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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a major cause of morbidity and mortality in developed countries, resulting in
steatohepatitis (NASH), fibrosis and eventually cirrhosis. Modulating inflammatory mediators such as chemokines may
represent a novel therapeutic strategy for NAFLD. We recently demonstrated that the chemokine receptor CXCR6 promotes
hepatic NKT cell accumulation, thereby controlling inflammation in experimental NAFLD. In this study, we first investigated
human biopsies (n = 20), confirming that accumulation of inflammatory cells such as macrophages is a hallmark of
progressive NAFLD. Moreover, CXCR6 gene expression correlated with the inflammatory activity (ALT levels) in human
NAFLD. We then tested the hypothesis that pharmacological inhibition of CXCL16 might hold therapeutic potential in
NAFLD, using mouse models of acute carbon tetrachloride (CCl4)- and chronic methionine-choline-deficient (MCD) diet-
induced hepatic injury. Neutralizing CXCL16 by i.p. injection of anti-CXCL16 antibody inhibited the early intrahepatic NKT
cell accumulation upon acute toxic injury in vivo. Weekly therapeutic anti-CXCL16 administrations during the last 3 weeks of
6 weeks MCD diet significantly decreased the infiltration of inflammatory macrophages into the liver and intrahepatic levels
of inflammatory cytokines like TNF or MCP-1. Importantly, anti-CXCL16 treatment significantly reduced fatty liver
degeneration upon MCD diet, as assessed by hepatic triglyceride levels, histological steatosis scoring and quantification of
lipid droplets. Moreover, injured hepatocytes up-regulated CXCL16 expression, indicating that scavenging functions of
CXCL16 might be additionally involved in the pathogenesis of NAFLD. Targeting CXCL16 might therefore represent a
promising novel therapeutic approach for liver inflammation and steatohepatitis.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as the

accumulation of liver fat exceeding 5% of hepatocytes in the

absence of significant alcohol intake (20 g/d for men, 10 g/d for

women), viral infection, or any other specific etiology of liver

disease. NAFLD has an increasing prevalence worldwide and is

now the leading cause of liver diseases in Western countries [1].

The prevalence rate of NAFLD is reported to be 14–44% in the

general population in Europe or the US and even 42.6–69.5% in

people with type 2 diabetes [2,3]. Patients with NAFLD,

particularly those with non-alcoholic steatohepatitis (NASH), have

a higher prevalence and incidence of clinically manifested

cardiovascular disease as well and a 10-fold increased liver-related

mortality owing to liver cirrhosis and hepatocellular carcinoma

[3]. In a Danish study, after adjustment for sex, diabetes and

cirrhosis at baseline, NAFLD-associated age-adjusted standardized

mortality ratios (SMR) were 2.3 (95% CI 2.1–2.6) for all causes,

19.7 (95% CI 15.3–25.0) for hepatobiliary disease, and 2.1 (95%

CI 1.8–2.5) for cardiovascular disease (CVD) [4]. Due to the lack

of effective therapeutic measures and due to the epidemic of

obesity and metabolic syndrome (affecting nearly 33% of the

population in the US), NAFLD is projected to become the leading

indication for liver transplantation in the next several years [5].

The progression of NAFLD, from hepatic lipid overload,

steatosis, to non-alcoholic steatohepatitis (NASH) and to its

complications liver fibrosis, cirrhosis or hepatocellular carcinoma,

is causally linked to a massive inflammatory response in the liver

[6]. However, despite the fact that the extent of hepatic

inflammation is the predominant factor determining disease

progression in NAFLD [7], no specific anti-inflammatory inter-

ventional approaches have entered clinical practice yet. There is a

growing body of evidence that chemokines fulfill essential

functions in regulating liver inflammation and NAFLD progres-

sion, thereby emerging as potential attractive targets for future

therapeutic approaches [8].

Work from our laboratory has recently identified a yet

unrecognized pathway promoting inflammation in experimental
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steatohepatitis in mice. Using mice either deficient for the

chemokine receptor CXCR6 or transgenic for a fluorescent

protein in one of the CXCR6 alleles, the accumulation of natural

killer T (NKT) cells was identified as a rapid response to

hepatocyte injury [9]. Cxcr62/2 mice lacking type-I NKT cells

were protected against acute- and chronic liver failure in two

independent models of liver fibrosis, showed significantly attenu-

ated hepatic inflammation and reduced levels of pro-inflammatory

cytokines like tumor necrosis factor (TNF), monocyte chemoat-

tractant protein-1 (MCP-1) and interferon-c (IFNc). The adoptive
transfer of wildtype (WT) NKT cells into Cxcr6-deficient mice in a

model of steatohepatitis restored inflammation and liver fibrosis

[9].

Our experimental data indicated that hepatic NKT cells

specifically utilize its receptor CXCR6 for the rapid accumulation

in injured livers, where they produce and release cytokines like

interleukin 4 (IL-4) and IFNc that act on macrophages (Kupffer

cells) and possibly other hepatic cell compartments to initiate and

perpetuate inflammation [9,10]. We thus reasoned that inhibiting

the cognate ligand for CXCR6, CXCL16, might hold therapeutic

potential in steatohepatitis. Whereas in human inflamed livers

CXCR6 is expressed by CD4 as well as CD8 T cells, NK cells and

NKT cells the chemokine CXCL16 exists in a soluble and

transmembrane form and is expressed by liver sinusoids, possibly

allowing NKT cells to patrol hepatic vessels [11–13]. CXCL16 is

also expressed by hepatic macrophages, likely favoring interactions

between NKT and Kupffer cells [9]. Importantly, CXCL16

expression is up-regulated in acute or chronic liver injury in mice,

but also in chronic liver diseases in humans [9]. In this study, we

investigated the pharmacological inhibition of CXCL16 using a

monoclonal antibody as a novel therapeutic approach in

experimental steatohepatitis in mice.

Materials and Methods

Human liver samples
Liver biopsies of patients (n = 20) with NAFLD were collected

and processed as described previously [14]. All liver biopsies were

scored by an experienced pathologist, who was blinded to any

experimental data, according to the NAS score [15]. Tissue from

healthy patients (n = 3) with resections of hepatic hemangioma and

normal ALT serum activity served as controls.

Mice
C57bl/6 wild-type mice (B6-mice) were purchased from Janvier

(Le Genest-Saint-Isle Saint-Berthevin Cedex, France) and were

housed in a specific pathogen-free environment. All experiments

were performed with male animals at 6 weeks of age under ethical

conditions approved by the appropriate authorities according to

German legal requirements.

Induction of acute or chronic liver injury and anti-CXCL16
treatment
To induce acute liver injury, mice received 0.6 ml/kg body

weight carbon tetrachloride (CCl4, Merck, Darmstadt, Germany)

mixed with corn oil intraperitoneally and were sacrified 6 h

thereafter. The control population of animals received the same

volume of vehicle (corn oil) intraperitoneally. For induction of

steatohepatitis and fibrosis, mice were fed with a methionine and

choline deficient (MCD) diet for 6 weeks (MP Biomedicals,

Cat.#390439, Solon, OH, USA) [9]. In order to block CXCL16,

mice received 100 mg of monoclonal rat anti-mouse CXCL16

neutralizing antibody (R&D Systems, Clone #142417, Germany)

intraperitoneally, whereas the control group received 100 mg of

Bovine-Serum-Albumin (Sigma-Aldrich, St. Louis, MO, USA).

Mice were either pre-treated 4 hours before acute CCl4 injury or

received weekly injections during weeks 4–6 of a 6-week course of

MCD diet. The i.p. route of antibody administration was chosen,

because earlier studies had revealed a similar biodistribution in

healthy as well as in diseased tissue compared to i.v. injections, and

the i.p. administration was considered more reproducible in

repetitive injections during the chronic injury model [16–19].

Liver enzymes, histology and immunohistochemistry
Alanine (ALT) activities (UV test at 37uC) were measured from

serum (Roche Modular preanalytics system, Rotkreuz Switzer-

land). Conventional H&E, Sirius red, and Ladewig staining were

performed according to standard protocols [20]. Steatosis was

scored by an experienced pathologist blinded to experimental

data, as previously described [9,15]. Liver sections from fixed

paraffin blocks were immunohistochemically stained according to

standard procedures using anti-mouse F4/80 and anti-human

CD68 (Serotec), respectively [21]. CD68 and H&E pictures were

analysed by quantifying the area fraction using imaging software

in a blinded fashion (ImageJ).

Isolation of primary hepatic cell populations
B6 mice were either treated with CCl4 or with corn oil three

times per week for 2 weeks to induce liver fibrosis. Primary

hepatocytes were isolated from murine livers by convential

collagenase perfusion methodology as described before [22].

Isolation of intrahepatic leukocytes
For the analysis of the intrahepatic leukocytes livers were

perfused with 25 ml of phosphate buffered saline (PBS), minced

with scissors and finally digested for 30 min with collagenase type

IV (Worthington, Lakewood, NJ, USA) at 37uC. Digested extracts

were pressed through 70 mm cell strainers. A small aliquot was

stained with CD45 to assess the relative amount of intrahepatic

leukocytes (CD45+) among all liver cells. The remaining liver cells

were subjected to density gradient centrifugation (LSM-1077,

PAA, Pasching, Austria) at 2000 rpm for 20 min at 25uC.
Leukocytes were collected from the interface after centrifugation,

washed twice with Hank’s balanced salt solution containing 2%

BSA and 0.1 mM EDTA, and subjected to FACS [9].

Flow cytometry
Six-color staining was conducted using combinations of

following monoclonal antibodies: F4/80 (Serotec, Raleigh, NC,

USA); CD4, CD11b (both eBioscience, San Diego, CA, USA);

CD45, Gr1/Ly6C, Ly6G, CD19, NK1.1, CD8 and CD3 (all BD);

CD1d tetramer loaded with aGalCer (ProImmune, Oxford, UK).

Dead cells were excluded by Hoechst 33258 dye (Sigma-Aldrich,

St. Louis, USA). Flow cytometric analysis was performed on a

FACS-Canto (BD) and analysed with FlowJo (Tree Star, Ashland,

OR, USA).

Gene expression analysis
Liver tissue was shock-frozen in liquid nitrogen and stored at 2

80uC. RNA was purified from frozen liver samples by pegGOLD

(peqLab, Erlangen, Germany), and cDNA was generated from

1 mg of RNA using a cDNA synthesis kit (Roche). Quantitative

real-time PCR (qPCR) was performed using SYBR Green

Reagent (Invitrogen, Carlsbad, CA, USA). Reactions were done

twice in triplicate, and ß-actin values were used to normalize gene

expression [9]. Primer sequences are available upon request.

Inhibition of CXCL16 in Steatohepatitis
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Hydroxyproline, cytokine and triglyceride measurements
The hepatic hydroxyproline content (reflecting total collagen)

was measured as described before [23]. Tumor-necrosis-factor-a
(TNFa) and monocyte chemoattractant protein-1 (MCP-1) were

measured from protein extracts of liver by Elisa (eBioscience) [9].

Total protein content was quantified by photometric assay

(Biorad, Hercules, Ca USA). The intrahepatic triglyceride content

was measured by TG liquicolor mono (Human Diagnostics,

Wiesbaden, Germany) according to the manufacturer’s instruc-

tions from homogenised snap-frozen liver samples.

Statistical analysis
All experimental data are expressed as mean6SD. Differences

between groups of mouse experiments were assessed by two-tailed

unpaired Student t-test. Correlations between variables were asses

by Pearson rank correlation test.

Results

Macrophage infiltration is a hallmark feature of
steatohepatitis in humans
Experimental rodent models of fatty liver diseases revealed that

intrahepatic macrophages massively increase in response to

hepatic lipid overload and promote the progression of liver fibrosis

as an aberrant wound-healing response [6]. We examined liver

biopsies of 10 patients with NAFLD undergoing bariatric surgery

in comparison to healthy liver tissue obtained from patients

undergoing resections of benign liver lesions (i.e. hemangioma).

NAFLD was characterized by steatosis, hepatocyte ballooning and

a pronounced infiltrate of mononuclear cells (Fig. 1A), as reflected

by the NAFLD Activity Score (NAS) (Fig. 1B). Upon immuno-

histochemical staining for the macrophage marker CD68, the

accumulation of macrophages, especially around portal fields, was

identified as a hallmark feature of NAFLD (Fig. 1C–D), in line

with current literature [24]. Additionally, the hepatic macrophage

content as quantified by CD68 immunohistochemistry significant-

ly correlated with the NAS (Fig. 1E). In some of the patients,

NAFLD was associated with moderate to severe hepatic fibrosis,

characterized by extracellular matrix deposition around and

partially bridging between portal fields (Fig. 1F).

Following our hypothesis that the CXCR6-dependent recruit-

ment of NKT cells might contribute to enhanced macrophage

accumulation in NAFLD, we assessed hepatic gene expression

levels for CXCR6 by quantitative PCR. Hepatic CXCR6

expression showed a significant correlation with elevated serum

ALT levels in patients suffering from NAFLD (Fig. 1G). These

data prompted the current study to address on a functional level in

mouse models whether inhibition of the CXCL16-CXCR6

pathway might be suitable to inhibit steatohepatitis and macro-

phage accumulation in NAFLD.

Anti-CXCL16 antibody sufficiently blocks early hepatic
NKT cell accumulation upon acute liver injury
Our prior experiments, using intravital multiphoton-imaging of

Cxcr6+/gfp transgenic mice and FACS phenotyping of CXCR6+

immune cells, indicated that hepatic NKT cells accumulate very

early after injury - e.g., at a maximum as early as 6 hours after

injection of the hepatotoxin CCl4 - in the liver in a CXCR6-

dependent manner [9]. We therefore hypothesized that inhibition

of CXCL16, the specific ligand for CXCR6, could efficiently block

this early NKT-dependent step in the initiation of the hepatic

inflammatory response. Therefore, c57bl/6 wildtype mice were

treated with anti-CXCL16 antibody (aCXCL16) or Bovine-

Serum-Albumin (BSA) as control i.p., followed by CCl4 injection

4 hours later (Fig. 2A). Six hours after CCl4, the liver showed

initial signs of injury with cellular swelling, some necrosis and

inflammatory cell infiltration in histology (Fig. 2A+B). In the CCl4
injury model, massive necrosis of hepatocytes and even further

inflammatory infiltration peaks at around 24 hours after injury

(Fig. S1A) [23]. Serum ALT levels are mildly elevated at 6 hours as

a measure for early acute liver injury (Fig. 2C). Notably, liver

injury appeared slightly attenuated in aCXCL16-treated mice at

this early time-point (Fig. 2B–C), as indicated by moderately

reduced ALT levels in aCXCL16-treated mice.

To investigate the infiltrating immune cells, intrahepatic

leukocytes were phenotypically characterized by FACS at 6 hours

after CCl4, and NKT cells were identified as CD45+CD4+NK1.1+

cells. Interestingly, the early NKT cell accumulation could be

efficiently blocked by administration of aCXCL16, as hepatic

NKT cell numbers were reduced to the level of non-injured

control mice due to aCXCL16 treatment (Fig. 2D–E). Mice that

received BSA did not show the altered hepatic NKT cell

accumulation, thereby excluding an unspecific protein reaction.

Moreover, the effect of aCXCL16 treatment appeared specific to

NKT cells, as other lymphocytes, which also express the

chemokine receptor CXCR6 like CD4 and NK cells [9], were

not affected by the antibody injection.

Therapeutic administration of aCXCL16 inhibits
macrophage infiltration and hepatic inflammation in
experimental steatohepatitis
Our experiments indicated that the administration of

aCXCL16 effectively blocked the early accumulation of hepatic

NKT cells in response to hepatocyte injury, thus possibly allowing

to dampen the subsequent inflammatory response in the liver. In

order to test this, B6-mice were subjected to a methionine-choline

deficient (MCD) diet over 6 weeks of time. The lack of the amino

acids methionine and choline leads to hepatic inflammation

induced by accumulation of fatty acids and pro-inflammatory

immune cells [25]. During the last three weeks of progressing

steatohepatitis in a 6 weeks course of MCD diet, mice were treated

with 100 mg aCXCL16 or BSA i.p. once per week (Fig. 3A). In

line with our hypothesis, aCXCL16-treated mice showed a

significant reduction of pro-inflammatory macrophages as evi-

denced by immunohistological stainings for F4/80 and FACS

analysis of intrahepatic leukocytes (Fig. 3B–D). Of note, hepatic

NKT cell numbers were very low in all groups fed with MCD diet

(data not shown), due to the rapid activation induced cell death

(AICD) of NKT in hepatic injury [9,26]. The strong reduction of

hepatic macrophages upon aCXCL16 administration during the

MCD diet was accompanied by a trend towards reduced

intrahepatic levels of pro-inflammatory cytokines like TNFa and

MCP-1 (Fig. 3E).

Therapeutic administration of aCXCL16 attenuates
steatosis development in experimental steatohepatitis
We next analyzed whether pharmacological inhibition of

CXCL16 might represent a successful therapeutic approach to

limit disease progression in experimental steatohepatitis. Treat-

ment with aCXCL16 (experimental design as in Fig. 3A) did not

significantly affect hepatic fibrosis in the MCD-induced chronic

liver injury, as assessed by collagen deposition in Sirius red

histological stainings (Fig. 4A), by serum ALT levels (Fig. 4B) or

by quantification of the hepatic hydroxyproline content (Fig. 4C)

as a sensitive measure for collagen fibers in the liver. However,

already by conventional H&E stainings from liver histology, it was

Inhibition of CXCL16 in Steatohepatitis
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apparent that aCXCL16 administration not only reduced the

inflammatory infiltrate, but also the numbers of lipid droplets in

hepatocytes (Fig. 4A). Measurement of the hepatic triglyceride

content as well as histological quantification of lipid droplets

confirmed significantly attenuated steatosis development, if MCD-

fed mice received aCXCL16 during the last 3 weeks of a 6-week

MCD diet-induced metabolic injury (Fig. 4D–E). In agreement

Figure 1. Hepatic macrophage infiltration is increased in liver of patients with non-alcoholic-steatohepatitis and accompanied by
slightly enhanced CXCR6 expression. Liver biopsies of patients with NAFLD (n= 20) and healthy controls (n = 3) were analyzed. (A–B)
Hematoxylin-Eosin stainings (H&E) of liver paraffin sections demonstrated steatosis development in patients with NAFLD compared to healthy
controls. NAFLD severity was scored according to the NAS-Kleiner-Score. (C–D) CD68 immunohistochemical stainings showed a significant increase
of intrahepatic macrophages in livers of NAFLD patients compared to healthy controls. (E) Hepatic macrophages (CD68 positive) significantly
correlated with the NAS. (F) Patients with NAFLD developed fibrosis, as evidenced by collagen deposition (blue) in Ladewig staining of liver biopsies.
(G) High CXCR6 expression correlated with elevated serum ALT levels. P-values and correlation coefficients are given in the figure. All data are
expressed as mean 6 SD. *p,0.05, **p,0.005, ***p,0.001.
doi:10.1371/journal.pone.0112327.g001
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Figure 2. Anti-CXCL16 antibody sufficiently blocks early hepatic NKT cell accumulation upon acute liver injury. (A) B6-mice received a
singular intraperitoneal application of either aCXCL16 or BSA (unspecific protein control) 4 hours before injection of carbon tetrachloride (CCl4). Mice
were sacrificed 6 hours after CCl4 application. (B–C) As evidenced by H&E stainings and serum ALT activity, aCXCL16 treated mice showed reduced
toxic liver damage in vivo compared to BSA treated mice. (D–E) Flow cytometric analysis of intrahepatic leukocytes (representative FACS plots in D,
statistical analyses in E) showed a significant decrease of hepatic NKT cells in mice that received aCXCL16 compared to controls. Other CXCR6
expressing cells like CD4 T- and NK cells were not altered with respect to their migration behavior into the injured liver upon aCXCL16 injection. All
data are expressed as mean 6 SD from three independent experiments, summarizing n= 6 animals per group. *p,0.05, **p,0.005, ***p,0.001.
doi:10.1371/journal.pone.0112327.g002
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with these data, the fatty degeneration score was also significant

decreased in mice treated with aCXCL16 (Fig. 4F).

Discussion

Non-alcoholic fatty liver disease is a raising health burden in

Western countries, which affect about 30% of the general adult

population, is associated with an increased mortality and promote

several medical complications like hepatocarcinogenesis in hu-

mans [3,27]. Within the liver, hepatocyte apoptosis, ER stress and

oxidative stress are key contributors to hepatocellular injury.

Moreover, lipotoxic mediators and danger signals activate the

hepatic macrophage pool, mainly Kupffer cells, which are critical

for the initiation and perpetuation of the inflammatory response

and release several inflammatory mediators [6]. Such mediators,

mainly cytokines and chemokines, attract inflammatory cells and

activate parenchymal as well as non-parenchymal liver cells during

Figure 3. Therapeutic administration of aCXCL16 inhibits macrophage infiltration and hepatic inflammation in experimental
steatohepatitis. (A) B6-mice were subjected to a methionine-choline deficient (MCD) diet over 6 weeks. During the last three weeks of progressing
steatohepatitis, mice were treated with aCXCL16 or BSA i.p. once per week. (B–D) F4/80 immunohistochemical staining of liver tissue (B) and flow
cytometric analysis of intrahepatic leukocytes (representative plots, C; statistical analysis, D) showed a significant reduction of infiltrating CD11b+F4/
80+ macrophages in aCXCL16 treated mice compared to controls. (E) Pro-inflammatory cytokines like TNFa and MCP-1 were slightly decreased in liver
tissue of mice that received weekly aCXCL16 injections compared to controls during MCD diet. All data are expressed as mean 6 SD from three
independent experiments, summarizing n= 6 animals per group. *p,0.05, **p,0.005, ***p,0.001.
doi:10.1371/journal.pone.0112327.g003

Inhibition of CXCL16 in Steatohepatitis

PLOS ONE | www.plosone.org 6 November 2014 | Volume 9 | Issue 11 | e112327



NAFLD progression [21]. In our study, we provide experimental

evidence that interfering with the CXCR6-CXCL16 pathway

might hold therapeutic potential in NAFLD. The administration

of an anti-CXCL16 antibody blocked the rapid accumulation of

patrolling hepatic NKT cells in response to acute hepatocyte

injury. In line, therapeutic administration of this antibody in

experimental chronic metabolic injury attenuated hepatic macro-

phage infiltration, pro-inflammatory cytokine levels and steatosis

development in mice.

On the one hand, our experiments using aCXCL16 revealed

that blocking this chemokine pathway almost completely abolished

the rapid accumulation of hepatic NKT cells in response to an

acute injury. This is well in line with a prior in vitro experiment

from our group, demonstrating that CXCR6 is specifically

required by NKT, but not other CXCR6-expressing lymphocytes,

to migrate towards CXCL16 [9]. Moreover, it had been reported

that CXCL16 neutralization reduced accumulation of mature

NK1.1+, but not immature NK1.12 NKT cell recent thymic

emigrants in the liver in homeostatic conditions in vivo [28]. NKT

cells display a unique population of unconventional T cells that

express both a T cell receptor (Va-14-Ja18 in mice; Va24-Ja18 in

humans) and NK1.1 receptor from NK cells [10,29]. There are

different types of NKT cell subsets that are defined by the ability of

recognizing a-galactosylceramide (a-GalCeramide) presented by

the non-classical MHC-like molecule CD1d [10], termed type-I

classical, type-II non classical and CD1d-independent NK1.1+

NKT cells. Especially the type-I NKT cells, which the by far

largest subset in the liver, have the ability to secrete various types

of cytokines within a very short time period after activation,

including IL-4 and IFNc [9,10]. In line, mice that are deficient for

Figure 4. Therapeutic administration of aCXCL16 attenuates steatosis development in experimental steatohepatitis. (A) Liver
histology showed no altered fibrosis development, but a clear reduction of lipid accumulation in injured livers of aCXCL16 treated mice compared to
controls as evidenced by H&E- and Sirius red stainings. (B–C) Serum ALT activity and hydroxyproline content were not affected by the administration
of aCXCL16. (D–E) Intrahepatic triglyceride content and periportal lipid droplets were significant reduced in mice that received weekly aCXCL16
injections compared to controls during MCD diet. (F) Fatty degeneration score was significantly decreased in aCXCL16 treated mice compared to
controls. All data are expressed as mean 6 SD from three independent experiments, summarizing n= 6 animals per group. *p,0.05, **p,0.005,
***p,0.001.
doi:10.1371/journal.pone.0112327.g004
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the CXCL16 chemokine displayed a reduced number of liver

NKT cells, decreased production of IFNc and IL-4 by adminis-

tration of a-GalCeramide and impaired (Th1-type) inflammatory

responses against Propionibacterium acnes-infections in vivo [30].

On the other hand, our experiments indicate that aCXCL16

could be an interesting therapeutic strategy in hepatic inflamma-

tion and steatohepatitis. Importantly, the same aCXCL16

antibody had been tested as an interventional approach for severe

inflammatory conditions before. In a murine immunological liver

injury induced by Bacille Calmette-Guerin and lipopolysaccha-

ride, mice treated with aCXCL16 showed reduced liver injury,

inflammation and improved survival [31]. Administration of

aCXCL16 also reduced colonic inflammation in mouse models

of on dextran sodium sulfate- and trinitrobenzene sulfonic acid-

induced colitis [32]. In our hands, therapeutic administration of

aCXCL16 during the last three weeks of a 6-weeks course of

MCD diet in mice significantly reduced the number of hepatic

macrophages, alongside minor reductions in intrahepatic levels of

pro-inflammatory cytokines, and steatosis development. The link

between macrophages and progression of fatty liver degeneration

is well established, as macrophages release many inflammatory

mediators that not only attract additional immune cells, but also

drive oxidative stress and intrahepatocytic lipid accumulation

[6,25,33]. Our experiments now indicate that blocking CXCL16

effectively reduces pro-inflammatory macrophages in experimen-

tal steatohepatitis. As macrophages do not express CXCR6 [9]

(and data not shown), the effects of aCXCL16 on hepatic

macrophages are likely the result on inhibiting NKT cell

accumulation early in the course of injury. In fact, reducing the

additional pro-inflammatory effects of NKT cells in injured liver

was shown before to significantly ameliorate the extent of chronic

hepatic inflammation and macrophage activation [9,26,34–38].

Our study now emphasizes that this can be sufficiently achieved by

targeting the CXCR6/CXCL16 chemokine axis.

However, an alternative explanation for the effects of inhibiting

CXCL16 needs to be considered. It has been shown previously

that CXCL16 can act as a scavenging receptor for oxidized low

density lipoprotein (oxLDL) [39–41]. In order to explore whether

CXCL16 might act as a scavenger for lipids or lipid-protein

complexes on hepatocytes in conditions of NAFLD, we have

isolated hepatocytes from normal and from chronically injured B6

mice. In fact, CXCL16 gene expression was about 7-fold up-

regulated in hepatocytes from injured mice (Fig. S1B). Thus, it is

possible that inhibiting CXCL16 by an antibody not only affects

immune cell migration and function, but has additional effects on

the lipid accumulation in hepatocytes. Further studies are needed

to investigate the relevance of scavenging functions by CXCL16

for NAFLD progression.

Importantly, although steatosis development was attenuated

upon aCXCL16 in the MCD diet model, hepatic fibrosis

progression was not significantly affected. Several factors might

explain this observation. First, we have chosen a relatively low

dose of the antibody (100 mg) and only three injections (once per

week); in experimental models of murine colitis, mice were

subjected to 500 mg of aCXCL16 i.p. every day for the total of 7

days [32]. Thus, different doses and more frequent applications

should be considered for future studies. Second, the MCD diet

model is characterized by a rather scattered deposition of collagen

in the liver and a rather mild fibrosis, especially when mice are

analyzed after 6 weeks of diet [25]. Thus, in order to address the

possible impact of aCXCL16 on fibrosis, ‘classical’ fibrosis models,

modifications of the metabolic injury model or mice with a more

fibrosis-prone genetic background (e.g., Balb/c instead of B6)

should be investigated [33,42]. Third, it is currently unclear to

which extent infiltrating vs. resident hepatic macrophages

contribute to progression of liver fibrosis [43]. Based on the flow

cytometric characterization in our study, aCXCL16 primarily

affected the CD11b+F4/80+ macrophage population, which is

mainly derived from infiltrating inflammatory Ly-6C+ (Gr1+)

monocytes [23]. As shown before by selectively blocking Ly-6C+

monocyte influx in chronic liver injury models, this macrophage

subset appeared functionally essential for steatohepatitis, but less

relevant for fibrosis progression [25]. In line, a recent study

demonstrated a crucial role of inflammatory CD11b+ macrophag-

es in CCl4 induced acute liver injury. The hepatic injury was

driven by macrophage-derived TNFa and Fas-Ligand (FasL), as

inhibition of TNFa and FasL dampened the hepatic injury

induced by a single CCl4 injection. Interestingly, CD1d-deficient

mice lacking both type I and II NKT cells, did not show significant

differences in the progression of acute liver injury compared with

control mice in this study [44]. However, this study was conducted

in Balb/c mice. A similar study with CD1d-deficient mice on a

c57bl/6 background showed that NKT-cell-deficient mice were

protected from acute toxic liver injury [35], in well agreement with

our previous [9] and the current study. Possibly, these data might

indicate that hepatic NKT cells are especially relevant in Th1-

prone inflammatory conditions.

Taken together, our study provides experimental evidence that

targeting the chemokine CXCL16 is a promising strategy in fatty

liver diseases. The inhibition of CXCR6-dependent NKT cell

accumulation as an important inflammatory cell component

ameliorated the extent of hepatic inflammation, macrophage

activation and steatosis development in experimental metabolic

injury. Future studies should address the optimal dose and

administration schedule and should aim at translating these

findings into novel approaches for human NAFLD.

Supporting Information

Figure S1 (A) Kinetics of necrosis development in CCl4
injured B6 mice. Six hours after CCl4 injection, the liver

showed initial signs of injury with cellular swelling, some necrosis

and inflammatory cell infiltration. Massive necrosis of hepatocytes

and even further inflammatory infiltration peaks at around 24

hours after injury. (B) CXCL16 mRNA expression in
primary hepatocytes. CXCL16 is highly up-regulated in

primary hepatocytes isolated from chronically injured mouse

livers compared to primary hepatocytes from control livers.

(TIF)

Acknowledgments

We thank Karina Kreggenwinkel and Aline Roggenkamp for excellent

technical assistance.

Author Contributions

Conceived and designed the experiments: AW CB TL CT FT. Performed

the experiments: AW CB FU NG KH UPN. Analyzed the data: AW CB

NG KH. Contributed reagents/materials/analysis tools: FU NG KH TL

UPN. Contributed to the writing of the manuscript: AW CB TL UPN CT

FT.

Inhibition of CXCL16 in Steatohepatitis

PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e112327



References

1. Schuppan D, Schattenberg JM (2013) Non-alcoholic steatohepatitis: pathogen-

esis and novel therapeutic approaches. J Gastroenterol Hepatol 28 Suppl 1: 68–
76.

2. Blachier M, Leleu H, Peck-Radosavljevic M, Valla DC, Roudot-Thoraval F
(2013) The burden of liver disease in Europe: a review of available

epidemiological data. J Hepatol 58: 593–608.

3. Bhala N, Jouness RI, Bugianesi E (2013) Epidemiology and natural history of
patients with NAFLD. Curr Pharm Des 19: 5169–5176.

4. Jepsen P, Vilstrup H, Mellemkjaer L, Thulstrup AM, Olsen JH, et al. (2003)
Prognosis of patients with a diagnosis of fatty liver–a registry-based cohort study.

Hepatogastroenterology 50: 2101–2104.

5. Agopian VG, Kaldas FM, Hong JC, Whittaker M, Holt C, et al. (2012) Liver
transplantation for nonalcoholic steatohepatitis: the new epidemic. Ann Surg

256: 624–633.
6. Marra F, Lotersztajn S (2013) Pathophysiology of NASH: perspectives for a

targeted treatment. Curr Pharm Des 19: 5250–5269.
7. Argo CK, Northup PG, Al-Osaimi AM, Caldwell SH (2009) Systematic review

of risk factors for fibrosis progression in non-alcoholic steatohepatitis. J Hepatol

51: 371–379.
8. Marra F, Tacke F (2014) Roles for Chemokines in Liver Disease. Gastroenter-

ology 147: 577–594 e571.
9. Wehr A, Baeck C, Heymann F, Niemietz PM, Hammerich L, et al. (2013)

Chemokine receptor CXCR6-dependent hepatic NK T Cell accumulation

promotes inflammation and liver fibrosis. J Immunol 190: 5226–5236.
10. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L (2004)

NKT cells: what’s in a name? Nat Rev Immunol 4: 231–237.
11. Tuncer C, Oo YH, Murphy N, Adams DH, Lalor PF (2013) The regulation of

T-cell recruitment to the human liver during acute liver failure. Liver Int 33:
852–863.

12. Boisvert J, Kunkel EJ, Campbell JJ, Keeffe EB, Butcher EC, et al. (2003) Liver-

infiltrating lymphocytes in end-stage hepatitis C virus: subsets, activation status,
and chemokine receptor phenotypes. J Hepatol 38: 67–75.

13. Geissmann F, Cameron TO, Sidobre S, Manlongat N, Kronenberg M, et al.
(2005) Intravascular immune surveillance by CXCR6+ NKT cells patrolling

liver sinusoids. PLoS Biol 3: e113.

14. Zimmermann HW, Seidler S, Nattermann J, Gassler N, Hellerbrand C, et al.
(2010) Functional contribution of elevated circulating and hepatic non-classical

CD14CD16 monocytes to inflammation and human liver fibrosis. PLoS One 5:
e11049.

15. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, et al. (2005)
Design and validation of a histological scoring system for nonalcoholic fatty liver

disease. Hepatology 41: 1313–1321.

16. Mattes MJ (1987) Biodistribution of antibodies after intraperitoneal or
intravenous injection and effect of carbohydrate modifications. J Natl Cancer

Inst 79: 855–863.
17. Wahl RL, Barrett J, Geatti O, Liebert M, Wilson BS, et al. (1988) The

intraperitoneal delivery of radiolabeled monoclonal antibodies: studies on the

regional delivery advantage. Cancer Immunol Immunother 26: 187–201.
18. Yoshida K, Fujikawa T, Yoshizawa G, Tanabea A, Sakurai K (1992)

Biodistribution of radiolabeled monoclonal antibody after intraperitoneal
administration in nude mice with hepatic metastasis from human colon cancer.

Surg Today 22: 155–158.
19. Barrett JS, Wagner JG, Fisher SJ, Wahl RL (1991) Effect of intraperitoneal

injection volume and antibody protein dose on the pharmacokinetics of

intraperitoneally administered IgG2a kappa murine monoclonal antibody in the
rat. Cancer Res 51: 3434–3444.

20. Malato Y, Sander LE, Liedtke C, Al-Masaoudi M, Tacke F, et al. (2008)
Hepatocyte-specific inhibitor-of-kappaB-kinase deletion triggers the innate

immune response and promotes earlier cell proliferation during liver

regeneration. Hepatology 47: 2036–2050.
21. Zimmermann HW, Tacke F (2011) Modification of chemokine pathways and

immune cell infiltration as a novel therapeutic approach in liver inflammation
and fibrosis. Inflamm Allergy Drug Targets 10: 509–536.

22. Hammerich L, Bangen JM, Govaere O, Zimmermann HW, Gassler N, et al.

(2014) Chemokine receptor CCR6-dependent accumulation of gammadelta T-
cells in injured liver restricts hepatic inflammation and fibrosis. Hepatology 59:

630–42.

23. Karlmark KR, Weiskirchen R, Zimmermann HW, Gassler N, Ginhoux F, et al.

(2009) Hepatic recruitment of the inflammatory Gr1+ monocyte subset upon

liver injury promotes hepatic fibrosis. Hepatology 50: 261–274.

24. Tannapfel A, Denk H, Dienes HP, Langner C, Schirmacher P, et al. (2011)
Histopathological diagnosis of non-alcoholic and alcoholic fatty liver disease.

Virchows Arch 458: 511–523.

25. Baeck C, Wehr A, Karlmark KR, Heymann F, Vucur M, et al. (2012)
Pharmacological inhibition of the chemokine CCL2 (MCP-1) diminishes liver

macrophage infiltration and steatohepatitis in chronic hepatic injury. Gut 61:

416–426.

26. Park O, Jeong WI, Wang L, Wang H, Lian ZX, et al. (2009) Diverse roles of
invariant natural killer T cells in liver injury and fibrosis induced by carbon

tetrachloride. Hepatology 49: 1683–1694.

27. Baffy G, Brunt EM, Caldwell SH (2012) Hepatocellular carcinoma in non-

alcoholic fatty liver disease: an emerging menace. J Hepatol 56: 1384–1391.

28. Germanov E, Veinotte L, Cullen R, Chamberlain E, Butcher EC, et al. (2008)
Critical role for the chemokine receptor CXCR6 in homeostasis and activation

of CD1d-restricted NKT cells. J Immunol 181: 81–91.

29. Bendelac A, Savage PB, Teyton L (2007) The biology of NKT cells. Annu Rev

Immunol 25: 297–336.

30. Shimaoka T, Seino K, Kume N, Minami M, Nishime C, et al. (2007) Critical
role for CXC chemokine ligand 16 (SR-PSOX) in Th1 response mediated by

NKT cells. J Immunol 179: 8172–8179.

31. Xu HB, Gong YP, Cheng J, Chu YW, Xiong SD (2005) CXCL16 participates in

pathogenesis of immunological liver injury by regulating T lymphocyte
infiltration in liver tissue. World J Gastroenterol 11: 4979–4985.

32. Uza N, Nakase H, Yamamoto S, Yoshino T, Takeda Y, et al. (2011) SR-PSOX/

CXCL16 plays a critical role in the progression of colonic inflammation. Gut 60:
1494–1505.

33. Galastri S, Zamara E, Milani S, Novo E, Provenzano A, et al. (2012) Lack of CC
chemokine ligand 2 differentially affects inflammation and fibrosis according to

the genetic background in a murine model of steatohepatitis. Clin Sci (Lond)
123: 459–471.

34. Syn WK, Agboola KM, Swiderska M, Michelotti GA, Liaskou E, et al. (2012)

NKT-associated hedgehog and osteopontin drive fibrogenesis in non-alcoholic

fatty liver disease. Gut 61: 1323–1329.

35. Ishikawa S, Ikejima K, Yamagata H, Aoyama T, Kon K, et al. (2011) CD1d-
restricted natural killer T cells contribute to hepatic inflammation and

fibrogenesis in mice. J Hepatol 54: 1195–1204.

36. Jin Z, Sun R, Wei H, Gao X, Chen Y, et al. (2011) Accelerated liver fibrosis in

hepatitis B virus transgenic mice: involvement of natural killer T cells.
Hepatology 53: 219–229.

37. Syn WK, Oo YH, Pereira TA, Karaca GF, Jung Y, et al. (2010) Accumulation

of natural killer T cells in progressive nonalcoholic fatty liver disease. Hepatology

51: 1998–2007.

38. Wang H, Feng D, Park O, Yin S, Gao B (2013) Invariant NKT cell activation
induces neutrophil accumulation and hepatitis: Oppositely regulated by IL-4

and IFN-gamma. Hepatology.

39. Gutwein P, Abdel-Bakky MS, Schramme A, Doberstein K, Kampfer-Kolb N, et
al. (2009) CXCL16 is expressed in podocytes and acts as a scavenger receptor for

oxidized low-density lipoprotein. Am J Pathol 174: 2061–2072.

40. Gutwein P, Abdel-Bakky MS, Doberstein K, Schramme A, Beckmann J, et al.

(2009) CXCL16 and oxLDL are induced in the onset of diabetic nephropathy.
J Cell Mol Med 13: 3809–3825.

41. Postea O, Koenen RR, Hristov M, Weber C, Ludwig A (2008) Homocysteine

up-regulates vascular transmembrane chemokine CXCL16 and induces

CXCR6+ lymphocyte recruitment in vitro and in vivo. J Cell Mol Med 12:
1700–1709.

42. Mederacke I (2013) Liver fibrosis - mouse models and relevance in human liver

diseases. Z Gastroenterol 51: 55–62.

43. Tacke F (2012) Functional role of intrahepatic monocyte subsets for the

progression of liver inflammation and liver fibrosis in vivo. Fibrogenesis Tissue
Repair 5 Suppl 1: S27.

44. Sato A, Nakashima H, Nakashima M, Ikarashi M, Nishiyama K, et al. (2014)

Involvement of the TNF and FasL produced by CD11b Kupffer cells/
macrophages in CCl4-induced acute hepatic injury. PLoS One 9: e92515.

Inhibition of CXCL16 in Steatohepatitis

PLOS ONE | www.plosone.org 9 November 2014 | Volume 9 | Issue 11 | e112327


