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Interferon-y-dependent immune responses contribute
to the pathogenesis of sclerosing cholangitis in mice
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Lay summary
Primary sclerosing cholangitis (PSC) is a
chronic cholestatic liver disease charac-
terized by biliary inflammation and fibro-
Healthy sis, whose current medical treatment is
hardly effective. We observed an in-
creased interferon (IFN)-y response in
patients with PSC and in a mouse model
of sclerosing cholangitis. IFNy changed
the phenotype of hepatic CD8* T lympho-
cytes and NK cells towards increased
cytotoxicity, and its absence decreased
liver cell death, reduced frequencies of
e Less inflammatory macrophages and more restorative inflammatory macrophages in the liver
macrophages after genetic deletion of IFNYy. and attenuated liver fibrosis. Therefore,

IFNy-dependent immune responses may
o Genetic deletion and blockage of IFNy in Mdr2~/~ mice disclose checkpoints for future therapeu-

Highlights
e Patients with PSC showed increased IFNy serum concentra-
tions and elevated frequencies of hepatic CD56°"&" NK cells.

e Less hepatic NK cells and CD8" T cells expressing cytotoxic
effector molecules after deletion of IFNy in Mdr2~/~ mice.

attenuated liver fibrosis. tic intervention strategies in sclerosing
cholangitis.
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Background and Aims: Primary sclerosing cholangitis (PSC) is
an idiopathic, chronic cholestatic liver disorder characterized
by biliary inflammation and fibrosis. Increased numbers of
intrahepatic interferon-y- (IFNy) producing lymphocytes have
been documented in patients with PSC, yet their functional role
remains to be determined.

Methods: Liver tissue samples were collected from patients
with PSC. The contribution of lymphocytes to liver pathology
was assessed in Mdr2~/~ x Ragl~~ mice, which lack T and B
cells, and following depletion of CD90.2" or natural killer (NK)
p46" cells in Mdr2~/~ mice. Liver pathology was also determined
in Mdr2/~ x Ifng”/~ mice and following anti-IFNy antibody
treatment of Mdr2~/~ mice. Immune cell composition was anal-
ysed by multi-colour flow cytometry. Liver injury and fibrosis
were determined by standard assays.

Results: Patients with PSC showed increased IFNy serum levels
and elevated numbers of hepatic CD56"8" NK cells. In Mdr2~/~
mice, hepatic CD8" T cells and NK cells were the primary source
of IFNYy. Depletion of CD90.2" cells reduced hepatic Ifng expres-
sion, NK cell cytotoxicity and liver injury similar to Mdr2~/~ x
Ragl1~/~ mice. Depletion of NK cells resulted in reduced CD8*
T cell cytotoxicity and liver fibrosis. The complete absence of
IFNYy in Mdr2~/~x Ifng~/~ mice reduced NK cell and CD8" T cell
frequencies expressing the cytotoxic effector molecules gran-
zyme B and TRAIL and prevented liver fibrosis. The antifibrotic
effect of IFNy was also observed upon antibody-dependent neu-
tralisation in Mdr2~/~ mice.

Conclusion: [FNy changed the phenotype of hepatic CD8" T
cells and NK cells towards increased cytotoxicity and its
absence attenuated liver fibrosis in chronic sclerosing
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cholangitis. Therefore, unravelling the immunopathogenesis of
PSC with a particular focus on IFNy might help to develop novel
treatment options.

Lay summary: Primary sclerosing cholangitis (PSC) is a chronic
cholestatic liver disease characterized by biliary inflammation
and fibrosis, whose current medical treatment is hardly effec-
tive. We observed an increased interferon (IFN)-y response in
patients with PSC and in a mouse model of sclerosing cholangi-
tis. IFNy changed the phenotype of hepatic CD8" T lymphocytes
and NK cells towards increased cytotoxicity, and its absence
decreased liver cell death, reduced frequencies of inflammatory
macrophages in the liver and attenuated liver fibrosis. There-
fore, IFNy-dependent immune responses may disclose check-
points for future therapeutic intervention strategies in
sclerosing cholangitis.

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

Introduction

Primary sclerosing cholangitis (PSC) is a poorly understood
chronic progressive biliary disease of unknown aetiology, char-
acterized by biliary inflammation and fibrosis, development of
cholestasis, end-stage liver disease and a high risk of malig-
nancy. Approximately 60% of patients with PSC are male and
70 to 80% have inflammatory bowel disease. Both the incidence
and prevalence of PSC are increasing, indicating that current
medical treatment is poorly effective.’

PSC has been recognized as an immune-mediated biliary dis-
ease. Genetic data provided insight into immunological loci
belonging to a general pool of predisposing autoimmune risk
factors, most strikingly human leukocyte antigen (HLA) associa-
tions that resemble prototypical autoimmune disorders.” This
suggests that T cell-dependent, adaptive immune responses
contribute to the immunopathogenesis of PSC. Indeed, dysregu-
lation of apoptosis of activated CD4" T cells® and dysfunction of
regulatory T cells* have been observed in patients with PSC.
Additionally, studies in patients with PSC showed increased T
lymphocyte infiltration with a bias towards Thl cells that
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localize around the bile ducts and portal tracts.>® Moreover, ele-
vated serum levels of the IFNy-inducible chemokines CXCL9 and
CXCL10 have been determined in patients with PSC,” and biliary
epithelial cells from patients with PSC express CXCL9, CXCL10
and the IFNy-specific transcription factors STAT1 and IRF1.%

Mdr2~/~ mice, bearing a targeted disruption of the multidrug
resistance gene (Mdr2, Abcb4), have been recognized as a suit-
able model to study inflammatory biliary disease.” In fact,
reflecting central morphological features observed in livers of
patients with PSC, biliary inflammation, ductular proliferation
and onion skin type periductual fibrosis are typical signatures
of liver histopathology in Mdr2~/~ mice.'® Bile duct injury upon
deletion of the phospholipid flippase Mdr2 develops as a conse-
quence of defective biliary phospholipid secretion, which
results in a subsequent increase of free non-micellar and there-
fore potentially toxic bile acid concentrations in bile.>!° The
murine Mdr2 gene represents the human orthologue MDR-
310 3nd mutations in MDR-3 have been associated with biliary
injury.!! Interestingly, T effector cells seem to be involved in the
pathogenesis of experimental sclerosing cholangitis in Mdr2~/~
mice, since expansion of endogenous regulatory T cells have
been demonstrated to diminish biliary injury and fibrosis in
these animals.'?

IFNy has been implicated in autoimmunity'® and a Thi
response has been associated with PSC.>® However, the func-
tional relevance has never been investigated in humans or in
the Mdr2~/~ mouse model so far. Thus, we aimed to study its
cellular source as well as its role in liver inflammation and fibro-
sis in this mouse model of PSC. Our results demonstrated
increased IFNy serum levels in patients with PSC. In Mdr2~/~
mice, hepatic CD8" T cells and natural killer (NK) cells were
the main producers of IFNy and hepatic expression of IFNy-
inducible chemokines was enhanced. Using Mdr2~/~ x Ifng ™/~
mice, we observed that IFNy changed the phenotype of hepatic
CD8" T cells and NK cells towards increased cytotoxicity,
induced a pro-inflammatory phenotype in macrophages and
aggravated liver fibrosis. The profibrotic effect of IFNy in
Mdr2~~ mice was confirmed by treatment of these animals
with a neutralizing anti-IFNy antibody. In patients with PSC,
we observed enhanced frequencies of hepatic CD56""8" NK
cells and a bias towards CD56"" 8" NK cells expressing the cyto-
toxic molecule TNF-related apoptosis-inducing ligand (TRAIL).

Materials and methods

Patient samples

Peripheral blood samples for BioPlex cytokine analysis were
obtained from patients suffering from PSC (n = 9), primary bil-
iary cholangitis (PBC; n=9) and autoimmune hepatitis (AIH;
n=9) recruited at the University Medical Center Hamburg-
Eppendorf. The healthy donors were enrolled in the Hamburger
Gesundkohorte (n = 8). A summary of the clinical parameters of
the patients is shown in Table S1. Liver tissue samples were col-
lected from 6 patients with PSC undergoing liver transplanta-
tion at the Department of Hepatobiliary and Transplant
Surgery of the UKE. A summary of the clinical parameters of
these patients is shown in Table S2. As controls, liver samples
from patients undergoing liver resection due to tumour metas-
tases were used (n = 6-8; Department of General and Visceral
Surgery at the Asklepios Clinic Hamburg-Barmbek; c.f.
Table S2, cholestasis in the control group was defined by ele-
vated serum levels of gamma-glutamyl transferase (GGT) and/
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or alkaline phosphatase (ALP); all control patients had normal
serum concentrations of bilirubin (<1.1 mg/dl)). All patients
provided informed written consent according to study protocols
approved by the Arztekammer Hamburg (PV4898, PV4081,
PV4780).

Mice

Mdr2~/~ mice (C57BL/6.129P2-Abcb4™1B°") were kindly pro-
vided by Daniel Goldenberg (Goldyne Savad Institute of Gene
Therapy, Hadassah-Hebrew University Medical Centre, Jerusa-
lem, Israel) and Ifng~~ mice (C57BL/6.129S7-(Ifng)™T%/]) were
kindly provided by Professor Mittriicker (Hamburg, Germany).
Mdr2~/~ x Ragl~~ mice (C57BL/6.129S7-Rag1™M°m/129p2-
Abcb4™18or/1/1) and Mdr2~/~ x Ifng/~ mice were generated by
crossbreeding of homozygous specimen of the single knockouts.
Successful knockout was confirmed via PCR analysis of DNA iso-
lated from tail biopsies. All mice received human care according
to the guidelines of the National Institutes of Health and to the
legal requirements in Germany. Mouse experiments were con-
ducted according to the German animal protection law and
approved by the institutional review board (Behorde fiir
Gesundheit und Verbraucherschutz, Hamburg, Germany;
G93/16) and conformed to the ARRIVE guidelines (https://
www.nc3rs.org.uk/arrive-guidelines). Mice were housed in IVC
cages under controlled conditions (22 °C, 55% humidity, and
12 h day-night rhythm) and fed a standard laboratory chow
(LASvendi, Altromin, Germany).

Animal treatment

Depletion experiments were performed in 10-week-old male
and female Mdr2~/~ mice by injecting the respective antibodies
(Ab) or isotype controls intraperitoneally. Mdr2 7/~ mice were
treated with an anti-IFNy Ab (R4-6A2)/ InVivoMab rat IgG1
(HRPN; both BioXCell, Kéln, Germany; both 0.5 mg/mouse) or
anti-Thy1.2 Ab (30H12)/InVivoMab rat IgG2b (LTF-2; both BioX-
Cell; both 0.25 mg/mouse) or anti-asialo GM1-Ab/rabbit serum
(both Wako Chemicals GmbH, Neuss, Germany; 25 pl/mouse)
twice a week for 2 weeks. At the age of 12 weeks, mice were
sacrificed and analysed.

Determination of liver injury

Liver/biliary injury was quantified by determination of plasma
activities of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), ALP, and GGT as well as by plasma bilirubin
concentrations as previously described.'*

Immunohistochemistry

Hematoxylin & eosin and Sirius red staining were performed as
described previously.'*!® Inflammatory activity was scored
according to the modified hepatitis activity index (mHAI
score;'°).

Hydroxyproline assay

The content of hydroxyproline, a component of collagen, was
measured by a spectrophotometric assay as previously
described.!”

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay (In Situ Cell Death Detection Kit, TMR Red,
Sigma-Aldrich) was performed on paraformaldehyde-fixed liver
sections according to manufacturer’s protocol.

Journal of Hepatology 2019 vol. 71 | 773-782


https://www.nc3rs.org.uk/arrive-guidelines
https://www.nc3rs.org.uk/arrive-guidelines

Processing of human liver tissue

Liver tissue of PSC and control patients was cut into small pieces
and homogenized using a gentleMACS Octo Dissociator (Mil-
tenyi Biotec, Bergisch Gladbach, Germany). Subsequently,
homogenized liver tissue was filtered through different filters
(500 pm - 40 pm, Greiner Bio-One, Frickenhausen, Germany)
to get single cell suspensions. The lymphocytes were finally iso-
lated by Optiprep (Sigma-Aldrich) density gradient centrifuga-
tion. Cells were stored in 90% FBS+10% DMSO freezing
medium at —196 °C.

Isolation and re-stimulation of murine hepatic non-
parenchymal cells

Hepatic non-parenchymal cells (NPCs) were isolated by Percoll
density gradient centrifugation. Single cell suspensions
(100,000 cells/well) were re-stimulated with phorbol-12-
myristate-13-acetate (50 ng/ml) and ionomycin (1 pg/ml) for
4-5 h at 37 °C. Culture supernatants of re-stimulated NPCs were
collected and stored at -20 °C. For analysis of intracellular cyto-
kine expression, brefeldin A (50 ng/ml) and monensin (1 pg/ml)
were added after 30 min. For evaluation of NK cell cytotoxicity,
an anti-CD107a Ab (ID4B; FITC; Biolegend, San Diego, CA) was
added to the re-stimulation medium.

Determination of cytokine levels

Cytokine levels in culture supernatants of re-stimulated murine
NPCs were quantified using LEGENDplex (BioLegend, San Diego,
CA) according to manufacturer’s instruction. IFNy concentra-
tions in plasma samples of patients and healthy controls were
measured using a Bio-Plex Pro Human Cytokine Kit, a Bio-Plex
200 analyser, and Bio-Plex Data Analysis Software (Bio-Rad Lab-
oratories, Hercules, CA) according to manufacturer’s instruction.
Values were defined as zero if the IFNy concentration was
below the detection limit (15 pg/ml) of the Bio-Plex assay.

Flow cytometry

Cells were incubated with anti-CD16/32 Ab (clone 93; BioLe-
gend) prior to antibody staining in order to prevent unspecific
binding. LIVE/DEAD Fixable Staining Kit (ThermoFisher Scien-
tific, Waltham, MA) was used to exclude dead cells. For cell sur-
face analysis, cells were stained with antibodies listed in
Table S3. For intracellular staining, cells were fixed using the
Transcription Factor Staining Buffer Set (ThermoFisher Scien-
tific) and incubated in permeabilization buffer with antibodies
listed in Table S4.

Quantitative real-time PCR analysis

Total RNA was isolated from shock-frozen liver tissue using the
NucleoSpin RNA Kit (Machery-Nagel, Duren, Germany) accord-
ing to the manufacturer’s instruction. Primers were obtained
from Metabion (Martinsried, Germany). Sequences of the pri-
mers are listed in Table S5.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7
software (GraphPad software, San Diego, CA). All data are pre-
sented as mean + SEM. For comparisons between 2 groups, a
non-parametric Mann-Whitney U test and for more than 2
groups, a one-way ANOVA with Tukey’s post hoc test were used.
A p value of less than 0.05 was considered statistically signifi-
cant with the following ranges *p <0.05, **p <0.01, ***p < 0.001,
5 <0.0001.

Journal of Hepatology 2019 vol. 71 | 773-782

JOURNAL
OF HEPATOLOGY

Results

Quantification of IFNy-producing T cells and NK cells in
Mdr2~/~ mice

Mdr2~/~ mice on the C57BI/6 background'® develop chronic bil-
iary inflammation and fibrosis within 12 weeks.'*!'° Compared
to age-matched C57Bl/6 control mice, Mdr2~/~ mice showed
significantly elevated plasma ALT, AST, and ALP levels whereas
bilirubin was not altered. Moreover, liver inflammation,
assessed by the mHAI score, and markers of fibrosis including
hydroxyproline liver tissue concentrations, hepatic Col3al (col-
lagen type Il alpha 1 chain) gene expression, and degree of Sir-
jus red staining were strongly increased in Mdr2~/~ mice
(Fig. S1).

Since the major IFNy-producing cells are T lymphocytes and
NK cells, we analysed IFNy-production by liver lymphocyte
populations isolated from 12-week-old Mdr2~/~ and C57Bl/6
control mice using flow cytometry. As shown in Fig. 1A and B,
the main producers of IFNy were CD8" T cells and NK cells. Sig-
nificantly increased amounts of IFNy production by lympho-
cytes from Mdr27/~ mice compared to WT mice were
particularly observed in CD8* T cells (Fig. 1B). We further per-
formed quantitative RT-PCR analysis of liver tissue gene expres-
sion levels of the IFNy-inducible chemokines Cxcl9 and Cxcl10,
which were significantly increased in Mdr2~/~ mice compared
to C57BIl/6 control animals (Fig. 1C). Interestingly, analysis of
IFNy serum levels showed increased serum concentrations of
IFNy in patients with PSC compared to healthy controls
(Fig. 1D). We further demonstrated elevated serum IFNYy levels
in patients with other chronic liver diseases such as PBC and
AIH (Fig. S2).

T cell depletion reduced IFNy production as well as liver
injury in Mdr2 /- mice

Since liver CD8" T cells produced increased amounts of IFNy and
expression levels of chemokines necessary for T cell and NK cell
recruitment were significantly increased in livers of Mdr2~/~
mice, we measured their accumulation in liver tissue of Mdr2~/~
vs. control animals. As shown in Fig. 2A, numbers of TCR* T
cells, CD8" T cells, NKT cells, and NK cells (gating strategies:
Fig. S3A) were significantly enhanced in livers of Mdr2~/~ mice
compared to C57BI/6 control animals. In a first attempt, we
aimed at analysing the contribution of all IFNy-producing lym-
phocytes, i.e. T cells and NK cells, to liver pathophysiology in
Mdr2~/~ mice by in vivo depletion of these cells. In C57BI/6 mice,
most lymphocytes express CD90.2 on their surface. Treatment
of Mdr2/~ mice with a CD90.2 depletion antibody (anti-
Thy1.2) twice a week for 2 weeks, resulted in almost complete
depletion of CD4" T cells, CD8" T cells and NKT cells in the liver
(Fig. 2B). In contrast, hepatic y3 T cells, which produced less
IFNYy in Mdr2~/- compared to control mice (Fig. 1B) and which
represented only a minority of liver T cells in Mdr2~/~ mice
(Fig. 2A), and NK cells were hardly affected by the depletion
antibody (Fig. 2B). T cell depletion resulted in a significant
reduction of Ifng mRNA expression in liver tissue (Fig. 2C).
Moreover, IFNy secretion by ex vivo re-stimulated residual liver
leucocytes, including monocytes/macrophages, neutrophils and
NK cells, was attenuated (Fig. 2D). Besides attenuation of IFNy
secretion, these cells produced significantly reduced amounts
of the pro-inflammatory cytokines TNFo, IL-17 and IL-2
(Fig. S3B). Interestingly, liver NK cells still produced IFNy but
seemed to be less cytotoxic in the absence of T cells, as deter-
mined by significantly decreased numbers of NKp46* NK cells
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Fig. 1. IFNy production of murine liver lymphocytes and IFNy serum concentrations in patients with PSC. (A,B) NPCs of 12-week-old Mdr2~/~ mice and
C57BI/6 controls were re-stimulated with PMA/ionomycin and expression of IFNy was analysed by flow cytometry. (C) Hepatic gene expression levels of the
IFNy-inducible chemokines Cxcl9 and Cxcl10 in Mdr2~/~ mice were analysed by RT-PCR and normalized to mRNA expression of C57Bl/6 mice. (D) IFNy serum
concentrations in patients with PSC and HCs were measured by a Bio-Plex Pro Human Cytokine Kit. Data: mean values + SEM, n =5 (mice). For statistical
analysis, the non-parametric Mann-Whitney U test was used; n.s.: not significant, *p <0.05, **p <0.01. HCs, healthy controls; NPC, non-parenchymal cells; PSC,

primary sclerosing cholangitis: RT-PCR, quantitative real-time PCR.

expressing the degranulation marker CD107a (Fig. 2E). Serum
ALT activities were also significantly decreased following T cell
depletion (Fig. 2F) while we did not observe differences in ALP
and bilirubin levels (data not shown). Liver inflammation,
assessed by the mHAI score, tended to be reduced (Fig. 2G).
However, development of fibrosis remained largely unaffected
(Fig. 2H-]). Accordingly, serum ALT activities were significantly
reduced in Mdr2~/~ x Ragl~~ mice, which lack T and B cells
as a result of the Ragl deletion, compared to Mdr2~/~ mice,
while the appearance of fibrosis remained unaffected (Fig. 2K
and L).

Frequencies of hepatic NK cells and T cells in patients with
PSC

Since we determined elevated frequencies of hepatic NK cells
and CD8" T cells in Mdr2~~ mice that might play a role in the
pathogenesis of PSC, we further analysed T cell and NK cell fre-
quencies in livers of patients with PSC compared to control
patients undergoing liver resection due to tumour metastases.
As shown in Fig. 3, while frequencies of CD3", CD4* and CD8"
T cells were unaltered (Fig. 3A), frequencies of hepatic NK cells,
in particular those of CD56"8" NK cells, which are supposed to
represent a liver-resident NK cell population,?® were signifi-
cantly increased in livers of patients with PSC. Moreover, we
observed a bias towards increased frequencies of CD56""8"t
NK cells expressing the pro-apoptotic molecule TRAIL in livers
of patients with PSC (Fig. 6B; gating strategy: Fig. S4). In the
control group, 3 of 6 patients had cholestasis assessed by ele-
vated levels of ALP and GGT (Table S2). However, the frequen-
cies of NK cell populations did not correlate with cholestasis
in these patients (data not shown).

Depletion of NK cells in Mdr2”- mice reduced cytotoxicity of
CD8* T cells and exerted an antifibrotic effect

Since both, NK cells and CD8" T cells were enhanced in livers of
Mdr2~/~ mice and depletion of CD8* lymphocytes in juvenile
Mdr2~/~ mice has recently been reported to exert hepatoprotec-
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tive effects,'> we depleted NK cells in 10-week-old Mdr2~/~
mice using the NKp46-specific anti-asialo GM1 antibody and
analysed disease pathology of the animals at an age of 12 weeks.
As shown in Fig. 4A, NK cell depletion was efficient and spared
the T cell subpopulations. NK cell depletion resulted in signifi-
cantly reduced IFNy-production and cytotoxicity of CD8* T cells,
assessed by expression of the cytotoxic effector molecule gran-
zyme B (GzmB) and TRAIL (Fig. 4B). Lack of NK cells did not
affect liver injury and inflammation (Fig. 4C, D) but interest-
ingly, impaired development of fibrosis (Fig. 4E-G).

Genetic ablation of Ifng in Mdr2~/~ mice reduced cytotoxicity
of CD8” T cells and NK cells and exerted an antifibrotic effect
In order to determine the functional role of IFNYy for liver injury
in Mdr2~/~ mice, we generated Mdr2~/~ x Ifng~/~ double knock-
out mice. As expected, IFNy was not detectable in T cells and NK
cells isolated from livers of Mdr2~/~ x Ifng~/~ mice (Fig. 5A).
Hepatic gene expression of the IFNy-inducible chemokines Cxcl9
and Cxcl10 was significantly decreased in Mdr2~/~ x Ifng ™/~ mice
compared to Mdr2~/~ mice (Fig. 5B). Accordingly, recruitment of
T cells and NK cells to the liver was significantly reduced in
Mdr2/~ x Ifng”/~ mice (Fig. 5C). Interestingly, IFNy affected
the phenotype of hepatic CD8" T cells and NK cells in Mdr2~/~
mice. We observed increased frequencies of CD8" T cells
expressing GzmB in Mdr2~/~ mice compared to C57BI/6 controls
(Fig. 5D). The frequencies of both GzmB* CD8" T cells and GzmB*
NK cells were significantly reduced in Mdr2~/~ x Ifng~/~ mice.
Moreover, frequencies of CD8* T cells and NK cells expressing
TRAIL were significantly increased in Mdr2~/~ mice compared
to C57B1/6 controls and TRAIL* CD8" T cells and TRAIL* NK cells
were significantly reduced in Mdr2~/~ x Ifng~~ mice compared
to Mdr2~/~ mice (Fig. 5D).

In order to examine other possible IFNy-induced inflamma-
tory responses, we analysed the accumulation of pro-
inflammatory macrophages in livers of Mdr2~/~ mice, which is
critical for liver injury and fibrosis in mouse models of scleros-
ing cholangitis as recently described.?! We observed a signifi-

Journal of Hepatology 2019 vol. 71 | 773-782



JOURNAL
OF HEPATOLOGY

A B CD4*T cells CD8'T cells NKT cells yd T cells NK cells
*kk —_
40+ EJcs7BLs o~ 40 £ 50 59 s 209 .. S 40 Csoypeimarz:
A Mdr2- <) <) — = — =% I3 oThy1.2/Mdr2*
@ X o X040 + O 4] =4 = *
3 =304 /I e 3% X 15- € 30
=) 3 330{ 1  ®E 3 € 8
£ 2 204 2 T3 3 10+ & 20
= Q. Q. zo N 'd
‘S ['4 x 204 o, 24 h %
° ) O Sa 9 =
° ~ 104 [t O x 51 S 10
° + o 104 oo 14 5] )
3 o 50 "o " g,
TCRB CD4* CD8 NKT TCRyd NK B B . . z -
C Ifn IFN E IEN CD107a F ALT G Inflammation
15, "9 4004 Y 12 v . 200~ 5- 3 isotypearz”
* /-
S - 2 p=0055 ns. o * = 4 p=0.064 I aThyl.2/Mdr2
28 Z 300 or S~ 15 150 o 4
?221.04 o S5 84 S5 = =
g8 = % % S 8 3]
g5 BE 2001 zz 5210+ = 100- z
e} JSRY L = ~ S 24
<505 5= Z3 4- S 3 z E
gx & 100 £o Q° 59 50 1
€ o 7
0 0- 0- 0- 0- 0-
H Hydroxyproline I Col3at J aThy1.2 Sirius red
1.5 4 2.5+ ? 1.00 7 ns. [ Isotype/Mdr2”
ns. 520 ,. W oThy1.2/Mdr2"
) 387 s ol . 0.75-
c 1.0 Bc o 3
@ 2@ 1.5 ol
< o .c
] X0 %) 0.50
2 05 <2 1.0 2 :
£ 0.5 kel ol 53
o % 05 o W 0.25
€ : 500 um
0- 0- 0.00 -
K ALT L Siriusred 3 pare-
600+ 49 n.s. 3 Mdr2*x Rag1*
*% —
° 3
T 400- 2 g
= 23 2
5 2L
X 200- 55
= 1
0- 0-

Fig. 2. T cell depletion reduced IFNy production and liver inflammation in Mdr2 /- mice. (A) T cell and NK cell frequencies in livers of 12-week-old C57BI/6
and Mdr2~/~ mice were analysed by flow cytometry. (B) 10-week-old Mdr2 /- mice were treated with 0.25 mg anti-Thy1.2 mAb per mouse or the respective
isotype control twice a week for 2 weeks. Hepatic lymphocyte depletion was analysed by flow cytometry. (C) Ifng mRNA expression was detected in liver tissue
of antibody-treated Mdr2/~ mice and normalized to isotype-treated controls. (D) IFNYy release of re-stimulated NPCs was detected by ELISA. (E) Frequencies of
IFNy-producing and CD107a" NK cells were analysed by flow cytometry. (F) ALT activities were detected in serum. (G) Liver inflammation was calculated using
the mHAI score. (H) Hydroxyproline concentrations in liver tissue were determined and normalized to isotype-treated mice. (I) Col3al expression was
determined in liver tissue and normalized to isotype-treated mice. (J) Sirius red staining was quantified in liver slices. (K) Determination of serum ALT activities
and (L) quantification of Sirius red staining was performed in Mdr2~/~ vs. Mdr2~/~ x Ragl/~ mice. Data: mean values + SEM, n =5 - 8. For statistical analysis,
the non-parametric Mann-Whitney U test was used; n.s.: not significant, *p <0.05, **p <0.01, ***p <0.001. ALT, alanine aminotransferase; mAb, monoclonal
antibody; mHAI, modified hepatitis activity index; NK, natural killer; NPCs, non-parenchymal cells. (This figure appears in colour on the web.)

cant increase of infiltrating CD11b*CCR2" monocyte-derived
macrophages co-expressing CX;CR1%? in Mdr2~/~ mice com-
pared to C57Bl/6 mice, and a significant decrease of restorative
CD11b"CX3CR1" macrophages, which do not express CCR2
(Fig. 5E, gating strategy: Fig. S5). Accordingly, hepatic expres-
sion of the CCR2* cell recruiting chemokine Ccl2 was signifi-
cantly increased in Mdr2~/~ vs. C57Bl/6 mice (Fig. 5F).
Importantly, Mdr2~/~ x Ifng~/~ mice showed a tendency towards
lower hepatic expression levels of Ccl2 and reduced frequencies
of inflammatory CD11b*CCR2* and CD11b*CX3CR1°CCR2*
monocyte-derived macrophages but significantly increased fre-
quencies of restorative CD11b"CX3CR1" macrophages compared
to Mdr2~/~ mice (Fig. 5E,F), indicating reduced liver inflamma-
tion in Mdr2~/~ mice in the absence of IFNY.

As we observed lower frequencies of cytotoxic CD8" T and
NK cells in livers of Mdr2~/~ x Ifng”~ mice compared to Mdr2~/~
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mice, we analysed liver cell death using TUNEL staining. As
shown in Fig. 6A, TUNEL-positive hepatocytes were almost
absent in Mdr2~/~ x Ifng/~ mice compared to massive cell death
observed in livers of Mdr2~/~ mice. However, despite the virtual
absence of TUNEL" liver cells, serum ALT activities were not
affected in Mdr2~/~ x Ifng”/~ mice compared to Mdr2~/~ mice,
although serum AST levels were significantly reduced
(Fig. 6B). In addition, despite reduced frequencies of inflamma-
tory monocyte-derived macrophages in the absence of IFNYy,
liver inflammation as detected by the mHAI score (Fig. 6C)
was not affected. However, we observed a significant reduction
of liver fibrosis in the absence of IFNYy, as demonstrated by sig-
nificantly reduced fibrosis markers, including hydroxyproline
tissue concentrations (Fig. 6D), degree of Sirius red staining
(Fig. 6E) and Col3al gene expression (Fig. 6F). Since IFNy was
described to exert either pro->> or antifibrotic?* effects, we per-
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Fig. 3. T cell and NK cell frequencies in livers of patients with PSC. (A,B)
Liver lymphocytes of patients with PSC undergoing liver transplantation were
analysed by flow cytometry. Ctrl: control patients undergoing liver resection
due to tumour metastases. Data: mean values + SEM, n = 6-8. For statistical
analysis, the non-parametric Mann-Whitney U test was used; n.s.. not
significant, *p <0.05. NK, natural killer; PSC, primary sclerosing cholangitis.

formed additional experiments using an appropriate IFNy-
neutralizing antibody. As shown in Fig. 6G, administration of
the anti-IFNy antibody twice a week for 2 weeks to Mdr2~/~
mice also decreased fibrogenesis in these animals. Hence, our
data strongly indicate that IFNy has a profibrotic effect in
Mdr2~/~ mice thereby driving disease pathology.
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Discussion

In this report, we analysed the role of IFNYy in chronic biliary dis-
ease. We observed increased IFNy serum concentrations in
patients with PSC in a concentration range similar to the signif-
icantly elevated IFNYy levels detected in patients with PBC and
AIH, corroborating previous results demonstrating a Th1-type
immune response in PBC and AIH.” In addition, we recently
determined significantly increased serum concentrations of
the IFNy-inducible chemokines CXCL10 and CXCL11 in patients
with PSC.2° This finding underscores previous findings by
who detected increased accumulation of IFNy-
producing T cells and IFNy-inducible downstream molecules
in livers of patients with PSC.>® Since the functional role of IFNy
on the immunopathogenesis of PSC has not been investigated so
far, we used the well-described Mdr2/~ mouse model of
chronic biliary disease resembling PSC.%!° Biliary disease in
these animals has previously been thought to depend on the
accumulation of toxic bile acids,'® however, emerging evidence
also argues for a role of immune cells, particularly IL-17-
producing T cell subsets, in mediating liver injury and fibrosis
in Mdr2~/~ mice.?®?” Here we observed that CD8* T cells and
NKT cells produced significantly increased amounts of IFNY in
Mdr2~/~ mice compared to C57Bl/6 controls, however, CD8* T
cells and NK cells showed the highest frequencies of IFNy-
producing cells. TCRB" T cells significantly increased in livers
of Mdr2~/~ mice compared to C57Bl/6 controls, and the most
obvious and significant increase was again observed in the
CD8™ T cell and NK cell subpopulations, however, CD4* T cells
and NKT cells also produced IFNYy. In order to investigate
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Fig. 4. NK cell depletion reduced CD8* T cell cytotoxicity and provided an antifibrotic effect in Mdr2 /'~ mice. (A) 10-week-old Mdr2/~ mice were treated
with 25 pl anti-asialo GM1 antibody per mouse or the respective control (ctrl) serum twice a week for 2 weeks. Hepatic lymphocyte depletion was analysed by
flow cytometry. (B) Hepatic frequencies of IFNy*, GzmB" and TRAIL" CD8" T cells were determined. (C) ALT activities were measured in serum. (D) Liver
inflammation was calculated using the mHAI score. (E). Hydroxyproline concentrations in liver tissue were determined and normalized to ctrl serum-treated
mice. (F) Col3al mRNA expression was determined in liver tissue and normalized to ctrl serum-treated mice. (G) Sirius red staining was quantified in liver
slices. Data: mean values + SEM, n = 5. For statistical analysis, the non-parametric Mann-Whitney U test was used; n.s.: not significant, *p <0.05, **p <0.01. ALT,
alanine aminotransferase; mHAI, modified hepatitis activity index; NK, natural killer. (This figure appears in colour on the web.)
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Fig. 5. Genetic ablation of IFNy in Mdr2 /- mice reduced CD8* T cell and NK cell cytotoxicity and shifted the monocyte/macrophage phenotype towards
an anti-inflammatory phenotype. (A-E) 12-week-old Mdr2~/~, Mdr2~/~ x Ifag/~ and C57Bl/6 mice were analysed: (A) Total cell numbers of IFNy* liver
lymphocytes were analysed by flow cytometry. (B) Gene expression levels of Cxcl9 and Cxcl10 were measured in liver tissue and normalized to C57BI/6 mice. (C)
Frequencies of liver T cell subtypes and NK cells were determined by flow cytometry. (D) Frequencies of GzmB* and TRAIL* CD8" T cells and NKp46™ NK cells, as
well as (E) frequencies of CCR2" and/or CX3CR1"CD11b* monocyte-derived macrophages were analysed by flow cytometry. (F) Expression of Ccl2 mRNA was
analysed in liver tissue and normalized to C57BI/6 mice. Data: mean values + SEM, n = 5. For comparisons between 2 groups, a non-parametric Mann-Whitney
U test and for more than 2 groups, a one-way ANOVA with Tukey’s post hoc test was used; n.s.: not significant, *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. NK,

natural killer.

whether these cells contribute to liver injury in Mdr2~~ mice,
we depleted CD90.2" cells using an anti-CD90.2 antibody.
CD90.2 is primarily expressed by T cells. Our results demon-
strated that in contrast to y5 T cells, CD4" T cells, CD8" T cells
and NKT cells were largely depleted by the antibody while fre-
quencies of NK cells were reduced but still detectable. CD90.2*
cell depletion resulted in a significant decrease of hepatic Ifng
expression, however, the remaining NK cells still produced IFNYy.
Interestingly, lower frequencies of NK cells expressing the
degranulation marker CD107a were detectable, which might
be a result of reduced production of IL-2 and other pro-
inflammatory cytokines, which induce cytotoxicity of NK cells.?®
As a consequence, serum ALT activities were significantly
reduced following CD90.2* cell depletion. The mHAI score

Journal of Hepatology 2019 vol. 71 | 773-782

showed only a tendency towards reduced inflammation, how-
ever, this score is less sensitive than quantitative determination
of pro-inflammatory cytokines, which were significantly
reduced in antibody-treated mice. In contrast, development of
liver fibrosis was not affected by the absence of T cells. Similar
effects were observed in Mdr2~/~ x Rag*/* mice, which lack T
and B cells, but not NK cells. These results indicate that T cells
are the primary producers of pro-inflammatory cytokines such
as IL-2, IFNy, IL-17 and TNFo, thereby mediating liver injury
in Mdr2~/~ mice. However, the residual production of IFNy by
NK cells might have contributed to liver fibrosis, which was nei-
ther reduced in Mdr2/~ x Ragl ™~ mice nor following CD90.2*
cell depletion. Indeed, a profibrotic effect of IFNy has previously
been described in experimental steatohepatitis.”*
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Fig. 6. Genetic ablation of IFNy in Mdr2 /- mice exerted an antifibrotic effect. (A-G) 12-week-old Mdr2~/~, Mdr2~/~ x Ifng

~/~ and C57Bl/6 mice were

analysed: Liver cell death was detected by TUNEL staining and co-staining of DAPI-positive cell nuclei. (A) TUNEL staining was quantified in liver slices. (B) ALT
and AST activities were measured in serum. (C) Liver inflammation was calculated using the mHAI score. (D) Hydroxyproline concentrations in liver tissue were
determined and normalized to C57Bl/6 mice. (E) Sirius red staining was quantified in liver slices. (F) Col3al expression was determined in liver tissue and
normalized to C57B1/6 mice. (G) 10-week-old Mdr2~/~ mice were treated with 0.5 mg anti-IFNy mAb per mouse or the respective isotype control twice a week
for 2 weeks. Data: mean values + SEM, n = 5. For statistical analysis, the non-parametric Mann-Whitney U test was used; n.s.: not significant, *p <0.05, **p <0.01,
***p <0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; mAb, monoclonal antibody; mHAI, modified hepatitis activity index; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling. (This figure appears in colour on the web.)

In order to further elucidate the role of IFNYy for NK cell cyto-
toxicity and liver fibrosis in sclerosing cholangitis, we generated
Mdr2~/~ x Ifng™/~ mice. These animals displayed reduced num-
bers of hepatic T cells and NK cells. Most strikingly, frequencies
of NK cells and CD8" T cells expressing the cytotoxic effector
molecules GzmB or TRAIL were significantly reduced in Mdr2~/~
x Ifng~/~ compared to Mdr2~/~ mice. The reduction of lympho-
cyte cytotoxicity in the absence of IFNy can be explained by
the observation that the cytotoxic function of CD8" T cells is
enhanced by autocrine production of IFNy.?? Likewise, NK cell
activation is promoted by several cytokines including IFNvy.?8

We further showed that depletion of NK cells impaired
expression of inflammatory and cytotoxic molecules by CD8*
T cells. This is in line with previous studies demonstrating that
besides their own cytotoxic function, NK cells activate Th1 and
CD8™ T cell responses during viral infection, which is triggered
by NK cell-mediated activation of dendritic cells (DCs) driving
polarisation of cytotoxic CD8" T cells and Th1 cells.>° Moreover,
upon exposure to tumour cells, NK cells were shown to attract
DCs, which start to express chemokines that recruit effector
CDS8* T cells to the tumour environment. This mechanism seems
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to support the tumouricidal activity of NK cells.>! In addition,
NK cells have been shown to promote CD8" T cell responses
against cytomegalovirus (CMV). Here, NK cells control CMV
early, leading to impaired activation of immunosuppressive
plasmacytoid DCs, while conventional DCs were activated and
accelerated antiviral CD8" T cell responses.>? Furthermore, a
direct interaction of NK cells and CD8" T cells has been shown
in hepatitis B virus (HBV) infection. In contrast to CMV infection,
CD8* T cells were impaired during chronic HBV infection, which
has been attributed to TRAIL-mediated killing of HBV-specific
CD8™ T cells by NK cells, while CMV-specific CD8* T cells from
the same patient remained unaffected. Moreover, Epstein-Barr
virus- and influenza virus-specific CD8" T cells from patients
with chronic HBV infection were not affected by NK cell
killing.>® Hence, it seems that NK cell-induced killing of HBV-
specific CD8" T cells is specific for this virus. Moreover, several
other mechanisms for the impairment of the HBV-specific
CD8* T cell response during chronic infection have been pro-
posed.®* Thus, the findings discussed above point to a role of
NK cells in CD8* T cell activation through stimulation and
recruitment of DCs, and you might speculate that by this mech-
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anism, NK cells also contribute to activation of CD8* T cells in
Mdr2~/~ mice.

It has previously been shown that depletion of CD8* T cells
between the second and fourth week of life decreased levels
of ALP in juvenile Mdr2/~ mice.'> However, in explant livers
of patients with PSC undergoing liver transplantation, we
observed unaltered frequencies of hepatic CD8* T cells com-
pared to controls. In contrast, liver NK cells, in particular those
that have been described to exhibit a liver-resident pheno-
type,?° were significantly elevated in the explant livers of
patients with PSC, showing a bias towards increased TRAIL
expression. It has been shown that direct activation of NK cells
by polyinosinic-polycytidylic acid or IFNy induced killing of
hepatic stellate cells and attenuated the severity of liver fibrosis
in murine models.?* However, although IFNy was described to
abrogate profibrogenic TGFp signalling in hepatic stellate cells
in vitro,*® IFNYy deficiency prevented hepatic inflammation and
fibrosis in a chronic steatohepatitis model, which was associ-
ated with a reduction of macrophage accumulation in the
liver.?® Indeed, it has been shown recently that CCR2* inflam-
matory monocyte-derived macrophages mediate fibrosis in a
mouse model of sclerosing cholangitis.?! Since we observed an
inhibition of hepatic CCR2" macrophage accumulation in
Mdr2~/~ x Ifng™~ mice, it would be conceivable that IFNy indi-
rectly accelerates hepatic fibrosis in sclerosing cholangitis via
recruitment of inflammatory monocyte-derived macrophages.

Macrophages are activated by damage-associated molecular
patterns, which are generated in response to hepatocellular
damage. We have observed a reduced cytotoxic phenotype of
CD8" T cells and NK cells along with a strong inhibition of liver
cell death in Mdr2~/~ x Ifng/~ mice compared to Mdr2~/~ mice.
A critical role of NK cells for the pathogenesis of sclerosing
cholangitis in the Mdr2~/~ mouse model was further demon-
strated by depression of the inflammatory and cytotoxic pheno-
type of CD8" T cells as well as by reduction of liver fibrosis upon
NK cell depletion. Notably, gene variation analysis indicated a
significant reduction of HLA alleles specific for inhibitory NK cell
receptors in patients with PSC.>® Moreover, genetic variations
were also observed in a ligand for the activating NKG2D recep-
tor, the major histocompatibility complex class I chain-related
molecule MIC-A, which has been proposed as a candidate locus
for HLA-encoded disease susceptibility to PSC.>” Hepatic NK
cells display a pronounced cytotoxic phenotype.?® Indeed, we
observed a relatively high frequency of GzmB* NK cells in
C57Bl/6 mice that was not further enhanced in Mdr2~/~ mice
but significantly reduced in the absence of IFNy. Also, hepatic
NK cells constitutively express TRAIL,?® which is highly upregu-
lated by viral infection in the liver.>® In our mouse studies, we
demonstrated a strong upregulation of TRAIL in hepatic NK cells
from Mdr2~/~ mice, which was significantly reduced in Mdr2~/~
x Ifng~~ mice. Interestingly, cholangiocytes of patients with PSC
express increased amounts of the TRAIL receptor 5 arguing for
TRAIL-dependent lysis of these cells by NK cells.>® Moreover,
agonistic anti-TRAIL receptor 5 antibodies induced cholangitis
and cholestatic liver injury in mice showing the typical histolog-
ical appearance reminiscent of human PSC.>” Hence, IFNY is
likely to induce cholangiocyte and/or hepatocyte death by
enhancing NK cell cytotoxicity, which finally results in activa-
tion of inflammatory macrophages and development of fibrosis.
Taken together, our study demonstrates that IFNy-dependent
immune responses may represent checkpoints for therapeutic
intervention in sclerosing cholangitis.
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