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Background & Aims: During liver inflammation, triggering fibro- Lay summary: Our present study identifies the essential role of

genesis and carcinogenesis immune cells play a pivotal role. In the chemoattractive cytokine CCL5 for liver disease progression

the present study we investigated the role of CCL5 in human
and in murine models of chronic liver inflammation leading to
hepatocellular carcinoma (HCC) development.
Methods: CCL5 expression and its receptors were studied in
well-defined patients with chronic liver disease (CLD) and in
two murine inflammation based HCC models. The role of CCL5
in inflammation, fibrosis, tumor initiation and progression was
analyzed in different cell populations of NEMODhepa/CCL5�/� ani-
mals and after bone marrow transplantation (BMT). For thera-
peutic intervention Evasin-4 was injected for 24 h or 8 weeks.
Results: In CLD patients, CCL5 and its receptor CCR5 are overex-
pressed – an observation confirmed in the Mdr2�/� and
NEMODhepa model. CCL5 deletion in NEMODhepa mice diminished
hepatocyte apoptosis, compensatory proliferation and fibrogene-
sis due to reduced immune cell infiltration. Especially, CD45+/
Ly6G+ granulocytes, CD45+/CD11b+/Gr1.1+/F4/80+ pro-
inflammatory monocytes, CD4+ and CD8+ T cells were decreased.
One year old NEMODhepa/CCL5�/� mice displayed smaller and less
malignant tumors, characterized by reduced proliferative capac-
ity and less pronounced angiogenesis. We identified hematopoi-
etic cells as the main source of CCL5, while CCL5 deficiency did
not sensitise NEMODhepa hepatocytes towards TNFa induced
apoptosis. Finally, therapeutic intervention with Evasin-4 over a
period of 8 weeks ameliorated liver disease progression.
Conclusion:We identified an important role of CCL5 in human
and functionally in mice with disease progression, especially
HCC development. A novel approach to inhibit CCL5 in vivo thus
appears encouraging for patients with CLD.
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and especially hepatocellular carcinoma development in men
and mice. Finally, the inhibition of CCL5 appears to be encourag-
ing for therapy of human chronic liver disease.
� 2016 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
Introduction

Under physiological conditions the inflammatory response is a
beneficial process to restore tissue injury and to protect against
pathogenic causes. However, persistent liver damage triggers
chronic inflammation leading to scar formation and enhances
the susceptibility for cancer development [1]. Hepatocellular car-
cinoma (HCC) is the third leading cause of cancer-related death
and the fifth most common solid tumor worldwide [2]. Most
HCCs develop in the context of chronic liver inflammation
[3–5]. However, the molecular and cellular mechanisms linking
inflammation and end-stage HCC during chronic liver injury need
to be better defined in order to develop new treatment targets.

The intrahepatic accumulation of immune cells, a feature of
chronic liver disease (CLD), is coordinated by an orchestra of
chemokines and cytokines, which are produced by infiltrating
as well as resident liver cells [6]. Our group and others have
identified CC-chemokine ligand 5 (CCL5) – originally described
as RANTES – as a 7.5 kDa chemokine [7], which plays a crucial
role in the inflammatory process [8]. CCL5 is expressed by plate-
lets, macrophages, endothelial cells and hepatic stellate cells
(HSCs) [9,10]. Upon binding to its seven transmembrane G-
protein coupled receptors CCR1, CCR3 and CCR5, CCL5 mediates
its effect on cell trafficking and activation on a range of immune
cells including T cells, monocytes, basophils, eosinophils, natural
killer (NK) cells, and dendritic cells (DC) [11].

Two different experimental approaches of liver fibrosis in vivo
– the methionine and choline deficient diet (MCD) and the toxic
carbon tetrachloride (CCl4) – have demonstrated that CCL5
deletion results in reduced fibrogenesis due to a decrease in
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intrahepatic macrophages and T cells [8]. Moreover, CCR1 and
CCR5 knockout mice are protected against fibrogenesis after bile
duct ligation or CCl4-induced liver fibrosis [12].

Despite the fact that genetic deletion or pharmacological inhi-
bition of CCL5 receptors have shown promising results as a first
step towards anti-fibrotic therapy in the clinic, the lack of evi-
dence with respect to the role of CCL5 in inflammation-induced
tumorigenesis is not yet clearly defined. Furthermore, CCR5�/�

mice, but not CCR1�/� animals are partially protected against
tumorigenesis in the Mdr2 knockout model [13]. In contrast,
CCR1�/� mice displayed a lower number of nodules and reduced
tumor size but higher tumor incidence after diethylnitrosamine
(DEN) challenge [14].

Thus, we aimed to investigate the expression of CCL5 and its
receptors in patients suffering from CLD and correlated its
expression with disease progression. To functionally study the
relevance of this finding in inflammation-driven liver carcinogen-
esis we applied the NEMODhepa mouse, an experimental model
characterized by increased hepatocyte apoptosis and compen-
satory proliferation, leading to chronic hepatitis, which triggers
fibrosis and finally HCC, mimicking non-alcoholic steatohepatitis
(NASH) and HCC development in human [15,16]. Furthermore,
we evaluated the therapeutic implications of blocking CCL5
against inflammation-derived HCC using Evasin-4, a
chemokine-binding protein derived from the common brown
dog tick which has high affinity and neutralization capacity for
CCL5 [17,18].
Materials and methods

Housing and establishment of the knockout mice

We generated mice carrying the loxP-site-flanked NEMO/IKKc gene under the
control of the Alb/AFP-Cre promotor/enhancer as previously described
[15,16,19]. From NEMODhepa mice, we generated double knockout animals by
crossing NEMODhepa with constitutive CCL5 deficient mice defined in a C57BL/6
background and purchased from the Jackson Laboratory (Bar Harbor, ME) [20].
Progression of liver disease was monitored in male mice, ranging from 8 to
52 weeks of age. FACS experiments were performed on 8- week-old male mice.
Animals were maintained in the animal facility of the University Hospital, RWTH
Aachen according to the German legal requirements.

Human liver samples

Human liver tissue was acquired either from biopsies for routine clinical pur-
poses or explants of cirrhotic livers obtained during liver transplantation [21].

For details on methodology, please see Supplementary Material.
Results

Increased CCL5 expression correlates with liver disease progression
in humans

To define the relevance of CCL5 in CLD, we investigated its mRNA
expression in liver samples of healthy controls and a cohort of
patients with different stages of liver disease ranging from mild
to advanced liver fibrosis and cirrhosis. CCL5 expression was sig-
nificantly higher in diseased livers compared with healthy con-
trols (Fig. 1A). Interestingly, CCL5 mRNA expression correlated
with fibrosis grade (Fig. 1B) and the stage of liver inflammation
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(Fig. 1C). When different etiologies of CLD were compared steato-
tic patients showed significantly higher CCL5 expression. How-
ever, CCL5 was also elevated in livers of NASH and viral
hepatitis patients compared with healthy controls (Supplemen-
tary Fig. 1).

Next we analyzed CCL5 protein expression in patients with
advanced liver fibrosis (F4). Immunohistochemical staining
revealed that CCL5 was exclusively detected in non-
parenchymal cells (NPCs) whereas immunohistochemistry was
negative in healthy controls (Fig. 1D). Additionally, we observed
a significant upregulation of CCR5 in CLD patients compared with
healthy controls, whereas CCR1 and CCR3 expression was unaf-
fected (Fig. 1E). Altogether these results indicate that CCL5
expression correlates with the stage of liver fibrosis and might
be a useful marker for NASH patients.

Increased CCL5 and CCR5 expression in NEMODhepa livers

Our analysis revealed that CCL5 and CCR5 expression is increased
in patients with different etiologies. This expression pattern was
further confirmed in a first model of experimental liver disease,
where steatohepatitis and its progression lead to fibrosis and
HCC development [15]. Disease progression in NEMODhepa ani-
mals mimics chronic inflammation and HCC in human; therefore
it represents an excellent experimental model to study CLD. In
NEMODhepa livers we observed a significant upregulation of
CCL5 and CCR5 whereas the expression of CCR1 and CCR3
remained unchanged compared with wild-type (WT) mice
(Fig. 2A; Supplementary Fig. 2A). Furthermore we found an
upregulation of CCL5 in the non-immune cell fraction (including
HSCs and hepatocytes) as well as in the immune cell fraction in
NEMODhepa livers compared to WT livers. However, the immune
cell fraction showed a significant higher CCL5 expression
compared to the non-immune cell fraction in NEMODhepa livers
(Supplementary Fig. 2B).

To further strengthen the relevance of our findings, we inves-
tigated expression of CCL5 and its receptors in a second example
of inflammation triggered chronic liver injury, the Mdr2�/�

model. Here we found higher CCL5 expression, while the recep-
tors CCR1, CCR3 and CCR5 remained unchanged compared with
WT livers (Supplementary Fig. 2C).

To study CCR1 and CCR5 expression in liver cells, we isolated
immune and non-immune cells from WT and NEMODhepa livers.
On the mRNA level, both cell fractions from NEMODhepa compared
with WT livers showed higher CCR5 expression. In addition, in
NEMODhepa immune cells CCR1 expression was significantly
upregulated (Fig. 2B). To characterize CCR1 and CCR5 expression
on the protein level we next performed FACS analysis and
immunofluorescence staining. Here we found an increase in
absolute numbers of CD45+/CCR5+ cells in NEMODhepa compared
to WT livers (Fig. 2C). Additionally, we could show that CCR5 sur-
face expression was increased on Ly6G+, CD11b+/F40/80+/GR1.1+

cells in NEMODhepa compared to WT livers. Characteristically, the
percentage of Ly6G+, CD11b+/F40/80+/GR1.1+ and CD3+ cells
expressing CCR5 was upregulated in NEMODhepa livers as com-
pared to WT livers (Supplementary Fig. 3A and B).

Interestingly, NEMODhepa mice show CCL5 and CCR5 upreg-
ulation as also found in patients with CLD and our results fur-
ther identify immune cells to be responsible in mediating this
effect.
7 vol. 66 j 743–753
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Fig. 1. CCL5 overexpression is a common pattern of human CLD. Total RNA was extracted from liver samples of healthy controls and CLD patients. Expression level of
CCL5, CCR1, CCR3 and CCR5 were measured by qRT-PCR. (A) CCL5 expression of CLD patients (n = 41) in comparison with healthy controls (n = 5). (B) CCL5 expression of CLD
patients with different fibrosis stages (stage 0–1: n = 16; stage 3–4 n = 19) in comparison with healthy controls (n = 5). (C) CCL5 expression of CLD patients with different
stages of inflammation (stage 0–1: n = 12; stage 2–3: n = 25) in comparison with healthy controls. (D) Representative CCL5 immunohistochemical staining of paraffin
embedded liver samples of a healthy control and a CLD patient. Arrows indicate positive cells. Scale bar: 50 lm. (E) Expression of CCR1, CCR3 and CCR5 in CLD patients
compared (n = 28) with healthy controls (n = 5). Data are expressed as mean ± SEM. Statistical differences were detected by one-way ANOVA with Tukey’s post-hoc (B, C)
and by a 2-tailed Student’s t test (A, E) (⁄p <0.05).
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CCL5 deletion significantly improves liver injury in NEMODhepa mice

Our human data indicated a role for the CCL5/CCR5 axis during
CLD. Results in the NEMODhepa livers best reflected these observa-
tions, we thus generated NEMODhepa/CCL5�/� mice to study the
impact of constitutive CCL5 deletion on disease progression.
H&E staining of 8 week old NEMODhepa livers revealed signs of
lobular disorganization and severe diffuse hepatocellular aniso-
karyosis together with increased apoptotic and mitosis accompa-
nied by mild inflammation. In contrast, NEMODhepa/CCL5�/�

displayed less pronounced liver damage (Fig. 2D; Supplementary
Fig. 4A), which was also reflected in a significant reduction in
serum alanine transaminases (ALT) values at all investigated time
points (Supplementary Fig. 4F).

We now verified the effect of CCL5 deletion on apoptosis and
compensatory proliferation in NEMODhepa and NEMODhepa/
CCL5�/� livers. NEMODhepa mice displayed significantly more
apoptosis than NEMODhepa/CCL5�/� mice, as illustrated by higher
numbers of cleaved caspase 3 positive cells, higher caspase 3
activity (Fig. 2D and E; Supplementary Fig. 4A and B) and
increased TUNEL positive cells (Supplementary Fig. 4C and D).
Immunofluorescence staining for Ki67 as well as expression anal-
ysis of key cell cycle markers (Fig. 2D–F; Supplementary Fig. 4E)
showed a significant reduction in proliferation in 8 week old
NEMODhepa/CCL5�/� livers.
Journal of Hepatology 201
Loss of CCL5 alters the inflammatory milieu and the recruitment of
immune cells

CCL5 plays a crucial role in recruiting a variety of leukocytes into
inflammatory sites including macrophages, eosinophils, baso-
phils and T cells [11]. The pro-inflammatory milieu in
NEMODhepa/CCL5�/� livers was attenuated compared with
NEMODhepa livers as reflected by decreased TNFa, IL-1b and
MCP-1 expression levels (Fig. 3A). As shown for TNFa these
results were confirmed by ELISA in whole liver tissue lysates
(Fig. 3B).

No differences in intrahepatic immune cell infiltration were
found between WT and CCL5�/� livers. However less infiltrating
CD45+ cells were observed in NEMODhepa/CCL5�/� compared with
NEMODhepa livers (Fig. 3C and F). Indeed, analysis of the number
of intrahepatic immune cells revealed differences in specific sub-
sets. Pro-inflammatory monocytes, defined as CD11b+, Gr1.1+ and
F4/80+, were significantly decreased in NEMODhepa/CCL5�/� com-
pared with NEMODhepa livers (Fig. 3D and F; Supplementary
Fig. 5A). Moreover, the number of Ly6G+ granulocytes was also
lower in NEMODhepa/CCL5�/� livers (Fig. 3E and F; Supplementary
Fig. 5A), suggesting a reduced recruitment of innate immune
cells. Additionally, the number of adaptive immune cells – CD4+

and CD8+ T cells – was diminished in NEMODhepa/CCL5�/� livers
(Supplementary Fig. 5C and D), while CD11c+/b+, CD11c+/b�
7 vol. 66 j 743–753 745



8

6

4

2

0

R
el

. f
ol

d 
in

du
ct

io
n

CCR1 CCR3 CCR5CCL5

*

*

WT
NEMOΔhepa

CCR1
CCR5

WT NEMOΔhepa

200
150
100
50

8
6
4
2
0

WT NEMOΔhepa

Non-immune cells Immune cells

R
el

. f
ol

d 
in

du
ct

io
n

C
ou

nt
s

CCR1

C
ou

nt
s

CCR1

8  

6 

4 

2 

0C
D

45
+  

ce
lls

/li
ve

r (
x 

10
 )4

CCR1+ CCR5+

**WT
NEMO

WT

NEMOΔhepa

Liver

DAPI CD45 CCR5 Merge

A

B

C

D E
NEMOΔhepa NEMOΔhepa/CCL5-/-

H
&

E
C

lv
d.

 C
as

p 
3

K
i6

7

WT
CCL5-/-

NEMOΔhepa

NEMOΔhepa/CCL5-/-

*
***

15

10

5

0

C
as

pa
se

 3
 a

ct
iv

ity
[fo

ld
 in

du
ct

io
n]

K
i6

7 
po

si
tiv

e 
ce

lls
 [%

]

8

6

4

2

0

10

kDA

30

40
30

PCNA

Cyclin D

GAPDH

NEMO
Δhe

pa

NEMO
Δhe

pa

/C
CL5

-/-

CCL5
-/-

W
T

F

100
80
60
40
20
0

101 102 103 104 105

100
80
60
40
20
0

101 102 103 104 105

Fig. 2. Ablation of CCL5 in NEMODhepa livers results in reduced liver injury. Samples of 8 week old WT, CCL5�/�, NEMODhepa and NEMODhepa/CCL5�/� mice were included.
(A) Expression of CCL5, CCR1, CCR3 and CCR5 were measured by qRT-PCR in whole liver and presented as fold induction compared with WT mice. (B) Immune and non-
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DCs or CD19+ B cells were not affected (Supplementary Fig. 5E
and F).

NEMODhepa/CCL5�/� livers display reduced fibrogenesis

CCL5 deletion significantly reduced the inflammatory response in
8 week old NEMODhepa livers. As chronic inflammation triggers
scar formation, we first investigated the impact on liver fibrogen-
esis. NEMODhepa/CCL5�/� livers exhibited diminished collagen
deposition, as detected by decreased Sirius Red and collagen IA1
staining compared with NEMODhepa mice (Fig. 4A and B). These
results were further confirmed by collagen IA1 immunoblotting
(Fig. 4C). Moreover, liver TGFb mRNA expression levels as profi-
746 Journal of Hepatology 201
brotic cytokine were significantly downregulated in NEMODhepa/
CCL5�/� compared with NEMODhepa mice (Fig. 4D). Thus the atten-
uated inflammatory response in NEMODhepa/CCL5�/� livers was
associated over time with reduced fibrogenesis.

Genetic CCL5 deletion diminishes HCC progression but not initiation

In total, 100% of one year old NEMO mice develop HCCs [22].
Thus, we assessed the impact of CCL5 deletion on liver carcino-
genesis. Macroscopically, tumors could be detected on the sur-
face of NEMODhepa and NEMODhepa/CCL5�/� livers (Fig. 5A;
Supplementary Fig. 6A). However, the average largest tumor in
NEMODhepa/CCL5�/� livers was significantly smaller compared
7 vol. 66 j 743–753
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Fig. 3. Immune cell infiltration and inflammation status in NEMODhepa/CCL5�/� mice. Samples of 8 week old WT, CCL5�/�, NEMODhepa and NEMODhepa/CCL5�/� mice
were included. (A) Expression of TNFa, IL-1b and MCP-1 were measured by qRT-PCR in whole liver extracts and presented as fold induction compared with WT mice. (B)
ELISA for TNFa of whole liver extracts from 8 week old mice was performed. (C) Absolute number of CD45+ cells in the liver was calculated by using FlowJo. (D)
Quantification of pro-inflammatory monocytes (Gr1.1+/F4/80+) and (E) Ly6G+ granulocytes of CD45+ cells was done using FlowJo. (F) Representative FACS plots from all four
genotypes (WT, CCL5�/�, NEMODhepa and NEMODhepa/CCL5�/�) for CD45+ cells, Gr1.1+/F4/80+ proinf. Monocytes and Ly6G+ granulocytes are shown. Data are expressed as
mean ± SEM from 6 to 11 mice per group. Statistical differences were detected by one-way ANOVA with Tukey’s post-hoc (⁄p <0.05; ⁄⁄p <0.01).
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with the average largest tumor in NEMODhepa livers (Fig. 5B). H&E
staining revealed that NEMODhepa livers exhibited single or mul-
tiple well-differentiated grade I trabecular HCC, whereas
NEMODhepa/CCL5�/� livers exhibited less neoplastic severity, sup-
ported by a decreased HCC incidence and a significantly less
malignancy atypia score, characterized by variations in size or
morphology of cells and of bizarre mitotic figures (Fig. 5C). In
agreement, serum ALT and AP levels were significantly decreased
in 1 year old NEMODhepa/CCL5�/� compared with NEMODhepa mice
(Supplementary Fig. 6A).

The proliferative capacity of the tumors as well as of non-
neoplastic lesions was investigated in NEMODhepa and
NEMODhepa/CCL5�/� livers. Ki67 immunohistochemistry staining
(Fig. 5A and D) demonstrated that non-neoplastic lesions exhib-
ited reduced proliferation. Detailed analysis of the tumor tissue
revealed a significant lower number of Ki67 positive hepatocytes
and NPCs in NEMODhepa/CCL5�/� compared with NEMODhepa

tumor tissue (Supplementary Fig. 6C). Detailed analysis of cell
cycle markers supported the concept that NEMODhepa/CCL5�/� liv-
ers tumors showed a reduced proliferating capacity (Supplemen-
tary Fig. 6D).

Vessel formation from pre-existing vessels is an important
feature of tumor formation to provide the tumor tissue with
nutrient supply, essential for survival of tumor cells [23]. VEGF
is linked to tumor angiogenesis and is strongly increased in
NEMODhepa tumors. In contrast, its expression was significantly
reduced in NEMODhepa/CCL5�/� tumors and not significantly
higher compared to controls (Fig. 5E). Accordingly NEMODhepa/
CCL5�/� livers showed significantly reduced CD31-positive area
Journal of Hepatology 201
– a marker for endothelial cells - compared with NEMODhepa

livers (Fig. 5E; Supplementary Fig. 6E). Double staining for Ki67
and CD31 excluded that endothelial cells are part of the prolifer-
ating cells in the tumors (Supplementary Fig. 7).

To address whether CCL5 may increase VEGF expression, an
in vitro tube formation assay was performed using LX-2 and
HepG2 cells. Both cell lines were stimulated for 24 h with CCL5
and VEGF expression was quantified. CCL5 triggered VEGF
expression in a dose dependent manner. In the HSC line LX-2
stronger VEGF expression was found compared with HepG2 cells
(Fig. 5F (left panel); Supplementary Fig. 6F). CCL5 stimulation of
primary murine HSCs, but not of primary murine hepatocytes,
resulted in increased VEGF expression (Supplementary Fig. 5G,
data not shown). Stimulation of human umbilical vein endothe-
lial cells (HUVECs) seeded in matrigel with LX-2 or HepG2 super-
natant resulted in the formation of vessel like structures (Fig. 5F;
Supplementary Fig. 6F). In agreement with higher VEGF stimula-
tion the supernatant of LX-2 supernatant induced stronger for-
mation of vessel like structures (Fig. 5F; Supplementary Fig. 6F).

Hence liver disease progression and thus HCC malignant
growth was significantly reduced in NEMODhepa mice after CCL5
deletion.

Deletion of CCL5 in NEMODhepa hepatocytes does not alter its
viability and sensitivity after TNF stimulation

We next aimed to better define the cells and molecular mecha-
nism explaining the protective effect of CCL5. We isolated
primary hepatocytes from WT, CCL5�/�, NEMODhepa and
7 vol. 66 j 743–753 747
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NEMODhepa/CCL5�/� animals. Viability after hepatocyte isolation
from NEMODhepa and NEMODhepa/CCL5�/� livers was significantly
reduced compared with WT, CCL5�/� livers. Additionally there
was significantly reduced viability of NEMODhepa compared with
NEMODhepa/CCL5�/� hepatocytes (Supplementary Fig. 8A).

As described earlier, NEMODhepa hepatocytes are sensitive to
TNFa induced apoptosis in vitro and in vivo [19]. In contrast to
the differences found after isolation, viability in culture over time
was not different between NEMODhepa and NEMODhepa/CCL5�/�

hepatocytes. Additionally, hepatocytes derived from both geno-
types are sensitive towards TNFa stimulation, however no differ-
ences were found between NEMODhepa and NEMODhepa/CCL5�/�

hepatocytes as evidenced by no changes in ALT levels, caspase
3 activity and corresponding images (Supplementary Fig. 8B–D).

Hematopoietic-derived CCL5 strongly influences the development of
liver fibrosis

Our human data revealed that predominantly NPCs were CCL5
positive in CLD. Immune cells, including T cells, macrophages as
well as resident liver cells (endothelial cells and HSCs) produce
CCL5 [4–6]. To define if CCL5 of infiltrating immune cells or other
NPCs are essential in determining CLD progression, we generated
chimeric mice using bone marrow transplantation (BMT)
(Fig. 6A).
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Eight weeks after BMT, [WT?WT] and [CCL5�/�?WT] chi-
meras displayed no significant differences in serum transami-
nases (Fig. 6B) or in hepatic fibrogenesis (Fig. 6C–E).
Interestingly, [CCL5�/�?NEMODhepa] showed significantly lower
AST and ALT values compared with chimeric [WT?NEMODhepa]
mice whereas [WT?NEMODhepa/CCL5�/�] mice displayed no dif-
ferences compared to [WT?NEMODhepa] mice (Fig. 6B). Concomi-
tant with these findings, the H&E staining manifested a preserved
hepatic architecture in [CCL5�/�?NEMODhepa] compared with
[WT?NEMODhepa] and [WT?NEMODhepa/CCL5�/�] livers
(Fig. 6C). Moreover, the analysis of fibrosis markers such as colla-
gen IA1, Sirius Red and TGFb confirmed significantly decreased
matrix deposition in [CCL5�/�?NEMODhepa] chimeras compared
to [WT?NEMODhepa] livers and [WT?NEMODhepa/CCL5�/�]
(Fig. 6C–E). These results demonstrate that CCL5 knockout in res-
ident liver cells is insufficient for fibrosis improvement. In con-
trast, depletion of bone marrow derived-CCL5 significantly
improved liver disease progression in NEMODhepa mice.

Evasin-4 prevents the development of hepatic fibrosis in vivo

Evasin-4 is a chemokine-binding protein, originally cloned from a
cDNA library derived from the salivary glands of the common
brown dog tick. Since Evasin-4 presents the highest binding
affinity to CCL5 [17,18,24], we assessed if Evasin-4 treatment
7 vol. 66 j 743–753
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influences early immune cell infiltration into the liver. Therefore,
we injected Evasin-4 intraperitoneally in NEMODhepa mice at
8 weeks and sacrificed the mice after 24 h (Fig. 7A). CD45+/
Ly6G+ granulocytes were significantly reduced in Evasin-4-
treated-NEMODhepa mice compared with saline injected-
NEMODhepa mice (Fig. 7B and C).
Journal of Hepatology 201
After we found that Evasin-4 reduced immune cell infiltration
in NEMODhepa livers we injected Evasin-4 into NEMODhepa mice
daily intraperitoneally over a period of 8 weeks (Fig. 7A) to
address the question if Evasin-4 treatment could diminish fibro-
sis development. We evaluated markers of liver fibrosis and HSC
activation, because NEMODhepa mice develop significant fibrosis
7 vol. 66 j 743–753 749
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and matrix deposition and signs of NASH, between 13–14 weeks
of age. Sirius Red staining and collagen IA1 staining revealed that
Evasin-4-treated NEMODhepa mice displayed significant less fibro-
sis after 8 weeks of treatment (Fig. 7D and E). Our results were
confirmed by quantitative RT-PCR for alpha smooth muscle actin
(aSMA), collagen IA1, TGFb and MMP-2 (Fig. 7F).

These results clearly demonstrate that administration of
Evasin-4 reduced disease progression in NEMODhepa mice, corre-
lating with decreased immune cell infiltration.
750 Journal of Hepatology 201
Discussion

Inflammation, especially after tissue injury or contact with
pathogens, is a physiological response for tissue regeneration
and is particularly important for liver homeostasis. Chronic tissue
injury continuously activates the immune system leading to tis-
sue remodeling and in the liver triggers fibrogenesis and malig-
nant transformation/growth. The role of CCL5 during this
process is not fully understood.
7 vol. 66 j 743–753
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RANTES/CCL5 is of broad clinical importance since its
increased expression has been identified in several human dis-
eases including AIDS, cancer, atherosclerosis, asthma, transplan-
tation, and autoimmune diseases [25]. Acute and chronic liver
diseases are characterized by hepatocyte injury triggering an
inflammatory and pro-fibrogenic response. Damaged hepatocytes
as well as activated Kupffer cells release reactive oxygen species,
as well as inflammatory mediators (e.g. CCL5 [26]) recruiting
inflammatory cells to the liver, which are amplifying this process.
In fact, our group provided evidence that CCL5 is strongly associ-
ated with advanced liver fibrosis with or without HCV-infection
[8].

Moreover, here we show that CCL5 expression levels in CLD
patients correlate with fibrosis stage and inflammation grade,
especially in patients with steatosis. Importantly, we explicitly
defined NPC as the major source of CCL5 in CLD patients. Addi-
tionally, CCR5 expression levels were significantly upregulated
in CLD patients, whereas CCR1 and CCR3 expression were not
affected.

Consequently, we asked whether CCL5 might play a crucial
role in experimental inflammation-driven liver carcinogenesis
and thus used the NEMODhepa and the Mdr2�/� model to address
Journal of Hepatology 201
this question. Our results showed increased CCL5 expression in
NEMODhepa and Mdr2�/� livers, suggesting a possible functional
role for inflammation mediated HCC development. Moreover,
we observed upregulation of CCR5, in contrast to CCR1 and
CCR3 in NEMODhepa livers, indicating that most of the effects of
CCL5 is mediated through CCR5 in this model. In contrast in
Mdr2�/� livers the three receptors were not significantly upregu-
lated, suggesting differences in the mechanisms. In NEMODhepa

livers we determined the cell populations expressing predomi-
nantly CCR1 and CCR5 to serve as CCL5 target cells. The non-
immune cell fraction showed CCR5 upregulation while CCR1
was only slightly upregulated [12]. In contrast a strong upregula-
tion of CCR5 was found in immune cells, especially T cells, macro-
phages and granulocytes, suggesting that these cells are
dominantly responding to increased CCL5 expression in
NEMODhepa livers. Therefore in our further functional analysis
we concentrated on NEMODhepa livers as they more closely reflect
the receptor expression pattern as also found in human.

As CCL5 was increased during NEMODhepa-mediated CLD, we
aimed to investigate its relevance for inflammation, fibrosis and
hepatocarcinogenesis. Therefore, we used a genetic approach by
deleting CCL5 and generating double knockout NEMODhepa/
7 vol. 66 j 743–753 751



Research Article

CCL5�/� animals. Interestingly, in NEMODhepa/CCL5�/� mice liver
injury was significantly improved compared with NEMODhepa

mice as shown by reduced serum transaminases as well as less
pronounced liver damage on histological examination. This was
further supported when primary hepatocytes were isolated. Via-
bility of NEMODhepa hepatocytes was significantly worse com-
pared with NEMODhepa/CCL5�/� hepatocytes suggesting that
these cells were more severely damaged in the in vivo environ-
ment of NEMODhepa livers. In contrast, isolated primary hepato-
cytes of both strains in culture did not show any differences in
viability and TNF response demonstrating that the inflammatory
response in the liver and not the sensitivity of the hepatocyte per
se is essential to explain differences in the phenotype between
NEMODhepa and NEMODhepa/CCL5�/� livers.

As the differences in liver damage between the two mouse
strains could not be explained on the hepatocyte level, we next
analyzed the inflammatory milieu and immune cell recruitment.
Since CCL5 plays an active role in attracting leukocytes to inflam-
matory sites including T cells, macrophages, eosinophils, and
basophils [11]. Loss of CCL5 reduced immune cell infiltration into
NEMODhepa livers. Specifically, Ly6G+ granulocytes, CD11b+/
Gr1.1+/F4/80+ pro-inflammatory monocytes as well as CD4+ and
CD8+ T cells were reduced in NEMODhepa/CCL5�/� livers. The rela-
tionship between CCL5 and Ly6G+ granulocytes have been
described in other tissues like in pneumonia and heart infarct
[27,28]. In the present study we were thus thrilled to see that
CCL5 also controls the influx of Ly6G+ granulocytes in CLD.

Deletion of the CCL5 receptor CCR5 leads to increased NK cell
recruitment into the liver during ConA-induced liver injury and
consequently their activation through enhanced hepatic produc-
tion of CCL5 is triggered via CCR1 [29,30]. Thus, in the absence of
CCR5, CCL5 is able to bind to other cognate receptors such as
CCR1, triggering the fibrogenic response. In line with previous
studies performed in our lab, genetic or pharmacological deletion
of CCL5 leads to reduced fibrogenesis in three different models of
liver disease, CCL4, MCD and NEMODhepa, confirming its potential
use as a pharmacological target e.g. against NASH also in human
[8,31].

Malignant growth of HCC represents the end-stage of many
CLDs including the NEMODhepa model. Indeed, the role of CCL5
in carcinogenesis has been broadly studied in hematological
malignancies and solid tumors [32], but the pro-malignant effects
have only been linked to multiple melanoma and breast cancer,
whereas their contribution to other malignancies remained
imprecise [32].

Here we showed that CCL5 deletion attenuates HCC progres-
sion in NEMODhepa mice accompanied with a reduced prolifera-
tive capacity and diminished angiogenesis. These results are
consistent with previous publications suggesting that CCR5
expression is crucial for HCC progression by reducing the macro-
phage influx at an earlier time point. Our in vitro experiments
demonstrated that CCL5 increases VEGF expression in the human
HSC line Lx2, HepG2 hepatoma cells and primary murine HSCs
leading to increased vessel like formation in a HUVEC based tube
formation assay. This observation suggests that in the liver CCL5
via VEGF contributes to angiogenesis. Similar results have already
been described for two different bone-derived tumor cell types,
osteosarcoma and chondrosarcoma cells [33,34]. These results
strengthen our in vivo results showing that NEMODhepa/CCL5�/�

tumors have a reduction in vessel formation and thus provide a
direct explanation for this observation.
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After our analysis suggested that NPCs in the liver and most
likely immune cells are essential in mediating the CCL5-
dependent effect in NEMODhepa livers we generated chimeric
mice using BMT. These results conclusively demonstrated that
immune cells expressing CCL5 derived from the hematopoietic
BMT are crucial in triggering liver disease progression in
NEMODhepa mice [8,35].

A fundamental objective in treating CLD or inflammation-
driven carcinogenesis is to disrupt the interactions leading to
NASH progression or HCC. Several previous promising findings
using CCL5 receptor antagonism of CCR1 and/or CCR5 not only
by our group (Met-CCL5) have opened new opportunities for
the treatment of liver scarring in the past few years [8,36]. How-
ever, the fact that antagonism of CCR5 induces severe liver toxi-
city in human trials has raised concerns, and new experimental
approaches need to be introduced [37]. Hence among these, tar-
geting CCL5 via specific inhibitors might be a promising alterna-
tive approach.

Evasins, are chemokine-binding proteins identified in the
blood-feeding parasitic common brown dog tick, have shown
anti-inflammatory properties in experimental models of inflam-
matory diseases [17,38,39]. Specifically, Evasin-4 has exhibited
very powerful anti-inflammatory and pro-survival properties in
a post-infarction myocardial injury model [40]. Thus, we tested
whether Evasin-4 might have anti-inflammatory effects in CLD.
In a long-term treatment (8 weeks), Evasin-4 treated NEMODhepa

mice developed significantly reduced liver fibrosis compared
with saline injected-NEMODhepa mice. Furthermore Evasin-4
treatment led to a reduction of Ly6G+ granulocytes. The effects
of Evasin-4 were evident at the histological, biochemical, and
molecular level, suggesting a profound pharmacological effect
of CCL5 inhibition via Evasin-4 treatment on liver fibrogenesis.

In summary, CCL5 deletion specifically in bone marrow
derived immune cells leads to the amelioration of fibrosis and
HCC progression. Pharmacologic modulation of the CCL5 pathway
significantly diminished the inflammatory response and inhibited
CLD progression. These results provide the rationale evidence and
encourage further studies of CCL5-inhibitory strategies by using
Evasins for the treatment of chronic liver injury.
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