
ORIGINAL RESEARCH
Roles of CCR2 and CCR5 for Hepatic Macrophage Polarization in
Mice With Liver Parenchymal Cell-Specific NEMO Deletion

Matthias Bartneck,1,* Christiane Koppe,1,* Viktor Fech,1 Klaudia T. Warzecha,1

Marlene Kohlhepp,1,2 Sebastian Huss,3 Ralf Weiskirchen,4 Christian Trautwein,1

Tom Luedde,1,5,§ and Frank Tacke1,2,§

1Department of Medicine III, RWTH Aachen University, Aachen, Germany; 2Department of Hepatology and Gastroenterology,
Charité University Medicine Berlin, Berlin, Germany; 3Gerhard Domagk Institute of Pathology, University Hospital Münster,
Münster, Germany; 4Institute of Molecular Pathobiochemistry, Experimental Gene Therapy and Clinical Chemistry, RWTH
University Hospital Aachen, Aachen, Germany; and 5Department of Gastroenterology, Hepatology and Infectious Diseases,
University Hospital Düsseldorf, Medical Faculty of Heinrich Heine University Düsseldorf, Düsseldorf, Germany
SYNOPSIS

Macrophages critically regulate liver inflammation. Using a
genetically determined hepatitis mouse model we found that
CCR2 controls monocyte and macrophage recruitment to
injured livers, while CCR5-dependent functions of liver
macrophages limit hepatic injury, thereby reducing steatosis
and hepatocarcinogenesis.

BACKGROUND & AIMS: Macrophages are key regulators of
inflammation and cancer promotion in the liver, and their
recruitment and activation is linked to chemokine receptor
signaling. However, the exact roles of the chemokine receptors
CCR2 and CCR5 for macrophage functions in the liver is obscure.

METHODS: To study CCR2 and CCR5 in inflammatory liver
injury, we used mice with a hepatocyte-specific knock-out of
the nuclear factor kB (NF-kB) essential modulator (NEMO),
termed NEMOLPC-KO mice, and generated NEMOLPC-KOCcr2-/-

and NEMOLPC-KOCcr5-/- mice. NEMOLPC-KO mice develop hepa-
titis and fibrosis after two and liver tumors after six months.
RESULTS: We found that both CCR2 and CCR5 deficiency led to
reduced fibrosis, while CCR5 deficiency increased steatosis and tumor
burden in NEMOLPC-KO mice. CCR2 was required for recruitment of
hepatic macrophages, whereas CCR5 promoted stellate cell activation.
The reduction of monocytes and macrophages by either anti-Gr1
antibody or clodronate-loaded liposomes (CLL), but not of CD8þ T
cells or NK cells, significantly aggravated liver injury in NEMOLPC-KO

mice and was further increased in NEMOLPC-KOCcr5-/- mice. CLL-
induced liver injury was dampened by the adoptive transfer of
ex vivo generated macrophages, whereas the adoptive transfer of con-
trol CD115þ immaturemonocytes or B cells did not reduce liver injury.

CONCLUSIONS: Although CCR2 and CCR5 principally promote
liver fibrosis, they exert differential functions on hepatic mac-
rophages during liver disease progression in NEMOLPC-KO mice.
While CCR2 controls the recruitment of monocytes to injured
livers, CCR5-dependent functions of liver macrophages limit
hepatic injury, thereby reducing steatosis and hepatocarcino-
genesis. (Cell Mol Gastroenterol Hepatol 2021;11:327–347;
https://doi.org/10.1016/j.jcmgh.2020.08.012)
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eletion of the nuclear factor kappa B essential modu-
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Abbreviations used in this paper: ALT, alanine aminotransferase;
BMDM, bone marrow-derived macrophages; CCL, CC motif chemo-
kine; CCR, CC-chemokine receptor; CLL, clodronate-loaded lipo-
some; HSC, hepatic stellate cell; IFNg, interferon gamma; IL,
interleukin; KC, Kupffer cell; KO, knockout; LPC, liver parenchymal
cell; LPS, lipopolysaccharide; MoMF, monocyte-derived macrophage;
mRNA, messenger RNA; NAFLD, nonalcoholic fatty liver disease;
NASH, nonalcoholic steatohepatitis; NEMO, nuclear factor kappa B
essential modulator; NK, natural killer; PDGF, platelet-derived growth
factor; PPAR, Peroxisome proliferator-activated receptor; SREBP,
sterol-regulatory element binding protein; TGF-b, transforming growth
factor beta; TNF, tumor necrosis factor; WT, wild-type.
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Dlator (NEMO), also known as nuclear factor kappa B
inhibitor of kinase subunit gamma, in liver parenchymal
cells (LPCs) induces spontaneous hepatitis and hepatocyte
apoptosis. The inflammatory process leads to a regenerative
response of the liver resulting in a sequence of steatohe-
patitis, fibrosis, and, ultimately, liver cancer.1 This sequence
of disease progression represents a valuable murine model
for inflammatory hepatocarcinogenesis initiated by a
specialized genetic deficiency, as it reflects hallmarks of
liver disease progression in humans.2

Macrophages are among the most numerous immune cell
types in the liver and are critically involved in regulating
inflammation and cancer. They exhibit a unique plasticity,
with classically activated (M1) macrophages or alternatively
activated (M2)macrophages representing 2 extreme facets of
a broad spectrum.3 Macrophages in injured livers mainly
originate frommonocytes that translocate into the liver upon
injury and express F4/80, CD11b, and the Ly6C antigen on
their surface in mice. The recruitment of these monocyte-
derived macrophages (MoMFs) to injured livers is mediated
by the CC-chemokine receptor type 2 (CCR2), which is a
pharmacological target in the treatment of liver fibrosis and
nonalcoholic steatohepatitis (NASH).4 Kupffer cells (KCs) are
resident liver macrophages, which express high levels of F4/
80 and CLEC4F but low levels of Ly6C and CD11b in mice.5

Macrophages accompany tumor progression at different
stages, with a role in early initiation and tissue invasion, as
well as in facilitating immunosuppression at later stages.6

In general, the migration of subgroups of immune cells into
the liver is mediated by chemokine receptors. We have recently
shown that blocking CC motif chemokine 2 (CCL2), the prime
ligand for CCR2, in a mouse model for liver cancer impacts
angiogenic macrophage populations in the tumor environ-
ment.7 CCR2 is expressed by Ly6Cþ (Gr1þ) monocytes, which
infiltrate the liver upon injury inmice.8 Thus, deficiency in CCR2
is associated with reduced infiltration of the liver with mono-
cytic macrophages and ameliorated liver injury.8 The CC-
chemokine receptor 5 (CCR5) and its ligands CCL3–CCL5 have
been linked to human and murine liver injury progression and
represent a potential therapeutic target for patients with
chronic liver disease.9 Importantly, the CCR2/CCR5 inhibitor
cenicriviroc is currently under phase 3 clinical investigation in
patients with NASH and advanced fibrosis,10 who represent a
high-risk group for liver cancer. Presumably, CCR2/CCR5 in-
hibitors target not only inflammatory cells, but also CCR5-
expressing hepatic stellate cells (HSCs), the key cell type for
liverfibrosis that canproduce extracellularmatrix proteins. The
activation and transdifferentiation of HSCs into myofibroblasts
that are contractile and produce extracellular matrix is driven
by autocrine- and paracrine-acting soluble mediators such as
cytokines and chemokines.11 HSCs express CCR5 but are also
affected by signals from other cells like macrophages. We have
recently demonstrated that CCL2 inhibition also has an indirect
inhibitory effect on HSCs collagen I and IV expression by
reducing fibrogenic and angiogenic macrophages in the liver.7

In this study, we aimed at understanding the roles of
CCR2 and CCR5 in the pathogenesis of chronic liver disease
from injury to inflammation, fibrosis, and cancer by
using wild-type (WT) and knockout (KO) (NEMOLPC-KO,
NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/–) mice. The
NEMOLPC-KO mice represent a unique mouse model to study
the progression of chronic liver diseases from hepatitis,
steatosis, and fibrosis (at an early age of 8 weeks) as well as
primary liver cancer (at 26 weeks of age). In order to
determine the role of different immune cells for the spon-
taneous liver injury in the different mouse strains, we used
various monoclonal antibodies to deplete immune cell
subsets and clodronate-loaded liposomes (CLLs) to diminish
hepatic macrophages (particularly MoMF). We identified an
important, CCR5-dependent regulatory function of hepatic
macrophages in preventing excessive liver injury, high-
lighting the critical function of macrophages for restoring
tissue homeostasis in the liver.
Results
CCR2 and CCR5 Deficiency Differentially Affects
Spontaneous Liver Injury, Inflammation, Fibrosis,
and Cancer in NEMOLPC-KO Mice

The chemokine receptors CCR2 and CCR5 are currently
targeted in clinical trials on NASH. The A Phase III, Multi-
center, Randomized, Double-Blind, Placebo-Controlled
Study to Evaluate the Efficacy and Safety of Cenicriviroc for
the Treatment of Liver Fibrosis in Adult Subjects With
Nonalcoholic Steatohepatitis study (NCT03028740) in-
vestigates cenicriviroc, an oral, small molecule-based dual
CCR2/CCR5 antagonist with nanomolar potency against
both receptors, for the treatment of liver fibrosis in adults
with NASH.12 In rodent studies, cenicriviroc significantly
ameliorated steatohepatitis and fibrosis,13 presumably by
reducing the infiltration of Ly-6Cþ monocytes.4 In order to
better understand differential effects of CCR2 and CCR5 on
liver disease progression, we studied CCR2 and CCR5 defi-
ciency separately on the background of the NEMOLPC-KO

model that age-dependently reflects human disease phases
(steatosis, inflammation, fibrosis, cancer).

At 8 weeks of age, livers of NEMOWT, NEMOLPC-KO,
NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice were

https://clinicaltrials.gov/ct2/show/NCT03028740
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1. Effects of Ccr2 or Ccr5 deficiency on fibrosis, steatosis, and tumorigenesis in NEMO LPC-deficient mice. (A)
Eight-week-old NEMOWT, NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice were analyzed for histology using
hematoxylin and eosin staining and for (B) liver injury reflected by ALT after 8 and 12 weeks of age. (C) Hepatic inflammation
assessed based on the expression of inflammatory mediators in whole liver. (D) Fibrosis quantification based on Sirius Red
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analyzed using hematoxylin and eosin staining for liver
histology. The livers of the NEMOLPC-KOCcr5–/– mice exhibi-
ted a slightly more disturbed liver histology than did the
NEMOLPC-KO and NEMOLPC-KOCcr2–/– mice (Figure 1A). Un-
expectedly, liver injury reflected by alanine aminotransferase
(ALT) was significantly increased in NEMOLPC-KOCcr2–/– and
NEMOLPC-KOCcr5–/– mice compared with the NEMOLPC-KO

animals after 8 weeks, while after 12 weeks, NEMOLPC-KO

Ccr2–/– mice showed a moderate reduction in ALT activity
(Figure 1B). We further studied liver inflammation based on
measuring the messenger RNA (mRNA) expression of the
inflammatory cytokines interleukin 1b (Il1b), the tumor
necrosis factor (Tnf), Il6, and the anti-inflammatory Il10.
Interestingly, not only Il1b and IL6, but also Il10 were
significantly downregulated in NEMOLPC-KOCcr2–/– animals
compared with the NEMOLPC-KO mice. The mRNA expression
of all cytokines of the NEMOLPC-KOCcr5–/– mice were similar
to that of the NEMOLPC-KO background (Figure 1C). Thus, we
have shown that CCR2 deficiency not only leads to a
reduced expression of inflammatory, but also anti-
inflammatory markers associated with wound healing.

In order to study consequences of the inflammatory
setting on fibrogenesis, we performed Sirius Red staining
of hepatic collagen (Figure 1D). We found that the
fibrosis was slightly reduced in both NEMOLPC-KOCcr2–/– and
NEMOLPC-KOCcr5–/– mice compared with the NEMOLPC-KO

mice, as outlined by quantifications of the Sirius Red area
fraction (Figure 1E). Hepatic hydroxyproline, a major
constitute of collagen, was quantified, which showed a more
pronounced reduction by both chemokine receptor deficient
compared with the NEMOLPC-KO animals after 8 and 12 weeks
(Figure 1F). We further measured fibrosis-associated mRNA
alpha smooth muscle actin (a-Sma), collagen 1A1 (Col1a1),
and transforming growth factor beta (Tgf-b). Tgf-b was
significantly reduced by the NEMOLPC-KOCcr2–/– mice, while
a-Sma and Col1a1 were only mildly reduced in the NEMOLPC-

KOCcr2–/– and NEMOLPC-KOCcr5–/– animals (Figure 1G).
In this genetic model, NEMOLPC-KO mice develop primary

liver cancers after 6 months. We found a reduction in the
tumor load of NEMOLPC-KOCcr2–/–, and increased tumors in
NEMOLPC-KOCcr5–/– mice, as shown by representative
macroscopic images (Figure 1H) and quantifications
(Figure 1I). While the reduction in tumor load by CCR2
deficiency was expected, it was surprising that a lack of
CCR5 would lead to increased tumor numbers.
CCR2 or CCR5 Deficiency Does Not Increase
Susceptibility to Lipopolysaccharide Challenge in
NEMOLPC-KO Mice

We next tested whether the increased “spontaneous”
liver injury in CCR2- or CCR5-deficient NEMOLPC-KO mice,
microscopy of liver sections from 8-week-old mice. (E) Sirius Red
and 12 weeks, and (G) expression of fibrosis-related mRNA
(representative macroscopic pictures of 26-week-old mice), (I) a
larger than 1 mm. Data represent median of n ¼ 3–6; *P < .05,

=

which was observed in the 8-week-old mice, would make
these mice more vulnerable to an additional injury trigger.
Therefore, we treated mice intraperitoneally with 0.42-mg/
kg lipopolysaccharide (LPS), which triggers tumor necrosis
factor (TNF) release by KCs that subsequently induces
massive apoptosis in livers of NEMOLPC-KO mice (Figure 2A),
as shown previously.1 Surprisingly, CCR5 deficiency, and to
a lesser extent CCR2 deficiency, ameliorated LPS-induced
liver damage in NEMOLPC-KO mice, as reflected by ALT
(Figure 2B). Interestingly, the chemokine receptor de-
ficiencies had an impact on LPS-triggered cytokine release.
While in liver tissue of NEMOLPC-KOCcr2–/– mice, IL17 and
IL6 were elevated and IL13 and IL10 were reduced
(Figure 2C). The NEMOLPC-KOCcr5–/– mice showed signifi-
cantly increased concentrations of the cytokines CCL4,
interferon gamma (IFNg), and TNF. Similar tendencies were
noted also for CCL3, CCL5, and CXCL1. Interestingly, all 3
NEMOLPC-KO mouse strains showed, if untreated, generally
lower levels of most cytokines compared with the NEMOWT

mice, except for IL17 (Figure 2C). These data imply that
important changes occur due to the chemokine receptor
deficiencies, which might impact various processes in the
body.
CCR5, But Not CCR2, Deficiency Increases
Hepatic Triglyceride Accumulation in
NEMOLPC-KO Mice

Hepatic lipid accumulation is a hallmark of nonalcoholic
fatty liver disease (NAFLD) in humans,14 which is also
observed at young age in NEMOLPC-KO mice.15 Oil red O,
which stains hepatic lipids, demonstrated elevated fat
deposition in the NEMOLPC-KO mice, and a significant
reduction of fat in the NEMOLPC-KOCcr2–/– mice (Figure 3A
and B). Free fatty acids in the serum, which were found to
correlate with NAFLD in patients,16 were only mildly
affected by the different mouse strains and were similar to
the WT (Figure 3C). Importantly, hepatic triglyceride levels
were markedly induced in 8-week-old NEMOLPC-KOCcr5–/–

mice (Figure 3D).
Hepatic steatosis is typically linked to specific changes in

liver metabolism. We therefore studied the expression of
selected mRNA associated with important metabolic func-
tions. We found that glucose 6-phosphatase (G6pase), an
enzyme that hydrolyzes glucose 6-phosphate and therefore
increases the glucose serum levels, was not affected on the
mRNA level. Interestingly, another key hepatic gluconeo-
genic enzyme, phosphoenolpyruvate carboxykinase (Pepck),
a rate-limiting enzyme in liver and kidney gluconeogenesis,
which catalyzes the conversion of oxaloacetate into phos-
phoenolpyruvate, was significantly downregulated in the
NEMOLPC-KOCcr2–/– mice (Figure 3E).
area quantification, (F) hepatic hydroxyproline content after 8
in liver tissue. (H) Hepatic tumors at the 26 weeks of age
s quantified by the cumulated diameter of tumors and tumors
***P < .001 (1-way analysis of variance).
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The sterol-regulatory element binding protein-2 (SREBP-
2) is the master regulator of cholesterol biosynthesis. In the
nucleus, mature SREBP-2 (nSREBP-2) induces the expres-
sion of numerous genes involved in cholesterol homeostasis.
Interestingly, Srebp-2 mRNA was significantly down-
regulated in both NEMOLPC-KOCcr2–/– and NEMOLPC-KOCcr5–/
– mice. SREBP1 is the master regulator of lipogenesis. The
mRNA that codes for the SREBP1a, a minor isoform of
SREBP1 that is structurally very similar to SREBP-2,
significantly contributes to the human hepatic SREBP1
pool.17 Inactivation of SREBP-1a phosphorylation was
demonstrated to prevent fatty liver disease in mice.18

Similar to SREBP-2, also SREBP-1a induces cholesterol
biosynthesis, if cholesterol levels in the cell are too low.

Peroxisome proliferator-activated receptor (PPAR) a, b/
d, and gmodulate lipid homeostasis, but are also involved in
inflammation and fibrosis.19 PPARg stores triacylglycerol in
adipocytes,20 but is also involved in protecting HSCs from
fibrogenic activation. Interestingly, we found that Ppar-g
mRNA was significantly downregulated in the NEMOLPC-

KOCcr2–/– mice (Figure 3E), which aligns well with the Oil
red O staining data and implies important roles of CCR2 in
hepatic steatosis.

In order to address whether the metabolic stress is
related to spontaneous cell death in the different
knockout mouse strains and represents a possible reason
for the liver injury in the 8-week-old mice (Figure 1A),
we performed TUNEL (terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling) staining of cryosection
from 8-week-old mice. We noted a reduction in the
number of apoptotic cells by the deficiency in CCR2,
whereas lack of CCR5 only led to a mild decrease
compared with the liver of NEMOLPC-KO mice (Figure 3F).
The reduction in the number of apoptotic cells by the
deficiency in CCR2 was statistically significant (Figure 3G).
We further studied the expression of several genes
related to cell death, the Fas ligand, which is upregulated
by cells that undergo apoptosis, and MnSOD (manganese
superoxide dismutase). In mammalian cells, MnSOD is a
key mitochondrial antioxidant enzyme that detoxifies the
free radical superoxide, the major by-product of mito-
chondrial respiration,21 and MDM2 (mouse double minute
2 homolog) is an important negative regulator of the p53
tumor suppressor. Importantly, all 3 mRNA, Fasl, MoSod,
and Mdm2 were significantly downregulated in the
NEMOLPC-KOCcr2–/– mice (Figure 3H).

These data in summary demonstrate that CCR5 defi-
ciency increased steatosis in NEMOLPC-KO mice, while CCR2
deficiency partially protects from metabolic alterations,
suggesting that both chemokine receptors are involved in
many different cellular pathways during liver injury
progression.
Figure 2. (See previous page). Effects of Ccr2 or Ccr5 defi
deficient mice. (A) Hematoxylin and eosin stainings of liver
NEMOLPC-KOCcr5–/– mice at the age of 8 weeks that were either l
0.42 mg/kg. (B) Liver injury (ALT activity) in these animals. (C
multiplex assay. Data represent median of n ¼ 3–6; *P < .05, *

=

Impact of CCR2 or CCR5 Deficiency on
Hepatocyte Viability and HSC Activation in
NEMOLPC-KO Mice

The chemokine receptors CCR2 and CCR5 are not
expressed by hepatocytes.22 Nonetheless, we wanted to
exclude that chemokine receptor deficiency would alter
proliferation or viability of hepatocytes, which would
explain altered tumorigenesis. Therefore, we isolated pri-
mary hepatocytes from the livers of the different mouse
strains.23 Hepatocytes isolated from all NEMOLPC-KO mice
showed a reduced viability in culture compared with NEMO-
proficient cells, as reported previously,1 but this was not
altered by the additional deletion of CCR2 or CCR5
(Figure 4A and B).

We next focused on HSCs as the key fibrogenic cell
population. As CCR5 is expressed by HSC and has been
convincingly linked to their activation,24 we isolated HSC
from WT and Ccr5–/– mice. Cell culture micrographs
demonstrated that the cells from Ccr5–/– mice exhibited a
similar morphology like those of WT mice (Figure 4C).
However, when primary HSC were treated with either 100-
ng/mL LPS, 25 ng/mL platelet-derived growth factor
(PDGF), or 1 ng/mL of transforming growth factor beta
(TGF-b), we observed a significant reduced secretion of
CCL2 and IL6 by the CCR5-deficient HSC after treatment
with PDGF and TGF-b (Figure 4D).

These data indicate a reduced HSC activation in CCR5-
deficient mice, which includes the reduced release of in-
flammatory cytokines upon activating stimuli in HSC from
CCR5-deficient NEMOLPC-KO mice.

Role of CCR2 or CCR5 Deficiency on Hepatic
Macrophage Composition and Activation in
NEMOLPC-KO Mice

Because we observed a pronounced infiltration of leu-
kocytes in liver tissue (Figure 1A), we analyzed the potential
contribution of different types of immune cells to liver
injury in the NEMOLPC-KO mice. Using immunohistochemical
staining for the pan-leukocyte marker CD45, we observed
that immune cells were generally increased in livers of
NEMOLPC-KO mice (Figure 5A), whereas additional constitu-
tive deficiency in Ccr2, but not Ccr5, led to a slight reduction
in hepatic leukocytes (Figure 5B). However, the composition
of immune cells in the liver was quite strikingly affected in
the different knockout animals. While NEMOLPC-KO mice
showed highly elevated total macrophages (as assessed by
F4/80 immunohistochemistry), the additional deficiency in
Ccr2 significantly reduced their numbers. Constitutive
deletion of Ccr5–/– reduced macrophage numbers to a lesser
extent but led to the formation of cell clusters (Figure 5C).
CCR2 deficiency had a more pronounced effect on reducing
ciency on LPS-induced acute liver injury in NEMO LPC-
sections from WT, NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and
eft untreated or challenged with LPS for 4 hours at the dose of
) Cytokine expression in liver tissue was monitored using a
**P < .001 (1-way analysis of variance).
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macrophages in liver sections (Figure 5D). Flow cytometric
studies demonstrated that the elevated macrophages in
NEMOLPC-KO mice mostly consisted of CD11bþF4/80þ

MoMF (red gate) rather than of CD11b–F4/80þ Kupffer cells
(green gate, Figure 5E). The MoMF were strongly reduced in
the NEMOLPC-KOCcr2–/– mice compared with NEMOLPC-KO

mice (Figure 5F), consistent with the known function of
CCR2 for recruiting monocyte-derived macrophages to
injured liver.5 In order to study macrophage polarization in
the different mouse strains, we further studied the surface
expression of the polarization markers IL4 receptor a

(CD124), the mannose receptor (CD206), and the C-type
lectin domain family 10 member A (CLEC10A, CD301) by
flow cytometry (Figure 5G). Notably, we found a reduced
expression of CD124 and CD206 by all 3 types of NEMOLPC-

KO mice, whereas CD301 expression was slightly elevated by
the NEMOLPC-KOCcr2–/– mice and NEMOLPC-KOCcr5–/– mice
(Figure 5H). These data emphasize the profound impact of
CCR2 and CCR5 deficiency of hepatic macrophage numbers
as well as their polarization.

Role of CCR2 or CCR5 Deficiency on
Lymphocyte Populations in NEMOLPC-KO Mice

Lymphocytes are particularly important in limiting or
supporting hepatocarcinogenesis.25 The natural killer (NK)
cells, which can eliminate tumor cells, were strongly
reduced in NEMOLPC-KO mice, but higher in NEMOLPC-KO

Ccr2–/– mice (Figure 5I). Cytotoxic CD8 T cells were signif-
icantly increased in all in NEMOLPC-KO mouse strains, while
CD4 T cells were lower in livers of in NEMOLPC-KO mice
(Figure 5J).

Functional Differences of Macrophage Subsets in
NEMOLPC-KO Mice

In order to understand the functional implications of
reduced MoMF in comparison with KC in NEMOLPC-KO mice,
we isolated MoMFs and KCs by fluorescence-activated cell
sorting from the livers of NEMOWT and NEMOLPC-KO mice to
assess the expression of selected mRNAs related to inflam-
matory activation and cell killing activity. Interestingly, the
KCs but not the MoMFs upregulated TNF in NEMOLPC-KO

mice. TNF is considered the main trigger for hepatocyte
apoptosis in NEMO-deficient LPCs.1 Similarly, KCs upregu-
lated IL1b. On the contrary, TRAIL (TNF-related apoptosis-
inducing ligand) or FasL as potential pathways of inducing
cell death in hepatocytes were nearly unaffected in both
macrophage subsets. The anti-inflammatory IL10, the pro-
totypic anti-inflammatory cytokine, was upregulated in the
MoMF as well as in KC (Figure 6A). These data imply
important functional differences between MoMF and KC in
NEMOLPC-KO mice.
Figure 3. (See previous page). Effects of Ccr2 or Ccr5 defic
deficient mice. Eight-week-old WT, NEMOLPC-KO, NEMOLPC-KO

steatosis using Oil red O staining. (B) Oil red O quantifications. (C
of triglycerides levels from liver tissue. (E) Expression of meta
apoptotic cell death and (G) quantification. (H) Expression of se
n ¼ 3–7; *P < .05 (1-way analysis of variance).

=

We had previously demonstrated that CCR5 expression
is dispensable for monocyte recruitment in liver injury,26

supporting that the effects on hepatic macrophage
numbers in NEMOLPC-KOCcr5–/– mice reflect adapted re-
sponses, for instance, due to reduced CCL2 release by HSC
(Figure 4C). However, because monocytes and macrophages
can express CCR5, we next assessed whether macrophage
functions would be altered in CCR5-deficient mice. To this
end, bone marrow-derived macrophages (BMDMs) were
generated in culture for 7 days and then stimulated with 20-
ng/mL IL4 or with 100-ng/mL IFNg for 24 hours to assess
M1- or M2-type responses, respectively.27 Interestingly,
IL1b expression was increased in BMDM from Ccr5–/–

compared with WT mice. Further, Ccr5 deficiency led to
increased expression of TNF after stimulation with IFNg.
Stimulation of BMDM from the Ccr5–/– mice with IL4 led a
significant elevation of FasL expression, and stimulation
with IFNg similarly led to strongly increased expression
(Figure 6B). Collectively, these data support that CCR2 was
important for macrophage recruitment in NEMOLPC-KO mice,
while CCR5 affected their inflammatory activation.

Impact of CCR2 or CCR5 Deficiency on
Circulating Leukocytes in NEMOLPC-KO Mice

Changes in the intrahepatic immune cell composition
were partially reflected by circulating myeloid and
lymphoid cells in the blood, which were simultaneously
assessed by flow cytometry.27 We observed similar mono-
cyte numbers in NEMOLPC-KO mice as in WT mice,
whereas monocytes were reduced in NEMOLPC-KOCcr2–/–

and NEMOLPC-KOCcr5–/– mice (Figure 7A and C). Interest-
ingly, there was a shift toward Ly6Chigh monocytes in
NEMOLPC-KO and was less pronounced in NEMOLPC-KOCcr2–/–

mice, whereas Ly6Clow and Ly6Chigh subpopulations
appeared similarly frequent in WT and NEMOLPC-KOCcr5–/–

mice (Figure 7B). Moreover, neutrophils were significantly
reduced in NEMOLPC-KOCcr5–/– mice (Figure 7C). Natural
killer cells were strongly reduced in the blood of the
NEMOLPC-KO and NEMOLPC-KOCcr2–/– mice, whereas their
numbers in NEMOLPC-KOCcr5–/– mice were similar to those
of WT mice (Figure 7D and E).

Functional Contribution of Lymphocyte Subsets
and Macrophages to Liver Injury in NEMOLPC-KO

Mice
In order to link the changes in lymphocyte and mac-

rophages numbers observed in NEMOLPC-KOCcr2–/– and
NEMOLPC-KOCcr5–/– mice to the altered disease phenotype
in the NEMOLPC-KO model, we selectively depleted
different cell populations in NEMOLPC-KO mice and
assessed the consequences on liver injury. We opted for
iency on liver metabolism and cell death in NEMO LPC-
Ccr2–/–, and NEMOLPC-KOCcr5–/– mice were analyzed for (A)
) Analysis of free fatty acids from liver tissue. (D) Assessment
bolism-related mRNA in liver tissue. (F) TUNEL staining for
lected mRNA related to cell death. Data represent median of
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Figure 4. Impact of CCR2 and
CCR5 on hepatocyte viability
and HSC activation. (A) Cell
culture micrographs of primary
hepatocytes from NEMOWT,
NEMOLPC-KO, NEMOLPC-

KOCcr2–/–, and NEMOLPC-

KOCcr5–/– mice 24 hours after
isolation. (B) quantification of
hepatocyte viability by MTT
assay. (C) HSCs were isolated
from healthy WT or Ccr5–/–

mice at the age of 8 weeks.
Representative micrographs of
HSC after 3 days of culture,
with or without stimulation for
24 hours using LPS at 100 ng/
mL, PDGF, and TGF-b. (C)
Changes in CCL2 and IL6
cytokine release by HSCs as
monitored in the cell culture
medium after 24 hours. Data
represent median of n ¼ 3–6;
*P < .05, **P < .01, ***P < .001
(1-way analysis of variance).
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antibody-based depletion to ensure an inducible, rapid,
transient, and highly specific immune cell reduction. Upon
administration of a CD8 T cell–depleting antibody, intra-
hepatic CD8 T cells were reduced by about 60% in the
liver and more potently depleted in the circulation. CD8 T
cell reduction/depletion did not significantly affect ALT
levels in NEMOLPC-KO mice (Figure 8A). Similarly, NK cells
were effectively reduced in the liver by a depleting
antibody, but did not significantly reduce liver injury
either (Figure 8B). In order to study the broader inhibi-
tion of different immune cells at the same time, we
administered dexamethasone, a potent corticosteroid with
anti-inflammatory activity, at a concentration of 1-mg/kg
body weight intravenously to NEMOLPC-KO mice. Dexa-
methasone slightly improved liver histology (and notably
reduced ALT levels (Figure 8C).



336 Bartneck et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 2
Unexpectedly, the depletion of Gr1 positive cells (ie,
monocytes or macrophages and neutrophils) led to a sig-
nificant elevation of “spontaneous” liver injury in NEMOLPC-

KO mice (Figure 9A). CLLs eliminate all macrophages after
intravenous injection as shown by flow cytometric quanti-
fication of the hepatic F4/80þ cells using flow cytometry
(Figure 9B), and F4/80 using immunohistochemistry
(Figure 9C). Unexpectedly, the CLLs also dramatically
increased liver injury in NEMOLPC-KO

, NEMOLPC-KOCcr2–/–,
and particularly in NEMOLPC-KOCcr5–/– mice but not in
NEMOWT mice (Figure 9D).

The CLL-mediated macrophage depletion prompted the
significant induction of CCL2, the signal for monocytes to
emigrate from the bone marrow and replenish the depleted
macrophages, while there were no effects on TNF, CCL3, or
other cytokines (Figure 9E). The tissue injury in liver was
specifically pronounced in the NEMOLPC-KOCcr5–/– mice, with
hemorrhages apparent after 16 hours, which became reduced
after 40 hours (Figure 9F). Interestingly, the liver injury (by
histology) and ALT levels rapidly declined within 2 days after
CLL (Figure 9F and G), along with the repopulation of mac-
rophages in the liver after CLL depletion (data not shown).

Altogether, these experiments pointed toward an
important tissue-protecting role of macrophages, particu-
larly on the CCR5-deficient background, while the extent of
liver injury appeared not immediately modulated by CD8 T
or NK cells.
CCR5þ Macrophages Limit Liver Injury in
NEMOLPC-KO Mice

NEMOLPC-KOCcr5–/– mice were characterized by
increased spontaneous liver injury, higher steatosis and
increased incidence of liver cancer (Figure 1), which was
accompanied by altered macrophage functionality
(Figure 6) and increased injury upon macrophage depletion
(Figure 9). We used the model of aggravated liver injury in
NEMOLPC-KOCcr5–/– mice upon CLL-mediated macrophage
depletion to test the specific roles of immune cells for
limiting liver damage. Therefore, CLL-treated NEMOLPC-

KOCcr5–/– mice were subjected to adoptive cell transfers,
using mature macrophages (BMDMs), immature bone
marrow monocytes (CD115þ), or as a control cell popula-
tion, B cells from spleen (Figure 10A).

Adoptively transferred BMDMs were labelled with fluo-
rescent latex microparticles to track their distribution and
differentiation. Injection of 2 million BMDMs corresponded to
about 7% fluorescent positive blood leukocytes (Figure 10B),
whereas huge cell numbers migrated into the liver with
about 5% fluorescent positive hepatic leukocytes, of which
most were F4/80þ and showed markers of both MoMFs and
KCs (Figure 10C). The successful accumulation of the trans-
ferred cells in the injured liver principally support the
concept of macrophage-based cell therapies to limit liver
disease progression.28 Interestingly, BMDMs significantly
reduced the massive liver injury induced by CLLs in NEM-
OLPC-KOCcr5–/– mice, while immature monocytes (CD115þ)
and B cells only mildly reduced liver injury, as reflected by
liver histology (Figure 10D) and ALT levels (Figure 10E).
Our data thus suggest that macrophages play an
important regulatory role in liver injury, which is particu-
larly associated with CCR5.

Discussion
The dual inhibition of CCR2 and CCR5 by cenicriviroc is a

strategy, which is currently undergoing clinical trials in
NASH patients, including the phase 3 AURORA trial (Aller-
gan, South San Francisco, CA). Nevertheless, there are still
open issues on cenicriviroc such as the durability of anti-
fibrotic responses, divergent effects on NASH vs fibrosis,
potential long-term concerns and the expected path to
approval.10 While cenicriviroc inhibits both chemokine re-
ceptors, we have studied the individual roles of both re-
ceptors during different stages of chronic liver diseases.1

Our data from the NEMOLPC-KO mice support the existing
data on the role of CCR2 for the recruitment of MoMF into
liver and its beneficial impact on fibrosis.8 Unexpectedly,
this deficiency of hepatic MoMF led to increased liver injury,
similar to the impact of CCR5 deficiency, which significantly
enhanced liver injury at the time point of 8 weeks.

The chemokine receptor CCR2 is known as an important
regulator of myeloid cell migration. We have shown before
that deficiency in CCR2 leads to reduced inflammation and
fibrosis in liver fibrosis.8 Yet, the CCL2-CCR2 axis is not
limited to the liver, but is important for the migration of
monocytes into other organs as well. Moreover, recent
studies suggest that the importance of CCL2 is not just
limited to functioning as a chemoattractant, but that it af-
fects various cellular processes, such as leukocyte polari-
zation, secretion of effector molecules, autophagy, killing,
and survival.29 Furthermore, our study indicates that CCR2
might also be involved in the regulation of cell death and
oxidative stress. In the NEMOLPC-KO and the NEMOLPC-

KOCcr5–/– mice, Mdm2 is upregulated and thus, it is very
likely that it thereby inhibits p53 expression, an important
tumor suppressor, and consequently accelerates tumor
growth in WT mice.30

However, the significantly increased liver injury
observed in the NEMOLPC-KOCcr2–/–mice apparently cannot
be led back to the effects on cell death. Importantly, CCR2
and CCL2 have been shown to not only promote inflam-
mation and putative organ damage, but they have also
support healing and regeneration. It is thus apparent that
also CCR2 might be another double-edged sword: while it
amplifies inflammation,8 it is also involved in the resolution
of liver fibrotic scars, as presented previously.31 There are
several examples for protective functions of CCL2 and CCR2.
CCL2 promotes healing in diabetic wounds by restoring the
macrophage response.32 In addition, CCR2 shows immuno-
modulatory and protective effects during central nervous
system inflammation and promotes protective microglial
accumulation in early stages of Alzheimer’s disease.33 In
line, our data show that the NEMOLPC-KOCcr2–/– mice not
only downregulate inflammatory mediators such as Tnf, Il1,
and Il6, but also anti-inflammatory Il10 and Tgf-b, indicating
a reduction in markers associated with healing and down-
regulation of inflammation as a consequence of CCR2
deficiency.
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Figure 6. Role of hepatic macrophage subsets and effects of Ccr5 deficiency on macrophage activation in NEMO LPC-
deficient mice. (A) Hepatic macrophage subsets (CD11bþF4/80int monocytic macrophages and CD11bintF4/80þ KCs) were
sorted from livers of 8-week-old NEMOWT and NEMOLPC-KO mice, and mRNA expression of inflammatory cytokines and
markers was quantified using real-time quantitative polymerase chain reaction. (B) BMDMs were generated from 8-week-old
NEMOLPC-KO and NEMOLPC-KOCcr5–/– and cultured for 6 days, followed by 24 hours of stimulation with 20-ng/mL IL4, or IFNg,
and mRNA expression of inflammatory markers was analyzed using quantitative real-time polymerase chain reaction. Data
represent median of n ¼ 2–6; *P < .05, ***P < .001 (1-way analysis of variance).
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Figure 5. (See previous page). Effects of Ccr2 or Ccr5 deficiency on hepatic immune cell infiltration in NEMO LPC-
deficient mice. NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice were analyzed at the age of 8 weeks. (A)
Immunohistochemical staining of the pan-leukocyte marker CD45 and (B) quantification of liver leukocytes by flow cytometry.
(C) Macrophage staining based on F4/80 and (D) quantification of liver macrophages by flow cytometry. (E) Analysis of hepatic
macrophage subsets, mainly CD11bþF4/80int monocytic macrophages (MoMF, red gate) and CD11bintF4/80þ KCs (green
gate), and (F) quantification of MoMFs. (G) Flow cytometric analysis of markers of alternative macrophage activation expressed
by MoMFs, and (H) quantifications thereof. (I) Representative flow cytometric plots of hepatic lymphoid cells (blue gate: NK
cells), and (J) statistical summary of cell frequencies. Data represent median of n ¼ 2–14; *P < .05, **P < .01, ***P < .001 (1-
way analysis of variance).
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Figure 8. Roles of lymphoid immune cell subsets for liver injury in NEMO parenchymal cell–deficient mice. Specific
lymphoid immune cell subsets were depleted in vivo using monoclonal antibodies in NEMOWT, NEMOLPC-KO, NEMOLPC-

KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice at the age of 8 weeks. (A) Treatment with 100 mg of anti-CD8 antibody (clone TIB 210)
reduces CD8þ T cells (representative fluorescence-activated cell sorting plots from peripheral blood and liver, 24 hours after
monoclonal antibody injection), but does not affect liver injury (depicted as ALT levels, 24 hours after monoclonal antibody
injection). (B) Reduction of NK and NK T cells by 100-mg anti-NK1.1 antibody (clone PK136) in blood and liver after 24 hours.
(C) Effects of 1 mg/kg body weight dexamethasone (DEX) on liver injury. Data represent median of n ¼ 4–6 ± SD; *P < .05, ***P
< .001 (1-way analysis of variance). FSC, forward scatter.
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In our study, we have observed that the liver injury
strongly declines in the 12-week-old mice while it was
significantly elevated at the age of 8 weeks. This suggests a
stage-dependent process of inflammation. Interestingly,
dermatological research has demonstrated that a depletion
of macrophages at early stage of the skin repair response
(inflammatory phase) significantly reduced the formation of
vascularized granulation tissue, impaired epithelialization,
and resulted in minimized scar formation. In contrast, and
most importantly, when macrophages are depleted at a
middle stage of the skin repair response, hemorrhages
Figure 7. (See previous page). Effects of Ccr2 or Ccr5 defici
mice. NEMOWT, NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and NEMO
immune cell subsets in blood using flow cytometry. (A) Rep
expression on blood monocytes, and (C) statistical summary o
lymphoid blood cells, and (E) statistical summary of cell frequenc
.001 (1-way analysis of variance).

=

appear in the wound tissue. Finally, macrophage depletion
restricted to the late stage of repair did not affect the
outcome of the repair response.34

Therefore, the spontaneous liver injury in the NEMOLPC-

KOCcr2–/– mice can very likely be explained by the reduction
in CCR2þ macrophages that also function in wound healing
and tissue regeneration, and also by a time-dependent
function of monocytes and macrophages that differs at
early-term and midterm stages (the 8-week-old mice in our
study representing the early term and the 12-week-old mice
the midterm stage).
ency on myeloid and lymphoid blood cells in NEMOLPC-KO

LPC-KOCcr5–/– mice at the age of 8 weeks were analyzed for
resentative flow cytometric plots, (B) histograms of Ly6C
f cell frequencies. (D) Representative flow cytometric plots of
ies. Data represent median of n ¼ 4–14 ± SD; *P < .05, ***P <
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Figure 9. Functional role of myeloid immune cells for modulating liver injury in NEMO-LPC-deficient mice. Specific
immune cell subsets were depleted in vivo using monoclonal antibodies or macrophage-depleting CLL in WT, NEMOLPC-KO,
NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice at 8 weeks of age. (A) Reduction of CD11bþ myeloid cells by 100 mg of the
antibody RB6-8C5 significantly increased liver injury in NEMOLPC-KO mice as shown by flow cytometry. (B) CLLs led to a potent
depletion of F4/80þ cells in the liver as shown by flow cytometry and (C) F4/80 immunohistochemistry. (D) CLLs significantly
increased hepatic injury in NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and NEMOLPC-KOCcr5–/– mice. (E) Effects of CLLs on selected
hepatic cytokines. (F) Liver histology of NEMOLPC-KOCcr5–/– mice during the time course of CLL-mediated macrophage
deletion. (G) Corresponding ALT levels. Data represent median of n ¼ 3–7 ± SD; *P < .05, ***P < .001 (1-way analysis of
variance).
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Figure 10. Amelioration of
liver injury in NEMOLPC-

KOCcr5–/– mice with adoptive
macrophage cell transfer.
NEMOLPC-KOCcr5–/– mice at
the age of 8 weeks were
treated with CLLs and received
5 hours later CD115þ cells
from bone marrow (immature
monocytes [IMMs]), B cells
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another 11 hours. (A) Experi-
mental setup for adoptive cell
transfer. (B) In blood, 7% of
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(KCs). (D) Liver histology after
the cell transfers and (E) cor-
responding ALT levels as a
measure of liver injury in the
different treatment conditions.
Data represent median of n ¼
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342 Bartneck et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 2



2021 Roles of CCR2 and CCR5 for Hepatic Macrophage Polarization 343
Liver metabolism is a major reflector of obesity, and
expression of key genes of metabolism can help to under-
stand the grounds of NAFLD development. Here, we not only
demonstrate for the first time that CCR2 is involved in
cellular migration and inflammatory activation, but also,
according to the data, suggest that CCR2 may trigger the
expression of key genes of liver metabolism, particularly
PPARg, which was downregulated in the CCR2-deficient
mice. PPARg has distinct roles in different tissues and cell
types. Hepatic expression levels of PPARg are significantly
increased in patients with NAFLD.35

The role of CCR2 in liver cancer has been studied before.
The CCR2 antagonist RDC018 (GSK) was shown to suppress
liver tumor growth and postsurgical recurrence in subcu-
taneous liver tumor models.36 Similarly, CCL2-neutralizing
antibodies have been used to block the CCL2-CCR2 axis in
mice deficient in miR-122, which develop tumors sponta-
neously.37 Nevertheless, also the risks of targeting CCR2 in
tumor therapy have been identified. Eggert et al6 have
shown that the functions of CCR2þ myeloid cells depend on
the developmental stage of liver tumors. Precancerous se-
nescent hepatocytes produce CCL2, which attracts macro-
phages that eliminate those precancerous lesions
(“antitumoral effects”), while established hepatocellular
carcinomas can also attract monocytic macrophages, which
then can block antitumor activity of NK cells (tumor-pro-
moting effects).6 Our own recent studies on blocking CCL2
by an RNA aptamer have demonstrated that the inhibition of
CCL2 in a model of endogenous liver cancers in fibrotic
livers primarily reduced tumor vascularization, rather than
reducing tumor burden.7 The data of the study of Eggert
et al6 indicate that, similarly to CCR5, there might be only
subgroups of patients with hepatocellular carcinoma that
would benefit from CCR2-directed therapy.

While a potentially almost unexplored dual role of CCR2,
likewise a contribution to the resolution of inflammation
might impact the outcome of liver jury, we hypothesize a
different reason for the increased spontaneous liver injury
in the NEMOLPC-KOCcr5–/– mice. It is hypothesized that CCR5
critically affects macrophage polarization: we noticed that the
mice of this genetic phenotype exhibited lower numbers of
alternatively activated MoMFs that express markers of alter-
native activation such as CD124 und CD206. The reduced
expression of these alternative activation markers might lead
to an aggravation of inflammation mediated by TNF because
alternatively activated macrophages downregulate inflamma-
tion. Furthermore, macrophage cultures from these mice
demonstrated higher expression of Tnf in vitro by untreated
bone marrow macrophages from Ccr5–/– mice.

The reduction of fibrosis NEMOLPC-KOCcr5–/– mice is most
likely related to a reduced activation of HSCs, which we have
observed in vitro with isolated HSCs from CCR5-deficient mice
in comparison with wild-type mice. The constitutive knockout
of CCR5 reduces HSC activation and leads to a lower level of
secreted cytokines such as CCL2 or IL6, which was also re-
ported in the context of Schistosome-infected mice.38

It was shown previously that blocking CCR5 induces
antitumoral macrophage polarization, and anti-CCR5 ther-
apy was reported to be efficient in treating metastases.39
Similarly, maraviroc, a CCR5 antagonist, was shown to
prevent the development of hepatocellular carcinoma in a
mouse model.40 Therefore, the increased hepatocarcino-
genesis, which we observed in the NEMOLPC-KOCcr5–/– mice,
was unexpected and may point toward a specific role of
CCR5 in the model of NEMOLPC-KO. In line, deletion of CCL5,
the main ligand of CCR5, in NEMOLPC-KO mice resulted in
diminished hepatocyte apoptosis, compensatory prolifera-
tion, and fibrogenesis as a consequence of reduced immune
cell infiltration.9 Our data indicate that the aggravated tu-
mor phenotype in NEMOLPC-KOCcr5–/– mice might be related
to the altered macrophage activation, as the tumor devel-
opment was observed alongside excessive injury and stea-
tohepatitis. Therefore, not all patients might profit from a
CCR5-directed tumor therapy.

Macrophage cell therapy was proposed as a potential
novel curative option for liver disease.41 In a mouse model
of liver fibrosis, the adoptive transfer of differentiated
macrophages from bone marrow promoted regression from
fibrosis. Transferred cells as well as endogenous mobilized
cells upregulated matrix metalloproteinases-13 and -9, IL10,
colony stimulating factor-1, insulin-like growth factor-1, and
vascular endothelial growth.42 These data emphasize that
hepatic macrophages should not simply be viewed as in-
flammatory cells, but rather have the capacity to modulate
and restrict inflammatory processes. This appears to be
particularly relevant in an inflammatory cancer model such
as the NEMOLPC-KO mouse model, in which the intimate
interplay between TNF-releasing macrophages and TNF-
susceptible NEMO-deficient hepatocytes is tightly orches-
trated by the chemokine receptors CCR2 and CCR5,
ultimately defining the extent of liver injury, fibrosis, and
hepatocarcinogenesis.

Materials and Methods
Mice

WT, NEMOLPC-KO, NEMOLPC-KOCcr2–/–, and NEMOLPC-KO

Ccr5–/– mice were housed under specific pathogen-free
conditions. All experiments were performed with male
mice, have been approved by the appropriate authorities
according to German legal requirements, and were carried
out in accordance with the EU Directive 2010/63/EU for
animal experiments. The mice numbers were restricted for
some experiments by the legal authorities. Group sizes
were not increased once significance was reached. 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 LPC-specific KO of
NEMO.1,43 Genotypes were confirmed via polymerase chain
reaction specific for the respective alleles using DNA from
tail or ear biopsies.

Treatment With Dexamethasone and Induction of
LPS-Induced Acute Liver Injury

Mice were treated with 1-mg/kg body weight of dexa-
methasone by intravenous injection. Conditioned liver
injury was induced by LPS (Sigma-Aldrich, St Louis, MO) by
intraperitoneal injection of 0.42 mg/g of mouse body weight.
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The NEMOLPC-KO leads to a strongly increased sensitivity to
cell death induction of LPCs.1 Mice were sacrificed 4 hours
after LPS injection.
Liver Enzymes, Hydroxyproline Quantification,
Histology, and Immunohistochemistry

Aspartate aminotransferase and ALT enzyme activities
were measured (UV test at 37�C) in serum (Roche Modular
pre-analytics system; Roche Diagnostics, Rotkreuz,
Switzerland). The hepatic hydroxyproline content (reflect-
ing total intrahepatic collagen) was measured as described
before.8 Conventional hematoxylin and eosin, Oil red O, and
Sirius Red staining were performed according to established
protocols.44 Liver sections from paraffin were immunohis-
tochemically stained for CD45, F4/80, or aSMA, as pub-
lished previously.27
Measurement of Hepatic Triglycerides and Free
Fatty Acids

Hepatic triglycerides were assessed using the tri-
glycerides liquicolor mono GRO-PAP Method Enzymatic
Colorimetric Test for Triglycerides with Liquid Clearing
Factor (Human GmbH, Wiesbaden, Germany). We used a
homogenization buffer made of 78-mg Tris, 22-mg EDTA,
and 4.27-g sucrose, which were resolved in 50 mL of H2O.
Liver pieces of approximately 20 mg were excised and lysed
in 1000 mL of the homogenization buffer and homogenized
using a Retsch Mill (Retsch, Düsseldorf, Germany) for 1
minute at 20,000 rcf and subsequently centrifuged for 10
minutes at 3000 rcf. The supernatant was transferred into
new reaction vials. The assay was performed in a 96-well
plate as recommended by the manufacturer.

Free fatty acids were determined using the Free Fatty
Acid Quantification Kit (Abcam, Berlin, Germany). In order
to prepare liver pieces of 20 mg, an extraction buffer of
14-mL chloroform and 140-mL Triton X-100 was pre-
pared. 400 mL of the extraction buffer were added to
every sample which was then homogenized in a Retsch
Mill for 4 minutes at a frequency of 25 rotations/min.
Subsequently, samples were centrifuged for 10 minutes at
3000 rcf. A total of 200 mL of the organic phase (lower
phase) were removed from every sample and heated on a
thermomixer (Eppendorf, Wesseling-Berzdorf, Germany)
for 50�C, 500 rpm for 1 hour. Samples were analyzed as
suggested by the manufacturer.
Cell Isolation, Culture, Transfer, and Stimulation
Bone marrow cells were isolated from murine femur

and tibia, as published previously.27 Immature monocytes
were isolated from bone marrow, and B cells were isolated
from spleen using magnetic-assisted cell sorting (Miltenyi
Biotec, Bergisch Gladbach, Germany) of CD115þ (stre-
patvidin microbeads) or B220 (B220 beads). BMDMs were
generated by culturing in RPMI1640 supplemented with
20% fibroblast-conditioned medium, which was generated
by incubating log-phase L929 cells with RPMI1640 sup-
plemented with 10% fetal calf serum. Fibroblasts secrete
macrophage colony-stimulating factor, which supports
growth of macrophages from bone marrow stem cells.
After 4 days of bone marrow cell culture, 50% of the
medium of the serum was replaced with fresh fibroblast-
conditioned medium. After 7 days of culture, BMDMs
were harvested using a silicon-based cell scraper or were
treated at day 6 for 24 hours with IL4 at a concentration of
20 ng/mL for alternative macrophage stimulation or with
100 ng/mL of interferon g for 24 hours to generate clas-
sically activated macrophages. Two million cells were
adoptively transferred into mice via intravenous injection.

Primary hepatocytes were isolated as described earlier
in detail.23 PrimaryHSCs were isolated from mouse livers, as
described previously in detail.45 HSCs in culture were
stimulated with 100-ng/mL LPS, 25-ng/mL PDGF, or 1-ng/
mL TGF-b (Peprotech, Hamburg, Germany).

Blood was taken from the right ventricle. Red blood cell
lysis was done using Pharm Lyse (BD, Franklin Lakes, NJ)
and was stopped using Hank’s buffer salt solution supple-
mented with 5-mM EDTA and 0.5% bovine serum albumin.
Hepatic leukocytes were isolated from liver as described
previously.46 Single-cell suspensions were filtered using a
100-mm mesh, and stained for flow cytometry, as described
previously in detail.46 Cells were isolated from liver by
collagenase digestion, and erythrocytes were removed from
Heparin-anticoagulated venous blood using PharmLyse
lysing buffer (BD).
Cell Depletion by Antibodies and Clodronate
Liposomes

The CD8-depleting antibody (clone TIB-210), the anti
NK1.1þ cell-depleting antibody (clone PK-136), and the
Gr1-depleting antibody RB6C were produced in the corre-
sponding hybridoma cell lines (obtained from the American
Type Culture Collection [Manassas, VA]). The antibodies
were collected from the corresponding hybridomas and
purified using fast protein liquid chromatography (detailed
protocols are available upon request). Cell depletion was
done using 250 depleting antibodies per mouse weighing
25 g. Commercial clodronate-loaded liposomes (Clodronate
Liposomes, Haarlem, the Netherlands) were 2-fold
concentrated using Vivaspin centrifugation concentrators
(Sigma-Aldrich; Merck, Darmstadt, Germany) and a volume
of 125 mL as adapted for a mouse weighing 25 g was
administered intravenously.
Analysis of mRNA Expression in Liver Tissue and
Immune Cells

Liver pieces were snap-frozen in liquid nitrogen, and
RNA was purified using the peqGold kit (PEQLAB Bio-
technologie GmbH, Erlangen, Germany). RNA of sorted cells
was isolated using the ArrayPure Nano-Scale RNA Purifica-
tion Kit (Epicentre Biotechnologies, Madison, WI). Comple-
mentary DNA was generated from RNA using the First
Strand complementary DNA synthesis kit (Roche, Penzberg,
Germany). Quantitative real-time polymerase chain reaction
was done based on SYBR Green reagent (Roche). Reactions
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were done as triplicates, and b-actin was used to normalize
gene expression.

Apoptosis Determination
The TUNEL assay performed on liver cryosections using

the in situ cell death detection kit (Roche) according to
manufacturer’s instructions.

Statistical Analysis
All data are presented as mean ± SD. Differences be-

tween groups were assessed by using the appropriate sta-
tistical tests (GraphPad Prism 5; GraphPad Software, San
Diego, CA).
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