. 2A), IL-5 (Fig. 2C), and
IL-10 (Fig. 2D) remained unchanged in OVA-alum/UDCA/
OVA group compared with OVA—alum/PBS/OVA group.

In line with the reduced eosinophilic BAL inflammation,
significantly lower levels of IL-13 in the BAL were observed
in OVA-alum/UDCA/OVA group (104 + 3.7 pg/ml s
140 + 7.1 pg/ml, compared with OVA-alum/PBS/OVA
group, P =0.006). The controls, PBS-alum/UDCA/OVA
group, and PBS—-alum/PBS/OVA group had much lower IL-
13 concentrations that fell in the same range as the OVA-
alum/UDCA/OVA group (Fig. 2E).

Next, we measured intracellular IFNy in BAL and MLN
and observed a trend (P = 0.06) of increased numbers of
IFNy-positive CD4 T cells in BAL and significantly
(P =0.03) more IFN y-positive CD4 T cells in MLN in the
UDCA-treated animals (OVA-alum/UDCA/OVA group)
when compared with PBS-treated animals (OVA-alum/PBS/
OVA group) (Fig. 2F-G).

Ursodeoxycholic acid induce IL-12 production in DCs and
has no toxic effect on eosinophil, DC survival, and T-cell
cytokine production

A detailed in vitro characterization of UDCA-treated eosin-
ophils, DCs, and T cells is shown in Fig. S1 with the conclu-
sion that UDCA is not harmful for eosinophils and DCs
(Fig. S1A,B) and does not influence T-cell cytokine produc-
tion (Fig. SIC-E).

As we found that UDCA enhances migration of bone-
marrow-derived DCs after i.t. injection (Fig. S1F), yet at the
same time suppresses the potential of these cells to prime for
Th2-dependent eosinophilic airway inflammation, we sought
to further identify the mechanism by which Th2 development
was abolished. Previous studies in our group have identified
that high-level production of IL-12 by GM-CSF-cultured
DCs abolished their potential to induce Th2 immunity, via
promotion of a counterregulatory Thl response (18, 19). IL-
12 is known to be a key inducer of cell-mediated immunity.
In addition, IL-12 stimulates the differentiation of CD4-posi-
tive Th cells in IFNy-producing Th1 cells (18). Incubation of
DCs with increasing UDCA concentrations revealed a



Ursodeoxycholic acid suppresses eosinophilic airway inflammation

Willart et al.

Kk
A *k B ko (o3
ook * ,L|
_y 75000 5000
i e |
= m % <
2 50 000 sk 8 2
= | —— T & ‘o 5000
e 2 2500 = *
z S ?
o =~
% 25 000 = 3 2500
k] % o
] _— ] b B
0 = 0 0
D *
180 000 T
.|
=
= O OVAalum/PBS/OVA
gblzo 000 m OVAalum/UDCA/OVA
= O PBSalum/PBS/OVA
g 60 000 = PBSalum/UDCA/OVA
=
e
0
E " R F G - *%
*
1 —
1 3
. I h S - o I S S
< I a 1 |
M 20 <
= < m
£ m ]
= £ 1 ‘@
=9 » —=1.5
2 Q 3
‘'z 10 a v
8 <05 =
X E 2
0 s 0 0
o Single-compartment model
H | PBSalum/PBS/OVA
Kk
= 5.0 -~ - PBSalum/uDCA/OVA
27 E - —v— OVAalum/PBS/OVA
M )
= g —— OVAalum/uDCA/OVA
8 50 T
2 £ 2.5
= s
= (2]
é 25 0?
X
0 00 T T T T T T T
Baseline 0 3.13 6.25 125 25 50
[ug Mch]
Figure 1 Impaired eosinophilic airway inflammation after ursode- and F) DCs (cell numbers and percentage); (C and G) T cells (cell
oxycholic acid treatment. Model of allergic airway inflammation in numbers and percentage); (D and H) macrophages (cell numbers
ovalbumin-sensitized mice. Bronchoalveolar lavage cells were and percentage); (**P < 0.01 and *P<0.05 n=6 animals per
stained for eosinophils (CCR3-positive cells) and T cells (CD3-posi- group); () bronchial hyperreactivity measurements (*P < 0.05 n =4
tive cells), as well as for B cells (data not shown) and macrophages -6 animals per group).

and DCs. (A and E) eosinophils (cell numbers and percentage); (B
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Figure 2 Reduced interleukin (IL)-13 production after ursodeoxy-
cholic acid (UDCA) treatment. Mediastinal lymph nodes (LN) cell
suspensions were restimulated in vitro for 4 days with ovalbumin
and assayed for IL-4 (A), IL-13 (B), IL-56 (C), IL-10 (D) production
using enzyme-linked immunosorbent assay. The level of the IL-13
promoting TH2 cytokines was significantly reduced in mice treated

concentration-dependent increase in IL-12 production
(Fig. 3A), promoting the induction of IFNy in responding T
cells (Fig. 3C), while suppressing induction of Th2 cytokine
IL-13 (Fig. 3B), and supports the migration of DCs (Fig. S1F).

Ursodeoxycholic acid-treated DCs were less effective in
inducing asthma

We employed experiments demonstrating that intratracheal
administration of UDCA reduces the number of DCs in
allergen-challenged lungs. In previous studies, we identified
lung DCs as key proinflammatory cells that are necessary
and sufficient for Th2 cell stimulation during ongoing airway
inflammation (20).
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with UDCA. Levels of other cytokines seem to be unchanged in
the UDCA-treated group. IL-13 levels (E) in bronchoalveolar lavage
(BAL) fluid were lower in UDCA-treated animals compared with the
diluent-treated animals (F) and (G) intracellular interferon-y in CD4 T
cells in, respectively, BAL cells and MLN cells (**P < 0.01 and
*P < 0.05).

To test whether UDCA interferes with the potential of
DCs to induce eosinophilic airway inflammation, we used an
adoptive transfer model of DCs to immunize the animals,
bypassing OVA—alum immunization (21). Myeloid DCs were
grown for 8 days from the bone marrow in GM-CSF, were
subsequently pulsed with OVA or OVA in the presence of
UDCA or PBS, and then 1*10e6 DCs were injected into the
trachea of mice. After this treatment, mice were given three
additional OVA aerosol challenges.

As previously reported (22), the adoptive i.t. transfer of
OVA-pulsed mDCs leads to Th2 priming, and eosinophilic
airway inflammation subsequently develops upon OVA aero-
sol challenge 10 days later. As expected, in mice receiving
unpulsed PBS DCs or UDCA DCs, only a few inflammatory
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tion of T-cell cytokine interferon (IFN)-y (C). Ursodeoxycholic acid
concentrations of 30 uM and more induce a stronger IFN-y
response (*P < 0.05).
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indicate

B). Ursodeoxycholic acid treatment of OVA-pulsed DCs
abolished their potential to induce airway eosinophilia and
macrophage influx into the lung. There was also a trend
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Figure 5 The duration of interaction between T cells and dendritic
cells (DCs) is strongly reduced if DCs are treated with ursodeoxy-
cholic acid (UDCA), and DCs express farnesoid X receptor (FXR).
The duration of interaction between T cells and DCs is strongly
reduced if DCs are treated with UDCA. (A). Bile acid acts as a

toward reduced T cell (Fig. 4C) and DC (Fig. 4D) influx,
but this failed to reach statistical significance.

Shorter interaction time between DCs and T cells when DCs
were treated with UDCA

Ursodeoxycholic acid has been shown to induce higher levels
of IL-12 production in an UDCA concentration—dependent
way. The migration of bone-marrow-derived DCs after i.t.
injection was increased. These phenomena, and the immuno-
suppressive action of UDCA in an allergic airway model,
suggest that more factors are involved in affecting the DC/T
cell interaction. It has become possible to study the duration
of interaction as a marker for synapse formation between
DCs (C57bl/6) and antigen-specific T cells in vitro (17).
Untouched naive CD4-positive T cells were isolated from
LNs obtained from OTII (OVA-specific TCR transgenic)
mice carrying the Va2 TCR chain, were cultured with MHC-
II-positive DCs for 40 min and formed cellular interaction.

© 2012 John Wiley & Sons A/S

ligand on the transcription factor FXR, a nuclear receptor for bile
acid. GM-CSF-cultured bone-marrow-cell-derived DCs stained posi-
tive for FXR receptor, as indicated by FACS analyses with rabbit
anti FXR antibodies. As a negative control, we used rabbit anti-
human IgE, and as a positive control, we used NOS antibodies (B).

Unpulsed DCs showed short interactions between DCs and
T cells, while OVA protein (100 pg/ml)—pulsed DCs showed
long interactions between DCs and T cells. This was used as
a method control. A long interaction time was also seen
when DCs were pulsed with preprocessed OVA peptide.
However, significantly shorter interactions were observed
when OVA peptide (1 pg/ml)—pulsed DCs were treated with
UDCA (10 uM) compared with saline (Fig. 5A).

Dendritic cells express transcription factor farnesiod X
receptor

Bile acids are ligands of the FXR, a nuclear receptor
that mediates, among others, hepatic bile acid synthesis
(23, 24). Fluorescence activated cell sorting (FACS) analysis
indicated that the FXR is expressed on DCs grown in
GM-CSF (Fig. 5B), suggesting the possibility that the
suppressive effects of UDCA on DCs are partly mediated via
FXR.
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Figure 6 Higher interferon (IFN)-y-positive T-cell numbers in eosin- sured by intracellular cytokine staining showed significantly

ophilic airway inflammation after ursodeoxycholic acid (UDCA)
treatment. A model of asthma in ovalbumin (OVA)-sensitized mice.
Bronchoalveolar lavage (BAL) cells were stained for eosinophils
(CCR3-positive cells) and macrophages and DCs (A; eosinophils) (B;
DCs) (C: macrophages). Bronchoalveolar lavage cells were stimu-
lated with phorbol 12-myristate 13-acetate and ionomycin in the
presence of Golgistop for 4 h. T-cell cytokine production as mea-

Ursodeoxycholic acid promotes DC-driven Thl development
by acting on the farnesoid X receptor

We finally wanted to find the molecular mechanism by which
UDCA promotes Thl induction and suppresses airway eosin-
ophilia.

To study whether FXR is involved in mediating the effects
of UDCA on DC function, we grew myeloid DCs from FXR
knockout mice and their wild-type littermates (C57bl/6). The
DCs were stimulated with OVA (100 pg/ml) only, OVA and
UDCA (10 uM), or PBS, and UDCA. Subsequently, 1*10e6
DCs were injected intratracheally to sensitize C57Bl/6 mice.
Ten days later, the mice were challenged with OVA aerosols
on three consecutive days. Twenty-four hours later, animals
were killed, and UDCA-OVA-WT-DC-treated animals dem-
onstrated no significant reduction in the number of BAL
eosinophils, macrophages, and DCs compared with the WT-
OVA-DC-treated control animals. Moreover, UDCA-OVA-
FXR-KO-DC-treated animals demonstrated no significant
differences in the number of BAL eosinophils, macrophages,
and DCs compared with the saline-OVA-FXR-KO-DC-trea-
ted control animals (Fig. 6B-D).

To check for Th polarization, BAL T-cell cytokine pro-
duction was estimated. Intracellular cytokine staining
showed significantly (P = 0.006) higher IFN-y-positive T cell
numbers in the UDCA-OVA-WT-DC group compared with
saline-OVA-WT-DC group and compared with saline-OVA-

(P =0.006) higher IFN-y-positive T-cell numbers in the UDCA-OVA-
WT-DC group compared with saline-OVA-WT-DC group and com-
pared with saline-OVA-farnesoid X receptor-KO-DC group (D). No
other differences were observed in the number of IFN-y-positive T
cells. Interleukin-4-positive T cells showed no differences between
the groups (E) (**P < 0.01 n = 6 animals per group).

FXR-KO-DC group (Fig. 6E). No differences were observed
in the number of IFN-y-positive T cells between saline-
OVA-WT-DC group and saline-OVA-FXR-KO-DC group
and between saline-OVA-FXR-KO-DC group and UDCA-
OVA-FXR-KO-DC group. In vivo, there was no difference
in the number of IL-4-positive T cells between the groups
(Fig. 6F).

Discussion

Ursodeoxycholic acid modulates cellular and immunological
processes in vivo and in vitro. Here, we have shown that
UDCA treatment lowers the production of T-cell cytokines
following DC-driven activation in vitro. Moreover, UDCA
treatment in vivo in the lung reduces tissue eosinophilia in
mice in an allergic airway inflammation model. Ursodeoxy-
cholic acid affects DCs and supports the production of IL-12
(Fig. 3A), suggesting that it is responsible for a pro-Thl
T-cell cytokine induction, in a process requiring the FXR (295).

Previous studies in our group have identified that high-
level production of IL-12 by GM-CSF-cultured DCs abol-
ished their potential to induce Th2 immunity, via promotion
of a counterregulatory Thl response (18, 19).

Higher numbers of intracellular IFNy-positive CD4 T cells
in MLN suggest a change in favor of Thl balance because of
the UDCA treatment. This is supported by in vitro data that
DCs treated with UDCA are less capable to induce IL-13

© 2012 John Wiley & Sons A/S
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(Th2) response and that low concentrations of UDCA had
similar effects on IFNy but higher concentrations induce and
support IFNy. Intratracheal administration of UDCA could
also act on structural cells of the airways that are responsible
for the production of IL-25 and IL-33, both important for
the recruitment of eosinophils (26) independent of T cells,
and these cytokines are as well important for the recruitment
of type 2 innate lymphoid cells (ILC2) (27) and may also act
indirectly to suppress T-cell activation. However, in the in vitro
experiments, we observed lower levels of Th2 (IL-13) and
increasing Thl (IFN-y) cytokines, suggesting a direct immu-
nosuppressive effect of UDCA on DC-driven activation of T
cells. This is in line with previous observations (6). Somewhat
surprisingly, there was a change in the balance of polarizing
cytokine production in favor of IL-12, because the levels of
IL-10 measured in DC supernatants were at the detection
limit of the ELISA. The most likely explanation for the
observed reduction in Th cytokine production was that the
duration of the interaction between T cells and DCs was sig-
nificantly reduced when DCs were treated with UDCA. This
supports the idea that UDCA targets the DC. The outcome
of an immune response after T cell/DC interaction is depen-
dent on its duration, Ag levels, and T-cell numbers as
recently shown wusing drugs that block the interaction
between DCs and T cells (28).

The effect of UDCA on suppressing allergic eosinophilic
inflammation could be very well explained by the effects on
DCs. Allergic airway inflammation is highly DC dependent,
DCs playing an important role in the induction and mainte-
nance of allergic airway inflammation (22, 29, 30). Another
good target candidate for UDCA could be the eosinophils. In
humans, there is strong evidence that UDCA prevents the
degranulation of eosinophils in patients with PBC after
4 weeks of UDCA (10). Evidence from mouse eosinophils
suggests that they do not degranulate in OVA-driven allergic
airway inflammation models (31). We failed to see an effect of
UDCA on eosinophil degranulation (data not shown). The
effect of UDCA on DCs required the nuclear FXR. This
receptor has been described in peripheral blood mononuclear
cells (PBMCs), including T cells and monocytes at the protein
level and mRNA level, and it is inhibited by proinflammatory
cytokines such as tumor necrosis factor (TNF)-a and IL-1
release during the acute phase response (32). Farnesoid X
receptor is known as a receptor for bile acid metabolism, and
our finding of FXR expression on bone-marrow-derived DCs
strongly supports the idea that DCs are targets for UDCA.
Ursodeoxycholic acid activates the FXR and may be either
an agonist or an antagonist (23, 24). To prove the functional-
ity of FxR, we used FxR-deficient bmDCs or WT bmDCs
and showed that sensitization with either FxR-KO bmDCs or
WT bmDCs has the capacity to induce eosinophilic inflamma-
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UDCA is not cytotoxic for eosinophils

UDCA treatment reduces eosinophilic airway inflammation, however without
affecting the major eosinotrophic cytokine IL-5 or the production of the eosinophil
specific chemokine eotaxin. To exclude the possibility of a direct cytotoxic effect of
UDCA on eosinophils, that could cause the reduction in eosinophils in UDCA-treated
group, we grew eosinophils in vitro and exposed them to varying concentrations of
UDCA. Bone marrow cells were isolated from mice and cultured in the presence of
IL-5 to promote eosinophil differentiation. On day 5, these cells were treated with
UDCA and analyzed the next day. The viability of eosinophils, identified as CCRS3-
positive cells with high scatter characteristics, was analyzed using propidium iodide
(PI) exclusion staining. No toxic effect was measured in eosinophils up to a
concentration of 1000 uM UDCA (390 ug/ml) (supplemenary figure la, indicating the
percentage of total live eosinophils in culture), which is the dose that was given i.t. in
the previous in vivo experiments. Higher UDCA concentrations induced eosinophil
death.

Thus, we applied non-toxic UDCA concentrations in our in vivo experiments

excluding direct cytotoxic effects of UDCA on eosinophils.

UDCA does not influence T-cells directly

UDCA treatment of OVA-immunized mice during OVA challenge also resulted
in a reduced cytokine production that is classically associated with Th2 responses,
e.g. the increased IL-13 concentration. To address whether UDCA directly
suppresses the cytokine production of T-cells, we stimulated T-cells from OVA-
immunized mice and challenged these cells non-specifically with plate bound anti-
CD3 and with anti-CD28 in suspension. Supplementary figures 1b-d show that no
differences in T-cell cytokine IL-2, IL-4 and IFN-y production were observed upon
increasing UDCA concentrations. Thus, the cytokine production via non-specific T-

cell stimulation was not abrogated by UDCA.

No cytotoxic effect of UDCA on DCs
To exclude the possibility of a direct cytotoxic effect of UDCA on DCs, that
could cause the reduction in DCs in UDCA-treated group, we grew DCs in vitro and

exposed them to UDCA. CD11c-positive GM-CSF-cultured bone marrow cells (bone-
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marrow-derived DCs) were exposed to various UDCA concentrations on day 8 of
culture and were subsequently exposed to OVA on day 9 and analyzed on day 10.
There was no cytotoxic effect of UDCA on bone marrow DCs (Supplementary figure
le).
UDCA-treated DCs have an enhance migratory activity in vivo

Prior overnight incubation with UDCA did not abolish the potential of DCs to
migrate from the trachea to the draining mediastinal lymph nodes, yet even
enhanced it (Supplementary figure 1f), showing the number of labeled DCs reaching
the mediastinal nodes 24h after intratracheal injection).

UDCA induces an increased IL-12 production by DCs, promotes induction of

IFNy in responding T cells while suppressing induction of Th2 cytokines

The experiments employing UDCA demonstrated that intratracheal
administration of UDCA reduces the number of DCs in allergen challenged lungs. In
previous studies, we identified lung DCs as key proinflammatory cells that are
necessary and sufficient for Th2 cell stimulation during ongoing airway inflammation
(1).

CD11c-positive cells (DCs) showed slightly less MHC 1l staining for UDCA
(highest dosis) treated DCs than DCs treated with PBS. The phenotype of DCs
exposed to UDCA was only slightly less mature (Supplementary figure 2a). No
significant alteration in costimulatory molecules was observed at different UDCA
concentrations (Supplementary figure 2b). Activation of bone-marrow-derived DCs
from MyD88 deficient mice, e.g., mice that lack Toll-like receptor signalling, and their
wild-type littermates WT controls with UDCA showed similar results (Supplementary
figure 2c), confirming that the effects of UDCA are mediated via Toll-like receptor

independent mechanism.

1 Hammad H, Lambrecht BN. Dendritic cells and epithelial cells: linking innate and
adaptive immunity in asthma. Nat Rev Immunol 2008;8(3):193-204.
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Supplementary figure 1. UDCA has no toxic effect on eosinophil and DC survival
T-cell cytokine production

UDCA has no toxic effects on eosinophils (a) or DCs (b) at concentrations of less
than 1000uM. UDCA has no direct effect on cytokine production of IFN-y(c), IL-2 (d)
and IL-4 (e) of non-specifically stimulated (with anti-CD28 and anti-CD3) lymphocytes
obtained from OVA-sensitized mice. The migratory capacity of UDCA-treated DCs is

elevated compared to saline-treated DCs (d).

Supplementary figure 2 UDCA doesn't effect DC phenotype. CD11c-positive cells
(DCs) showed slightly less (but not significantly less) MHC Il staining (MFI and
percentages) for UDCA-treated OVA-pulsed DCs than OVA-pulsed DCs treated with
PBS. DCs showed only a slightly less mature phenotype subsequent to exposure to
UDCA. The expression of CD40, CD80 and CD86 does not differ between OVA-
pulsed DCs that are sham treated or those treated with 300uM or 450uM of UDCA
(a). No significant alteration in costimulatory molecules was observed at different
UDCA concentrations. Bone-marrow-derived DCs from MyD88 (in the absence of
signalling from Toll-like receptors) and WT controls showed similar results for MHCII
and isotype and CD86 and isotype (b), which confirms that the effect of UDCA is
independent of Toll-like receptors. There is no difference between WT and MyD88

bone-marrow-derived DCs regarding costimulatory molecules (c).
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