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Lay summary

Primary sclerosing cholangitis (PSC) is a
cholestatic liver disease characterized by
progressive bile duct destruction. One
serious complication of PSC is reduced
bone mass resulting in increased fracture
risk. Herein, we demonstrate that Th17
cells mediate bone loss in PSC by inducing
bone resorption, which suggests that
antibody-based IL-17 blockade might be
beneficial for the treatment of bone loss
in affected patients.
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Background & Aims: Osteoporotic fractures are a major cause
of morbidity and reduced quality of life in patients with primary
sclerosing cholangitis (PSC), a progressive bile duct disease of
unknown origin. Although it is generally assumed that this
pathology is a consequence of impaired calcium homeostasis
and malabsorption, the cellular and molecular causes of PSC-
associated osteoporosis are unknown.

Methods: We determined bone mineral density by dual-X-ray
absorptiometry and assessed bone microstructure by high-
resolution peripheral quantitative computed tomography in
patients with PSC. Laboratory markers of liver and bone meta-
bolism were measured, and liver stiffness was assessed by
FibroScan. We determined the frequency of Th17 cells by the
ex vivo stimulation of peripheral blood mononuclear cells in a
subgroup of 40 patients with PSC. To investigate the potential
involvement of IL-17 in PSC-associated bone loss, we analyzed
the skeletal phenotype of mice lacking Abcb4 and/or II-17.
Results: Unlike in patients with primary biliary cholangitis,
bone loss in patients with PSC was not associated with disease
duration or liver fibrosis. However, we observed a significant
negative correlation between the bone resorption biomarker
deoxypyridinoline and bone mineral density in the PSC cohort,
indicating increased bone resorption. Importantly, the fre-
quency of Th17 cells in peripheral blood was positively corre-
lated with the urinary deoxypyridinoline level and negatively
correlated with bone mass. We observed that Abch4-deficient
mice displayed a low-bone-mass phenotype, which was cor-
rected by an additional II-17 deficiency or anti-IL-17 treatment,
whereas the liver pathology was unaffected.

Conclusions: Our findings demonstrate that an increased fre-
quency of Th17 cells is associated with bone resorption in
PSC. Whether antibody-based IL-17 blockade is beneficial
against bone loss in patients with PSC should be addressed in
future studies.
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Lay summary: Primary sclerosing cholangitis (PSC) is a chole-
static liver disease characterized by progressive bile duct
destruction. One serious complication of PSC is reduced bone
mass resulting in increased fracture risk. Herein, we demon-
strate that Th17 cells mediate bone loss in PSC by inducing bone
resorption, which suggests that antibody-based IL-17 blockade
might be beneficial for the treatment of bone loss in affected
patients.

© 2019 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction
Primary sclerosing cholangitis (PSC) is a severe idiopathic dis-
ease characterized by the progressive fibrosis of intrahepatic
and extrahepatic bile ducts with a median age at onset of
between 30-40 years.'~ In contrast to primary biliary cholangi-
tis (PBC), which predominantly affects middle-aged or elderly
women,” approximately 60% of PSC patients additionally
develop colitis. Genetic variations associated with PSC can
involve genes related to the immune system (human leukocyte
antigen) and pathways that mediate inflammation. These asso-
ciations are clearly different from those of ulcerative colitis.? In
addition to genetic risk factors, environmental influences also
play important roles in the development of biliary inflammation
and fibrosis.* In this context, changes in microbial flora in the
gut and subsequent activation of the immune system may be
an important driving factor.” In fact, recent studies have shown
a clear difference in the gut microbiome between patients with
PSC and healthy controls.® We have previously shown that the
bile fluid of patients with PSC is frequently colonized with dif-
ferent pathogens. Moreover, patients with PSC displayed a
higher Th17 cell frequency after the stimulation of peripheral
blood mononuclear cells with these pathogens, suggesting an
important role of Th17 cells in the pathogenesis of PSC.” How-
ever, the impact of microbial alterations on immune dysregula-
tion and the perpetuation of biliary inflammation remain to be
determined.

One serious complication in patients with cholestatic liver
diseases is osteoporosis. In contrast to the occurrence of osteo-
porosis accompanied by low bone formation in PBC, which has
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been reported repeatedly,® ' this pattern is less established for
PSC. However, in a previous study involving 237 patients with
PSC, osteoporosis was found in 15% of patients.!! These authors
also reported that osteoporosis was associated with age, body
mass index (BMI) and the presence of inflammatory bowel dis-
ease (IBD) in their PSC cohort. However, the respective study
also had some limitations, as the patients did not undergo
examination for the analysis of biomarkers of bone turnover,
trabecular and cortical bone architecture, or distinct immune
cell populations. It therefore remains to be established which
bone remodeling cell type is primarily affected in PSC. Consider-
ing that liver transplantation may be required in most patients
and that subsequent immunosuppression is an additional risk
factor for osteoporosis, determination of the bone status and
providing adequate treatment is crucial for preventing fractures
in affected patients.

Given the clinical relevance of this research question, our
translational study aimed to investigate the mechanism for
PSC-associated bone loss. We show that low bone mass in
patients with PSC is not associated with disturbed calcium
homeostasis but with increased bone resorption and an
increased Th17 cell frequency. Moreover, the deletion of IL-17
in a mouse model of PSC resulted in a correction of the observed
osteopenia by reducing osteoclastogenesis.

Patients and methods

Human patients

Between 2012 and 2016, a total of 238 adult patients with a
diagnosis of PSC and a total of 242 adult patients with a diag-
nosis of PBC were admitted to the Department of Osteology
and Biomechanics at the University Medical Center
Hamburg-Eppendorf, Germany (Table 1). The diagnosis of PSC
and PBC was established by the First Department of Medicine
(University Medical Center Hamburg-Eppendorf, Germany)
using clinical, imaging, biochemical, immunological and histo-
logical criteria as defined in the European Association for the
Study of the Liver clinical practice guidelines.!?!®> Secondary
causes of sclerosing cholangitis were excluded in patients with
PSC. Liver stiffness measurements were obtained in 211
patients with PSC and 159 with PBC using FibroScan (Echo-
Sens, Paris, France) as previously reported.'® An osteological
assessment was performed within the first 3 months after
the hepatic analysis. We only present data from the first visit,
before vitamin D supplementation and antiresorptive treat-
ment was initiated for some patients according to the guideli-
nes of the German Society for Osteology. Of note, a small
number of patients had already received bisphosphonates
(n=8), initiated by other physicians because of prednisolone
medication. Additionally, there were 37 other patients receiv-
ing only prednisolone treatment, mostly because of associated
colitis. Importantly, all patients receiving bisphosphonates
and/or prednisolone were excluded from all analyses except
the initial description of the study cohort (i.e. correlation of
dual-energy X-ray absorptiometry [DXA] values with age, dis-
ease duration and FibroScan).

This study was performed in accordance with the Declara-
tion of Helsinki. The local ethics committee of the University
Medical Center Hamburg-Eppendorf approved this study
(PV4081-Z). Written informed consent was obtained from all
patients.
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Skeletal analysis

Bone mineral density (BMD) was measured by DXA (Lunar
Prodigy enCore 2007, GE Healthcare; Madison, WI, USA). Two
skeletal areas, the left proximal femur and the lumbar spine
(L1-L4), were evaluated by DXA. DXA measurements of the lum-
bar spine had to be excluded due to degenerative osteoprolifer-
ative changes in 6 patients with PSC and 15 with PBC, and DXA
measurements of the proximal femur were not possible due to
bilateral hip replacement in 6 patients with PSC and 8 with
PBC. A total of 138 patients with PSC were also assessed by
high-resolution peripheral quantitative computed tomography
(HR-pQCT, XtremeCT, Scanco Medical, Briittisellen, Switzerland)
using the default in vivo settings, namely, 60 kVp, 1,000 pA,
integration time of 100 ms and voxel size of 82 pm at the distal
left tibia and distal right radius. The manufacturer’s standard
protocol was used to analyze the bone microstructure, including
the total volumetric density (Tt.BMD), trabecular volumetric
density (Th.BMD), cortical volumetric density (Ct.BMD), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), trabecular
separation (Tbh.Sp) and cortical thickness (Ct.Th), at the distal
left tibia and distal right radius. For further interpretation, we
used recently published age- and sex-specific reference val-
ues,'> which were previously validated in our own cohort.'®

Biochemical analyses

Biochemical analyses, including determination of the serum
levels of 25-hydroxyvitamin D (25-OH-D), calcium, phosphate,
parathyroid hormone (PTH), osteocalcin, bone-specific alkaline
phosphatase (ALP), bilirubin, ALP, gamma-glutamy]l transferase,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and urinary levels of deoxypyridinoline (Dpd) crosslinks,
were performed in the Department of Clinical Chemistry,
University Medical Center Hamburg-Eppendorf. The reference
values used for each parameter were in accordance with the
local laboratory. We did not measure the level of estrogen,
testosterone or adrenal androgens, since their determination
does not impact clinical management in our experience.

FACS analyses

For intracellular cytokine staining, peripheral whole blood was
restimulated with PMA (25 ng/ml) and ionomycin (5 pg/ml,
both Sigma-Aldrich, Taufkirchen, Germany) in the presence of
brefeldin (10 pg/ml, BD Pharmingen, Heidelberg, Germany) for
5 h. Extracellular staining was performed with antibodies to
CD3 and CD4 (BioLegend, Fell, Germany) following the lysis of
erythrocytes using FACS Lysing Solution (BD Biosciences). Dead
cells were stained with Pacific Orange-NHS (Life Technologies,
Darmstadt, Germany). Cells were fixed and perforated with
saponin buffer (0.3% saponin, 0.1% bovine serum albumin in
PBS) (Sigma-Aldrich) and stained for IFN-y and IL-17. Flow
cytometry data were analyzed with FACS Diva software (BD
Biosciences).

For the FACS analysis of murine cells, the liver was perfused
with PBS via the vena portae and mechanically dissected to gen-
erate a single-cell suspension. Hepatocytes and debris were sed-
imented, and non-parenchymal cells were recovered via
centrifugation over a 21% OptiPrep gradient (Sigma-Aldrich).
The spleen was mechanically dissected to generate a single-
cell suspension. For intracellular cytokine staining, isolated cells
were restimulated with PMA (25 ng/ml) and ionomycin (5 pg/ml,
both Sigma-Aldrich, Taufkirchen, Germany) in the presence of
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Table 1. Demographic, disease-specific, laboratory and osteologic data of patients with PSC and PBC.

PSC

Mean (SD) or n (%)

Demographic characteristics

Females (%) 102/238 (42.9)

Age (yr) 47.1 (13.8)
Height (m) 1.75 (0.10)
Weight (kg) 75.9 (14.7)
BMI (kg/m?) 24.8 (4.3)
Smoking 24/238 (10.1)
Alcohol consumption 6/238 (2.5)

Disease characteristics
Small-duct PSC 12/238 (5.0)
Associated colitis (%) 115/238 (48.3)
Associated autoimmune hepatitis -
Duration of disease (mo) 79.1 (75.4)
Fibroscan (kD) 11.1 (13.4)
History of vertebral fracture 10/238 (4.2)
History of peripheral fracture 15/238 (6.3)

Treatment regime
Glucocorticoid (within the last 6 mo)
Ursodeoxycholic acid
Bisphosphonate
Proton pump inhibitor
Azathioprine

Laboratory values

45/238 (18.9)
220/238 (92.4)
8/238 (3.4)
26/238 (10.9)
40/238 (16.8)

Bilirubin (mg/dl) 1.1(1.4)
AST (U/L) 43.8 (39.5)
ALT (U/L) 62.9 (73.9)
AP (U/L) 186.4 (150)
GGT (U/L) 178.2 (205.7)
25-OH-D3 (pg/L) 245 (11.4)
Vitamin D deficiency (<20 pg/L) 75/222 (33.8)
Calcium (mmol/L) 2.26 (0.12)
Phosphate (mmol/L) 0.98 (0.16)
Bone AP (ng/L) 28.0 (21.8)
Osteocalcin (pg/L) 19.1 (7.52)
Parathyroid hormone (ng/L) 71.1 (40.5)
Dpd (nmol/mmol) 5.7 (2.2)
Leukocytes (Mrd/L) 7.1 (2.8)
Lymphocytes % 24.3 (8.7)
Neutrophils % 64.2 (10.7)
T17 cells % after stimulation 2.24 (0.89)
Dual-energy X-ray absorptiometry
Z-score lumbar spine -0.37 (1.3)
Z-score left femur -0.75 (1.1)
T-score lumbar spine —0.58 (1.35)
T-score left femur —-0.75 (1.16)

PBC
n Mean (SD) or n (%) n
238 210/242 (86.8) 242
238 60.7 (11.0) 242
238 1.65 (0.08) 242
238 73.86 (14.8) 242
238 27.1 (5.7) 242
238 25/242 (10.3) 242
238 11//242 (4.5) 242
238 -
238 -
39/242 (16.1) 242
238 71.9 (62.7) 242
211 7.0 (3.4) 159
238 16/242 (6.6) 242
238 19/242 (7.9) 242
238 33/242 (13.6) 242
238 230/242 (95) 242
238 9/242 (3.7) 242
238 41/242 (16.9) 242
238 43242 (17.8) 242
224 0.65 (1.5) 217
223 31.1 (18.5) 217
223 35.3 (28.0) 220
223 128.3 (90.2) 220
223 84.17 (137.5) 220
222 24.5 (11.4) 211
222 75/211 (35.5) 211
192 230 (0.11) 131
141 0 (0.15) 97
145 20.8 (14.1) 62
130 18.8 (7.1) 59
140 74.0 (37.0) 61
122 6 2(2.7) 36
215 2 (2.3) 207
196 26 0(8.1) 157
193 63.2 (9.3) 161
40 - -
232 -0.11 (1.3) 227
232 —-0.1 (1.0) 234
232 -0.76 (1.4) 227
232 -0.74 (1.2) 234

25-0D-D, 25-hydroxyvitamin D; ALT, alanine aminotransferase; aP, available phosphorus; AST, aspartate aminotransferase; BMI, body mass index; Dpd, deoxypyridinoline;
GGT, gamma glutamyltransferase; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.

GolgiPlug (10 pg/ml, BD Pharmingen, Heidelberg, Germany) for
4 h. Immunofluorescence staining of cells was performed with
antibodies to CD3, CD4, and IL-17A (BioLegend, Fell, Germany).
Dead cells were stained with Pacific Orange-NHS (Life
Technologies, Darmstadt, Germany).

Animals

Abcb4- and Il17af-deficient mice (on a C57BL/6] genetic back-
ground) were kindly provided by Dr. Frank Lammert'” and Dr.
Immo Prinz,'® respectively. We first mated Abch4~/~ and
I117af '~ mice to generate compound heterozygous animals.
These were then intercrossed to obtain littermates with the
genotypes of interest. At least n=4 animals per group were
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used (females and males). The exact group size is indicated in
the respective figures. The anti-IL-17A antibody (Bio X Cell,
clone 17F3) was injected intraperitoneally 3 times a week at a
dose of 5 mg/kg. All mice were kept in a specific pathogen-
free environment with a 12 h light/dark cycle, 45-65% relative
humidity and 20-24 °C ambient temperature in open or individ-
ually ventilated cages with wood shavings bedding and nesting
material in groups not surpassing 6 animals. The mice had
access to tap water and standard rodent chow (1328P, Altromin
Spezialfutter GmbH & Co. KG). All animal experiments were
approved by the animal facility of the University Medical Center
Hamburg-Eppendorf and by the “Amt fiir Gesundheit und Ver-
braucherschutz” (Org529, 46/16).
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Analysis of mouse skeletons

Dissected skeletons were fixed in 3.7% PBS-buffered formalde-
hyde for 18 h. The lumbar vertebral bodies (L1-L4) and one tibia
were dehydrated in ascending alcohol concentrations and then
embedded in methyl methacrylate and sectioned as previously
described.!® Histomorphometry was performed according to
the ASBMR guidelines using the OsteoMeasure system
(OsteoMetrics, Inc.). TRAP activity staining was performed on
decalcified sections using naphthol AS-MX phosphate (Sigma)
and Fast Red Violet LB salt (Sigma) in 40 mM acetate buffer
(pH 5). For microcomputed tomography (uCT) scanning, we
used a pCT 40 desktop cone-beam system (Scanco Medical)
with a voxel size of 10 um (for femora) or 10 um (for skull
bones).

Analysis of hepatic defects in mice

Sirius red staining was performed on formalin-fixed liver tissue
for fibrillary collagen, as previously described.?® For cytokeratin
staining, paraffin-embedded liver sections were deparaffinized,
rehydrated; then, endogenous peroxidases were blocked, and
antigen retrieval was carried out. Staining was performed using
anti-cytokeratin (Wide spectrum, #Z0622 DAKO, Hamburg, Ger-
many) and polyclonal swine anti-rabbit horseradish peroxidase
(#P0217 DAKO, Hamburg, Germany). Peroxidase activity was
visualized using 3,3’-diaminobenzidine, and sections were
counterstained with hematoxylin. Both stains were visualized
by confocal microscopy (Biorevo BZ-9000; Keyence, Osaka,
Japan). Sirius red-positive or cytokeratin-positive areas were
quantified in at least 10 low-power fields using Adobe Photo-
shop and Image] in a blinded fashion, as described previously.?°
Liver damage was assessed by measuring the plasma enzyme
activity of AST and ALT using an automated procedure (Cobas
Mira; Roche, Basel, Switzerland).

Primary osteoblasts

Primary osteoblasts were obtained from the calvariae of 5-day-
old C57BL/6 wild-type mice by sequential digestion with colla-
genase/dispase. After 3 days, the cells were cultured in medium
supplemented with ascorbic acid (50 pg/ml, Sigma-Aldrich) and
B-glycerophosphate (10 mM, Sigma-Aldrich) for 10 days to
induce osteogenic differentiation and matrix mineralization.
To determine the influence of bilirubin, unconjugated bilirubin
or conjugated bilirubin was added to a final concentration of
1, 10 or 100 uM to the differentiation medium. To quantify
matrix mineralization, we performed alizarin red staining with
subsequent photometric quantification. To analyze the immedi-
ate effects of bilirubin, cells were serum-starved overnight at
day 10 of differentiation and then treated with unconjugated
bilirubin or conjugated bilirubin for 6 h.

Gene expression

RNA was isolated from liver tissue or cultured osteoblasts using
the RNeasy Mini kit (Qiagen), and DNase digestion was per-
formed according to the manufacturer’s instructions. The con-
centration and quality of RNA were determined using a
NanoDrop ND-1000 system (NanoDrop Technology). For
RT-PCR analysis, 1 g of RNA was reverse transcribed using
SuperScript III (Invitrogen) according to the manufacturer’s
instructions. The expression of Collal, Col3al, Mmp13, Tgfbl
or Casp4 was determined with predesigned TagMan assays
(Applied Biosystems) and TagMan gene expression master
mix. Reactions were performed on a StepOnePlus system
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(Applied Biosystems). Target gene expression was normalized
to Gapdh expression by employing the [AACT] method.

Statistical analyses

SPSS 22 software (version 22.0, IBM, Armonk, New York, USA)
and GraphPad Prism® (GraphPad Software, La Jolla, CA) were
used for statistical analyses. Quantitative characteristics are
presented as the mean+SD or the number (proportion) of
patients with a condition. The normality of the data distribu-
tions was tested with the Kolmogorov-Smirnov test. For corre-
lation analyses, Pearson’s correlation test was used for
parametric data, and Spearman’s rank correlation test was used
for nonparametric data. To determine potential predictors of
bone loss in patients with PSC, we applied a multivariate regres-
sion model including age, BMI, disease duration, the presence of
colitis, liver elastography data (FibroScan), smoking status, and
25-OH-D and Dpd levels. To test for differences between the
study groups, we used the unpaired 2-sided t test for normally
distributed data and the Mann-Whitney U test for non-
normally distributed data. When comparing more than 2
groups, significance was calculated by 1-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc analysis. p values of 0.05
were considered statistically significant.

Results

Low bone mass in patients with PSC is not associated with
age, disease duration or liver fibrosis

We recruited 238 patients with PSC and 242 patients with PBC
between 2012 and 2016 (Table 1). Consistent with the litera-
ture, patients in the PSC group were younger on average, and
the percentage of female patients was higher in the PBC group.
In most patients with PSC, the large ducts were affected, and
approximately half of these patients were diagnosed with asso-
ciated colitis, but none of them had autoimmune hepatitis. The
2 cohorts did not substantially differ with respect to previous
medications, and most of the patients had received ursodeoxy-
cholic acid. The fracture rate in the PBC cohort was only slightly
greater than that in the PSC cohort, with 6.6% vs. 4.2% of patients
with a history of a vertebral fracture and 7.9% vs. 6.3% of
patients with a history of a peripheral fracture.

To characterize the bone pathologies in the patients with
PSC, we first determined the BMD and respective T-scores by
DXA of the lumbar spine and the femoral neck (Fig. 1A). Among
the 238 patients analyzed, 19 individuals (8.2%) were diagnosed
with osteoporosis (T-score <—2.5), whereas 80 individuals
(34.5%) displayed osteopenia (T-score <—1.5) of the lumbar
spine. There was overall heterogeneity in the cohort, and 4 indi-
viduals (1.7%) even displayed high bone mass (T-score >2.5).
Similar results were observed in the femoral neck, with 15 indi-
viduals (6.5%) being in the range of osteoporosis and 88 individ-
uals (37.9%) displaying osteopenia. In total, 27 patients (11.4%)
were diagnosed with osteoporosis according to the WHO
guidelines.

In a comparative approach, we also determined DXA T-scores
in 242 individuals with PBC (Fig. 1b). Although these patients
were significantly older (60.7 + 11.0 vs. 47.1 + 13.8) than those
in the PSC group, they showed comparable T-score heterogene-
ity, with 34 individuals (14.0%) diagnosed with osteoporosis. In
the PBC cohort, we found a significant negative correlation of T-
score with age, in contrast to the PSC cohort. Since the T-score is
related to the BMD of young individuals with peak bone mass,

Journal of Hepatology 2019 vol. 70 | 941-953
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Fig. 1. Low bone mass in patients with PSC is not associated with age, disease duration or liver fibrosis. (A, B) The DXA T-score in 238 patients with PSC and
242 with PBC at the lumbar spine (left) and femoral neck (right) is correlated with age. Dotted lines indicate the range of osteoporosis (<—2.5), osteopenia
(<—1.0 to —2.5), reference (—1.0 to 2.5) and high bone mass (>2.5). (C) In patients with PSC, the DXA Z-score at the lumbar spine is correlated with disease
duration (left, 238 patients) and transient liver elastography (FibroScan) values (right, 211 patients). (D) In patients with PBC, the DXA Z-score at the lumbar
spine is correlated with disease duration (left, 242 patients) and transient liver elastography (FibroScan) values (right, 159 patients). Blue lines indicate non-
significant correlations; red lines indicate significant correlations (all linear correlation). (E) DXA T-scores and Z-scores of the lumbar spine and total hip were
compared in patients with or without prednisolone treatment within the last 6 months prior to DXA measurement (232 patients) (t test). (F) The cumulative
prednisolone dose (mg) was correlated with the DXA T-scores and Z-scores of the lumbar spine and total hip. Values p <0.05 were considered statistically
significant (linear correlation). DXA, dual-energy X-ray absorptiometry; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.

we focused on DXA Z-scores for the remainder of the study,
since this score is related to age-matched reference BMD values.
Comparing the Z-scores of both patient groups revealed another
difference between PSC and PBC. In fact, whereas DXA Z-scores
displayed a significant negative correlation with disease dura-
tion and liver stiffness in the PBC cohort, there was no such cor-
relation in the PSC cohort (Fig. 1C,D). Moreover, the DXA scores
in the PSC cohort were not influenced by coexisting colitis
(Fig. S1), PSC subtype, or treatment with azathioprine or proton
pump inhibitors (Fig. S2). The only significant influence of an
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existing medication was found in the case of prednisolone treat-
ment (Fig. 1EF), which confirms general knowledge obtained
from several clinical studies.?’

Low bone mass in patients with PSC is associated with high
bone resorption

To further characterize the bone status of patients with PSC, we
correlated various serum parameters with the DXA Z-scores.
Here, we excluded all patients who had been treated with pred-
nisolone (which includes the 8 patients previously receiving
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bisphosphonates). While there were no significant correlations
with parameters of mineral homeostasis (Fig. 2a), we found that
the bilirubin levels were associated with BMD in patients with
PSC (Fig. 2b). Moreover, while the serum concentrations of
bone-specific ALP and osteocalcin (biomarkers of bone forma-
tion) were not associated with BMD in patients with PSC, we
observed a significant negative correlation between the urinary
Dpd level (a biomarker of bone resorption) and the DXA Z-score
(Fig. 2c).

Data on systemic bone loss in patients with PSC have only
been assessed by evaluating the BMD by DXA so far, whereas
detailed analyses of bone structure in PSC have never been per-
formed. Hence, we also evaluated bone quality by HR-pQCT,
which allows a separate analysis of trabecular and cortical bone
(Fig. 3A). HR-pQCT data were obtained for 138 patients with PSC
and are expressed as a percentage of recently published age-
and sex-specific reference values.'”> Using this approach, we
found an overall reduction in the Ct.Th (Fig. 3B) at the distal
tibia in patients with PSC compared to the healthy reference
population. While the Tb.Th was slightly decreased, the Tb.N
was within the reference range, suggesting that trabecular bone
is only moderately affected in patients with PSC. However, con-
sistent with the DXA BMD assessment, there was overall hetero-
geneity in the cohort, in both the cortical and trabecular bone
compartments. The same analysis was performed for the distal
radius, and similar results were obtained (Fig. S3A,B).

We next correlated various serum parameters with the HR-
PQCT data and found no associations between serum parame-
ters for mineral homeostasis and bone formation and the Tb.N
or Ct.Th (Fig. 3C,D). The same was the case for bilirubin. Impor-
tantly, however, we found a significant negative correlation
between the urinary Dpd level with both the Tb.N (Fig. 3C)
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and Ct.Th (Fig. 3D). We additionally used a multivariate regres-
sion model including all patients to search for independent pre-
dictors of T-score at the lumber spine and both the Ct.Th and Tb.
Th at the distal tibia. Age, BMI, disease duration, the presence of
colitis, liver stiffness (FibroScan), smoking status (current or
longer than 6 months within the last 10 years), and the 25-
OH-D and Dpd levels were included as variables (Table S1). In
this regression model, the Dpd level was identified as an inde-
pendent predictor of all 3 parameters. Additionally, BMI was
an independent predictor of Tb.Th. In contrast, no independent
associations were found for age, BMI, disease duration, the pres-
ence of colitis, liver stiffness, smoking or 25-OH-D level. Taken
together, these data demonstrate that the bone mass reduction
in a subset of patients with PSC is likely explained by increased
bone resorption.

Bone loss in patients with PSC is associated with an increased
Th17 cell frequency

Because inflammation can affect bone homeostasis, we investi-
gated whether bone mass in patients with PSC is associated
with inflammatory cell types. We did not observe a significant
correlation between the DXA Z-score and the number of leuko-
cytes or the percentage of neutrophils and lymphocytes in our
PSC cohort (Fig. 4a). Since Th17 cells have been reported to
mediate bone loss under different pathological conditions,>***
we hypothesized that an increased frequency of Th17 cells, as
observed in patients with PSC,” is involved in PSC-associated
bone pathologies. To investigate this question, we quantified
the percentage of Th17 cells by the ex vivo stimulation of
peripheral blood mononuclear cells with PMA/ionomycin in a
subgroup of 40 patients with PSC not treated with prednisolone
(Table S2). We found that the frequency of Th17 cells correlated
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Fig. 3. Cortical and trabecular bone loss in patients with PSC is associated with increased bone resorption. (A) Representative three-dimensional
reconstructions of HR-pQCT scans of the distal tibia of a patient with a well-preserved bone microstructure (top) and a patient with a severely deteriorated
bone microstructure (bottom). (B) HR-pQCT microstructure parameters, including the cortical thickness (Ct.Th), trabecular thickness (Tb.Th) and trabecular
number (Tb.N), of 124 patients with PSC were normalized to age- and sex-specific reference values and are expressed as percentages of reference values. (C) The
Tb.N is correlated with serum parameters of calcium homeostasis (calcium, 108 patients; phosphate, 80 patients; 25-OH-D, 115 patients; PTH, 85 patients),
bilirubin (115 patients), and bone remodeling biomarkers (bone-specific ALP, 86 patients; osteocalcin, 85 patients; urinary Dpd, 66 patients). (D) The Ct.Th is
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Dpd, deoxypyridinoline; HR-pQCT; high-resolution peripheral quantitative computed tomography; PSC, primary sclerosing cholangitis; PTH, parathyroid
hormone.
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mononuclear cells from 40 patients with PSC were stimulated with PMA and analyzed for cytokine production using FACS. The number of I1-17-producing CD4*
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significantly with the DXA Z-score in these patients (Fig. 4B).
Likewise, the Th17 cell frequency was also associated with
HR-pQCT parameters, ie., the trabecular BMD and the Ct.Th
and Tb.Th in both the distal tibia (Fig. 4C) and distal radius
(Fig. S3C). Importantly, while there was no association between
the Th17 cell frequency and the osteocalcin, PTH or bilirubin
level, the urinary Dpd level was positively correlated with the
Th17 cell frequency (Fig. 4D). These data suggest that increased
IL-17 production by Th17 cells is one mediator of PSC-
associated bone loss in that it potentially causes increased
osteoclastogenesis, similar to what has been reported for other
conditions.??

IL-17 deficiency corrects osteopenia in Abcb4-deficient mice
Abcb4-deficient mice are considered a mouse model of PSC,
since they develop hepatic inflammation, fibrosis and features
of sclerosing cholangitis caused by an accumulation of toxic bile
acids.!” Moreover, Abch4~/~ mice have been reported to display
osteopenia, yet their bone remodeling phenotype has never
been analyzed on the basis of undecalcified histology or bone-
specific histomorphometry.?* We first performed FACS analysis
and found that the Abcb4~/~ mice displayed an increased Th17
cell frequency in the liver compared to their wild-type litter-

948

mates (Fig. 5a). As a control, we generated Il17af-deficient
Abcb4~'~ mice (Abcb4~/~/ll17af !-), in which no IL-17-positive
cells were detected. We next analyzed the skeletal phenotype
of 20-week-old female wild-type, Abch4~/~ and Abch4~'-|
117af '~ mice by uCT of the femora. Here, we observed that
the Abcb4~/~ animals displayed osteopenia and that their tra-
becular bone volume was significantly increased by the addi-
tional Il17af deficiency (Fig. 5B).

The skeletal phenotype in spine sections was further ana-
lyzed by non-decalcified histology and histomorphometry
(Fig. 6B). We thereby confirmed that the Abch4~/~ animals dis-
played reduced trabecular bone mass and that this phenotype
was prevented by the additional I117af deficiency (Fig. 6B). We
also analyzed Il17af /- littermates, but no skeletal phenotype
was observed here (Fig. S4). To identify the underlying cause
of osteopenia in Abchb4~/~ mice, we next applied cellular and
dynamic histomorphometry. Here, we did not observe a signif-
icant difference in the osteoblast number or bone formation
rate, and neither parameter was influenced by Il17af deficiency
(Fig. 6C,D). Importantly, however, as confirmed by TRAP activity
staining (Fig. 6E), we detected increased osteoclastogenesis
parameters in Abcb4~/~ mice. Moreover, both the osteoclast
number and surface area were normalized to the wild-type

Journal of Hepatology 2019 vol. 70 | 941-953
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26). *p <0.05; **p <0.005 (ANOVA for all panels).

levels in the Abcb4~/~/ll117af '~ mice (Fig. 6F). To investigate
whether the neutralization of IL-17 could prevent osteopenia
in Abcb4~/~ mice, we additionally treated them with a specific
IL-17A blocking antibody for 4 weeks, starting at 16 weeks of
age. The treatment significantly increased the trabecular bone
volume in Abcb4~/~ mice (Fig. 7AB), which was related to a
reduction in osteoclastogenesis (Fig. 7C).

Since a recently published study demonstrated that intra-
hepatic IL-17 production is involved in promoting liver fibrosis
in Abcb4~'~ mice,?> we finally assessed the hepatic pathology in
the different groups of mice (Fig. 8A). We did not observe a sig-
nificant influence of I117af deficiency or the anti-IL-17 treatment
on liver fibrosis in Abch4~/~ mice (Fig. 8b). Likewise, the serum
ALT and AST levels were similarly increased in all groups of
Abcb4~!~ mice. Since these data were also confirmed by cytok-
eratin staining and gene expression analyses (Fig. S5), our com-
bined analysis demonstrates that the Il17af deficiency-mediated
correction of the Abcb4~/~ bone phenotype is not explained by
reduced liver pathologies.

Discussion

In this study, we report that bone loss in a large cohort of
patients with PSC occurs independently of age, disease duration
and severity, unlike in patients with PBC. We found a strong
positive association between BMD and both bone resorption
and the Th17 cell frequency, and we demonstrate that I117af
deletion prevents increased osteoclastogenesis and osteopenia
in an established mouse model of PSC.

The pathogenesis of liver disease-associated bone loss is not
well understood. It has been speculated that increased levels of
bilirubin may inhibit bone formation in affected patients.?®
However, molecular studies regarding the effects of bilirubin
on cultured osteoblasts have generally been performed using
the unconjugated form, whereas patients with PSC usually show
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increased levels of conjugated bilirubin in cases of biliary
obstruction or advanced disease. In this regard, it is important
to state that we observed no negative influence of conjugated
bilirubin on primary murine osteoblasts, whereas unconjugated
bilirubin inhibited the formation of mineralized matrix and
increased Casp4 expression (Fig. S6). Moreover, reduced bone
formation in patients with PSC, together with increased bone
resorption, has only been described in one study, where the
authors applied histomorphometry to examine iliac crest biop-
sies obtained from patients with PSC at the time of liver trans-
plantation.?” Importantly, however, the mean value of bilirubin
was 8.39 mg/dl in this analyzed cohort, whereas most patients
analyzed in our study were at an early stage of disease, with a
mean serum bilirubin level of 1.1 mg/dl. This difference indi-
cates that cholestatic disorders may differentially affect bone
remodeling at an early or advanced stage of the disease. There-
fore, the large heterogeneity in bone mass parameters in our
cohort enabled us to identify specific associations potentially
explaining the bone remodeling disturbances in patients with
early stage PSC.

Interestingly, we found that unlike in patients with PBC,
bone loss in PSC patients was not associated with liver fibrosis
as measured by FibroScan. This finding is in line with that of a
study demonstrating that the severity of liver disease does not
predict bone loss in patients with PSC.>® However, in contrast
to the largest study of bone mineral status in patients with
PSC to date,!! age, BMI and the presence of IBD were not asso-
ciated with bone loss in our patient cohort. Although it is diffi-
cult to provide a full explanation for this inconsistency, it is
important to state that the respective manuscript represents a
longitudinal study in which patients with PSC were followed
for 10 years, whereas we performed a cross-sectional study.
Moreover, since previous studies have not included determina-
tions of bone turnover markers or structural parameters, we
cannot fully relate our own findings to those published data.
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In fact, by applying HR-pQCT, we show for the first time that
bone loss in patients with PSC occurs predominantly at the cor-
tical site. Similarly, we have recently demonstrated that
patients with PBC display a significant decrease in the Ct.Th
compared to age- and sex-matched healthy controls.'® Com-
pared to trabecular bone, cortical bone is characterized by a
smaller surface/matrix volume ratio and a lower bone remodel-
ing rate. Therefore, cortical bone loss is thought to occur more
slowly, yet it significantly diminishes bone strength. In fact,
we have previously reported an association between the Ct.Th
and prevalent fractures, as have others.’*>° Consistent with
the patient data, the Abch4~/~ mice also displayed a decreased
Ct.Th, yet this was not significantly increased by the additional
1117af deficiency.

Importantly, however, our study clearly identifies increased
osteoclastogenesis as a cause of osteopenia in Abcb4~/~ mice,
with full correction of the relevant parameters in Abch4~/~/
117af '~ mice. Notably, although a moderate skeletal phenotype
in Abcb4~/~ mice has previously been reported, there was no
previous knowledge on the specific disturbances in bone
remodeling cell types, since cellular and dynamic histomor-
phometry analyses had not yet been performed. In full agree-
ment with the data observed in mice, we found that the Th17
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cell frequency in our PSC cohort was strongly associated with
the BMD and urinary Dpd levels. There is growing evidence
suggesting that special subsets of T cells can directly induce
osteoclastogenesis by producing certain cytokines. In this
context, IL-17A may play a crucial role in promoting osteoclast
differentiation by inducing the pro-osteoclastogenic cytokine
RANKL®*' and by recruiting and activating other immune
cells.>**>*> We have previously found that the administration of
IL-17 to murine osteoblasts immediately induces the expression
of Rankl in its transmembrane form,>* which is in full agree-
ment with the results of published studies demonstrating that
the pro-osteoclastogenic influence of IL-17 requires a coculture
system.’'>> In line with these studies, Th17 cells have been
implicated in the bone pathologies found in several autoim-
mune diseases, such as lupus erythematosus, multiple sclerosis,
psoriasis and rheumatoid arthritis.*® IL-17- and TNFa-
producing cells have also been found to be associated with
the induction of osteoclast differentiation in patients with
IBD.?* Hence, the concept of the Th17 cell-mediated induction
of bone resorption is broadly accepted.

A recently published study has demonstrated that
intrahepatic IL-17 production is involved in promoting liver
fibrosis in Abch4~/~ mice.?” It was found that the treatment of
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Gieson-stained vertebral body sections obtained from 20-week-old female wild-type, Abcb4~/~ mice and Abchb4~/~ mice treated with a regular (3 times a week)
injection of IL-17A-neutralizing antibody for 4 weeks. (B) Histomorphometric quantification of the trabecular bone volume (BV/TV) and trabecular number (Tb.
N). (C) Histomorphometric quantification of the osteoclast number (N.Oc/B.Pm, number of osteoclasts per bone perimeter) and surface (OcS/BS, osteoclast
surface per bone surface) in the same groups of mice (n = 5-8). Bars represent the mean * SD. Asterisks indicate statistically significant differences between the

groups. *p <0.05; **p <0.005; ***p <0.0005 (ANOVA for all panels).
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Fig. 8. The influence of I117af deficiency or IL-17 blockade on the Abcb4-deficient bone phenotype is independent of liver fibrosis. (A) Representative
sirius red-stained liver sections obtained from 20-week-old female wild-type, Abcb4~/=, Abcb4~'=/ll17af !~ and anti-IL-17-treated Abcb4~/~ mice. (B)
Quantification of hepatic fibrosis (left) and serum ALT/AST levels (right) in the same groups of mice (n = 5-8). Bars represent the mean + SD. Asterisks indicate
statistically significant differences between the groups. *p <0.05 (ANOVA for all panels). ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Abcb4~'~ mice with anti-IL-17 caused a moderate yet significant
reduction in the hepatic fibrosis score. In contrast to our study,
these authors used a longer treatment period (8 to 25 weeks of
age) and a different genetic background (FVB/N]). Since there is
experimental evidence for the impact of genetic background on
liver fibrosis,>” this might explain why even Il17af deficiency did
not impact the liver phenotype of Abcb4~/~ mice in our experi-
mental setting. On that point, it is also important to state that
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we did not observe bile duct stones in our group of 20-week-
old female mice, as has previously been described in Abch4~/~
mice with the FVB/N] background.!” Since the same study
reported a later phenotype onset in male Abch4~/~ mice, we also
analyzed 20-week-old male Abcb4/~ mice and observed
increased osteoclastogenesis, which was corrected by the addi-
tional Il17af deficiency without affecting the liver pathology
(Fig. S7). In any case, although our findings certainly do not rule
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out that intrahepatic IL-17 production is involved in the patho-
genesis of cholestatic disorders, they clearly show that the cor-
rection of the Abch4~/~ bone phenotype by IL-17 deficiency or
blockade is not explained by beneficial effects on the liver in
our experimental setting.

One major limitation of our study is that Th17 cells were
only quantified in a subset of patients (n=40). Nevertheless,
the association between Th17 cells and bone mass in these
patients with PSC raises the question of whether anti-IL-17A
treatment could be beneficial for preventing osteoporosis in
affected individuals. In a proof-of-principle experiment, we
found that the treatment of Abcb4~/~ mice with an IL-17A anti-
body for 4 weeks significantly increased the trabecular bone
volume while reducing osteoclastogenesis, which is in line with
studies reporting the positive effects of IL-17A neutralization on
bone mass in different mouse models of inflammatory disor-
ders.?>>® Since human monoclonal IL-17A antibodies, i.e., bro-
dalumab or secukinumab, have been found to be effective in
patients with psoriasis and ankylosing spondylitis,***° such a
treatment is possible in the case of PSC. In our opinion, this is
indeed an important issue, since most patients with PSC will
require liver transplantation, and their subsequent treatment
is a strong risk factor for osteoporosis. In other words, should
the respective individuals already display low bone mass at
the time of transplantation, they will have a higher risk of skele-
tal fractures in the future. This latter argument highlights the
clinical relevance of our study, as it suggests that patients with
PSC should be monitored for bone mass and resorption at an
early stage of the disease and that a subset of the patients will
require antiresorptive treatment. The same applies for PBC,
autoimmune hepatitis and overlapping syndromes, although
their molecular impact on bone remodeling still needs to be
established.”!
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