
Contents lists available at ScienceDirect

BBA - Molecular Basis of Disease

journal homepage: www.elsevier.com/locate/bbadis

CXCR6 protects from inflammation and fibrosis in NEMOLPC-KO mice

Anke Liepelta,1, Alexander Wehra,1, Marlene Kohlheppa, Jana C. Mossanena,b,
Karina Kreggenwinkela, Bernd Deneckec, Ivan G. Costad, Tom Lueddea, Christian Trautweina,
Frank Tackea,⁎

a Department of Medicine III, RWTH-University Hospital Aachen, Pauwelsstr. 30, 52074 Aachen, Germany
bDepartment of Intensive and Intermediate Care, RWTH-University Hospital Aachen, Pauwelsstr. 30, 52074 Aachen, Germany
c Chip Facility, IZKF Aachen, University Hospital, RWTH Aachen University, Pauwelsstr. 30, 52074 Aachen, Germany
d IZKF Computational Biology Research Group, University Hospital, Pauwelsstraße 19, RWTH Aachen University, 52074 Aachen, Germany

A R T I C L E I N F O

Keywords:
Liver fibrosis
Inflammation
Hepatocytes
Chemokine receptor

A B S T R A C T

Chronic inflammation in the liver provokes fibrosis and, on long-term, carcinogenesis. This sequence is proto-
typically recapitulated in mice with hepatocyte-specific knock-out of the NF-κB essential modulator (NEMO),
termed NEMOLPC-KO mice, in which increased hepatocyte apoptosis and compensatory regeneration cause
steatosis, inflammation and fibrosis. Natural killer T (NKT) cells carrying the chemokine receptor CXCR6 par-
ticipate in liver inflammation and injury responses. Here, we investigated the role of CXCR6 in the NEMOLPC-KO

mouse model. Unexpectedly, genetic deletion of CXCR6 enhanced hepatocyte death, inflammation and fibrosis
in NEMOLPC-KO mice. Although CXCR6 expression is restricted to immune cells in the liver, the adoptive transfer
of CXCR6+ cells did not protect NEMOLPC-KOCxcr6−/− mice from hepatic injury. Gene array analyses revealed
up-regulated stress response and metabolism pathways in hepatocytes from NEMOLPC-KOCxcr6−/− mice, func-
tionally corresponding to an increased susceptibility of these hepatocytes to TNFα-induced cell death in vitro.
These data revealed a novel CXCR6-dependent mechanism of suppressing inflammatory hepatocytic responses to
cellular stress.

1. Introduction

Deletion of the nuclear factor kappa-B (NF-κB) essential modulator
(NEMO) also known as NF-κB inhibitor of kinase subunit gamma (IKK-
γ) in liver parenchymal cells (LPC) causes spontaneous development of
increased hepatocyte apoptosis and compensatory regeneration leading
to a sequence of steatohepatitis, fibrosis and, ultimately, liver cancer
[1], making this a well-suited mouse model to study mechanisms of
inflammation-driven hepatocarcinogenesis [2]. In hepatocytes, NF-κB is
activated in response to stress signals like TNF-α via transforming
growth factor beta-activated kinase 1 (TAK1) and NEMO, preventing
cleavage and activation of caspase 8 [3]. In contrast, in hepatocytes
where NEMO is absent, NF-κB signaling is blocked leading to cleavage
of caspase 8 and 3 and subsequently to hepatocyte apoptosis [1,3].
Hepatocyte death then triggers a chronic inflammatory and a re-
generative response in the liver finally leading to the development of
hepatocellular carcinoma [4]. While these hepatocyte-intrinsic path-
ways have been widely explored in the model of hepatocyte-specific

NEMO knock-out (NEMOLPC-KO) mice, the immune responses driving
inflammation and fibrosis are less well understood.

In the liver, the chemokine receptor CXCR6 is predominantly ex-
pressed on lymphocytes (NKT, NK, CD4+ and CD8+ T cells), but not on
macrophages or neutrophils [5,6]. Its only known ligand CXCL16 is a
transmembrane chemokine expressed by liver sinusoidal endothelial
cells [6]. The lymphocyte migration, especially of NKT cells, directed
by CXCR6 and CXCL16 amplifies the hepatic inflammation early in the
course after injury, thereby stimulating long-term consequences of liver
injury like fibrosis [7]. Intravital imaging studies demonstrated that
CXCR6+ NKT cells patrol hepatic sinusoids and accumulate upon acute
and chronic liver injury, thereby promoting an inflammatory response
[5,6,8]. When CXCR6 is absent, mice are protected from fibrosis pro-
gression in two experimental models of liver fibrosis [5]. In particular,
feeding mice with a methionine and choline-deficient (MCD) diet or
repetitively administering the hepatotoxin carbon tetrachloride (CCl4)
demonstrated that CXCR6 is required for early NKT cell accumulation
in the injured livers, thereby supporting a cascade of cellular and
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molecular events characterized by inflammatory cytokine production,
macrophage recruitment and fibrogenesis [5]. Recent reports further
demonstrated the importance of the CXCR6/CXCL16 axis in non-alco-
holic fatty liver disease (NAFLD). In casein-injected mice, a model for

inflamed NAFLD, expression of both CXCR6 and CXCL16 are induced
and involved in the progression of the disease [9]. Serum CXCL16 levels
are significantly increased in patients with NAFLD and fibrosis [10,11].
Co-culture experiments with hepatocytes and hepatic stellate cells
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Fig. 1. NEMOLPC-KOCxcr6−/− mice display enhanced liver damage and fibrosis progression compared to NEMOLPC-KO mice. (A) H&E stainings of liver paraffin
sections from 8, 12 and 22week old NEMOLPC-KO and NEMOLPC-KOCxcr6−/− mice. (B) Collagen deposition in liver sections from 8, 12 and 22 week old NEMOLPC-KO

and NEMOLPC-KOCxcr6−/− mice visualized by Sirius Red staining, representative images are shown. (C) Hepatic injury was assessed by quantification of serum
aspartate transaminase (AST) and alanine transaminase (ALT) activities. Biological replicates of n= 3 to 23 animals per data point. (D) Quantification of Sirius Red
staining shown in Fig. 1B (left panel) and intrahepatic hydroxyproline content (right panel) to assess hepatic collagen. Biological replicates of n=3 to 11 animals per
data point. All data are represented as mean ± SD. *p < 0.05, ***p < 0.001 (one-way ANOVA).
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(HSCs) lead to the conclusion that CXCL16 contributes to steatotic and
fibrotic progression and hence could serve as a biomarker as well a
therapeutic target for NAFLD [11]. In line, blocking this pathway by an
anti-CXCL16 antibody inhibited inflammatory macrophage infiltration
and steatosis in the MCD model [12], providing a proof-of-concept for
the therapeutic potential of targeting this chemokine receptor axis.

In this study, we set out experiments to clarify the role of CXCR6-
dependent mechanisms on inflammation and fibrosis in the NEMOLPC-

KO mouse model. Surprisingly, genetic deletion of Cxcr6 aggravated
inflammation and fibrosis in the NEMOLPC-KO mice, unravelling a novel
role of CXCR6 for stress responses in hepatocytes, which is independent
from the functions of CXCR6 on immune cells.

2. Materials and methods

2.1. Mice

Nemo-cre− (wildtype, wt), Nemo-cre−/Cxcr6eGfp/eGfp (Cxcr6−/−),
Nemo-cre+ (NEMOLPC-KO) and Nemo-cre+/Cxcr6eGfp/eGfp (NEMOLPC-

KOCxcr6−/−) mice were housed under specific pathogen free condi-
tions. All experiments were performed with male mice, have been ap-
proved by the appropriate authorities according to German legal re-
quirements and were carried out in accordance with the EU Directive
2010/63/EU for animal experiments. The transgenic Cxcr6 eGfp knock-
in mice (Cxcr6eGfp/eGfp) lack functional CXCR6 [13]. The NEMOLPC-KO

mice carry loxP-site-flanked (floxed) alleles of the Nemo gene (NemoFl)
and were crossed to Alfp-Cre transgenic mice to generate a liver par-
enchymal cell-specific knockout of Nemo [1]. To generate NEMOLPC-

KOCxcr6eGfp/eGfp mice, NEMOLPC-KO mice were crossed with Cxcr6eGfp/
eGfp mice. Genotypes were confirmed via PCR specific for the respective
alleles using DNA from tail or ear biopsies.

2.2. Liver enzymes, hydroxyproline quantification, histology and
immunohistochemistry

Aspartate aminotransferase (AST), alanine aminotransferase (ALT),
lactate dehydrogenase (LDH) and glutamate dehydrogenase (GLDH)
activities were measured (UV test at 37 °C) in serum or supernatant
(Roche Modular pre-analytics system, Rotkreuz, Switzerland). The he-
patic hydroxyproline content (reflecting total intrahepatic collagen)
was measured as described before [14]. Conventional hematoxylin-
eosin (H&E) and Sirius Red staining was performed according to es-
tablished protocols [12]. Liver sections from fixed paraffin blocks were
immunohistochemically stained according to standard procedures using
anti-mouse F4/80 and anti-mouse phosho-c-Jun (Cell signaling) anti-
bodies. Stainings were evaluated by quantifying the area fraction or
number of positively stained hepatocytes using ImageJ Software (NIH)
[15].

2.3. Analysis of intrahepatic leukocytes

Livers were digested by collagenase type IV (Worthington, USA),
and intrahepatic leukocytes were isolated by multiple differential cen-
trifugation steps as described earlier [16]. All cells were subjected to
red cell lysis by Pharmlyse (BD Biosciences) and stained with fluor-
ochrome-conjugated antibodies for multi-color fluorescent-activated
cell sorting (FACS) analysis. Analysis was performed using LSR-Fortessa
(BD Biosciences), and cell sorting was done by using the FACS Aria-II-
SORP (BD Biosciences). Data analysis was done by using FlowLogic
(Inivai, Victoria, Australia) and FlowJo (Ashland, USA).

2.4. Quantitative PCR

Liver tissue was shock-frozen in liquid nitrogen and stored at
−80 °C. RNA was purified by pegGOLD (peqLab, Erlangen, Germany)
using standard protocols. Complementary DNA was generated from

1 μg RNA using a complementary DNA synthesis kit (Roche, Basel,
Switzerland). Quantitative real-time PCR was performed using SYBR
green reagent (Invitrogen, Darmstadt, Germany). β-actin was used to
normalize the gene expression. Primer sequences are available upon
request.

2.5. Immunoblot analysis

Protein lysates were prepared from primary hepatocytes or liver
samples, separated by SDS-polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose, and analyzed by immunoblotting.
Membranes were probed with the following antibodies: anti-ERK, anti-
phospho-ERK, anti-JNK, anti-phospho-JNK, anti-cleaved caspase 3 (Cell
Signaling); anti-PCNA (Zymed); anti-GAPDH (Abd Serotec); anti-α-SMA
(Sigma Aldrich). As secondary antibodies, anti-rabbit-HRP, anti-mouse-
HRP, and anti-rat-HRP were used (GE Healthcare).

2.6. Adoptive cell transfer

CXCR6-expressing leukocytes were FACS-sorted from livers of
healthy heterozygous Cxcr6eGfp/+ mice. 1× 106 cells were adoptively
transferred into NEMOLPC-KO or NEMOLPC-KOCxcr6−/− mice once per
week between weeks 4 and 8 of age via i.v. injection into the lateral tail
vein.

2.7. Isolation, culture and treatment of primary hepatocytes

Primary hepatocytes from 12weeks old mice were isolated and
cultured, as previously described [15]. Cells were treated with 100 ng
TNF-α or PBS as control for 10 h and cell culture supernatant was
harvested for enzyme analysis. 12 week old mice were chosen, because
basal levels of hepatocyte damage were comparable at this time point
(see Fig. 1C).

2.8. Microarray gene expression analysis

Gene expression in freshly isolated primary hepatocytes from
12week old mice (biological replicates) was analyzed using the
GeneChip® MTA 1.0 st (Affymetrix, Santa Clara, CA, USA). Total RNA
was isolated using Qiagen RNAeasy kit and quantified (Nanodrop 8000
(Thermo Scientific, Waltham, MA, USA)). RNA quality was assessed
using RNA 6000 Nano Assay with the 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA) to ensure that the samples had a RNA integrity number
(RIN) of at least 7.3. Samples were prepared and hybridized to the
GeneChip® MTA 1.0 st Arrays according to the GeneChip® WT Plus
Reagent Kit user manual (P/N 703174 Rev. 2; Affymetrix). Briefly, for
each sample, 300 ng of total RNA was reverse-transcribed into cDNA
using a random hexamer oligonucleotide tagged with a T7 promoter
sequence. After second strand synthesis, double-stranded cDNA was
used as a template for amplification with T7 RNA polymerase to obtain
antisense cRNA. Random hexamers and dNTPs spiked with dUTPs were
used to reverse-transcribe the cRNA into single-stranded sense strand
cDNA. The cDNA was fragmented by uracil DNA glycosylase and
apurinic/apyrimidic endonuclease 1. Fragment size was checked using
the 2100 Bioanalyzer (fragment size between 50 and 200 bp).
Fragmented sense cDNA was biotin-endlabelled with Terminal
Deoxynucleotidyl Transferase (TdT) and hybridized to GeneChip® MTA
1.0 st Arrays at 45 °C for 16 h with 60 rpms. Hybridized arrays were
washed and stained on a Fluidics Station 450 (program: FS450 0001)
and scanned on a GeneChip® Scanner 3000 7G (both Affymetrix). Raw
image data was analyzed with Affymetrix® Expression Console™
Software, and gene expression intensities were normalized and sum-
marized with robust multiarray average (RMA) algorithm [17]. Statis-
tical tests for differential expression were performed using Affymetrix®
Transcriptome Analysis Console (TAC) Software, which computes and
summarizes a traditional unpaired One-Way (single factor) Analysis of
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Fig. 2. NEMOLPC-KOCxcr6−/− mice are hallmarked by a pro-inflammatory, pro-apoptotic liver environment. (A) Immunohistochemical staining for the macrophage
marker F4/80 in liver sections of 8 week old mice. Representative images (left panel), quantification of F4/80 area fraction (right panel). Biological replicates of
n= 3 to 8 animals per genotype. (B) FACS analysis of liver leukocyte populations of 8 week old mice. Biological replicates of n= 6 to 10 animals per genotype. (C)
Characterization of hepatic NKT and NK cells of 12 week old mice by FACS analysis. Biological replicates of n=3 to 9 animals per genotype. (D) Relative mRNA
expression of TNF-α, IFN-γ, CCL2 and IL-4 in whole liver tissue of 8 week old NEMOLPC-KO and NEMOLPC-KOCxcr6−/− mice normalized to β-actin mRNA. Biological
replicates of n= 5 to 7 animals per genotype. (E) Activation of caspase 3 by cleavage to 17 and 19 kDa fragments was analyzed by immunoblotting in lysates from
isolated hepatocytes from 8week old mice. Biological replicates of n=2 animals per genotype. All data are represented as mean ± SD. *p < 0.05, **p < 0.01,
***p < 0.001 (one-way ANOVA for (A), (B) and (C) or unpaired student's t-test for (D)).
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Variance (ANOVA) for each condition group. Microarray raw data is
deposited in Gene Expression Omnibus (GEO) under the accession
number GSE121124.

2.9. Statistical and bioinformatics analysis

All data are presented as mean ± standard deviation (SD).
Differences between groups were assessed by using the appropriate
statistical tests (GraphPad prism 5, La Jolla, USA). For SOM, pre-pro-
cessed microarray intensity data in log-scale was used as input for the
analysis with the R-package oposSOM [18]. The size of the square SOM
grid was set to 30×30 with all other parameters at default settings. For
selection of genotype-specific metagenes, k-means hierarchical clus-
tering was chosen [19]. Genes from selected clusters were subjected to
gene ontology enrichment analysis (GOEA) using the PANTHER [20]
statistical overrepresentation test with default settings and a reference
set containing all transcripts from the MTA 1.0 st Arrays. For enrich-
ment maps, differentially expressed genes were selected by a raw
ANOVA p-value threshold of ≤0.05 and a fold change of at least 2 or
−2 respectively. Selected differentially expressed genes were subjected
to GOEA (GO biological process) by using the Cytoscape [21] plug-in
BinGO [22]. For network visualization, the Cytoscape plugin Enrich-
ment Map [23] was used. For enrichment map visualization, the fol-
lowing criteria were chosen: p-value≤ 0.01, FDR Q-value cutoff ≤0.1,
similarity cutoff with Jaccard coefficient ≤0.3.

3. Results

3.1. NEMOLPC-KOCxcr6−/− mice display enhanced liver damage and
fibrosis compared to NEMOLPC-KO mice

We investigated the influence of Cxcr6 deletion on the extent of
liver injury in mice with a knock-out of NEMO in liver parenchymal

cells (NEMOLPC-KO). NEMOLPC-KO mice displayed a disturbed liver his-
tology with areas of apoptotic hepatocytes as early as at the age of
8 weeks (Fig. 1A). NEMOLPC-KO mice deficient for CXCR6 developed a
more aggravated injury phenotype, especially at 8 weeks of age, with
progressive lesions until the age of 22 weeks (Fig. 1A). No macroscopic
tumor lesions ≥5mm were visible in either genotype until 22 weeks of
age (Suppl. Fig. 1A). NEMOLPC-KO mice were reported to spontaneously
develop moderate hepatic fibrosis at 12 weeks of age [1]. In our ex-
periments, Sirius Red staining for collagen deposition was already de-
tectable at 8 weeks of age, and fibrosis progressed over the period of the
experiment (Fig. 1B). Collagen deposition appeared enhanced in NE-
MOLPC-KOCxcr6−/− mice, especially at the early time-points in-
vestigated (Fig. 1B). In line with the histological assessments, the
double knockout animals displayed increased liver damage in the early
course of the experimental model compared to NEMOLPC-KO mice as
measured by serum transaminase activities (Fig. 1C). Quantification of
collagen deposition by Sirius Red staining, measurement of total in-
trahepatic hydroxyproline content and of the myofibroblast activation
marker α-smooth muscle actin (α-SMA) confirmed enhanced fi-
brogenesis in NEMOLPC-KOCxcr6−/− mice (Fig. 1D and Suppl. Fig. 1B).
Thus, unexpectedly, deletion of Cxcr6 aggravates liver injury and fi-
brogenesis in NEMOLPC-KO mice.

3.2. NEMOLPC-KOCxcr6−/− mice are hallmarked by a pro-inflammatory
and pro-apoptotic liver environment

Deletion of NEMO in LPC including hepatocytes and biliary epi-
thelial cells, but not endothelial or Kupffer cells, induces a chronic in-
flammatory response in the liver [1]. In liver sections stained for the
macrophage marker F4/80, macrophages significantly increased in
8 weeks old NEMOLPC-KO and NEMOLPC-KOCxcr6−/− in comparison to
NEMO-proficient wildtype (wt) mice (Fig. 2A). In line with the ob-
served enhanced liver damage in NEMOLPC-KOCxcr6−/− mice (Fig. 1C),
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F4/80 staining was highest in the double knockout mice (Fig. 2A). To
investigate the influence of different immune cell populations in more
detail, liver leukocytes were analyzed by FACS from 8week old mice.
Macrophages were strongly augmented in NEMOLPC-KO and NEMOLPC-

KOCxcr6−/− mice with a significantly higher cell number in NEMOLPC-

KOCxcr6−/− mice (Fig. 2B), confirming the immunohistochemical re-
sults (Fig. 2A). CXCR6 is predominantly expressed on lymphocytes,
especially on NKT cells, but not on macrophages or neutrophils [5]. In
fact, > 80% of hepatic NKT cells, and 40–60% of NK and T cells in the
liver carry CXCR6 (Suppl. Fig. 1C). Thus, deletion of Cxcr6 depleted the
number of hepatic NKT cells (Fig. 2B, compare wt with Cxcr6−/−, or
NEMOLPC-KO with NEMOLPC-KOCxcr6−/−). As expected, the number of
liver macrophages was unaffected by the Cxcr6 knockout, but increased
in injured livers of NEMOLPC-KO mice and was even higher in the double
knockout (Fig. 2B). In addition, NK cells, which also express CXCR6,
were moderately upregulated. Regarding lymphocyte activation mar-
kers, the proportion of CD69+ NKT and NK cells was moderately, but
not significantly affected by the genotype (Fig. 2C, left panels). CD69 is
an early marker for lymphocyte activation. Binding of CD178 (Fas li-
gand) to its receptor Fas induces apoptosis and thus contributes to the
regulation of immune responses. In Cxcr6−/− mice CD178 is sig-
nificantly upregulated on NKT cells and downregulated on NK cells
compared to wt. In NEMOLPC-KO mice a slight upregulation in NKT cells
and a downregulation in NK cells was observed (Fig. 2C, right panels).
However, NKT cells from double knockout mice were not significantly
altered in their CD178 expression compared to both wt and NEMOLPC-

KO. In NEMOLPC-KOCxcr6−/− mice there were significantly more
CD178+ NK cells, but their overall percentage was quite low (< 1%).
Gene expression levels of the pro-inflammatory cytokines TNF-α and
IFN-γ as well as CCL2, a cytokine responsible for macrophage attrac-
tion, were strongly induced in NEMOLPC-KOCxcr6−/− mice compared to
NEMOLPC-KO mice, while the anti-inflammatory IL-4 mRNA was re-
duced in NEMOLPC-KOCxcr6−/− mice (Fig. 2D). Moreover, cleavage of
caspase 3 was augmented in NEMOLPC-KOCxcr6−/− mice (Fig. 2E).
Cleavage and thereby activation of caspase 3 is an early event during
programmed cell death in response to e.g. TNF-α. These data demon-
strate the activation of inflammatory macrophages and the establish-
ment of a pro-inflammatory immune response in livers of NEMOLPC-

KOCxcr6−/− mice, alongside increased hepatocyte cell death and injury.

3.3. Adoptive transfer of CXCR6+ cells is not able to protect NEMOLPC-

KOCxcr6−/− mice from hepatic injury

Next, we investigated whether the lack of CXCR6-expressing im-
mune cells was responsible for the aggravated phenotype in NEMOLPC-

KOCxcr6−/− mice. We thus tested, if it is possible to rescue NEMOLPC-

KOCxcr6−/− mice from the enhanced liver damage by adoptively
transferring CXCR6-expressing cells from livers of CXCR6-reporter mice
(Cxcr6eGfp/+), which includes different CXCR6+ immune cells (liver
NKT, NK, T cells). The rationale for this experiment was based on the
fact that CXCR6+ immune cells were lacking in NEMOLPC-KOCxcr6−/−

mice, which particularly resulted in lack of hepatic NKT cells in these
animals. CXCR6+ cells were transferred into NEMOLPC-KO or NEMOLPC-

KOCxcr6−/− mice beginning at 4 weeks of age, once per week until
week 8 (Fig. 3A). Strikingly, liver damage, as judged by serum transa-
minase activities, of NEMOLPC-KO mice was strongly reduced after
transfer of CXCR6+ cells. In contrast, the adoptive transfer did not alter
the observed liver damage in NEMOLPC-KOCxcr6−/− mice (Fig. 3B).
Collectively, the data demonstrated that CXCR6 expressing immune
cells are unable to ameliorate the liver injury phenotype of NEMOLPC-

KOCxcr6−/− mice, indicating that the NEMO-deficient hepatocytes in
NEMOLPC-KOCxcr6−/− mice may be intrinsically more susceptible to
injury signals.

3.4. Stress response and metabolism pathways are upregulated in
hepatocytes from NEMOLPC-KOCxcr6−/− mice

We hypothesized that the hepatocytes themselves are primed to-
wards injury due to the lack of signals from CXCR6+ cells or CXCR6
signaling itself. We therefore comprehensively studied the tran-
scriptomes of hepatocytes from the different mouse strains. Gene ex-
pression of isolated hepatocytes was analyzed by microarray, followed
by a co-regulation gene analysis and visualization strategy based on
self-organizing maps (SOM) machine learning [18]. This method em-
ploys a self-organizing map to cluster single gene expression values to
metagenes. Based on these metagenes, visualizations (e.g. expression
portraits) or downstream sample similarity analyses are performed.
Expression portraits serve as fingerprints of the transcriptional activity
of the respective samples. Visualization of metagene expression in ex-
pression portraits of the four sample groups showed that the tran-
scriptional similarity was highest between wt and Cxcr6−/− hepato-
cytes and the two genotypes with NEMOLPC-KO background,
respectively (Fig. 4A). A second unsupervised dimension reduction step
led to the detection of over- or underexpression spots representing
clusters of co-expressed metagenes, which are highly regulated in, at
minimum, one sample. K-means clustering was applied revealing 15
clusters of co-expressed genes (Fig. 4B, left). The sample-to-cluster-
correlation showed specific clusters of genes with low expression
(cluster B) and high expression (clusters L and O), respectively, in only
the NEMOLPC-KOCxcr6−/− hepatocytes (Fig. 4B, right). A list of the
transcripts belonging to each cluster is provided in Suppl. Table S1.
Plotting of the standardized mRNA expression in a heatmap reflected
the correlation of the clusters and the expression of individual genes in
the NEMOLPC-KOCxcr6−/− samples (Fig. 4C, Suppl. Fig. S2). To relate
the individual clusters to a biological function, a statistical over-
representation test (Gene Ontology Enrichment Analysis (GOEA)) using
the PANTHER database with GO-slim Biological Process annotation
data set was done for cluster L, which contains transcripts only upre-
gulated in hepatocytes of NEMOLPC-KOCxcr6−/− mice. Besides phago-
cytosis, MAPK cascade was one of the most highly overrepresented
biological process terms (Suppl. Table S2). Testing transcripts in cluster
B and O did not yield any statistically significant results.

To understand the functional relevance of the differences in mRNA
expression between NEMOLPC-KOCxcr6−/− and NEMOLPC-KO mice, we
performed GOEA of significantly regulated genes. Differentially ex-
pressed genes were selected by their fold change of at least 2 or −2 and
an ANOVA p-value≤ 0.05. 125 genes were significantly upregulated
and 36 genes were significantly downregulated comparing hepatocytes
from NEMOLPC-KOCxcr6−/− vs. NEMOLPC-KO mice. These genes were
then analyzed for overrepresentation of Gene Ontology biological
process terms, and functional differences were visualized in an
Enrichment Map network (Fig. 5A). This analysis showed that processes
like activation of innate immune response or response to stress were
upregulated in NEMOLPC-KOCxcr6−/− mice, which is in agreement with
the experimental data. In addition, biological processes terms related to
fatty acid and lipoprotein metabolism were also overrepresented in our
analysis. GOEA analysis and Enrichment Map visualization of Cxcr6−/−

vs. wt mice did not result in a differentiated functional network al-
though a similar number of genes was regulated (Fig. 5B), confirming
that not the Cxcr6 deletion per se but their occurrence in a hepatocyte
stress environment (NEMOLPC) determined the susceptibility to liver
injury.

To explore this regulation in more detail, differentially regulated
genes were selected comparing NEMOLPC-KOCxcr6−/− vs. NEMOLPC-KO

and Cxcr6−/− vs. wt by using the following criteria: p-value≤ 0.01 and
log2 fold change of ≥2 or ≤−2 (Fig. 6A). The fold change regulation
of NEMOLPC-KOCxcr6−/− vs. NEMOLPC-KO was plotted against the cor-
responding p-values in a volcano plot (Fig. 6B). Significantly regulated
genes were highlighted by the blue boxes and the 26 transcripts only
differentially regulated on the NEMOLPC-KO background were marked
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Fig. 4. Self-organizing maps reveal sample-specific co-expression clusters. Purified RNA from isolated hepatocytes from wt (n= 2), Cxcr6−/− (n=3), NEMOLPC-KO

(n=3) and NEMOLPC-KOCxcr6−/− (n=3) mice were subjected to microarray analysis. Co-regulated transcripts were identified by an analysis and visualization
method based on self-organizing maps (SOM) machine learning. (A) SOM portraits using a 30×30 mosaic grid. The color gradient visualizes over- and under-
expression of the metagenes compared with the mean expression level in the pool of all samples, indicating regions of over- and underexpression by red and blue
spots, respectively. (B) Overexpression spots representing clusters of co-expressed metagenes identified by K-means hierarchical clustering (left panel).
Overexpression summary heatmap of 15 identified clusters. The expression scale refers to the metagene of maximum expression in the respective cluster. (C)
Clustered Heatmap of the standardized mRNA expression of genes belonging to cluster L with high expression in NEMOLPC-KOCxcr6−/− mice.
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by orange color. This analysis revealed that four members of the cy-
tochrome P450 family 4a (Cyp4a10, Cyp4a14, Cyp4a31, Cyp4a32)
were specifically regulated in the NEMOLPC-KOCxcr6−/− vs. NEMOLPC-

KO comparison (see also Suppl. Table S3). By contrast, Cyp2e1 - the

most abundant cytochrome P450 in hepatocytes - was not regulated in
any of the samples. Regarding the signal intensity on the microarrays,
expression of the four Cyp4a family members was elevated in both
genotypes, where CXCR6 is deleted, and further displayed a trend

Fig. 6. Members of the cytochrome P450 4a family are specifically upregulated in hepatocytes from NEMOLPC-KOCxcr6−/− vs. NEMOLPC-KO mice. (A) Schematic
overview of the gene selection for the volcano plot displayed in Fig. 6B. (B) Volcano plot showing log2 fold change and p-value of each transcript comparing
NEMOLPC-KOCxcr6−/− with NEMOLPC-KO. Blue boxes indicate significantly regulated genes by a threshold of p≤ 0.01 and log2 FC ≥2 or ≤−2. Orange colored dots
mark transcripts, which do not pass the threshold when comparing Cxcr6−/− with wt. If applicable, gene symbols are plotted. (C) Log2 signal intensity from the
microarrays of the four cytochrome P450 family 4a members. All data are represented as mean ± SD. *p < 0.05, **p < 0.01 (one-way ANOVA).
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towards downregulation in the NEMOLPC-KO (Fig. 6C). in summary, a
number of pathways related to stress response and metabolism were
significantly regulated in hepatocytes dependent on CXCR6-deficiency,
with Cyp4a being an example for an activated gene family in CXCR6-
deficient hepatocytes.

3.5. CXCR6 protects from TNF-α-induced hepatotoxicity

Based on our findings from the microarray analysis, we hypothe-
sized that NEMO-deficient hepatocytes, which developed in a CXCR6-
deficient environment, were particularly susceptible to stress signals.
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Thus, we investigated activation of kinases from MAPK signaling
pathways in isolated hepatocytes. Phosphorylation of ERK1 and ERK2
was strongly induced in hepatocytes from Cxcr6−/− mice in compar-
ison to their wt or NEMOLPC-KO counterparts (Fig. 7A). Moreover,
phosphorylation of the c-Jun N-terminal kinases (JNK) was primarily
detectable in NEMOLPC-KOCxcr6−/− hepatocytes. JNK is a mediator of
TNF-α- or oxidative stress-induced cell death in the liver but is also
important for compensatory proliferation and regeneration in response
to apoptosis [24,25]. Expression of the cell cycle activation marker
Proliferating-Cell-Nuclear-Antigen (PCNA) was strongly enhanced in
hepatocytes from NEMOLPC-KOCxcr6−/− mice (Fig. 7A). Furthermore,
staining for phosphorylated c-Jun in liver sections was augmented in
NEMOLPC-KO and NEMOLPC-KOCxcr6−/− mice, with a significantly
higher number of phosho-c-Jun+ hepatocytes in the latter (Fig. 7B).
The transcription factor c-Jun is a downstream phosphorylation target
of JNK and associated with proliferation. Finally, to test how hepato-
cyte death is affected by the loss of CXCR6 in NEMOLPC-KO mice, pri-
mary cultured hepatocytes were treated with TNF-α and hepatocyte
death was monitored by serum transaminase as well as lactate and
glutamate dehydrogenase (LDH, GLDH) activities in the cell culture
supernatant. NEMOLPC-KOCxcr6−/− hepatocytes already displayed a
basal activation when treated with PBS alone, which was even en-
hanced when TNF-α was added to the cells (Fig. 7C). These results
demonstrated that in hepatocytes from NEMOLPC-KOCxcr6−/− path-
ways of stress responses, inflammation and compensatory proliferation
are more activated and these cells are more susceptible to TNF-α- in-
duced hepatotoxicity.

4. Discussion

The genetic deletion of the NF-κB regulatory subunit NEMO in liver
parenchymal cells is an established mouse model to study mechanisms
of hepatic injury, inflammation and fibrosis [1]. In the present study,
we could show that the additional deletion of the chemokine receptor
CXCR6 in the NEMOLPC-KO background not only aggravates early in-
flammation and fibrosis, but sensitizes hepatocytes to TNF-α induced
cell death. NEMOLPC-KOCxcr6−/− mice showed signs of enhanced liver
damage and fibrosis, a higher number of macrophages, pro-in-
flammatory cytokine expression and apoptosis compared to NEMOLPC-

KO mice. This is a surprising result, since deletion of CXCR6 had a
protective effect in models of acute and chronic liver inflammation
[5,12]. Interestingly, adoptive transfer of CXCR6+ cells was not able to
protect NEMOLPC-KOCxcr6−/− mice from increased hepatocyte damage.
This implies that neither CXCR6+ (immune) cells nor CXCR6-depen-
dent signaling could be beneficial for these mice and that presumably
the hepatocytes themselves seem to be the underlying cause for the
inflammatory, fibrotic phenotype. This hypothesis is further strength-
ened by the observation that transfer of CXCR6+ cells to NEMOLPC-KO

mice, but not to NEMOLPC-KOCxcr6−/− mice, was able to restore the
hepatic injury to nearly wt conditions. Hence, providing CXCR6+ cells
to mice with intact CXCR6 signaling and cell populations is beneficial in
the context of LPC-specific deletion of NEMO, but not when CXCR6 is
deleted as well.

Microarray analysis of isolated hepatocytes revealed that although
hepatocytes do not express CXCR6 (data not shown) they displayed
striking differences in their transcriptome dependent on the CXCR6-
proficient or -deficient background. Pathways related to innate immune
response, stress response and fatty acid metabolism were upregulated in
hepatocytes from NEMOLPC-KOCxcr6−/− mice compared to NEMOLPC-KO

mice. Additionally, MAPK signaling was identified as an over-
represented pathway in a cluster of co-regulated genes specifically
overexpressed in NEMOLPC-KOCxcr6−/− mice. This implicates that he-
patocytes from NEMOLPC-KOCxcr6−/− mice seem to be particularly “on
alert”. It is known that, because of interrupted NF-κB signaling, hepa-
tocytes from NEMOLPC-KO mice are hyperreactive to TNF-α [1]. When
CXCR6 is additionally deleted, hepatocytes were even more prone to

TNF-α-induced cell death. Furthermore, several marker proteins for
compensatory proliferation were induced in hepatocytes from NE-
MOLPC-KOCxcr6−/− mice.

It has been suggested that the CXCR6/CXCL16 axis promotes liver
diseases, such as acute liver injury [12,26], fibrosis [5], or NAFLD
[9–11], based on experimental data and correlations observed in pa-
tients. In the setting of hepatic inflammation and fibrosis driven by the
LPC-specific knockout of NEMO, however, the loss of CXCR6 is detri-
mental. In this regard, this genetic model is quite unique, because the
onset of the disease takes place very early, as already 3 week old mice
show increased liver damage [1]. Unfortunately, no “floxed” CXCR6
mice are available that would allow a cell-type specific or a inducible
CXCR6 depletion. It would indeed be interesting to investigate, whether
a transient deletion of Cxcr6 showed similar results.

Several studies could convincingly demonstrate that liver sinusoidal
endothelial cells (LSECs) are the predominant source of CXCL16 in the
liver [6,27]. Moreover, some reports indicated CXCL16 expression also
in hepatocytes, although at moderate levels [11,28]. In our hepatocyte
microarray data, CXCL16 signal intensity was below that of internal
negative controls. Moreover, neutralization of CXCL16 by an antibody
for 4 weeks did not ameliorate liver injury in 8 weeks old NEMOLPC-

KOCxcr6−/− mice (detailed data not shown). Therefore, a CXCL16-
mediated signaling in the hepatocytes is unlikely the cause of liver
damage.

Taking together, these results suggested that the hepatocytes from
double knockout mice are more vulnerable due to the loss of CXCR6,
although they are not involved in the CXCR6-CXCL16 axis themselves.
Increased hepatocyte death may lead to enhanced inflammatory re-
sponses, compensatory proliferation and as a result to increased fibrosis
already at a very early age. Since adoptive transfer of CXCR6-expressing
cells beginning at 4 weeks of age did not alter hepatocyte damage,
“priming” must take place earlier in development, and further studies
will be needed to address these mechanisms.

Another interesting finding from the transcriptome analysis was
that four members of the cytochrome P450 family 4a were specifically
upregulated in NEMOLPC-KOCxcr6−/− mice. This family comprises at
least 9 isoforms in mice: Cyp4a-10, −12a, −12b, −14, −28-ps, −29,
−30b, −31 and −32, with Cyp4a-28-ps being a non-protein-coding
pseudogene. Cyp4a enzymes are fatty acid hydroxylases and involved in
microsomial ω-oxidation of free fatty acids in the liver [29]. In our
analysis Cyp4a10, −14, −31 and −32 were specifically upregulated in
in NEMOLPC-KOCxcr6−/− mice compared to in NEMOLPC-KO mice, but
displayed also high mRNA expression in Cxcr6−/− mice. It has been
shown that Cyp4a10 and −14 are also upregulated in the livers of
diabetic mice and that inhibition of Cyp4A reduces hepatic ER stress,
apoptosis, insulin resistance and steatosis [30]. Hepatic Cyp4a14 ex-
pression has been found to be upregulated in three different mouse
models of non-alcoholic fatty liver disease (NAFLD), and expression of
the main Cyp4a enzyme in humans, Cyp4a11, in NAFLD patients is
increased as well [31]. The same study could demonstrate that in the
absence of Cyp4a14 MCD diet-fed mice display reduced hepatic lipid
accumulation, inflammation and fibrosis [31], which fits well to the
Cyp4a induction observed in hepatocytes of NEMOLPC-KOCxcr6−/−

mice. These observations may suggest interactions between immune
mechanisms and hepatocyte metabolism involving Cyp4a as a risk
factor for liver injury and steatohepatitis.

5. Conclusions

Altogether, our study emphasizes the ambiguity of inflammatory
responses in the complex interplay of parenchymal cells and infiltrating
immune cells in the liver. While CXCR6-mediated immune cell re-
cruitment aggravates classical models of acute or chronic liver injury in
mice, their genetic depletion enhances cell death, inflammation and
proliferation of hepatocytes in the NEMOLPC-KO background. These data
demonstrate a novel role of CXCR6 for stress responses in hepatocytes,
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independent from the functions of CXCR6 on immune cells.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbadis.2018.11.020.
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