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Acute graft-versus-host disease (GvHD) causes significant mortality
in patients undergoing allogeneic hematopoietic cell transplanta-
tion. Immunosuppressive treatment for GvHD can impair the

beneficial graft-versus-leukemia effect and facilitate malignancy relapse.
Therefore, novel approaches that protect and regenerate injured tissues
without impeding the donor immune system are needed. Bile acids reg-
ulate multiple cellular processes and are in close contact with the intes-
tinal epithelium, a major target of acute GvHD. Here, we found that the
bile acid pool is reduced following GvHD induction in a preclinical
model. We evaluated the efficacy of bile acids to protect the intestinal
epithelium without reducing anti-tumor immunity. We observed that
application of bile acids decreased cytokine-induced cell death in intes-
tinal organoids and cell lines. Systemic prophylactic administration of
tauroursodeoxycholic acid (TUDCA), the most potent compound in our
in vitro studies, reduced GvHD severity in three different murine trans-
plantation models. This effect was mediated by decreased activity of the
antigen presentation machinery and subsequent prevention of apoptosis
of the intestinal epithelium. Moreover, bile acid administration did not
alter the bacterial composition in the intestine suggesting that its effects
are cell-specific and independent of the microbiome. Treatment of
human and murine leukemic cell lines with TUDCA did not interfere
with the expression of antigen presentation-related molecules. Systemic
T-cell expansion and especially their cytotoxic capacity against leukemic
cells remained intact. This study establishes a role for bile acids in the
prevention of acute GvHD without impairing the graft-versus-leukemia
effect. In particular, we provide a scientific rationale for the systematic
use of TUDCA in patients undergoing allogeneic hematopoietic cell
transplantation. 
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ABSTRACT



Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT)
is a potentially curative treatment for leukemia and lym-
phoma. However, approximately 50% of acute myeloid
leukemia patients develop a malignancy relapse after allo-
HCT.1 One contributing factor is the administration of
immunosuppression as a prophylaxis or treatment for acute
graft-versus-host disease (aGvHD). aGvHD is a severe trans-
plant-associated complication which affects half of all allo-
HCT recipients.2 Compared to other clinical manifestations
of aGvHD, intestinal GvHD causes the highest mortality,
especially if it is refractory to corticosteroid treatment.3 The
pathogenesis of aGvHD is marked by activation of donor T
cells and their expansion and migration to the target organs
liver, skin and gastrointestinal tract where they cause tissue
damage either by direct cytotoxicity or via cytokine secre-
tion. A hallmark of intestinal aGvHD is the damage of
intestinal stem cells (ISC) and Paneth cells.4,5 Recent work
has shown that interferon γ (IFNγ), a cytokine commonly
increased in aGvHD, is responsible for intestinal tissue
damage.6,7 Current approved GvHD prophylaxis strategies
are based on immunosuppressive drugs that deplete T cells
or modulate their activity and cytokine signaling. Novel
developments aiming at regenerating the intestinal epitheli-
um would allow a reduction of broad-spectrum immuno-
suppression and potentially decrease the relapse rates after
allo-HCT. 
There are two main classes of bile acids. Primary bile

acids are generated in the liver via cholesterol catabolism. In
the final step of their synthesis, they are conjugated to the
amino acids glycine and taurine. This step stabilizes their
amphipathic structure that is necessary to keep their full
emulsifying activity in the intestine. After fulfilling their
digestive role, most bile acids (appoximately 90-95%) are
actively taken up by the intestinal epithelial cells and trans-
ported back to the liver.8 Primary bile acids, which are not
re-absorbed, can be converted into secondary bile acids via
modification and metabolization by microbial enzymatic
activity thereby influencing the microbiome composition.9
Bile acids have cytoprotective and anti-apoptotic properties
for hepatocytes10,11 via the preservation of mitochondrial
glutathione.12 Moreover, they modulate the translocation of
apoptosis-regulating proteins BCL-2-associated X protein
(BAX) and BCL-2-antagonist-of-cell-death (BAD) from the
cytosol to the mitochondria and vice versa.13,14 Also
immunomodulatory effects of bile acids and their receptors
have been described. The two most prominent bile acid
receptors are the Farnesoid X receptor (FXR) and the trans-
membrane G protein-coupled bile acid receptor 5 (TGR5).
FXR is expressed in both liver and intestine and was shown
that mice lacking FXR were more prone to development of
acute and chronic colitis.15 Intestinal damage during GvHD
has been previously linked with bile acid malabsorption.16
In a recent study, metabolomic analysis of serum samples
from allo-HCT recipients showed alterations in bile acid
levels among other metabolites.17 So far, no data on bile acid
levels in liver, intestines or in intestinal content in the con-
text of GvHD have been available.
The aim of this study was to investigate whether allo-

HCT causes alterations in the bile acid composition and
whether exogenous bile acid application can positively
influence aGvHD development. We show that the bile acid
pool was depleted after allo-HCT. Administration of tau-
roursodeoxycholic acid (TUDCA) improved aGvHD out-

come by direct protection of the intestinal epithelium from
cytokine damage and by lowering antigen presentation by
non-hematopoietic cells. This makes it an attractive com-
pound for combination therapy with already clinically
available immunosuppressive strategies.

Methods

Mice
BALB/c (H-2Kd) and C57BL/6 (H-2Kb) mice were purchased

from the animal facility at Freiburg University Medical Center or
from Janvier Labs (Le Genest-Saint-Isle, France). Luciferase-trans-
genic C57BL/6 mice (H-2Kb) were bred in the animal facility of the
Center for Clinical Research at Freiburg University Medical Center
(Freiburg i.Br., Germany). B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice on the
C57BL/6 background (H-2Kb) were a kind gift from Prof. Roland
Schüle (Center for Clinical Research, Freiburg i.Br.). All animals
were housed under specific pathogen-free conditions at the ani-
mal facility of the Center for Clinical Research (ZKF, Freiburg i.Br.,
Germany). All animal protocols (G-13/045, G-16/018, G-17/063;
X-13/07J; X-15/10A) were approved by the Federal Ministry for
Nature, Environment and Consumer Protection of the state of
Baden-Württemberg, Germany. 
All other materials and methods are provided in the Online

Supplementary Appendix.

Results

Allogeneic hematopoietic cell transplantation alters
the levels of bile acids and the expression of bile acid
receptors
We first investigated how allo-HCT influences the

enterohepatic circulation (Figure 1A) and the bile acid pool.
We extracted metabolites from liver, ileum, ileal contents
and serum of untreated mice and mice developing aGvHD
(Figure 1B). We measured the levels of eight major bile acid
metabolites by liquid chromatography - mass spectrometry
(LC-MS) (Figure 1C) and observed that taurocholic acid
(TCA) was the predominant bile acid in all four compart-
ments. Induction of aGvHD resulted in reduced bile acid
pools. While the levels of most bile acids significantly
decreased, the absolute amount of ursodeoxycholic acid
(UDCA) increased (Figure 1D; Online Supplementary Figure
S1A to C). 
Another important determinant of bile acid signaling is

the expression of bile acid receptors. We found that intes-
tinal Nr1h4 mRNA levels (encoding for FXR) increased and
Gpbar1 levels (encoding for TGR5) decreased with a peak
on day 4 after bone marrow transplantation (BMT) (Figure
1E; Online Supplementary Figure S1D). Collectively, our
results show that allo-HCT causes a reduction of the bile
acid pool in liver, intestine and intestinal content as well as
a deviation in bile acid receptor expression.

Treatment with bile acids prevents cell death of 
intestinal organoids and cell lines 
Small intestinal organoids mimic the structure of the

intestine.18 We used this in vitro system to test the impact of
different bile acids on the viability and morphology of the
intestinal epithelium. We selected bile acids belonging to
different groups for our analysis: chenodeoxycholic acid
(CDCA) as a primary bile acid, UDCA as a secondary
unconjugated bile acid, TUDCA as a secondary conjugated
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Figure 1. Allogeneic hematopoietic cell transplantation induces changes in bile acid levels and bile acid receptor expression. (A) Simplified schematic overview of
bile acid metabolism and the enterohepatic circulation. (B) Experimental flow for metabolomic profiling of the bile acid pool from untreated BALB/c mice and mice
developing graft-versus-host disease (GvHD). (C) Overview of the bile acids quantified by liquid chromatography - mass spectrometry. (D) Quantification of the bile
acid composition in liver, ileum, ileal contents and serum of untreated mice and on day 7 after bone marrow transplantation (BMT). Data were pooled from five indi-
vidual mice per group and are presented as mean ± standard error of the mean for each metabolite. P-values were calculated for the total bile acid pool using the
two-tailed unpaired Student’s t-test; ns: not significant. (E) Quantitative real-time polymerase chain reaction analysis of the mRNA expression of the bile acid recep-
tors Nr1h4 (encodes for the FXR protein) and Gpbar1 (encodes for the TGR5 protein) in the small intestine of untreated mice and mice developing GvHD. Data are
pooled from n=10 mice in the untreated, GvHD d7 and GvHD d14 groups and n=5 mice in the GvHD day 4 group. The P-values were calculated using the ordinary
one-way ANOVA test with correction for multiple comparisons.
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Figure 2. Treatment with bile acids reduces cell death in small intestinal organoids and MODE-K cells. (A) Experimental setting for the treatment of organoids with
tumor necrosis factor (TNF) (20 ng/mL), interferon γ (IFNγ) (2.5 ng/mL) and the respective bile acids. (B) Representative images of BALB/c intestinal organoids treat-
ed with TNF as described in (A). (C) Quantification of damaged organoids treated with TNF as in (A) performed by manual microscope counting. Data were normalized
to the TNF plus (TNF+)vehicle group. Statistical analysis of n=4 biologically independent experiments. The P-value was calculated using an ordinary one-way ANOVA
test with correction for multiple comparisons. (D and E) Intestinal organoids were cultured as described in (A). Organoids were digested and the proportion of dead
cells was determined by flow cytometry. (D) Representative flow cytometry dot plots. (E) Quantification of the percentages of dead cells. Data were normalized to the
TNF+vehicle group. Statistical analysis of n=3 biologically independent experiments. The P-value was calculated using the ordinary one-way ANOVA test with correc-
tion for multiple comparisons. (F) Representative images of BALB/c intestinal organoids treated with IFNγ as described in (A). (G) Quantification of damaged
organoids treated with IFNγ as in (A) performed by manual microscope counting. Data were normalized to the IFNγ+vehicle group. Statistical analysis of n=3 biolog-
ically independent experiments. The P-value was calculated using an ordinary one-way ANOVA test with correction for multiple comparisons. (H and I) Analysis of
MODE-K cell viability after treatment with TNF ± chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), 6-ethylchenodeoxycholic acid (OCA) or tauroursodeoxy-
cholic acid (TUDCA) for 48 hours performed by flow cytometry. (H) Quantification of the percentages of dead cells. Data were normalized to the TNF+vehicle group.
Statistical analysis of n=3 biologically independent experiments performed in technical duplicates or triplicates. The P-values were calculated using the ordinary one-
way ANOVA test with correction for multiple comparisons. (I) Representative flow cytometry dot plots. 
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bile acid and 6-ethylchenodeoxycholic acid (obeticholic
acid, OCA) as a synthetic compound and the strongest ago-
nist of the FXR receptor. We evaluated the toxicity of these
bile acids on organoids and the intestinal cell line MODE-K
to select non-toxic doses for further experiments (Online
Supplementary Figure S2A and B). Organoids were treated
with tumor necrosis factor (TNF) or IFNγ in combination
with or without bile acids (Figure 2A). We observed that
TNF treatment, performed to induce cellular damage,
reduced organoid viability as shown by changes in cell mor-
phology and organoid structure. This effect was partially
reversed by addition of CDCA and more significantly of
TUDCA (Figure 2B to E). We confirmed the beneficial effect
of TUDCA on organoid viability using IFNγ to induce
organoid damage (Figure 2F and G). As TUDCA was the
most potent bile acid to protect intestinal organoids from
cytokine-induced cell death, we performed quantitative
polymerase chain reaction (qPCR) analysis from organoids
treated with TNF ± TUDCA in order to evaluate which cell
types were particularly preserved. We observed a strong
upregulation of the anti-microbial peptides defensin α1 and
4 (Defa1 and Defa4) which are produced by Paneth cells
(Online Supplementary Figure S2C). Additionally, we identi-
fied an elevated expression of the intestinal stem cell (ISC)
marker leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5). Although there was a trend towards an
increase in the goblet cell marker mucin 2 (Muc2) and the
enteroendocrine cell marker chromogranine A (Chga), these
changes were not significant (Online Supplementary Figure
S2C). We confirmed the hypothesis that bile acids protect
intestinal cells from cell death via performing additional
experiments using the murine small intestine cell line
MODE-K. TNF treatment reduced the viability of MODE-
K cells. This was reversed partly by CDCA and even more
by TUDCA (Figure 2H and I). Together, these data indicate
that exposure to bile acids reduces intestinal cell damage
induced by pro-inflammatory cytokines.

Prophylactic administration of bile acids reduces
acute graft-versus-host disease  severity in mice
through a cell-intrinsic effect independent of the
microbiome
Our in vitro studies provided evidence that bile acids pro-

tect the intestinal epithelium. Since TUDCA showed the
strongest effects, we used this compound for further studies
in a murine in vivo BMT model (Figure 3A and C). We deter-
mined bile acid concentrations and confirmed an increase of
TUDCA levels after exogenous administration. Levels
increased from 0.5% to 35% of the measured bile acids in
the serum and from 3.2% to 57% in the ileal content reach-
ing a concentration of almost 1 mg per 100 mg (Online
Supplementary Figure S3A and B). Survival was significantly
improved in animals treated with TUDCA in two different
transplantation models using total body irradiation (TBI) as
the conditioning treatment (Figure 3B and D). As a confir-
mation, histopathological analysis of the liver, small intes-
tine and colon of recipient mice demonstrated significantly
reduced aGvHD scores in the TUDCA-treated group
(Figure 3E). This was further validated in an irradiation-free
model with chemotherapy conditioning (Online
Supplementary Figure S3C and D). Pro-inflammatory
cytokines contribute to tissue damage and T-cell activation
during aGvHD. We observed reduced serum cytokine lev-
els in the treatment group with significant differences for
TNF and a trend towards lower levels of IFNγ (Figure 3F).

These data demonstrate a protective effect of TUDCA in
the prophylactic setting with improved survival rates,
reduced histological aGvHD scores and lower concentra-
tions of pro-inflammatory cytokines. 
Since we found in our in vitro system an effect on intestin-

al cell viability by other bile acids as well, we assessed the
impact of CDCA and UDCA as a prophylaxis for aGvHD
(Online Supplementary Figure S3E). Histopathological analy-
sis revealed a slight improvement upon CDCA administra-
tion (Online Supplementary Figure S3F) and a more pro-
nounced effect after treatment with UDCA (Online
Supplementary Figure S3G).
Intestinal bacteria play an essential role in bile acid

metabolism. They generate secondary bile acids by remov-
ing glycine or taurine residues from primary bile acids,
which were not reabsorbed from intestinal epithelial cells
and recycled in the enterohepatic circle.19,20 The microbio-
me composition and the bile acid pool influence each
other.21 Recent data show that aGvHD is associated with
changes in the microbiome including a diminished micro-
bial diversity.22-24 We therefore investigated whether
TUDCA potentially mediates its protective effects by act-
ing directly on the intestinal cells or by modifying the intes-
tinal microbiome composition. Microbiome analysis was
conducted in mice developing aGvHD. We could detect the
expected reduction in microbial diversity in both groups
compared to untreated mice. This reduction was independ-
ent of TUDCA treatment as depicted by similar Shannon
indices and inversed Simpson indices (Figure 3G and H).
Detailed analysis of the relative abundance of different
species confirmed that the microbiome is altered during
aGvHD development. In line with previous reports,
Lactobacillus numbers increased and certain anaerobic
species (in our case Muribaculum and Sporobacter) decreased.
TUDCA- and vehicle-treated mice exhibited similar relative
abundance profiles suggesting that TUDCA protects the
intestinal epithelium by directly affecting the intestinal cells
and not by changing the microbial composition (Figure 3I).
Supporting this concept, TUDCA preserved its beneficial
effects on the survival of mice developing aGvHD even
after decontaminating antibiotic treatment that was admin-
istered prior to BMT (Figure 3J and K). Of note, antibiotic
treatment did not lead to the general reduction in the bile
acid pool of the ileal content seen as a result from GvHD
induction (Online Supplementary Figure SH3). Together, these
data suggest that although bile acids and the microbiome
are closely connected in the intestinal tract, the beneficial
effect of TUDCA on GvHD outcome is not mainly mediat-
ed by regulation of the intestinal bacteria.

Bile acid treatment decreases intestinal antigen 
presentation 
In order to better understand the mechanism by which

bile acid administration protects the intestine from aGvHD-
induced damage, we performed gene expression analysis of
small intestinal samples on day 14 after BMT. Using sam-
ples from TUDCA-treated animals and controls, we per-
formed a hypergeometric test of significant regulated genes
(q-value <0.05) to find differentially regulated terms from
the Gene Ontology database. The most significantly down-
regulated pathways upon TUDCA treatment included
pathways related to immune activation, among others the
gene set ‘antigen processing and presentation’ (Figure 4A).
Expression analysis in a second independent cohort con-
firmed the data on the mRNA and protein level (Figure 4B
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Figure 3. Legend on following page. 
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to E). Downregulated genes included transporter associated
with antigen processing 1 and 2 (Tap1 and Tap2) (Figure 4B
to E), which are involved in the translocation of degraded
cytosolic peptides across the endoplasmatic reticulum
membrane for antigen-major histocompatibility complex
(MHC) class I molecule assembly, as well as TAP binding
protein (Tapbp) and Tapasin-related protein (Tapbpl) which
mediate the association between TAP proteins and newly
assembled MHC class I complexes. Furthermore, lower
transcription of class II MHC complex transactivator (Ciita)
was observed suggesting decreased MHC class II-related
antigen presentation in the intestines of TUDCA-treated
animals (Figure 4B and C). Confirming the hypothesis that
the antigen presentation machinery in the intestine is
reduced, we found decreased levels of MHC class I and
MHC class II expression on non-hematopoietic cells in the
intestine of TUDCA-treated animals (Figure 4F). In line
with data obtained from the organoid culture system, mul-
tiple genes associated with the GO term ‘Response to IFNγ’
were significantly downregulated (Figure 4G). Interestingly,
the numbers of CD11c+ MHC class II+ professional antigen-
presenting cells (APC) in ileum and colon were identical
between both groups (Online Supplementary Figure S4A).
There was a slight reduction in TNF expression, whereas
costimulatory molecules and other cytokines remained
unchanged (Online Supplementary Figure S4B and C). The
migration capacity of bone marrow-derived dendritic cells
(BM-DC) was not impaired by TUDCA treatment either
(Online Supplementary Figure S4D). These data support the
hypothesis that antigen presentation by non-hematopoietic
cells is reduced by TUDCA treatment. In line with this
model, treatment with TNF elevated the expression of Tap1
and Tap2 in MODE-K cells which could be reversed by
addition of TUDCA (Figure 4H and I). Notably, the effect
on Tap1/2 expression was most evident for TUDCA but
occurred upon treatment with CDCA and UDCA as well
(Figure 4H and I).  

Bile acid administration changes the transcriptional
signature of T cells in the intestine but preserves their
systemic expansion
Antigen presentation is important for the recognition of

malignant cells by alloreactive T cells. Since TUDCA
reduces antigen presentation in the intestine, we asked
whether its application has an immediate impact on T-cell
activation. T-cell numbers in the lamina propria of the small
intestine and production of IFNγ, interleukin-6 (IL-6) and
TNF were not altered upon TUDCA administration (Figure
5A; Online Supplementary Figure S5A and B). However, we

discovered a transcriptional signature suggesting downreg-
ulation of immune cell activation. We observed that the
transcriptional levels of many genes associated with the
GO term ‘T-cell activation’ were significantly reduced in
GvHD developing mice, treated with TUDCA (Figure 5C).
Among these genes were the CD3 subunits Cd3e and
Cd3g, the transcription factor interferon regulatory factor 1
(Irf1), as well as many genes encoding for proteins that play
an important role for signaling pathways downstream of
the T-cell receptor (Figure 5D). Among these were lympho-
cyte-specific protein tyrosine kinase (Lck) and linker for acti-
vation of T cells (Lat). Lck is a tyrosine kinase that phospho-
rylates the tails of the CD3 chains of the T-cell receptor
complex upon antigen recognition via MHC. This allows
ZAP70 binding and activation. Lat is phosphorylated by
ZAP70/Syk kinases upon T-cell receptor activation and
recruits adapter proteins which are important for further
signaling. This altered transcriptional signature suggests
that multiple events in the downstream signaling of the
CD3/T-cell receptor complex are reduced upon treatment
with TUDCA.
We then investigated whether TUDCA administration

could decrease the general alloreactive T-cell expansion.
Bioluminescence-based trafficking analysis revealed that T-
cell expansion was similar in vehicle- and TUDCA-treated
animals (Figure 5E to G). Flow cytometry confirmed that
there were no differences in T-cell numbers in the spleen
between both groups (Online Supplementary Figure S5C to
F). T-cell differentiation, migration and TNF production
after in vitro stimulation and TUDCA treatment were com-
parable (Online Supplementary Figure S5G to I). Collectively,
our results support the hypothesis that bile acid application
is also associated with a transcriptional signature of reduced
local T-cell activation without having a negative impact on
systemic T-cell expansion.

Tauroursodeoxycholic acid decreases apoptosis in the
intestine  
We observed that bile acids prevent intestinal cell death in

vitro. Further analysis of the microarray data obtained from
the in vivo allo-HCT model revealed a significant downreg-
ulation of apoptosis-related genes in mice treated with
TUDCA (Figure 6A). Confirming this, we performed an
immunofluorescent TdT-mediated dUTP-biotin nick end
labeling (TUNEL) staining which marks apoptotic nuclei.
While aGvHD induction significantly increased intestinal
apoptosis, TUDCA administration reduced it to almost the
baseline level in both the small intestine and the colon
(Figure 6B and C). The application of TUDCA increased the
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Figure 3. Bile acid treatment improves acute graft-versus-host disease outcome in mice. (A) Transplantation model with BALB/c (H-2kd) as donor and C57BL/6 (H-
2kb) as recipient. Recipient animals were treated with 200 mg/kg body weight tauroursodeoxycholic acid (TUDCA) or an equal volume of vehicle from day 0 until day
10 after bone marrow transplantation (BMT) by a daily intraperitoneal injection. (B) Survival of C57BL/6 mice transplanted as shown in (A). Numbers (N) represent
individual mice, the P-value was calculated using the two-sided Mantel-Cox test. (C) Transplantation model with C57BL/6 (H-2kb) as donor and BALB/c (H-2kd) as
recipient. Recipient animals were treated with 200 mg/kg body weight TUDCA or an equal volume of vehicle from day 0 until day 10 after BMT by a daily intraperi-
toneal injection. (D) Survival of BALB/c mice transplanted as described in (C). Data were pooled from three independent experiments, numbers (N) represent indi-
vidual mice. The P-value was calculated using the two-sided Mantel-Cox test. (E) Graft-versus-host disease (GvHD) histopathology scores of liver, small intestine and
colon assessed on day 7 after BMT (C57BL/6 in BALB/c model). Data were pooled from two independent experiments, numbers (N) represent individual mice. 
P-values were calculated using the ordinary one-way ANOVA test with correction for multiple comparisons. (F) Serum cytokine concentrations in untreated mice and
transplanted mice determined on day 14 after BMT (C57BL/6 in BALB/c model). Numbers (N) represent individual mice. P-values were calculated using the ordinary
one-way ANOVA test with correction for multiple comparisons. (G and I) Fecal samples were collected for microbial analysis on day 5 after BMT. Numbers (N) represent
individual mice. Data were pooled from two independent experiments. P-values were calculated using the ordinary one-way ANOVA test with correction for multiple
comparisons; ns: not significant. (G) The Shannon index as a surrogate parameter for microbial diversity. (H) The reversed Simpson index as a surrogate parameter
for microbial diversity. (I) Relative abundance of specified bacterial genera. (J) C57BL/6 mice were treated with an antibiotic cocktail comprising 1 mg/mL cefoxitin,
metronidazole, neomycin and gentamycin for 2 weeks before they underwent BMT as described in (A). (K) Survival of C57BL/6 mice transplanted and treated as
described in (J). Numbers (N) represent individual mice. Data were pooled from two independent experiments. Statistical analysis was performed using the two-sided
Mantel-Cox test.



expression of the ISC marker genes Lgr5 and Pleckstrin
homology-like domain family A member 1 (Phlda1) and of
the goblet cell marker Muc2 (Figure 6D). In contrast, no
changes in the expression of Defa1 and Defa4 or Chga could
be identified (Online Supplementary Figure S6A and B). In
order to confirm the protection of ISC upon administration

of TUDCA, we utilized B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice
which express green fluorescent protein (GFP) under con-
trol of the Lgr5 gene promoter. On day 14 after transplanta-
tion, we detected increased numbers of GFP+ cells in the
small intestine of TUDCA-treated animals compared to
vehicle-treated controls (Figure 6E and F). Previous studies
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Figure 4. Legend on next page. 
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had shown a role for TUDCA and its chaperone activity for
reducing ER stress, a cellular stress response to critical con-
ditions that can potentially lead to apoptosis. We found no
changes of ER stress marker expression in the intestine of
mice developing aGvHD when treated with TUDCA
(Online Supplementary Figure S6C and D). Altogether, these
data demonstrate that TUDCA protects the intestinal tract
from apoptosis and particularly preserves ISC and goblet
cells from aGvHD-related damage.

Tauroursodeoxycholic acid treatment does not 
abrogate the graft-versus-leukemia activity or
hematopoietic regeneration
We next assessed the impact of TUDCA directly on the

graft-versus-leukemia (GvL) effect. Reduced antigen presen-
tation and human leukocyte antigen (HLA) loss contribute
to immune escape of acute myeloid leukemia (AML) cells
after allo-HCT.25 In order to test whether bile acid treat-
ment alters the MHC/TAP antigen presentation in leukemic
cells, we treated four human and murine leukemia cell lines
with TUDCA. HLA-A, B, C and MHC class I expression
were not altered (Figure 7A, B, D and E; Online
Supplementary Figure S7). Also Tap1 and Tap2 gene expres-
sion remained unchanged, suggesting that bile acid applica-
tion does not impair the GvL activity by reducing the
expression of MHC/TAP molecules on malignant cells
(Figure 7C and F; Online Supplementary Figure S7). 
We then activated CD8+ T cells by co-incubation with

allogeneic dendritic cells and treated them with TUDCA
prior to incubation with the A20 lymphoma cell line. T cells
were capable of inducing cell death in the leukemic cells
which remained stable in the case of TUDCA addition
(Figure 7G). We tested in vivo T-cell priming by re-isolating
T cells from the spleens of vehicle- and TUDCA-treated
animals 14 days after BMT (Figure 7H). These in vivo acti-
vated T cells had a comparable killing capacity when incu-
bated with A20 cells (Figure 7I). Finally, we studied the GvL
effect in vivo by injecting Ba/F3 cells containing the FLT3-
ITD translocation (Ba/F3-ITD) (Figure 7J). Additional trans-
fer of alloreactive T cells reduced the expansion of the
malignant cells in the bone marrow and the spleen. This
effect persisted in the mice upon TUDCA treatment (Figure
7K). These data indicate that TUDCA affects specifically
the intestine and does not impede cytotoxic lymphocyte
activity against malignant cells.
Since immune reconstitution is critical for a favorable

outcome after allo-HCT, we investigated whether TUDCA
might have a negative impact on the peripheral blood cell
reconstitution. Mice developing aGvHD treated with

TUDCA and vehicle displayed the expected decrease in
hemoglobin, hematocrit, platelets and white blood cells
(WBC) in comparison to untreated mice (Online
Supplementary Figure S8A). TUDCA did not enhance
cytopenia as treated animals exhibited the same blood
counts as vehicle controls. WBC subpopulation analysis by
flow cytometry revealed similar proportions of T cells, B
cells, granulocytes and monocytes in the peripheral blood
(Online Supplementary Figure S8B). Analysis of mice with
aGvHD at a later time point was not possible due to
GvHD-induced mortality in the vehicle group. In order to
segregate aGvHD from immune reconstitution, we ana-
lyzed animals transplanted only with BM without a GvHD-
inducing transfer of T cells. TUDCA treatment did not
compromise hematopoietic regeneration (Online
Supplementary Figure S8C and D). These results underline
the observation that TUDCA treatment does not prolong
the time period necessary for immune reconstitution and
suggest that this compound would not impair immune
responses to pathogens or the GvL response in allo-HCT
patients.

Discussion 

Frequency of allo-HCT is rising worldwide since
improved conditioning protocols and supportive care allow
older patients to undergo this potentially curative leukemia
treatment. However, efficient GvHD prophylaxis remains a
challenge in the clinical routine with a significant impact on
the long-term outcome of allo-HCT. 
Here, we observed a depletion of the bile acid pool after

allo-HCT. We hypothesized that loss of bile acids might be
one of the factors contributing to loss of homeostasis in the
intestinal tissue during GvHD (Figure 8). In agreement with
recently published data,6,7 we observed that exposure to
pro-inflammatory cytokines caused intestinal tissue dam-
age in an organoid culture model. Treatment with bile acids
improved the viability of intestinal organoids and cell lines
when cell death was induced by application of TNF or IFNγ.
The role of bile acids in the regulation of cell death has been
controversially discussed.26 Depending on their concentra-
tion, they can have cytotoxic properties and are able to
induce apoptosis either by direct activation of death recep-
tors, for example FAS, or by inducing oxidative damage and
mitochondrial dysfunction.27-29 Other studies indicate that
there is a fine balance in bile acid composition in order for
their toxic and protective properties to antagonize one
another.30,31 The secondary hydrophilic bile acid UDCA has
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Figure 4. Tauroursodeoxycholic acid reduces intestinal antigen presentation. (A to G) Small intestinal samples were isolated from recipient mice treated with vehicle
or tauroursodeoxycholic acid (TUDCA), on day 14 after bone marrow transplantation (BMT) (C57BL/6 to BALB/c model). (A) Identification of significantly downregu-
lated Gene Ontology terms in animals treated with TUDCA. The dotted line corresponds to P=0.05 (log -0.05=1.29). (B) Heat map based on microarray analysis show-
ing the differentially regulated genes (q-value<0.05) that belong to the term ‘antigen processing and presentation’ from the Gene Ontology database. Data were
pooled from two independent experiments, n=6 mice per group, P=0.004. The color code represents the Z-score log2 intensity. (C) Quantitative real-time polymerase
chain reaction (PCR) analysis of the mRNA expression of selected genes with Actb as a reference gene. Data were pooled from two independent experiments, num-
bers (N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (D) Expression of TAP1 protein quantified by western blot.
Representative western blot from n=3 mice per group. (E) Quantification of TAP1 protein expression. Data were pooled from two independent experiments, numbers
(N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (F) Flow cytometric quantification of major histocompatibility
complex (MHC) class I expression on CD326+ (EpCAM+) cells (left panel) and MHC class II expression on CD45– MHC class II+ cells (right panel). Data were pooled
from two independent experiments, numbers (N) represent individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (G) Heat map
based on microarray analysis showing the differentially regulated genes (q-value<0.05) that belong to the term ‘Response to interferon γ’ from the Gene Ontology
database. Data were pooled from two independent experiments, n=6 mice per group, P=6.49x10-9. The color code represents the Z-score log2 intensity. (H and I)
Quantitative real-time PCR analysis of the mRNA expression of Tap1 (panel H) and Tap2 (panel I) with Actb as a reference gene in MODE-K cells treated with TNF ±
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), 6-ethylchenodeoxycholic acid (obeticholic acid, OCA) and TUDCA for 48 hours. Representative data from
one of two independent experiments with n=3 replicates/group are presented. P-values were calculated using the ordinary one-way ANOVA test with correction for
multiple comparisons; ns: not significant.
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Figure 5. Tauroursodeoxycholic acid administration changes the transcriptional signature of T cells in the intestine but preserves their systemic expansion. (A and
B) Flow cytometric analysis of T cells isolated from the small intestinal lamina propria of recipient animals on day 14 after bone marrow transplantation (BMT)
(C57BL/6 in BALB/c model). (A) Representative flow cytometry dot plots. (B) Relative (left panel) and absolute (right panel) quantification of CD8+ and CD4+ T cells.
Representative data from one of two biologically independent experiments, numbers (N) represent individual mice. P-values were calculated using the two-tailed
unpaired Student’s t-test; ns: not significant. (C) Heat map based on microarray analysis (performed as in Figure 4) showing the differentially regulated genes (q-
value<0.05) that belong to the term ‘T-cell activation’ from the Gene Ontology database. Data were pooled from two independent experiments, n=6 mice per group,
P=4.6x10-11. The color code represents the Z-score log2 intensity. (D) Log2 RNA intensity values for selected genes belonging to the GO term “T-cell activation”. Data
were pooled from two independent experiments, numbers (N) indicate individual mice. An adjusted P-value calculated as described in the Methods is presented. (E)
BALB/c mice underwent transplantation as described in Figure 3C using luciferase-transgenic T cells. Representative bioluminescence images for T-cell trafficking
on different time points after transplantation. (F and G) Quantification of the bioluminescence measurement performed as described in (D). Signal was quantified
either from the whole body (F) or from the gastrointestinal region only (G). One of three independent experiments with n=5 mice per group is shown. P-values were
calculated using the ordinary one-way ANOVA test with correction for multiple comparisons.
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Figure 6. Tauroursodeoxycholic acid decreases intestinal apoptosis. (A to D) Small intestinal samples were isolated from recipient mice which were treated with vehi-
cle or tauroursodeoxycholic acid (TUDCA), on day 14 after bone marrow transplantation (BMT) (C57BL/6 to BALB/c model). (A) Heat map based on microarray analy-
sis showing the differentially regulated genes (q-value<0.05) from the gene set ‘apoptosis’ from the CONSENSUS database (small intestine, day 14 after BMT). Data
were pooled from two independent experiments, n=6 mice per group, P=0.001. The color code represents the Z-score log2 intensity. (B) Representative immunoflu-
orescence images of TUNEL-stained paraffin sections from the small intestine (day 14 after BMT, blue: DAPI, green: apoptotic TUNEL staining). Scale bars 200 mm.
(C) Quantification of apoptotic nuclei in the small intestine and the colon was obtained using the Olympus ScanR analysis software (day 14 after BMT). Data were
pooled from two independent experiments, numbers (N) indicate individual mice. P-values were calculated using the ordinary one-way ANOVA test with correction for
multiple comparisons. (D) Quantitative real-time polymerase chain reaction (PCR) analysis of the mRNA expression of the intestinal stem cell markers Lgr5 and
Phlda1 and the goblet cell marker Muc2 with Actb as a reference gene (small intestine, day 14 after BMT). Data were pooled from two independent experiments,
numbers (N) indicate individual mice. P-values were calculated using the unpaired two-tailed Student’s t-test. (E and F) B6.129P2-Lgr5tm1(cre/ERT2)Cle/J mice (H-2kb) were
transplanted and treated with TUDCA as described in Figure 3A. On day 14 after BMT, the small intestine was analyzed by immunofluorescence for the number of
green fluorescent protein positive (GFP+) intestinal stem cells. (E) Representative images obtained using confocal microscopy (blue: DAPI, green: GFP). Scale bars 50
mm. (F) Quantification of data pooled from two independent experiments, N numbers represent individual mice. The P-value was calculated using the unpaired two-
tailed Student’s t-test.
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Figure 7. The graft-versus-leukemia/lyphoma effect is preserved despite tauroursodeoxycholic acid administration. (A to F) MV-4-11 and RMB-1 cells were cultured
for 72 hours (h) with or without addition of tauroursodeoxycholic acid (TUDCA). One representative result from three independent experiments performed in technical
triplicates is shown for panel (A) and (D). In panels (B), (C), (E) and (F) data were pooled from three independent experiments performed in technical duplicates or
triplicates. P-values were calculated using the two-tailed unpaired Student’s t-test; ns: not significant. (A) Representative histograms from flow cytometric analysis of
human leukocyte antigen (HLA) A, B, C expression on MV-4-11 cells. (B) Quantification of HLA A, B and C expression on MV-4-11 cells. (C) Quantitative polymerase
chain reaction (PCR) analysis of the expression of the antigen presentation-related genes TAP1 and TAP2 in MV-4-11 cells with glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) as reference gene. (D) Representative histograms from a flow cytometric analysis of major histocompatibility complex (MHC) class I expression on
RMB-1 cells. (E) Quantification of MHC class I expression on RMB-1 cells. (F) Quantitative PCR analysis of the expression of the antigen presentation-related genes
Tap1 and Tap2 in RMB-1 cells with Actb as reference gene. (G) C57BL/6 CD8+ T cells were activated with allogeneic (BALB/c) dendritic cells for 72 h and treated
with 500 mM TUDCA or vehicle prior to incubation with A20 lymphoma cells. The percentage of dead A20 cells after 24 h of incubation was analyzed by flow cytometry.
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cytoprotective functions. UDCA is approved for the treat-
ment of patients with cholestatic liver diseases based on
inhibition of hepatocyte apoptosis and protection from
toxic hydrophobic bile acids.26,32 These effects are linked to
a stabilization of the mitochondria, reduced BAX transloca-
tion and decreased cytochrome C release and subsequent
apoptosis.32,33 Furthermore, the administration of TUDCA
led to the inhibition of cellular damage introduced by the
bile acid glycochenodeoxycholic acid (GCDCA) by pre-
venting GCDCA-induced caspase-9 activation and subse-
quent mitochondrial damage. Therefore, such bile acids can
enable survival via protection against more hydrophobic
and potentially more toxic bile acid variants.34,35 Also a pro-
tection of hepatocytes from carcinogen-induced apoptosis36
and of renal tubular cells against contrast media-induced
apoptosis37 has been described. 
Translating these data into a preclinical BMT model, we

observed that application of the bile acid TUDCA, the most
potent agent in our in vitro studies, prolonged the survival of
mice with aGvHD. Exogenous bile acid application was
able to substantially modulate the bile acid pool. TUDCA
increased to 35% of all measured bile acids in the serum
and almost 60% of the bile acids measured in the ileal con-

tent. These data suggest that exogenous application is effec-
tive in changing the bile acid pool and therefore probably
counteracts the depletion of bile acids observed upon
GvHD induction. The prophylactic use of UDCA has been
previously proposed in a study which demonstrated a
reduction in aGvHD incidence as well as non-relapse mor-
tality with a benefit in overall survival.38 However, other
studies failed to confirm this.39,40 Overall, a meta-analysis
including four prospective trials and two historical analyses
of prophylactic UDCA use in allo-HCT recipients showed
a reduction in the levels of hepatic veno-occlusive disease
and transplant-related mortality, with no statistically signif-
icant difference in the incidence of acute hepatic GvHD or
overall survival.41 The impact on intestinal aGvHD inci-
dence was not evaluated. Our observations prompted us to
search for a mechanism by which bile acids and TUDCA in
particular might protect the intestinal epithelium from an
alloimmunity-mediated damage. Administration of
TUDCA led to reduced expression of antigen presentation-
related genes and to reduced expression of MHC class I and
II on subpopulations of non-hematopoietic cells in the
intestine. It has recently been shown that MHC class II-
expressing intestinal epithelial cells are able to present anti-
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Figure 8. Tauroursodeoxycholic acid leads to a reduction of acute graft-versus-host disease. A model, in which this positive effect is achieved by two distinct mech-
anisms: enhancing the viability during exposure to pro-inflammatory cytokines and reduction of antigen presentation in the intestine with a consequent decrease in
apoptosis.

Representative data from one of two biologically independent experiments performed with three to four technical replicates respectively. (H) Experimental model for
assessing the graft-versus-ligand (GvL) response of allogeneic T cells ex vivo. BALB/c mice underwent bone marrow transplantation (BMT) as described in Figure 3C
and T cells from spleens were isolated for subsequent co-culture with A20 cells on day 14 after BMT. (I) Flow cytometric quantification of dead A20 lymphoma cells
co-cultured with CD4+ and CD8+ T cells re-isolated from the spleens of recipient mice on day 14 after BMT as described in (H). Representative data from one of two
biologically independent experiments performed with four to five technical replicates respectively. P-values were calculated using the ordinary one-way ANOVA test
with correction for multiple comparisons, ns: not significant. (J) Experimental model for assessing the GvL response in vivo. BALB/c mice underwent BMT with addi-
tional injection of green fluorescent protein positive (GFP+) Ba/F3-ITD leukemia cells. Allogeneic T cells were transferred two days later and animals were treated with
200 mg/kg body weight TUDCA or vehicle for another 10 days. (K) Flow cytometric analysis of spleen and bone marrow for the percentage of GFP+ cells on day 12
after tumor injection. N numbers represent individual mice. Left panel: representative flow cytometry plots. Right panel: quantification, numbers (N) represent indi-
vidual mice. P-values were calculated using the ordinary one-way ANOVA test with correction for multiple comparisons, ns: not significant.



gen and activate T cells in the context of GvHD.42 Little is
known about the connection of bile acids and their effect
on antigen-presentation, especially in non-hematopoietic
cells. In a model of Schistosoma mansoni infection, 24-nor-
UDCA but not UDCA itself reduced surface MHC class II
expression on macrophages and dendritic cells and the acti-
vation as well as proliferation of T lymphocytes in vitro.43
Microbial diversity is a key factor in regulating the home-
ostasis of the intestine. GvHD has been previously linked to
alterations in the microbiome with loss of bacterial diversi-
ty. In order to prove that TUDCA regulates aGvHD severi-
ty by acting directly on the intestinal epithelium and not by
changing the microbiome,44 we analyzed fecal samples of
TUDCA-treated animals developing aGvHD. Diversity and
abundancy analyses showed comparable results between
vehicle- and TUDCA-treated mice underlining the hypoth-
esis that TUDCA protects the intestinal epithelium in a cell-
specific manner. 
Current GvHD prophylaxis and treatment mostly rely on

suppression of T-cell activation and cytokine release which
on the downside increases the risk of malignancy relapse.
While TUDCA treatment resulted in a decreased expres-
sion of genes related to T-cell activation in the intestine, it
did not impair systemic T-cell proliferation or the activity
against tumor cells. This difference might be explained by
the fact that bile acid levels are much more abundant in the
intestine than in the systemic blood circulation (0.5 mg/mL
in the serum vs. 1,000  mg/100 mg ileal content).
Furthermore, the expression of antigen presentation-related
proteins on leukemic cells was not reduced showing that
the recognition of malignant cells by the immune system
remains intact upon bile acid administration. In line with
this concept, we showed preserved GvL activity in in vitro,
ex vivo and in vivo models. 
One potential explanation for the divergent effects of

bile acids on intestinal and leukemic cells is the differen-
tial expression of bile acid receptors and their affinities to
different species of bile acids. Intestinal epithelial cells are
equipped with various bile acid receptors, FXR and TGR5
amongst others.45 We show that mRNA expression of
both receptors changes upon GvHD induction with an
increase of FXR and decrease of TGR5. One could specu-
late that these alterations in receptor expression make
bile acid signaling a potential target for regulating intes-
tinal homeostasis. Both bile acid receptors are able to
bind bile acids with a high affinity and subsequently
induce different signaling pathways including inflamma-
tion and apoptosis signaling. Other receptors of bile acids
are more likely to be acknowledged as bile acid “sensors”
which rather chemically convert bile acids and can act on
bile acid transporters.46 FXR activation in the intestine has
several anti-inflammatory properties. OCA, as a strong
semi-synthetic FXR agonist, was shown to ameliorate
intestinal mucosal inflammation in several mouse colitis
models via induction of antimicrobial peptide production
and reinforcement of epithelial barrier function in intes-
tinal epithelial cells.47 Since OCA and CDCA, the bile
acids with the highest affinity to FXR, showed only
minor protective effects compared to TUDCA on intes-
tinal epithelium in our experiments, we hypothesize that
there must be other underlying mechanisms than the
engagement of FXR signaling. One other candidate is the
high affinity receptor TGR5 which also induces anti-
inflammatory responses similar to FXR48 but has the high-
est affinity to secondary bile acids such as UDCA and its

taurine conjugate TUDCA and is expressed in the liver
and intestine.49,50
Amongst our tested bile acids, TUDCA was the one with

the strongest anti-apoptotic effects both in vitro as and in
vivo. Active re-absorption of bile acids occurs in the terminal
ileum and is dependent on their conjugation status. During
this process, bile acids come in contact and modulate the
mucosal immune system.19,20 Our results indicate that for
GvHD prevention, bile acids have to be conjugated in order
to fulfill their cytoprotective properties. 
In summary, we show that allo-HCT induces a depletion

of the bile acid pool. Exogenous application of bile acids
and in particular TUDCA reduces aGvHD. We propose a
model, in which this positive effect is achieved by two dis-
tinct mechanisms: enhancing the viability during exposure
to pro-inflammatory cytokines and reduction of antigen
presentation in the intestine with a consequent decrease in
apoptosis (Figure 8). A major advantage of TUDCA is that
it is already approved by the Food and Drug Administration
and that it possesses a good safety profile. These findings
pave the way for a prospective clinical trial using TUDCA
to improve the outcome of allo-HCT recipients by prevent-
ing aGvHD and preserving the GvL effect. 
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