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Abstract

Background and Aims: Primary sclerosing cholangitis (PSC) is a chronic

cholestatic liver disease characterized by biliary inflammation and fibrosis. We

showed an elevated interferon γ response in patients with primary sclerosing

cholangitis and in multidrug resistance protein 2-deficient (Mdr2−/−) mice

developing sclerosing cholangitis. Interferon γ induced expression of the

cytotoxic molecules granzyme B (GzmB) and TRAIL in hepatic lymphocytes

and mediated liver fibrosis in sclerosing cholangitis.

Approach and Results: In patient samples and Mdr2−/− mice, we identified

lymphocyte clusters with a cytotoxic gene expression profile using single-cell

RNA-seq and cellular indexing of transcriptomes and epitopes by sequencing

analyses combined with multi-parameter flow cytometry. CD8+ T cells and NK

cells showed increased expression of GzmB and TRAIL in sclerosing chol-

angitis. Depletion of CD8+ T cells ameliorated disease severity in Mdr2−/−

mice. By using Mdr2−/− × Gzmb−/− and Mdr2−/− × Tnfsf10−/− mice, we inves-

tigated the significance of GzmB and TRAIL for disease progression in

sclerosing cholangitis. Interestingly, the lack of GzmB resulted in reduced

cholangiocyte apoptosis, liver injury, and fibrosis. In contrast, sclerosing

cholangitis was aggravated in the absence of TRAIL. This correlated with

elevated GzmB and interferon γ expression by CD8+ T cells and NK

cells enhanced T-cell survival, and increased apoptosis and expansion of

cholangiocytes.

Abbreviations: CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing; GzmB, granzyme B; Mdr2, multidrug resistance protein 2; NPC,
Nonparenchymal liver cells; PSC, primary sclerosing cholangitis; scRNA-seq, single-cell RNA sequencing; TCR, T-cell receptor; TEM, effector memory T cells; Tnfsf10,
tumor necrosis factor superfamily member 10; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; WT, wild-type.
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Conclusions: GzmB induces apoptosis and fibrosis in sclerosing cholangitis,

whereas TRAIL regulates inflammatory and cytotoxic immune responses,

subsequently leading to reduced liver injury and fibrosis.

INTRODUCTION

Primary sclerosing cholangitis (PSC) is a progressive
biliary disease characterized by biliary inflammation,
fibrosis, cholestasis, end-stage liver disease, and a high
risk of malignancy. The rising prevalence of PSC
indicates that current medical treatment is poorly
effective.[1] Genome-wide association studies impli-
cated T cells and NK cells in the pathology of PSC.[2,3]

Since genetic risk factors for autoimmunity have been
linked with disease progression,[2] most of the studies
addressed the role of CD4+ T cells in PSC.[4–6]

However, CD8+ T cells can also contribute to auto-
immune diseases.[7] Recently, cytotoxic CD8+ T cells
were identified in the livers of patients with PSC,[4,6] but
their functional role in biliary disease is less clear.

Multidrug resistance protein 2-deficient (Mdr2−/−)
mice develop sclerosing cholangitis and represent a
well-described murine model of PSC that morphologi-
cally resembles the histopathological features of
patients with PSC.[8] We recently showed an interferon
(IFN)γ-induced activation and accumulation of hepatic
CD8+ T cells and NK cells expressing the cytotoxic
molecules granzyme B (GzmB) and TRAIL in Mdr2−/−

mice. We further demonstrated that NK cells promote
liver injury and fibrosis in sclerosing cholangitis.[9] Since
the treatment of Mdr2−/− mice with 24-Norursodeox-
ycholic acid was shown to inhibit CD8+ T-cell differen-
tiation, thereby ameliorating sclerosing cholangitis,[10]

this points to a role of CD8+ T cells in disease
pathology.

Cytotoxic lymphocytes kill virally infected and malig-
nant cells to ensure immunosurveillance.[11] They degra-
nulate and release GzmB after target cell recognition to
induce apoptosis by cleavage of pro-caspase-3.[12] One
study has correlated gene expression of GzmB with
disease severity of primary biliary cholangitis,[13] suggest-
ing GzmB-mediated liver injury in biliary disease. How-
ever, the contribution of GzmB to the disease progression
of PSC has not been investigated so far. Cytotoxic
lymphocytes can further induce cell death through TRAIL-
mediated apoptosis. In humans, TRAIL interacts with 2
death receptors (DR4/TRAIL receptor (R)1 and DR5/
TRAIL-R2), whereas mice express mDR5/mTRAIL-R.[14]

TRAIL has also been described as a negative regulator of
immune responses, thereby preventing autoimmune
disorders.[14,15] TRAIL-deficient (tumor necrosis factor
superfamily member 10 [Tnfsf10−/−]) mice and mice
lacking mDR5 were protected from acute liver injury,

including acute biliary disease.[16–19] Treatment of C57BL/
6 mice with an agonistic anti-DR5 antibody induced acute
sclerosing cholangitis. Since cholangiocytes of patients
with PSC showed increased expression of DR5, this
argues for TRAIL-dependent killing of these cells.[18] In
contrast, the lack of mDR5 in Mdr2−/− mice resulted in
more severe chronic sclerosing cholangitis.[20]

In this study, we investigated the role of GzmB-
mediated and TRAIL-mediated lymphocyte cytotoxicity
for the progression of PSC. We showed that CD8+ T
cells and GzmB induced apoptosis in cholangiocytes,
thereby aggravating sclerosing cholangitis. In contrast,
TRAIL ameliorated disease severity by limiting lympho-
cyte survival, cytotoxicity, and IFNγ expression as well
as by regulating apoptosis and proliferation of chol-
angiocytes. Thus, we identified GzmB as a cytotoxic
mediator of sclerosing cholangitis, whereas TRAIL
exerts immunosuppressive functions by regulating
cytotoxic and inflammatory lymphocyte responses.

METHODS

Mice

Mdr2−/− mice (C57BL/6.129P2-Abcb4tm1Bor) were pro-
vided by Daniel Goldenberg (Goldyne Savad Institute of
Gene Therapy, Hadassah-Hebrew University Medical
Centre, Jerusalem, Israel). Gzmb−/− mice (C57BL/
6.129S2-Gzmbtm1Ley/J) were provided by Wei Du
(Department of Immunology, Roswell Park Cancer
Institute, Buffalo, NY) and Tnfsf10−/− mice (C57BL/
6.129S7-Tnfsf10tm1Sdg) were obtained from Amgen
(Thousand Oaks, CA, USA) by transfer agreement
(MTA #2011566296). Mdr2−/−xRag1−/− (B6.129P2-
Abcb4tm1Borx B6.129S7-Rag1tm1Mom/J), Mdr2−/− ×
Gzmb−/− and Mdr2−/− × Tnfsf10−/− mice were generated
by crossbreeding of the respective single knockouts. All
mice were bred in the animal facility of the University
Medical Center Hamburg-Eppendorf (UKE; Hamburg,
Germany) according to the Federation of European
Laboratory Animal Science Association guidelines. All
mice received human care. The experiments were
approved by the institutional review board (Behörde
für Gesundheit und Verbraucherschutz, Hamburg,
Germany) and carried out according to the German
animal protection law. Mice were housed in IVC cages
under controlled conditions (22°C, 55% humidity, and
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F IGURE 1 Cytotoxic lymphocyte subsets in PSC. (A) Schematic overview of the study design. (B) UMAP plot shows clustering of CD45+

leukocytes in sclerosing cholangitis. UMAP plots and heat maps show subset defining protein and gene expression. (C) Heat map of genes
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12 hour day-night rhythm) and fed a standard laboratory
chow (LASvendi, Altromin, Germany).

Patients

In this study, a published data set from patients with
PSC undergoing liver transplantation was used for the
analyses.[6]

Animal treatment

Depletion of CD8+ T cells was performed in 6-week-old
male and femaleMdr2−/− mice by i.p. injection of an anti-
CD8 antibody (0.5 mg/mouse; InVivoMAb clone YTS
169.4; BioXCell, Köln, Germany) or an isotype control
anti-rat IgG2 antibody (0.5 mg/mouse; InVivoMab clone
2A3; BioXCell) twice a week for 2 weeks. For adoptive
transfer experiments, CD8+ T cells were isolated from the
spleen and lymph nodes of C57BL/6 wild-type (WT) and
Tnfsf10−/− mice. 2 × 105 WT or Tnfsf10−/− CD8+ T cells
were i.v. injected into Mdr2−/−×Rag1−/− mice, which were
analyzed 8 days later.

Isolation of hepatic leukocytes and
antibody staining for sequencing

Nonparenchymal liver cells (NPCs) were isolated from
livers of 12 weeks old Mdr2−/− and Mdr2−/− × Tnfsf10−/−

mice by Percoll density gradient centrifugation and
stained with a LIVE/DEAD Fixable Staining Kit and an
anti-CD45 antibody (30-F11, PerCP, BioLegend). At the
same time, NPCs were stained with antibodies for
cellular indexing of transcriptomes and epitopes by
sequencing (CITE-seq; TotalSeq-B Mouse Universal
Cocktail, TotalSeq-B anti-mouse CD314, TotalSeq-B
anti-mouse CD335; all BioLegend) for epitope detec-
tion. Subsequently, CD45+ leukocytes were isolated
by FACS.

Single-cell RNA sequencing

To perform single-cell RNA sequencing (scRNA-seq),
FACS-sorted CD45+ hepatic leukocytes were subjected
to droplet-based single-cell analysis using the Chro-
mium Single Cell 5′ Reagent Kits v2 chemistry
according to the manufacturer’s instructions (Chro-
mium, 10x Genomics, Pleasanton, CA). Gene and

protein expression libraries were sequenced on a
NovaSeq 6000 System (Novogene, Cambridge, UK).

Alignment, quality control, and pre-
processing of scRNA-seq data

Cell Ranger (version 7.10; 10X Genomics) was used to
produce combined feature-barcode matrices for the
scRNA- and CITE-seq data by aligning the RNA reads
to the mouse reference genome (refdata-gex-mm10-
2020-A). Cellbender (version 0.3.0)[21] was used to
remove ambient RNA and reduce noise in the CITE-seq
assay. Subsequently, solo (version 1.3)[22] was used to
remove possible cell doublets. The data was further
processed with R (version 4.2.2, R Core Team). For
quality control and downstream processing, Seurat
(version 4.3.0)[23] was used. We kept cells for the
analysis that contained between 700 and 4500 genes,
between 1000 and 20,000 UMIs, and mitochondrial
gene expression below 6%. We used Seurat SCTrans-
form to normalize the RNA expression and centered
log-ratio transformation from NormalizeData for the
CITE-Seq data.

Dimensionality reduction and clustering

Since we did not observe obvious batch effects, we
merged the count matrices of all samples and per-
formed principal component analysis on the combined
data. We used the first 12 principle components, as
estimated by the maxLikGlobalDimEst function from the
intrinsicDimension package, for KNN graph construc-
tion and Uniform Manifold Approximation and Projec-
tion. To find cell clusters, we used the Leiden algorithm
with a resolution of 0.2. Cluster markers were calculated
with FindAllMarkers using logistic regression and the
donor information as a latent variable. Gene expression
differences between Mdr2−/− and Mdr2−/− × Tnfsf10−/−

mice within each cluster were calculated with the
run_de function from the package Libra (version
1.0.0)[24] using the single-cell mode and the Wilcoxon
Rank-Sum test. An adjusted p-value of less than 0.05
was considered statistically significant.

Flow cytometry

NPCs were isolated from murine livers by Percoll
density gradient centrifugation. Erythrocytes were lysed

defining effector cell function. (D) Expression of TRAIL and GzmB by hepatic T-cell subsets and NK cells was analyzed in 12-week-old Mdr2−/−

and WT mice. (E) UMAP plot shows clustering of CD3+ T-cell subsets from patients with PSC. (F) UMAP and violin plots depict the expression of
genes associated with cytotoxicity within the different T-cell subsets. Mean ± SEM of 1 out of 2 experiments are shown. *p ≤ 0.05, ***p ≤ 0.001,
****p ≤ 0.0001, ns: not significant. Abbreviations: GzmB, granzyme B; Mdr2, multidrug resistance protein 2; MOs/MPs, monocytes/monocyte-
derived macrophages; PSC, primary sclerosing cholangitis; UMAP, Uniform Manifold Approximation and Projection; WT, wild-type.
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F IGURE 2 CD8+ T cells aggravate sclerosing cholangitis. (A) Six-weeks old Mdr2−/− mice were treated with an anti-CD8α antibody or isotype
control twice a week for 2 weeks. Numbers of hepatic CD8+ and CD4+ T cells and NK cells were analyzed. (B) The phenotype of hepatic NK cells
and (C) CD4+ T cells was analyzed. (D) Plasma ALT levels were determined. (E) CCasp3 was stained in liver sections, and CCasp3-expressing
cholangiocytes were counted. Arrows mark CCasp3+ cholangiocytes. Bars represent 50 μm. (F) αSMA staining was quantified in liver sections.
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with NH4Cl. NPCs were incubated with an anti-CD16/32
antibody (93; BioLegend) before antibody staining to
prevent unspecific binding. LIVE/DEAD Fixable Stain-
ing Kits (ThermoFisher Scientific) were used to exclude
dead cells. NPCs were stained with the fluorochrome-
labelled antibodies listed in Supplemental Table S1,
http://links.lww.com/HEP/I333. For intracellular staining,
NPCs were re-stimulated with phorbol myristate acetate
(20 ng/ml) and ionomycin (1 µg/ml) for 4 hours with the
addition of brefeldin A (1 µg/ml; all Sigma Aldrich) and
monensin (2 µM; BioLegend) after 30 min. The anti-
CD107a antibody (1D4B; FITC; BioLegend) was added
to the medium. After surface and Live/Dead staining,
NPCs were fixed using the Transcription Factor Stain-
ing Buffer Set (ThermoFisher Scientific) and incubated
in Permeabilization buffer with antibodies specific to
IFNγ (XMG1.2; PE-CF594; BD Biosciences), GzmB
(GB11; Pacific Blue; BioLegend) and Foxp3 (MF-14;
PerCP-Cy5.5, FITC; ThermoFisher Scientific). Analyses
were done using a BD LSRFortessa Cell Analyzer (BD
Biosciences). Antibodies used for cell surface staining
for flow cytometry are given in Supplemental Table S1,
http://links.lww.com/HEP/I333.

Immunohistochemistry

To identify proliferating cholangiocytes, 3 µm paraffin-
embedded liver sections were stained with an anti-Ki-67
antibody (polyclonal, Abcam, Cambridge, UK). After
incubation with a biotin-conjugated secondary antibody
(Agilent Technologies, Santa Clara, CA), the ZytoChem-
Plus AP Polymer-Kit (Zytomed Systems, Berlin, Germany)
was used for Ag detection. To identify apoptotic cholangio-
cytes, liver sections were stained with an anti-cleaved
caspase 3 antibody (ThermoFisher Scientific). After incu-
bation with goat anti-rabbit-HRP secondary antibody
(ThermoFisher Scientific), liver sections were stained with
DAB+ substrate (Agilent Technologies). Ki-67+ and
CCasp3+ cholangiocytes were counted in 5 high-power
fields (each 125 µm2) randomly defined in liver tissue.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 7 software (GraphPad Software, San Diego, CA).
All data are presented as mean ± SEM. For compari-
sons between 2 groups, a nonparametric Mann-Whitney
U test and for more than 2 groups, a one-way ANOVA
with Tukey’s post hoc test was used. A p-value of less

than 0.05 was considered statistically significant with the
following ranges *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001.

Additional materials and methods are described in
the Supplemental Materials and Methods, http://links.
lww.com/HEP/I333.

RESULTS

Cytotoxic lymphocyte subsets in livers of
mice with sclerosing cholangitis and
patients with PSC

To understand the functional relevance of cytotoxic T-cell
subsets in biliary disease, we isolated CD45+ leukocytes
from livers of 12-week-old Mdr2−/− mice and subjected
them to scRNA-seq andCITE-seq (Figure 1A). At this age,
Mdr2−/− mice developed sclerosing cholangitis chara-
cterized by elevated plasma alanine transaminase levels,
increased expression of fibrosis-associated genes,
including Timp1, collagen type I alpha 1 chain, and
collagen type 3 alpha 1 chain, collagen deposition
assessed by elevated levels of hydroxyproline and Sirius
red staining, and enhanced expression of the
myofibroblast marker α-smooth muscle actin (Suppl-
emental Fig. S1A-E, http://links.lww.com/HEP/I333). We
included about 17,000 cells from 6 mice in the analyses
and applied principal component analysis on variably
expressed genes and proteins across CD45+ leukocytes
to generate Uniform Manifold Approximation and Projec-
tion. Based on subset signatures, we identified 12 clusters
within the hepatic leukocytes, including CD3+ CD44+

CD27+ CD62L- Ccr7- effector memory T cells (TEM), CD3+

CD44- CD27+ CD62L+ Ccr7+ naïve T cells, and CD49bhi

and CD49blow NK1.1+ NKp46+ CD3- NK cells (Figure 1B).
In sclerosing cholangitis, CD8+ TEM expressed genes
associated with cytotoxicity (Gzmb, Gzmk, Tnfsf10, Fasl,
Nkg7, and Eomes), inflammation (Ifng and Tbx21) and
tissue residency (Cxcr6, Itga1, Rgs1, and Crtam),
whereas genes linked with tissue egress (S1pr1, S1pr5,
Klf2, and Klf5) were less expressed. We did not detect
cytotoxic CD4+ T cells in the livers of Mdr2−/− mice
(Figure 1C).We identified 2 NK cell subsets, which differ in
their expression of CD49b (Figure 1B). CD49bhi and
CD49blow NK cells expressed Gzma, Gzmb, Fasl, Nkg7,
and Ifng. While CD49hi NK cells expressed genes crucial
for recirculation and tissue egress, CD49low NK cells
expressed genes associated with tissue residency,
particularly Zfp683. CD49blow NK cells also expressed
Tnfsf10, whereas we did not determine Tnfsf10 in CD49bhi

NK cells (Figure 1C).

Expression of Timp1, Col1a1, and Col3a1 was determined in antibody-treated mice and normalized to the isotype control. Hydroxyproline levels
were assessed in liver tissue, and Sirius red staining was quantified in liver sections. Mean ± SEM of 1 out of 2 experiments are shown. *p ≤
0.05, **p ≤ 0.01, ns: not significant. Abbreviations: CCasp3, cleaved caspase-3; Col1a1, collagen type I alpha 1 chain; Col3a1, collagen type 3
alpha 1 chain; αSMA, α-smooth muscle actin.

T CELL CYTOTOXICITY IN SCLEROSING CHOLANGITIS | 849

http://links.lww.com/HEP/I333
http://links.lww.com/HEP/I333
http://links.lww.com/HEP/I333
http://links.lww.com/HEP/I333
http://links.lww.com/HEP/I333


**

ns ns ns
CD4+ T cells

CD4+ T cells

CD8+ T cells

CD8+ T cells

NK cells

Gzmb NK cells

ALT

AL
T 

(U
/I)

150

100

*

5 * * * *
4
3
2
1
0

hydroxyproline

hy
dr

ox
yp

ro
lin

e
(p

g/
m

g 
liv

er
)

8

6

4

2

0

8

6

4

2

0

Si
riu

s 
re

d
μm

2 /
im

ag
e 

(x
10

4 )

Sirius red

100 μm

100 μm

100 μm

100 μm

Si
riu

s 
re

d

*

*

*

Mdr2-/-xGzmb-/-

Mdr2-/-xGzmb-/-

Mdr2-/-xGzmb-/-

Mdr2-/-xGzmb-/-

M
dr

2-
/- x

G
zm

b-
/-

Mdr2-/-

Mdr2-/-

Mdr2-/-xGzmb-/-
Mdr2-/-

Mdr2-/-xGzmb-/-

Mdr2-/-xGzmb-/-

Mdr2-/-

Mdr2-/-xGzmb-/-
Mdr2-/-

Mdr2-/-

Mdr2-/-

Mdr2-/-

M
dr

2-
/-

Col3a1

2.52.0

1.5

1.0

0.5

0.0

2.0

2.0

1.5

1.5

1.0
1.0

0.50.5

0.00.0

Col1a1Timp1αSMAαSMA

** *

m
R

N
A 

(x
-fo

ld
)

αS
M

A
μm

2 /
im

ag
e 

(x
10

3 )
 C

C
as

p3
+

(c
ou

nt
 / 

5 
hp

f)
 C

D
4+

 T
C

R
β+

(%
 li

vi
ng

 c
el

ls
)

m
R

N
A 

(x
-fo

ld
)

G
zm

B+
 C

D
4+

(c
ou

nt
 x

 1
04

/m
l)

G
zm

B+
 C

D
8+

(c
ou

nt
 x

 1
04

/m
l)

G
zm

B+
 N

Kp
46

+

(c
ou

nt
 x

 1
04

/m
l)

 C
D

8+
 T

C
R

β+
(%

 li
vi

ng
 c

el
ls

)

 N
Kp

46
+  

N
K1

.1
+

(%
 li

vi
ng

 c
el

ls
)

12

8

4

0

12

8

4

0

 CCasp3
 C

C
as

p3

25

20

15

10

5

0

25

25

20

20
20

2030

3040

10
10 10

0 0 0

20

50

30

15

15

10 10
5

5

0 0 0

(A)

(B) (C)

(D)

(E)

F IGURE 3 GzmB aggravates sclerosing cholangitis. (A) Hepatic Gzmb mRNA expression and GzmB expression in hepatic T cells and NK
cells in 12-week-old Mdr2−/− × Gzmb−/− and Mdr2−/− mice are shown. (B) Frequencies of hepatic CD4+ and CD8+ T cells and NK cells were
analyzed. (C) Plasma ALT levels were determined. (D) CCasp3 was stained in liver sections, and CCasp3-expressing cholangiocytes were
counted. Arrows mark CCasp3+ cholangiocytes. Bars represent 50 μm. (E) αSMA staining was quantified in liver sections. Hepatic expression of
Timp1, Col1a1, and Col3a1 was determined in Mdr2−/− × Gzmb−/− mice and normalized to Mdr2−/− mice. Hydroxyproline levels were assessed in
liver tissue, and Sirius red staining was quantified in liver sections. Mean ± SEM of 1 out of 3 experiments are shown. *p ≤ 0.05, **p ≤ 0.01, ns:
not significant. Abbreviations: CCasp3, cleaved caspase-3; Col1a1, collagen type I alpha 1 chain; Col3a1, collagen type 3 alpha 1 chain; GzmB,
granzyme B; Mdr2, multidrug resistance protein 2; αSMA, α-smooth muscle actin.

850 | HEPATOLOGY



We analyzed the protein expression of GzmB and
TRAIL by hepatic lymphocytes in sclerosing cholangi-
tis. We showed expression of both, particularly in
CD4+ and CD8+ T cells and NK cells. However, only
the numbers of GzmB-expressing and TRAIL-express-
ing CD8+ T cells and NK cells were elevated in Mdr2−/−

compared to age-matched C57BL/6 WT mice
(Figure 1D, Supplemental Fig. S1F, http://links.lww.
com/HEP/I333).

We further investigated a previously published data
set from patients with PSC undergoing liver transplan-
tation. Here, scRNA-seq and CITE-seq were done with
CD3+ T cells isolated from the livers of these patients.6

We included 25,642 CD3+ T cells from 10 patients with
PSC in our analysis and identified 8 clusters such as
cytotoxic CD8+ GZMBhi CCR7low SELLlow effector T
cells (CD8+ CTLs), CD27hi CCR7low SELLlow TEM, CD8+

CD69hi CCR7low SELLlow ZNF683hi tissue-resident
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memory T cells (CD8+ TRM) and KLRB1hi CCR6hi IL7Rhi

IL23Rhi CD160hi mucosal-associated invariant T cells
(Figure 1E, Supplemental Fig. S2A-C, http://links.lww.
com/HEP/I333). We determined the selective expres-
sion of GZMB by CD8+ CTLs and CD8+ TRM, while other
genes associated with cytotoxicity, including KLRK1
and NKG7, were also expressed by other CD8+ T-cell
subsets and mucosal-associated invariant T cells. In
contrast, low expression of TNFSF10 was detected
within all T-cell subsets (Figure 1F). Thus, hepatic

cytotoxic lymphocyte subsets were present in murine
and human PSC.

Reduced sclerosing cholangitis and NK
cell cytotoxicity in the absence of CD8+ T
cells

To assess the role of CD8+ T cells in the induction of
hepatic cell death and fibrosis in sclerosing cholangitis,
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tissue, and Sirius red and (D) CK19 staining was quantified in liver sections. (E) Ki-67 was stained in liver sections, and Ki-67-expressing
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we treated 6-week-old Mdr2−/− mice with an anti-CD8α
antibody twice a week for 2 weeks. This resulted in the
depletion of hepatic CD8+ T cells, while the number of
CD4+ T cells and NK cells were not altered (Figure 2A).
In the absence of CD8+ T cells, hepatic NK cells
expressed less GzmB, TRAIL, and the degranulation
marker CD107a, while expression of the inflammatory
cytokine IFNγ was not altered (Figure 2B). In contrast,
CD8+ T cells did not affect the phenotype of CD4+ T
cells in sclerosing cholangitis (Figure 2C).

Interestingly, liver injury was reduced in the absence
of CD8+ T cells (Figure 2D). Cytotoxic lymphocytes
induce apoptosis through the activation of caspase-3 in
target T cells.[12] We stained for activated caspase-3
(cleaved caspase-3) in liver tissue of Mdr2−/− and WT
mice. We showed an induction of cleaved caspase-3 in
cholangiocytes in sclerosing cholangitis (Supplemental
Fig. S1G, http://links.lww.com/HEP/I333), which was
reduced after depletion of CD8+ T cells (Figure 2E).
Despite not altered expression of α-smooth muscle
actin, Mdr2−/− mice developed less severe fibrosis
after CD8+ T-cell depletion (Figure 2F). Thus, CD8+ T
cells aggravated sclerosing cholangitis by supporting
cytotoxic NK cells and inducing apoptosis in cholan-
giocytes.

Reduced cholangiocyte apoptosis and less
severe sclerosing cholangitis in the
absence of GzmB

After demonstrating the expression of GzmB and
TRAIL by CD8+ T cells and NK cells, we assessed
the function of both cytotoxic molecules in sclerosing
cholangitis. To study the role of GzmB, we generated
Mdr2−/− × Gzmb−/− mice (Supplemental Fig. S3A,
http://links.lww.com/HEP/I333) and compared them
with Mdr2−/− mice. We neither detected Gzmb mRNA
in liver tissue nor GzmB expression in hepatic T cells
and NK cells in 12-week-old Mdr2−/− × Gzmb−/− mice
(Figure 3A). The frequencies of hepatic CD4+ and
CD8+ T cells and NK cells were not altered in the
absence of GzmB (Figure 3B). We did also not
observe an impact of GzmB on the activation of
hepatic T cells and NK cells and their expression of
TRAIL or IFNγ. Moreover, the IFNγ response,
assessed by hepatic mRNA expression of Ifng, Il12b,
and Cxcl10, was comparable in Mdr2−/− × Gzmb-/- and
Mdr2−/− mice (Supplemental Fig. S3B-E, http://links.
lww.com/HEP/I333). However, liver injury (Figure 3C)
and induction of cholangiocyte apoptosis were
reduced in Mdr2−/− × Gzmb-/- mice (Figure 3D). In
contrast, immune-cell apoptosis did not depend on
GzmB (Fig. S3F, http://links.lww.com/HEP/I333).
Notably, Mdr2−/− × Gzmb−/− mice showed attenuated
liver fibrosis compared to Mdr2−/− mice (Figure 3E).
Thus, lymphocyte-derived GzmB induced cholangio-

cyte apoptosis, thereby aggravating liver injury and
fibrosis in sclerosing cholangitis.

Enhanced cytotoxicity and inflammatory
cytokine expression in the absence of
TRAIL

To investigate the functional role of TRAIL in sclerosing
cholangitis, we generated Mdr2−/− × Tnfsf10−/− mice
(Supplemental Fig. S4A, http://links.lww.com/HEP/I333)
and compared them with Mdr2−/− mice. We confirmed
the lack of Tnfsf10 mRNA in liver tissue and TRAIL
expression in hepatic T cells and NK cells in 12-week-old
Mdr2−/− × Tnfsf10−/−mice (Figure 4A). The frequencies of
T cells and NK cells were increased in Mdr2−/− ×
Tnfsf10−/− mice (Figure 4B). Comparative transcriptome
analysis revealed upregulated expression of genes
associated with cytotoxicity (Gzmb, Klrk1, and Klrd1),
an inflammatory response (Ifngr1, Il12rb2, and Tbx21)
and tissue residency (Itga1 and Xcl1) in hepatic CD8+

TEM from Mdr2−/− × Tnfsf10−/− mice. In contrast, genes
associated with T-cell exhaustion (Tox, Pdcd1, Ctla4,
Tigit, and Lag3) were upregulated in CD8+ TEM from
Mdr2−/− mice. We did not detect differential expression of
functionally relevant genes in CD4+ TEM and NK cells
(Figure 4C).

Accordingly, hepatic CD8+ T cells were stronger
activated and showed increased expression of GzmB
and CD107a in sclerosing cholangitis in the absence of
TRAIL (Figure 4D). Expression of CD107a and GzmB
was also enhanced in CD4+ T cells and NK cells,
respectively (Figure 4D), although their activation was
not altered (Supplemental Fig. S4B). Together with
elevated GzmB levels in culture supernatants of hepatic
nonparenchymal cells of Mdr2−/− × Tnfsf10−/− mice
(Supplemental Fig. S4C, http://links.lww.com/HEP/
I333), this indicates an enhanced cytotoxic micro-
environment in the absence of TRAIL. We further
showed elevated IFNγ expression in all lymphocyte
subsets and increased Il12b, Ifng, and Cxcl10 mRNA
expression in liver tissue of Mdr2−/− × Tnfsf10−/− mice
(Figure 4E). Accordingly, the frequency of hepatic DCs
expressing IFNγ-inducible MHC-II molecules was
elevated (Figure 4E), indicating strengthened DC
maturation in Mdr2−/− × Tnfsf10−/− mice.

Phosphorylation-mediated activation of the signaling
molecules zeta chain of T-cell receptor (TCR)-associ-
ated protein kinase 70 (ZAP-70) and phospholipase
Cy1 (PLCγ1) is a key step in TCR-induced T-cell
activation.[25] We determined increased frequencies of
CD8+ T cells with phosphorylated (p)Zap-70 and
pPLCγ1, and of CD4+ T cells with pZAP-70 in the livers
of Mdr2−/− × Tnfsf10−/− mice (Figure 4F), demonstrating
stronger activation of TCR signaling in sclerosing
cholangitis in the absence of TRAIL. We further
showed decreased frequencies of Annexin V+ CD4+
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and CD8+ T cells in Mdr2−/− × Tnfsf10−/− mice,
indicating TRAIL-dependent T-cell apoptosis in
sclerosing cholangitis (Supplemental Fig. S4D, http://
links.lww.com/HEP/I333). Taken together, TRAIL regu-
lated T-cell activation and survival as well as lympho-
cyte cytotoxicity and inflammatory cytokine expression
in sclerosing cholangitis.

Lack of TRAIL increased cholangiocyte
apoptosis and aggravated sclerosing
cholangitis

Since we observed that TRAIL regulates inflammatory
and cytotoxic immune responses in sclerosing cholangi-
tis, we wondered whether this might influence liver injury
and fibrosis. Indeed, alanine transaminase levels
(Figure 5A) and cholangiocyte apoptosis were elevated
in Mdr2−/− × Tnfsf10−/− compared to Mdr2−/− mice
(Figure 5B). We further showed increased α-smooth
muscle actin expression and formation of interportal
septa, both indicating myofibroblast expansion inMdr2−/−

× Tnfsf10−/− mice, together with an exacerbation of
hepatic fibrosis in the absence of TRAIL (Figure 5C).

Cholangiocytes proliferate in cholangiopathies, pre-
sumably to maintain the biliary structural integrity.[26] We
determined CK19-expressing cholangiocytes in scle-
rosing cholangitis, which expanded from the periportal
area to form interportal septa in Mdr2−/− × Tnfsf10−/−

mice (Figure 5D). Accordingly, cholangiocytes
expressed the proliferation marker Ki-67 in sclerosing
cholangitis (Supplemental Fig. S5, http://links.lww.com/
HEP/I333). The lack of TRAIL enhanced Ki-67 expres-
sion by cholangiocytes (Figure 5E), whereas we
detected reduced expression of Ki-67 in
cholangiocytes of Mdr2−/− × Gzmb−/− mice (Fig. S5,
http://links.lww.com/HEP/I333). Activated cholangio-
cytes have been shown to express pro-inflammatory
chemokines, thereby inducing immune-cell recruitment
to the liver.[27,28] We detected elevated hepatic expres-
sion of the cholangiocyte-associated chemokines[28–30]

Ccl2, Cxcl2, Cxcl1, Ccl4, Cxcl16 and Ccl28 in Mdr2−/− ×
Tnfsf10−/− mice (Figure 5F). Thus, TRAIL regulated the
progression of liver fibrosis, apoptosis, and proliferation
of cholangiocytes, as well as their chemokine
expression in sclerosing cholangitis.

TRAIL-deficient CD8+ T cells exacerbated
sclerosing cholangitis

After demonstrating a strong inflammatory and cytotoxic
phenotype of CD8+ T cells in Mdr2−/− × Tnfsf10−/− mice,
we analyzed the role of CD8+ T-cell–derived TRAIL in
sclerosing cholangitis. We transferred CD8+ T cells from
Tnfsf10−/− or WT mice into 10-week-old Mdr2−/− ×
Rag1−/− mice, which lack T and B cells but still harbor

NK cells, and analyzed them 8 days later. In the livers of
Mdr2−/− × Rag1−/− mice, transferred Tnfsf10−/− CD8+ T
cells showed enhanced production of IFNγ and a
substantial increase of CD107a compared to WT
CD8+ T cells, whereas expression of GzmB was not
altered (Figure 6A). Frequencies of endogenous NK
cells and their cytotoxic phenotype were not changed
after the transfer of Tnfsf10−/− CD8+ T cells. However,
we determined an elevated expression of IFNγ
(Figure 6B). Interestingly, the transfer of TRAIL-
deficient CD8+ T cells resulted in more severe liver
injury (Figure 6C), elevated cholangiocyte apoptosis
and proliferation (Figure 6D, E), and worsened fibrosis
in Mdr2−/− × Rag1−/− mice (Figure 6F). Thus, CD8+

T-cell–derived TRAIL regulated the inflammatory
lymphocyte response and, therefore, liver injury and
fibrosis in sclerosing cholangitis.

DISCUSSION

PSC is a life-threatening disease triggered by poorly
defined mechanisms. Thus, identifying novel immuno-
pathogenic mechanisms in PSC is of high clinical
relevance. In this study, we described the antagonistic
effects of GzmB and TRAIL in lymphocyte-mediated
cytotoxicity in sclerosing cholangitis.

Immune-cell profiling identified 3 subsets of cytotoxic
lymphocytes in sclerosing cholangitis. While CD8+ TEM,
CD49bhi, and CD49blow NK cells expressed Gzmb, only
CD8+ TEM and CD49blow NK cells also expressed
Tnfsf10. Both showed characteristics of tissue-residing
cells, suggesting that these lymphocyte subsets are
particularly involved in the pathogenicity of sclerosing
cholangitis. We also determined GZMB-expressing
CD8+ T-cell subsets in human PSC, further indicating
the importance of cytotoxic CD8+ T cells for disease
pathology. Expansion of CD8+ T cells in juvenile Mdr2−/−

mice has been correlated with expression of the pro-
fibrogenic cytokine osteopontin and liver damage.[31]

Together with our finding that CD8+ T-cell depletion
ameliorated liver injury in 8 weeks old in Mdr2−/− mice,
this demonstrates the pathogenicity of CD8+ T cells in
early phases of sclerosing cholangitis. Interestingly, NK
cells were less cytotoxic in the absence of CD8+ T cells.
We have shown that the lack of NK cells attenuated
fibrosis in sclerosing cholangitis and reduced the
cytotoxicity of CD8+ T cells.9 This indicates a mutual
influence of both lymphocyte subsets supporting their
cytotoxicity in sclerosing cholangitis.

Protein expression of GzmB was elevated in hepatic
CD8+ T cells and NK cells in Mdr2−/− mice, which
developed less severe liver injury and fibrosis in the
absence of GzmB, associated with reduced cleavage of
caspase-3 in cholangiocytes. Immune-cell phenotype
and apoptosis were not altered in Mdr2−/−xGzmb−/−

mice, demonstrating that GzmB induced apoptotic cell
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death, particularly in liver-resident cells like cholangio-
cytes, thereby aggravating sclerosing cholangitis. Cas-
pase-3 cleavage in cholangiocytes was also reduced
after CD8+ T-cell depletion in Mdr2−/− mice, indicating
that CD8+ T cells promote cholangiocyte apoptosis by
release of GzmB. Accordingly, we have recently
described that CD8+ T-cell–derived GzmB induced
cleavage of caspase-3 in renal proximal tubular
epithelial cells in murine crescentic glomeru-
lonephritis[32] and lupus nephritis.[33]

Several studies describe the importance of TRAIL for
T-cell tolerance in liver transplantation[34] and auto-
immune diseases.[35] However, the role of TRAIL for
immune-cell function in sclerosing cholangitis has not
been addressed so far. Our comparative transcriptome
analysis revealed TRAIL-dependent differences in the
gene expression profile of CD8+ TEM. In the absence of
TRAIL, we determined increased expression of Gzmb
and genes associated with tissue residency in CD8+ TEM

in sclerosing cholangitis. In contrast, CD8+ TEM showed
elevated expression of marker genes for T-cell exhaus-
tion if TRAIL is expressed. It has been suggested that an
exhausted state in CD8+ T cells may be protective in
autoimmune disease since exhausted T cells with
suppressed but still present effector function could
attenuate disease progression.[36] In the absence of
TRAIL, this immunoregulation seems to be impaired,
which might contribute to aggravated disease pathology
in Mdr2−/− × Tnfsf10−/− mice. Although the gene
expression profile of NK cells was not altered, we
showed enhanced protein expression of GzmB and IFNγ
by CD8+ T cells and NK cells in Mdr2−/− × Tnfsf10−/−

mice. Together with reduced immune-cell apoptosis, this
demonstrates that TRAIL regulates lymphocyte survival
and their cytotoxic and inflammatory immune responses
in sclerosing cholangitis. Our findings are in contrast to
acute biliary disease, where TRAIL was shown to
promote liver injury.[16–18] The observation that transfer
of TRAIL-deficient CD8+ T cells in Mdr2−/− × Rag1−/−

mice resulted in an enhanced IFNγ expression and an
aggravated disease pathology indicates that CD8+

T-cell–derived TRAIL controls the pathogenic IFNγ
response, which was shown to promote fibrosis in
sclerosing cholangitis.[9] Our results are consistent with
a study describing elevated IFNγ levels in experimental
autoimmune encephalomyelitis (EAE) in the absence of
TRAIL.[37] Besides this immunoregulatory function,
TRAIL was also shown to reduce fibrosis through NK
cell-mediated killing of stellate cells.[38]

Negative co-stimulation might be one mechanism of
TRAIL-mediated suppression of T-cell responses in
sclerosing cholangitis. It was shown that activation of
the TRAIL/DR5 pathway inhibits TCR signaling,[39,40]

thereby ameliorating EAE[41] and experimental colitis.[42]

Accordingly, we observed enhanced TCR signaling and
highly activated and cytotoxic CD8+ T cells in Mdr2−/− ×

Tnfsf10−/− mice. Taken together, we provided evidence
for an immunoregulatory function of TRAIL in sclerosing
cholangitis, which is mediated by inhibition of lympho-
cyte survival, cytotoxicity, and inflammation.

TRAIL-induced cholangiocyte apoptosis has been
described in cholestatic liver disease.[18] However, we
demonstrated enhanced cholangiocyte apoptosis in the
absence of TRAIL, probably due to increased lymphocyte
cytotoxicity. Activated cholangiocytes were found to
express chemokines responsible for immune-cell recruit-
ment into the liver.[28,30] Indeed, the expansion of chol-
angiocytes in Mdr2−/− × Tnfsf10−/− mice, possibly induced
to replenish apoptotic cholangiocytes, was associated with
an increased hepatic expression of chemokines, which
were shown to be expressed by cholangiocytes of patients
with PSC.[29] Thus, enhanced chemokine expression of
cholangiocytes might contribute to the amplification of the
immune response and the exacerbation of sclerosing
cholangitis in the absence of TRAIL.

In conclusion, we have identified GzmB as a
mediator of lymphocyte cytotoxicity in sclerosing chol-
angitis, whereas TRAIL exhibited immunoregulatory
properties. Notably, the immunosuppressive effect of
TRAIL administration has been demonstrated in pre-
clinical models of inflammation and autoimmune
diseases.[41–43] Therefore, both cytotoxic molecules
and their downstream signaling pathways could be
selectively targeted in future therapeutic strategies for
the treatment of autoimmune liver diseases such
as PSC.
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