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Hepatic fibrosis develops as a response to chronic liver injury and almost exclusively occurs in a proinflam-
matory environment. However, the role of inflammatory mediators in fibrogenic responses of the liver is only
poorly understood. We therefore investigated the role of CC chemokines and their receptors in hepatic fibro-
genesis. The CC chemokines MIP-1a, MIP-13, and RANTES and their receptors CCR1 and CCRS were strongly
upregulated in 2 experimental mouse models of fibrogenesis. Neutralization of CC chemokines by the broad-
spectrum CC chemokine inhibitor 35k efficiently reduced hepatic fibrosis, and CCR1- and CCRS5-deficient mice
displayed substantially reduced hepatic fibrosis and macrophage infiltration. Analysis of fibrogenesis in CCR1-
and CCRS5-chimeric mice revealed that CCR1 mediates its profibrogenic effects in BM-derived cells, whereas
CCRS5 mediates its profibrogenic effects in resident liver cells. CCRS5 promoted hepatic stellate cell (HSC) migra-
tion through a redox-sensitive, PI3K-dependent pathway. Both CCR5-deficient HSCs and CCR1- and CCRS5-
deficient Kupffer cells displayed strong suppression of CC chemokine-induced migration. Finally, we detected
marked upregulation of RANTES, CCR1, and CCRS in patients with hepatic cirrhosis, confirming activation
of the CC chemokine system in human fibrogenesis. Our data therefore support a role for the CC chemokine

system in hepatic fibrogenesis and suggest distinct roles for CCR1 and CCRS in Kupffer cells and HSCs.

Introduction
Following acute injury, the liver undergoes a wound-healing
response that is intended to regain normal liver architecture and
function (1). This wound-healing response entails increased pro-
duction of ECM to provide mechanic stability to the injured liver
and a scaffold for regeneration. However, in chronic liver injury
the wound healing response is an ongoing event promoting the
accumulation of increasing amounts of ECM and replacement of
functional parenchyma by scar tissue. Hepatic fibrosis is associ-
ated with the development of complications such as portal hyper-
tension and may progress to cirrhosis or hepatocellular carcinoma.
Thus, the development of hepatic fibrosis is the first step toward a
number of often mortal complications of liver disease (1). Hepatic
stellate cells (HSCs), the main fibrogenic cell population of the
liver, are a key player in the fibrotic response. In the normal liver,
HSCs are in a quiescent state and serve as the main storage site
for vitamin A in the body (2). Following liver injury, HSCs lose
vitamin A-storing lipid droplets and transdifferentiate into myo-
fibroblast-like cells that synthesize large amounts of ECM proteins
including type I collagen (2). In addition, activated HSCs secrete
inflammatory mediators including chemokines under basal con-
ditions or in response to inflammatory mediators such as TNF-a,
IL-1fB, and LPS (2, 3).

Chemokines are peptide mediators that stimulate the chemo-
taxis of target cells by activating motogenic responses through
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specific G protein-coupled CCRs (4). Chemokines are divided
into the C, CC, CXC, and CX;C groups according to the spac-
ing of their first 2 cysteine residues. HSCs express a wide range
of chemokines, such as MCP-1, MIP-2, IL-8/CINC, and Kupffer
cells, among many others (5-11). Moreover, HSCs also express
several chemokine receptors, including CXCR3, CCRS, and CCR7
(12-14). Despite the fact that HSCs are a source and target of che-
mokines (5-14), and despite strong evidence that chemokines
and their receptors are upregulated in the injured liver (14-16),
their role in fibrogenesis in vivo remains largely unknown. In
vitro evidence suggests that some chemokines such as CC che-
mokines RANTES, MCP-1, and CCL21 directly target HSCs to
promote proliferation and migration (13). Based on these data,
it is widely believed that the expression of chemokines and che-
mokine receptors in HSCs serves to coordinate cellular interac-
tions in the hepatic wound healing response and to promote the
migration of fibrogenic cells to the site of injury, to ultimately
enhance fibrogenic responses. Notably, the interaction of HSCs
with proinflammatory cells such as Kupffer cells is a crucial event
in HSC activation and fibrosis (11, 17-19), and chemokines and
their receptors are likely to serve as important contributors of this
interaction. Therefore, chemokines and their receptors might rep-
resent potential targets for antifibrotic therapies.

To examine whether the CC chemokine system promotes HSC
activation and liver fibrosis, we evaluated the effect of CC che-
mokine neutralization and genetic CCR1 and CCRS inactiva-
tion on hepatic fibrosis in 2 different models of experimental
fibrogenesis. Our data suggest that both CCR1 and CCRS5 are
important contributors to HSC-Kupffer cell interaction, but
that CCR1 and CCRS exert profibrogenic effects through dif-
ferent cell populations.
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Figure 1

CC chemokines and their receptors are upregulated in murine and human liver fibrosis. (A) Mice underwent BDL (n = 5) or sham operation
(n =2). (B) Another set of mice underwent 12 injections of CCls (n = 5) or oil (n = 2). For A and B, hepatic expression of Rantes, Mip1a, Mip1b,
Ccr1, and Ccr5 mRNA was determined by quantitative PCR, and results are shown as fold change compared with sham- and oil-treated controls,
respectively. (C) HSCs and Kupffer cells were isolated from BDL mice. Expression of CCR1 and CCR5 was determined by FACS analysis. (D)
Livers from BDL mice were stained for CCR1 (green fluorescence; upper panel), CCR5 (green fluorescence; lower panel), F4/80, desmin, CD31,
or pan-cytokeratin (pan-CK; all red fluorescence) followed by confocal microscopy. Original magnification, x400. (E) mRNA levels of RANTES,
MIP1A, MIP1B, CCR1, CCR5, and COL1A1 were determined in livers from healthy controls (n = 7) and patients with hepatic cirrhosis (n = 15)

using quantitative PCR and are expressed as fold change compared with healthy controls. *P < 0.05, **P < 0.01.

Results

CC chemokines and their receptors are upregulated in murine and human
fibrotic livers. We have previously demonstrated that human HSCs
secrete the CC chemokine RANTES and express CCRS to induce
HSC migration and proliferation (13). To determine whether the
CC chemokine system plays a role in fibrogenesis in vivo, we first
measured expression of CC chemokines MIP-1a, MIP-1f, and
RANTES and their receptors CCR1 and CCRS in 2 models of
experimental fibrogenesis, bile duct ligation (BDL) and CCl, treat-
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ment. Following BDL, expression of Ccrl and CerS mRNA was ele-
vated 350- and 13-fold, respectively (Figure 1A). The chemokines
Mipla, Mip1b, and Rantes were upregulated 25-, 18- and 6-fold
(Figure 1A). In CCly-induced fibrosis, we also detected significant
upregulation of Ccrl, CcrS, Mipla, Mip1b, and Rantes (Figure 1B).
However, in comparison with BDL, CCly-induced liver fibrosis had
a less marked effect on the mRNA levels of CC chemokines and
their receptors CCR1 and CCRS. Next, we investigated CCR1 and
CCRS expression in HSCs and Kupfter cells, 2 key cell populations
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Figure 2

CC chemokine neutralization prevents
hepatic fibrogenesis. Mice were infected
with Ad35k or a GFP-expressing control
adenovirus (AdGFP). Mice underwent BDL
2 days after infection, and were sacrificed
3 or 17 days later. (A) 35k expression
was determined by immunoprecipitation
immunoblot for HA 3 or 17 days after BDL.
Fibrillar collagen was determined 17 days
after BDL by Sirius red staining of uninfect-
ed control liver (n = 3 for sham, n = 5 for
BDL), Ad35k-infected liver (n = 3 for sham,
n = 8 for BDL), and AdGFP-infected livers
(n = 3 for sham, n = 8 for BDL). Original
magnification, x100. (B and C) Hydroxy-
proline levels (B) and Western blot for
a-SMA (C; 3 representative samples per
condition) were determined 17 days after
BDL. (D) The mRNA levels of profibrogenic
markers were determined by quantitative
real-time PCR in sham-operated mice
or mice that underwent BDL for 3 days
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that are required for hepatic fibrogenesis. FACS analysis of highly
pure populations of HSCs and Kupffer cells from fibrotic mouse
liver showed a high level of CCRS but a low level of CCR1 expres-
sion in HSCs (Figure 1C). In contrast, FACS analysis showed high
levels of both CCR1 and CCRS in Kupffer cells. To further investi-
gate CCR1 and CCRS expression in the fibrotic liver, we performed
double immunofluorescence to detect CCR1 and CCRS expres-
sion in Kupffer cells, HSCs, endothelial cells and biliary epithelial
cells in fibrotic liver. Using confocal microscopy, we found that
CCRI1 expression in the fibrotic liver overlapped predominantly
with F4/80-positive macrophages, whereas CCRS staining over-
lapped both with F4/80-positive macrophages as well as with des-
min-positive HSCs, but there was little overlap with CD31-positive
endothelial cells or pan-cytokeratin-positive biliary epithelial cells
both after BDL as well as after CCl, treatment (Figure 1D and Sup-
plemental Figure 1; supplemental material available online with
this article; doi:10.1172/JCI37444DS1). Thus, data from FACS
analysis of primary cells and immunofluorescence in fibrotic livers
conclusively demonstrate a pattern of high CCRS and low CCR1
expression in HSCs, and high CCRS and high CCR1 expression
in Kupffer cells. To confirm the clinical relevance of these find-
ings, we additionally measured chemokine mRNA expression in
patients with hepatic cirrhosis. As expected, these patient samples
showed a strong upregulation of fibrosis marker COLIAI in com-
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parison with normal liver (Figure 1E). Notably, CCR1, CCRS, and
RANTES were upregulated 2.8-, 6.8- and 8.5-fold, respectively (Fig-
ure 1E). In contrast, MIP1A and MIP1B showed no significant up-
or downregulation in these patients.

Blockade of CC chemokines prevents hepatic fibrosis. To test the func-
tional importance of the CC chemokine/CCR pathway in hepatic
fibrosis, we investigated whether blocking CC chemokine activ-
ity at the ligand level affects hepatic fibrosis. To achieve broad-
spectrum blockade of CC chemokines during fibrogenesis, we
employed 35k, a soluble inhibitor of CC chemokines from vac-
cinia virus that binds and neutralizes a large number of chemo-
kines in humans and mice and exerts profound blocking effects
in vivo (20-23). Adenoviral overexpression of 35k resulted in a
strong hepatic expression in mice after 3 days of BDL and a weaker
but detectable expression after 17 days of BDL (Figure 2A). 35k
inhibited BDL-induced fibrosis, as demonstrated by a significant
reduction of the Sirius red-positive area and hydroxyproline con-
tent, in comparison with a control adenovirus (Figure 2, A and B).
Moreover, a-SMA protein expression and the mRNA expression
of profibrogenic markers Collal, Acta2, Tgfb1, and Timp1 were sig-
nificantly lower in mice infected with adenovirus expressing the
soluble broad-spectrum CC chemokine inhibitor 35k (Ad35k)
than in mice infected with a GFP-expressing control adenovirus
(AdGFP) (Figure 2, C and D).
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CCRI is required for hepatic fibrogenesis. To confirm the crucial role
of the CC chemokine system by a second experimental approach,
we investigated fibrogenesis in mice that were deficient for CCR1,
one of several key receptors of CC chemokines. Toxic and biliary
fibrosis was induced by CCly treatment and BDL, respectively, in
CCR1-deficient mice. CCR1-deficient mice displayed a greater
than 50% reduction of Sirius red staining (Figure 3, A and B), a
43% reduction of hydroxyproline content (Figure 3C), as well as a
strong reduction of a-SMA expression (Figure 3D) 3 weeks after
BDL. Moreover, infiltration of Kupffer cells, a cell population that
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contributes to HSC activation and fibrosis (11, 17-19), was strong-
ly reduced in CCR1-deficient mice (Figure 3E and Supplemental
Figure 2A). In addition, there was also a reduction of NK1.1-posi-
tive cells (Supplemental Figure 2B), which have been suggested to
contribute to BDL-induced liver fibrosis (24). The reduction of
fibrosis was further confirmed by quantitative real-time PCR in
liver after BDL for either 5 or 21 days. The mRNA levels of Collal,
Tgfbl, and Timpl were significantly reduced 5 and 21 days after
BDL, and the mRNA level of Acta2 was significantly reduced after
S days of BDL (Figure 3, F and G). Previous studies showed that
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hepatocellular injury was increased in CCRS5-deficient mice after
concanavalin A treatment (25, 26). However, we saw no significant
differences in hepatocellular injury and cholestasis after 5 and
21 days of BDL, and we observed a similar rate of survival after
BDL (Supplemental Figure 3). Moreover, CCR1-deficient mice
displayed a 55% reduction of the Sirius red-positive area and a
profound reduction of hepatic hydroxyproline levels and a-SMA
expression after 12 injections of CCly (Figure 3, H-K) but no sig-
nificant differences in hepatic injury, as measured by serum ALT
levels (Supplemental Figure 4). After 1 injection of CCls, CCR1-
deficient mice displayed a significant reduction of Collal mRNA
(Supplemental Figure S).
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CCRYS isrequired for hepatic fibrogenesis. Next, we determined whether
CCRS, another key receptor for CC chemokines, was involved in
hepatic fibrogenesis. Following BDL, CCRS5-deficient mice also
displayed a significant reduction of the Sirius red-positive area
(Figure 4, A and B), hydroxyproline content (Figure 4C), and
a-SMA expression (Figure 4D). Moreover, Kupfter cell infiltration
was reduced in CCRS5-deficient mice after BDL (Figure 4E). While
we found no significant reduction of Collal, Acta2, Tgfbl, and
Timpl 5 days after BDL (Figure 4F), there was a significant reduc-
tion of these mRNAs 21 days after BDL (Figure 4G). Thus, CCRS
appears to mediate fibrogenic effects at later time points of the
fibrogenic process, potentially through a mechanism distinct from
Volume 119
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CCRS are highly expressed in monocytes
and promote migration of monocytes,
with CCR1 exerting a dominant role in
monocyte trafficking across endothelial
layers (27, 28). Accordingly, we found a
reduced migration in CCR1- and CCRS-
deficient Kupffer cells in response to
Rantes, Mip-1a, and Mip-1f (Supple-
mental Figure 6). Our FACS analysis
and immunofluorescent staining sug-
gested that CCRS was robustly expressed
in HSCs (Figure 1, C and D). To further
investigate the possibility that CC che-
mokines directly act on CCRS and/or
CCRI1 expressed on HSCs, we treated
HSCs with the CC chemokines RANTES,
MIP-1a, and MIP-1f and determined Akt
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Figure 5

CCRS5 and CCR1 induce cell migration through ROS and Akt activation. (A) HSCs from wild-type
and CCR5- and CCR1-deficient mice were untreated (un) or treated with RANTES, MIP-1a, or
MIP-1p (all 100 ng/ml) for 15 minutes, followed by Western blot for phospho-Akt and total Akt.
(B) HSCs from wild-type and CCR5- and CCR1-deficient mice were preincubated with H.DCFDA
for 30 minutes, followed by stimulation with RANTES, MIP-1a, or MIP-1p (all 100 ng/ml) and
H,DCFDA measurement. Data are shown as percentage increase from time 0 for each treatment.
(C) HSCs were placed in a Boyden chamber, pretreated with N-acetylcysteine (NAC; 100 uM) or
LY294002 (2 uM), and stimulated with RANTES, MIP-1a, or MIP-1f (all 50 ng/ml) for 16 hours,
followed by measurement of migration. (D) HSCs from wild-type and CCR5- and CCR1-deficient
mice were placed in a Boyden chamber, and migration was determined after stimulation with
RANTES, MIP-1a, or MIP-1f (all 50 ng/ml) for 16 hours. *P < 0.05, **P < 0.01.

that of CCR1. Similar to CCR1-deficient mice, we saw no differ-
ences in liver injury, cholestasis, and survival between CCRS5-defi-
cient and wild-type mice (Supplemental Figure 3). We additionally
confirmed the role of CCRS in CCly-induced fibrosis and found a
43% reduction of the Sirius red-positive area in CCRS5-deficient
mice (Figure 4, H and I) as well as a strong reduction of hepatic
hydroxyproline levels and a-SMA expression (Figure 4, ] and K),
but no differences in serum ALT levels (Supplemental Figure 4).
Moreover, CCRS-deficient mice displayed a reduction of Collal,
Acta2, Tgfbl, and Timpl mRNA in an acute model of CCls-induced
fibrosis (Supplemental Figure 5).

CC chemokines promote HSC and Kupffer cell migration through CCRI1
and CCRS. We and others have previously shown that increases in
macrophage infiltration and increased Kupffer cell-HSC interac-
tion drive HSC activation and liver fibrosis (11, 18, 19). CCR1 and
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0 20 30 phosphorylation and ROS formation. All

3 chemokines robustly induced Akt phos-
phorylation and ROS formation (Figure
5, A and B), confirming their ability to
directly act on HSCs. In CCRS5-deficient
HSCs, Rantes-, Mip-1a-, and Mip-1p-
induced Akt phosphorylation were com-
pletely blunted (Figure 5A). In CCRI1-
deficient HSCs, Rantes- and Mip-1p-
induced Akt phosphorylation was par-
tially blocked (Figure 5A). Moreover, all 3
chemokines strongly induced ROS gener-
ation that was blunted in CCRS5-deficient
but not in CCR1-deficient HSCs (Figure
5B). Next we investigated whether che-
mokines could directly promote HSC
activation. Following stimulation with
Rantes, Mip-1a, and Mip-1f for 5 days,
we found a small upregulation of HSC
proliferation and activation determined
by quantitative real-time PCR for Acta2,
Collal, and Pcna after 24 hours and S
days (Supplemental Figure 7, A-D). To
further test the biological significance
of these findings, we isolated HSCs from
double-transgenic mice expressing GFP
under control of the Collal promoter
and red fluorescent protein (RFP) under
control of the a-SMA promoter (29). When these cells were treated
with Rantes for 5 consecutive days, we found no significant differ-
ence in the expression of the GFP and RFP reporter genes in com-
parison with vehicle-treated cells, thus excluding a significant bio-
logical effect of Rantes on HSC activation (Supplemental Figure
7E). Moreover, we also found no significant increase in cell number
in Rantes-treated HSCs (data not shown) and no protection from
TNF-o-induced cell death (Supplemental Figure 7F) and serum
starvation-induced cell death (data not shown). To determine
whether CC chemokines may promote fibrogenesis through other
effects on HSCs, we tested their effect on HSC migration, a crucial
event in the HSC activation process and fibrogenesis in vivo (3,
30). HSCs were placed in the upper half of a Boyden chamber, with
the lower half containing CC chemokines Rantes, Mip-1a, and
Mip-1f. Migration of HSCs was stimulated by all 3 chemokines,

MIP-1p
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with Rantes being the most powerful stimulators of HSC migra-
tion (Figure SC). Blockade of ROS production by N-acetylcysteine
or inhibition of the PI3K/Akt pathway by LY294002 completely
blunted HSC migration, demonstrating the importance of these
pathways for migration (Figure 5C). Notably, HSCs deficient in
CCRS showed a complete suppression of migration in response to
all 3 ligands (Figure 5D). In contrast, migration of CCR1-deficient
HSCs was only weakly suppressed (Figure 5D).

CCRI1 and CCRS mediate fibrogenic responses in different hepatic cell
populations. To functionally characterize the contribution of dif-
ferent CCR1- and CCRS-expressing cell populations to hepatic
fibrogenesis, we created CCR1- and CCRS-chimeric mice using a
combination ofy irradiation, Kupffer cell depletion, and BM trans-
plantation (BMT). This combination has previously been shown to
allow complete substitution of Kupffer cells and other BM-derived
cells, but not of resident hepatic cell populations, including HSCs
(11, 31). Successful BMT was demonstrated by real-time PCR for
CCR1 and CCRS in splenocytes (Figure 6A). Three months after
BMT, mice underwent fibrosis induction by BDL. CCR1-chime-
ric mice with CCR1-deficient BM showed a similar reduction of
the Sirius red-positive area and hydroxyproline content as mice
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that were completely CCR1-deficient (Figure 6, B-D). Conversely,
mice that were CCR1-deficient in the liver but expressed normal
CCR1 in BM displayed the same level of fibrosis as wild-type mice
(Figure 6, B-D). These data were further confirmed in CCR1-chi-
meric mice using the CCly fibrosis model. Mice with CCR1-defi-
cient BM showed a similar reduction of the Sirius red-positive area
and hydroxyproline content as mice that were completely CCR1
deficient, whereas mice that were CCR1 deficient in the liver but
expressed normal CCR1 in BM displayed the same level of fibrosis
as wild-type mice following CCl4 treatment (Figure 7, A-C). Thus,
CCR1 mediated its profibrogenic effects predominantly through
a BM-derived cell population. In contrast, CCRS-chimeric mice
that expressed CCRS in BM-derived cells but not resident liver cells
displayed the same reduction of the Sirius red-positive area and
hydroxyproline content as mice with complete CCRS deficiency
in both the BDL and CCly models of fibrosis (Figure 6, E-G, and
Figure 7, D-F). Accordingly, CCRS-chimeric mice that expressed
CCRS in resident hepatic cell populations but not in the BM dis-
played a similar degree of fibrosis as mice expressing CCRS in all
cell populations (Figure 6, E-G, and Figure 7, D-F). To provide
additional evidence for the notion that CCR1 and CCRS promote
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hepatic fibrosis through distinct mechanisms, we compared BDL-
induced fibrosis between CCRS-deficient mice that had been
transplanted with CCR1-deficient BM or with CCRS5-deficient
BM. CCRS-deficient mice with CCR1-deficient BM showed an
even lower degree of liver fibrosis after BDL (Figure 8, A-D) and
CCl, treatment (Figure 8, E-G) than mice with complete CCRS
deficiency, as seen by decreased Sirius red staining and hydroxy-
proline levels, suggesting that CCR1 and CCRS promote fibrosis
through distinct targets and through nonredundant mechanisms.
In conjunction with our results on CCR1 and CCRS expression in
primary cells and fibrotic liver (Figure 1, C and D) and functional
responses such as migration in wild-type and CCR1- and CCRS-
deficient HSCs and Kupffer cells (Figure SD), these data suggest
that CCRS mediates its profibrogenic effects through a resident
hepatic cell population such as HSCs, whereas CCR1 promotes
fibrogenesis primarily through Kupffer cells.

Discussion

Acute and chronic liver injury are accompanied by a prominent
inflammatory response including an increased expression of CC
and CXC chemokines and their receptors (14-16). HSCs, the pre-
dominant fibrogenic cell population in the liver, have been shown
to upregulate chemokines and their receptors during their activa-
tion process (12-14). Thus, it has been suggested that chemokines
are likely to promote hepatic fibrosis. As hepatic fibrogenesis is a
complex response mediated by many different cell populations,
with HSC activation representing the final execution step, it is
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conceivable that chemokines concert interactions between HSCs
and other cells during the wound healing response. Notably, the
infiltration of macrophages is an important component of the
hepatic wound healing process that promotes activation of HSCs
and ECM deposition (11, 17-19). Alternatively, it is possible that
chemokines directly target HSCs to promote activation, or that
they do not affect HSC activation and fibrogenesis at all but serve
other functions in the injured liver. Whereas the role of chemo-
kines and chemokine receptors in the wound healing responses
in other organs such as the lung and kidney are well established
(32-34), there are only limited data on the actual contribution of
chemokines to hepatic fibrogenesis in vivo. The only study on this
topic employed adenoviral delivery of a mutant human MCP-1 in
a rat model of dimethylnitrosamine-induced liver fibrosis (35),
and there are no studies using chemokine- or chemokine recep-
tor-deficient mice in experimental models of fibrogenesis.

Our study provides compelling evidence for an important role of
the CC chemokine system in the hepatic wound healing response.
We demonstrate a strong upregulation of the chemokine system
in the injured liver at the levels of both chemokines and receptors.
Neutralization of CC chemokines by chemokine inhibitor 35k
resulted in a significant reduction of fibrosis after BDL. Moreover,
mice deficient for either CCR1 or CCRS displayed a significant
reduction of hepatic fibrogenesis in 2 different models of liver
injury, CCly injection and BDL. Thus, inhibition of the chemo-
kine system at the ligand and the receptor levels had profound
antifibrogenic effects. While the inhibition of fibrogenesis was sig-
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CCR1-deficient BM reduces fibrosis in CCR5-deficient mice. BMT was performed to generate wild-type mice with wild-type BM, Ccr5-- mice
with Ccr5-- BM, and Ccr5-- mice with Ccr1-- BM. Three months after BMT, mice underwent BDL for 3 weeks or received 12 injections of CCls.
(A) Successful BMT was tested by comparing splenic levels of Ccr1 and Ccr5 mRNA. (B—G) Hepatic fibrosis was evaluated by Sirius red stain-
ing (B and E; original magnification, x100), quantification of the Sirius red—positive area (C and F), and quantification of hepatic hydroxyproline

(D and G).*P < 0.05, **P < 0.01.

nificant in both knockout models, there were several important
differences between CCR1- and CCRS-deficient mice and 35k-over-
expressing mice. First of all, CCR1-deficient and 35k-overexpress-
ing mice displayed a more pronounced inhibition of BDL-induced
fibrogenesis than did CCRS5-deficient mice at early time points,
whereas inhibition of fibrogenesis was similar at later time points.
Considering that 35k targets a large number of CC chemokines
but CCR1- and CCRS-deficient mice still express other functional
CC chemokine receptors, one would expect more potent inhibition
in 35k-overexpressing mice than in CCR1- or CCRS-deficient mice.
Although 35k is a very efficient CC chemokine inhibitor with pro-
found in vivo effects (20, 22, 23) that neutralizes almost all murine
CC chemokines (21), it has little effect on murine Rantes binding
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(21). Thus, it is possible that its inability to neutralize Rantes pre-
vents stronger antifibrogenic effects. Moreover, our model of one
time injection of Ad35k led to decreasing expression of 35k during
the course of fibrogenesis and thus less efficient neutralization at
later time points. The failure of CCRS deficiency to significantly
decrease BDL-induced fibrogenesis at early time points suggests
different mechanisms between CCR1- and CCRS-mediated fibro-
genesis. Indeed, the cell population mediating CCR1- and CCRS-
dependent fibrogenesis constituted a major second difference
between CCR1- and CCRS-deficient mice. Whereas profibrogenic
effects of CCR1 were predominantly mediated by a BM-derived
cell population, profibrogenic effects of CCRS depended largely
on resident liver cells, as determined by analysis of BDL and CCly-
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induced fibrosis in CCR1- and CCRS-chimeric mice. FACS analysis
demonstrated that CCRS was strongly expressed on HSCs, where-
as CCR1 expression was very low. Accordingly, RANTES-, MIP-1a.-
and MIP-1B-induced HSC migration was markedly suppressed in
CCRS-deficient HSCs but only moderately affected in CCR1-defi-
cient HSCs. This data is consistent with our previous finding that
human HSCs express CCRS5 and respond to stimulation with the
CCRS ligand RANTES with increased proliferation and migration,
2 crucial features of the fibrogenic process (13). The hypothesis
that CCR1 and CCRS employ different mechanisms to promote
fibrosis is further supported by our results with CCRS-deficient
mice containing CCR1-deficient BM, which displayed an even
lower degree of BDL- and CCly-induced fibrosis than did mice
that were CCRS deficient in both liver and BM. Results from our
study therefore implicate that CC chemokines promote fibrosis
through 2 distinct mechanisms: (a) a CCR1-dependent mechanism
that mediates macrophage migration to the injured liver to pro-
mote HSC activation and fibrogenesis and (b) a CCRS5-dependent
mechanism that promotes the migration of HSCs to the site of
injury, which ultimately leads to the recruitment of other cell types
including Kupffer cells and subsequent HSC activation and fibro-
sis. We have previously shown that Kupffer cells are required for
hepatic fibrogenesis and that HSCs induce migration of Kupffer
cells (11). Taken together, our results support the hypothesis that
the recruitment of Kupffer cells, and potentially also the interac-
tion of Kupffer cells with HSCs in vivo, is dependent on CC che-
mokines and their receptors. In addition, CCR1 and CCRS defi-
ciency also reduced the infiltration of NK1.1-positive cells, which
have been shown to contribute to biliary fibrosis (24). It remains
to be determined whether the reduction in NK1.1-deficient cells
contributes to the reduction in fibrosis observed in our study,
or whether their reduced recruitment is merely a consequence of
reduced fibrogenesis. Our findings that the CC chemokine system
is involved in hepatic fibrogenesis is somewhat comparable with
its role in the fibrogenic process of other organs. Similar to our
results, it was previously demonstrated that CCR1 promotes renal
fibrosis following ureter ligation through a BM-derived cell popu-
lation (32, 33). Bleomycin-induced pulmonary fibrosis is mediated
through CCRS (34). In contrast to our study, this CCRS-depen-
dent profibrogenic effect depends on the BM. Further mechanistic
studies are required to understand whether these differences are
organ specific, possibly due to a different contribution of BM-
derived fibrogenic cell populations to fibrosis, or whether differ-
ences depend on the nature of the fibrogenic stimulus.

Our data are consistent with previous studies that demonstrate
functional expression of CCRS in human HSCs and CCRS-medi-
ated HSC migration through an ROS-dependent mechanism
(13). Our results on CC chemokine neutralization by 35k are also
consistent with a previous study that demonstrated a reduction
of dimethylnitrosamine-induced liver fibrosis by dominant-nega-
tive human MCP-1 (35). As MCP-1 is a ligand for CCR2, but not
CCR1 or CCRS, it is conceivable that CCR1, CCR2, and CCRS all
promote hepatic fibrogenesis. This is consistent with our finding
that CCR2-deficient mice display a reduction of BDL- and CClL-
induced fibrosis (36, 37). In contrast to studies with human HSCs,
we only detected a small increase in proliferation in murine HSCs
after Rantes stimulation. This finding may be due to species dif-
ferences or to the fact that murine HSCs respond only weakly to
proliferative stimuli in cell culture. Our results are in agreement
with a preliminary study that demonstrates a reduction of fibro-
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genesis in RANTES-deficient mice following CCl; or methionine-
choline-deficient diet (38). Previous studies have found that CCRS
deficiency is associated with increased liver injury and fulminant
hepatic failure after concanavalin A injection (25, 26). In the pres-
ent study, we did not find an increase in ALT levels in CCRS-defi-
cient mice at 2 different time points after BDL and CCl, treatment,
suggesting that the susceptibility of CCRS-deficient mice to liver
failure occurs strictly in the setting of T cell-mediated hepatitis,
most likely through CCRS-expressing NKT cells.

Interestingly, both CCRI and CCRS mRNA levels were signifi-
cantly elevated in the livers of patients with hepatic cirrhosis.
Moreover, the CCR1 and CCRS ligand RANTES was strongly
elevated in patients with liver cirrhosis. The extent of elevation of
RANTES was similar to that in a recently published study that
assessed chemokine expression in patients with early stages of
chronic hepatitis C (39). As the elevation of CCR1 was lower than
that of CCRS in our study, CCRS and RANTES might be more
promising targets than CCR1 for the treatment of human fibrosis.
Notably, our data showed different expression patterns between
mice and humans. While some of these discrepancies may be spe-
cies specific, we think our findings also reflect the different time
course of fibrogenesis in mice and humans (weeks vs. years), and
it is likely that RANTES and CCRS are upregulated and promote
fibrogenesis at later stages for the following reasons: (a) Our BMT
model and expression analysis as well as previous studies (13) sug-
gest that CCRS mediates many of its profibrogenic effects in acti-
vated HSCs. These cells accumulate at later stages of fibrogenesis,
and therefore CCRS exerts its effects predominantly at late stages
of fibrogenesis. Moreover, RANTES levels were higher at later
stages of murine fibrogenesis than at early time points. (b) CCRS-
deficient mice showed little inhibition of fibrogenesis at early time
points, whereas CCRS inhibition effectively decreased fibrogenesis
at later time points. This hypothesis is further supported by the
finding that CCRS may play a role in the progression of chronic
HCV infection. While CCRSA32 heterozygosity does not affect
infection rates with HCV (40, 41), several studies have demonstrat-
ed a correlation with reduced hepatic inflammation and fibrosis
(42-45). Moreover, 3 studies found reduced inflammation and/or
fibrosis in patients with chronic hepatitis C and RANTES poly-
morphisms (38, 42, 43). Only 1 study did not find a reduction in
hepatic fibrosis score in CCRSA32 heterozygotes (46). However, it
cannot be completely excluded that some of the antiinflammatory
and antifibrogenic effects of CCR5A32 heterozygosity are medi-
ated through antiviral effects in the cohort of HCV patients (45).
Small-molecule CCRS inhibitors have been developed for different
applications and have been successfully tested in phase III studies
in patients with HIV infection (47). Thus, based on our results and
genetic studies in patients with chronic hepatitis C, CCRS antago-
nism by small-molecule inhibitors may represent a feasible and
promising antifibrogenic approach.

Methods

Mice and fibrosis induction. Specific pathogen-free 8- to 12-week-old male
CCRI1-deficient mice and the respective control strain C57BL/6 were
obtained from Taconic. CCRS-deficient mice were obtained from Jackson
laboratories. CCRS-deficient mice were bred to C57BL/6 mice to create
CCRS heterozygous mice, which were used to generate CCRS-deficient
mice and wild-type littermates. Balb/c mice were obtained from Jackson
laboratories. Male 8- to 12-week-old mice underwent BDL or administra-
tion of CCly. For BDL, mice were anesthetized with ketamine and xylazine.
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After midline laparotomy, the common bile duct was ligated twice with
6-0 silk sutures, and the abdomen was closed. Sham operation was per-
formed similarly, except that the bile duct was not ligated. For chemokine
neutralization experiments, Balb/c mice were infected with adenoviruses
expressing 35k (20, 22, 23) or a GFP control virus (11) (10° pfu in 200 ul
PBS i.v./mouse) 48 hours before BDL. Animals were sacrificed 5 or 21 days
after BDL. CCl4 (Sigma-Aldrich; diluted 1:3 in corn oil) or vehicle (corn
oil) was administered i.p. at a dose of 0.5 ul/g body weight twice per week,
for a total of 12 injections. Animals received humane care according to
NIH recommendations outlined in the “Guide for the Care and Use of
Laboratory Animals.” All animal experiments and cell isolation studies
were approved by the Columbia University and UCSD Institutional Ani-
mal Care and Use Commicttees.

Patient samples. All human liver samples were collected at Mount Sinai
Hospital. Upon Institutional Review Board approval (Mount Sinai School
of Medicine project 04-0056 0001 05 ME X) and after patient written
informed consent was obtained, tissue specimens were collected. Cirrhosis
samples (n = 15) were collected from HCV-infected patients undergoing
surgical resection or liver transplantation for hepatocellular carcinoma.
Normal liver tissue (n = 7) was collected from patients receiving hepatic
resections for nontumoral diseases, including hepatic adenoma and focal
nodula hyperplasia. Liver samples were snap frozen, and RNA was extract-
ed, DNase treated, reverse transcribed, and analyzed by quantitative real-
time PCR as described below.

BMT. BMT experiments were performed as previously described, with
slight modifications (11). Since only 30% of Kupffer cells are reconstituted
by donor-derived BM cells 6 months after BMT (48), mice first received
an i.v. injection of liposomal clodronate (200 ul i.v.) prior to irradiation
to deplete Kupffer cells and accelerate tissue macrophage turnover with
reconstituted BM-derived stem cells (49). BM from tibias and femurs
was washed twice in Hanks balanced salt solution, and 107 BM cells were
injected into the tail vein of lethally irradiated (11 Gy) recipient mice. BDL
was performed 12 weeks after BMT. Using this protocol, we achieved full
replacement of Kupffer cells but not HSCs with BM-derived cells in mice
transplanted with f-actin promoter-driven GFP transgenic BM, as assessed
by double immunostaining (11). To determine whether BMT was success-
ful in CCR1- and CCRS-chimeric mice, spleen cells were isolated from BDL
chimeric mice and analyzed by quantitative PCR for CCR1 and CCRS.

HSC and Kupffer cell isolation and culture. Quiescent HSCs were isolated by
a 2-step collagenase-pronase perfusion of mouse livers followed by 8.2%
Nycodenz (Accurate Chemical and Scientific Corp.) 2-layer discontinuous
density gradient centrifugation, as previously described (50, 51). To ensure
that HSCs were not contaminated by Kupffer cells, HSCs were depleted of
Kupffer cells/macrophages by magnetic antibody cell sorting (MACS; Milt-
enyi Biotec) using an anti-F4/80 antibody (eBioscience) and CD11b-con-
jugated microbeads (Miltenyi Biotec). In vivo-activated murine HSCs were
isolated from mice that underwent BDL for 2 weeks by the same procedure.
To isolate Kupffer cells, collagenase-pronase perfusion was performed, fol-
lowed by 15% Nycodenz gradient centrifugation and subsequent positive
selection of F4/80-expressing cells by MACS (11). The described procedures
resulted in 99% purity of HSCs and 95% purity of Kupffer cells, as judged
by retinoid autofluorescence and flow cytometric analysis for F4/80 expres-
sion, respectively. HSCs were cultured on uncoated plastic tissue culture
dishes in DMEM containing 1% or 10% FBS and used as non-passaged pri-
mary cultures only. Murine Kupffer cells were not passaged and cultured
in DMEM containing 1% FBS. For some experiments, HSCs were isolated
from double-transgenic mice expressing GFP under control of the Collal
promoter and RFP under control of the a-SMA promoter (29), followed by
serum starvation and treatment with RANTES. ROS formation was deter-
mined using the redox-sensitive dye 5-(and 6-)chloromethyl-2',7'-dichloro-
1868
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dihydrofluorescein diacetate acetyl ester-based (CM-H,DCFDA-based)
fluorescence method described previously (13).

Immunofluorescence staining. Liver specimens were fixed in 10% buffered
formalin for subsequent histological analysis. Liver sections were incu-
bated with anti-a-SMA mAD (clone 1A4; Dako), anti-F4/80 mAb (clone
BMS; eBioscience), anti-CD68 mAb (Serotec), or anti-NK1.1 mAb (eBiosci-
ence) using the MOM kit (Vector Laboratories). For immunofluorescence
staining, liver specimens were fixed with 4% paraformaldehyde, incubated
in PBS containing 30% sucrose, and frozen at -80°C. Frozen sections were
incubated with anti-CCR1 or anti-CCRS (both Santa Cruz Biotechnology
Inc.), anti-F4/80 (eBioscience), anti-desmin (Labvision), anti-CD31 (BD
Biosciences — Pharmingen), or anti-cytokeratin WSS (Dako) antibodies
and Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary antibod-
ies (Invitrogen) and imaged by confocal microscopy.

Immunoblotting. Electrophoresis of protein extracts and subsequent blot-
ting were performed as previously described (52). Blots were incubated
with mouse anti-a-SMA (Sigma-Aldrich) at a dilution of 1:5,000 for
2 hours. After incubation with secondary horseradish peroxidase-conju-
gated antibody (Santa Cruz Biotechnology Inc.), blots were visualized by
the enhanced chemiluminescence light method (Amersham Biosciences).
Blots were reprobed with anti-f-actin mouse antibody (Sigma-Aldrich) to
demonstrate equal loading. Expression of 35k was detected by immuno-
blotting for HA after immunoprecipitation of 1 mg of liver tissue using an
anti-HA antibody (Sigma-Aldrich).

Measurement of hepatic hydroxyproline content. Hydroxyproline content
was measured as previously described (11, 50). Briefly, liver tissues were
homogenized and precipitated by trichloroacetic acid and incubated for
24 hours at 110°C in 6 normal (N) HCL. After hydrolysis, samples were
neutralized with 10 N NaOH, oxidized with chloramine-T, and incubated
in Ehrlich’s perchloric acid solution at 65°C for 20 minutes. Absorbance
was measured at 560 nm. Hepatic collagen content was analyzed by Sirius
red staining of paraffin-embedded sections. The Sirius red-positive area
was measured in 6 low-power (x40) fields on each slide and quantified
using NIH imaging software.

RT-PCR and real-time quantitative PCR. RNA was isolated from mouse
or human liver tissue by homogenization and purification using TRIzoL
(Invitrogen) followed by RNeasy clean-up (Qiagen). RNA was isolated
from HSCs using RNeasy. Following DNase treatment and reverse tran-
scription, real-time quantitative PCR of mouse and human samples was
performed for 40 cycles of 15 seconds at 95°C and 60 seconds at 60°C
using an ABI 7000 sequence detection system (Applied Biosystems) and
primer-probe sets from ABIL Quantification was performed by comparing
the Ct values of each sample with a standard curve and normalization to
18s or B-actin. Values were expressed as fold induction in comparison with
untreated or sham controls.

Cell migration and cell adbesion assay. Cell migration assays were performed
using a modified Boyden chamber, as described previously (11, 50). Briefly,
HSCs isolated from wild-type or CCR1- or CCRS-deficient mice were
placed into the upper chamber (4 x 10* cells/well) in DMEM without serum
and exposed to the vehicle, recombinant Rantes, Mip-1a, and Mip-1p (all
50 ng/ml; R&D Systems) in the lower chamber. After 16 hours of incuba-
tion at 37°C, cells migrated to the lower side of the chamber were counted
in 8 randomly chosen (x100) fields. In some experiments, N-acetylcysteine
(100 uM) or LY294002 (2 uM; Sigma-Aldrich) were incubated for 30 min-
utes before treatment with recombinant chemokines.

Flow cytometric analysis. One day after isolation, Kupffer cells and HSCs
were scraped into PBS, followed by Fc receptor blockade, incubation
with phycoerythrin-conjugated anti-CCR1 antibody (Santa Cruz Bio-
technology Inc.), phycoerythrin-conjugated anti-CCRS (BD Biosciences
— Pharmingen), or phycoerythrin-conjugated isotype-matched control
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antibodies (Biolegend) and analyzed on the FL2 channel on a FACS Cali-
bur (Becton Dickinson).

Cell death analysis. HSCs were isolated from Balb/c mice and culture acti-
vated for 5 days. HSCs were then changed to medium containing 0.1% FBS,
infected with AdIxBsr (11) at a multiplicity of infection of 50 for 12 hours,
pretreated with Rantes (100 ng/ml) or vehicle (0.1% BSA) for 12 hours,
and stimulated with recombinant murine TNF-a. (30 ng/ml) for 8 hours.
Cells were stained with Hoechst 33342 and propidium iodide to visualize
nuclei of all cells and dead cells, respectively. Cell death was quantified in at
least 10 low-power fields using Image] and calculated as the ratio between
Hoechst-positive and propidium iodide-positive nuclei and expressed as
a percentage. In some experiments, culture-activated HSCs were serum
starved for 96 hours in media containing 0.1% FBS in the presence or
absence of Rantes, followed by evaluation of cell death.

Statistics. All data are expressed as mean + SEM. Differences between mul-
tiple groups were compared using 1-way ANOVA with post-hoc Bonferroni
correction (GraphPad Prism 4.02; GraphPad Software). Differences between
2 groups were compared using a 2-tailed unpaired Student’s ¢ test (Microsoft
Excel 2003). Pvalues less than 0.05 were considered statistically significant.
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