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ARTICLE INFO ABSTRACT

Keywords: The hepatic fibrogenic response is a protective mechanism activated by hepatocyte damage and is resolved upon
Liver fibrosis elimination of the cause. However, persistent injuries cause liver fibrosis (LF) to evolve into cirrhosis, which
Cytokines promotes the development of hepatocellular carcinoma (HCC). Development of efficient treatments for LF re-
S0Cs1 quires better understanding the underlying molecular pathogenic mechanisms. The loss of suppressor of cytokine
;Zii:);?;;e signaling 1 (SOCS1) expression promotes LF and HCC in human and mice, but the underlying mechanisms

remain unclear. SOCS1 is a key regulator of immune cell activation. To investigate the anti-fibrogenic functions
of SOCS1 in hepatocytes and macrophages, we generated mice lacking SOCS1 in hepatocytes (Socs*?AIb®™) or
macrophages (Socs]ﬂ/ﬁLysMC”) and evaluated hepatic fibrogenic response to carbon tetrachloride (CCly). Socs1
AAIbC™ and Socs1fiLysMC™ mice showed severe LF characterized by increased collagen deposition, hydro-
xyproline content, myofibroblast accumulation along with elevated expression of Acta2 and Collal genes. CCl,
treatment triggered significant damage to hepatocytes in Socs’AIb°" mice but not in Socs*?'LysM™ mice. In
both mice CCl, treatment reduced the expression of Mmp2 and increased the expression of Timpl. SOCS1 de-
ficiency in hepatocytes or macrophages did not affect 116, Tnfa or Tgfb, but diminished Infg and augmented Pdgfb
expression. Both Socs1V#AIbC" and SocsVLysM°™ livers showed increased mononuclear cell infiltration ac-
companied by elevated Ccl2 expression. Our findings show that SOCS1 exerts non-redundant functions in he-
patocytes and macrophages to regulate the hepatic fibrogenic response possibly through limiting hepatocyte
damage and the inflammatory response of macrophages, and support the idea of exploiting SOCS1 in LF
treatment.

1. Introduction repair and regenerative process [4]. However, recurrent exposure to
hepatotoxic substances and persistent infections cause chronic in-

Hepatocytes are constantly exposed to potentially toxic substances flammation that results in extensive liver fibrosis (LF) that could pro-

entering the liver via the portal circulation. In the process of detoxifying
toxic substances, hepatocytes sustain injury that causes cellular stress,
releases inflammatory mediators and initiates an inflammatory re-
sponse [1,2]. Hepatitis viruses and other pathogens entering the liver
via portal and systemic circulation also cause inflammation [3]. These
inflammatory reactions induce hepatic fibrogenic response that aids the

gress toward cirrhosis. Whereas the normal fibrotic response is pro-
tective and resolves upon elimination of the causative agent, cirrhosis is
irreversible, obliterates the liver parenchyma, compromises vital liver
functions and promotes the development of hepatocellular carcinoma
(HCQ) [5,6]. Indeed, more than 90% of HCC arises in cirrhotic livers.
Even without accompanying HCC, cirrhosis is an important cause of

Abbreviations: ALT, alanine transferase; CCly, carbon tetrachloride; ECM, extracellular matrix; LF, Liver fibrosis; MMP, matrix metalloproteinase; NDP, nanozoomer
Digital Pathology; SOCS, suppressor of cytokine signaling; SMA, smooth muscle actin; TIMP, tissue inhibitor of MMP
* Corresponding author at: Immunology Division, Department of Pediatrics, Faculty of Medicine and Health Sciences, Université de Sherbrooke, 3001 North 12

Avenue, Sherbrooke QC-J1H 5N4, Canada.
E-mail address: Subburaj.Ilangumaran@Usherbrooke.ca (S. Ilangumaran).
1 Contributed equally to this work.

https://doi.org/10.1016/j.cyto.2018.07.032

Received 18 June 2018; Received in revised form 26 July 2018; Accepted 28 July 2018

Available online 08 August 2018
1043-4666/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2018.07.032
https://doi.org/10.1016/j.cyto.2018.07.032
mailto:Subburaj.Ilangumaran@Usherbrooke.ca
https://doi.org/10.1016/j.cyto.2018.07.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2018.07.032&domain=pdf

E.K. Mafanda, et al.

Table 1

List of qRT-PCR primers.
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Gene name Gene ID Sense primer Anti-sense primer (5’ to 3") Amplicon Size (bp)
Acta2 NM_007392.3 AGTAATGGTTGGAATGG GTGTCGGATGCTCTTCAGG 166
Collal NM_007742.4 CTCCCAGAACATCACCTATCAC ACTGTCTTGCCCCAAGTTCCG 171
16 NM_031168.2 AGTCCGGAGAGGAGACTTCA TTGCCATTGCACAACTCTTT 112
Ccl2 NM_011333.3 CAGGTCCCTGTCATGCTTCT GTGGGGCGTTAACTGCAT 73
Ccl5 NM_013653.3 TGCAGAGGACTCTGAGACAGC GAGTGGTGTCCGAGCCATA 149
Cx3crl NM_009987.4 GTTATTTGGGCGACATTGTGG ATGTCAGTGATGCTCTTGGG 142
Mmp2 NM_008610.2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC 152
Mmp9 NM_013599.3 GATCCCCAGAGCGTCATTC CCACCTTGTTCACCTCATTTIG 129
Mmp14 NM_008608.4 GGATGGACACAGAGAACTTCG AACCATCGCTCCTTGAAGAC 235
Pdgfb NM_011057.3 CCTGCAAGTGTGAGACAGTAG CTTTCGGTGCTTGCCTTTG 127
Rplp0 (m36B4) NM_007475.5 TCTGGAGGGTGTCCGCAA CTTGACCTTTTCAGTAAGTGG 154
Tgfbl NM_011577.1 ATACGCCTGAGTGGCTGTCT CTGATCCCGTTGATTTCCA 129
Timp1 NM_011593.2 TTGCATCTCTGGCATCTGG TGGTCTCGTTGATTTCTGGG 136
Tnfa NM_013693.3 CGTCGTAGCAAACCACCAAG GAGATAGCAAATCGGCTGACG 190

global morbidity and mortality [7]. In recent years, non-alcoholic fatty
liver disease arising from obesity is emerging as an important cause of
fibrosis and HCC [8]. Hence, understanding the cellular and molecular
mechanisms of hepatic fibrogenic response holds promise to identify
new targets of therapeutic intervention to halt progression of fibrosis,
hasten its resolution and prevent HCC [9].

The hepatic fibrogenic response is initiated upon activation of tissue
resident macrophages that recognize danger-associated molecules re-
leased by dying hepatocytes and pathogen-derived molecules [2,10].
Cytokines and growth factors produced by activated macrophages, as
well as the inflammatory molecules released by damaged hepatocytes
stimulate hepatic stellate cells (HSC) to transdifferentiate into myofi-
broblasts, which proliferate and produce abnormal collagen fibrils and
other extracellular matrix (ECM) proteins [11]. Accompanying changes
in the expression of ECM modifying enzymes promote the accumulation
of ECM. While fibrosis resolution restores the normal ECM, chronic
liver injury deregulates this process and replaces hepatocytes with fi-
brous scar tissue. During the hepatic fibrogenic response, cytokines and
growth factors influence hepatocyte survival and regeneration, regulate
HSC activation, and modulate macrophage functions [12,13]. Regula-
tion of these cytokines and growth factors is critical to achieve a con-
trolled fibrogenic response and its eventual resolution, whereas their
deregulated synthesis or uncontrolled activity often accompanies pa-
thologic LF.

An important regulatory mechanism controlling cytokine and
growth factor signaling in hepatocytes, macrophages, HSCs and other
immune cells of the liver involves the suppressor of cytokine signaling 1
(SOCS1) protein [14]. Epigenetic repression of hepatic SOCS1 in human
patients with chronic liver disease is associated with increased fibrosis
[15]. A recent report has shown an association between single nu-
cleotide polymorphism in the promoter region of the SOCS1 gene
(rs243327) and liver fibrosis [16]. Supporting a role for SOCS1 in
regulating hepatic fibrogenesis, Socs1 haplo-insufficient mice exhibit
increased susceptibility to experimental fibrosis [15]. This study used
Socs1™/~ mice due to perinatal lethality of SocsI-null mice resulting
from uncontrolled IFNy signaling [17]. Another study used Soc-
s17/"Ifng~’~ mice to demonstrate IFNy-independent anti-fibrogenic
role of SOCS1 in the liver [18]. However, whether SOCS1 exerts its anti-
fibrogenic functions in hepatocytes, macrophages or HSCs is not yet
known. In this study, we have addressed this question using mice
lacking SOCS1 in hepatocytes or macrophages.

2. Methods
2.1. Mice

Socs 7AD" and Socs1"LysM®™ mice lacking SOCS1 expression
in hepatocytes or macrophages, respectively, were generated by

crossing Socs1"? mice [19] (kind gift from Dr. Yoshimura, Tokyo,
Japan) with AIb™ or LysM°™ mice (purchased from the Jackson labs,
Bar Harbor, ME, USA), which express the Cre recombinase under the
lysozyme promoter that is expressed in macrophages and other myeloid
cells [20]. All experimental protocols on animals were carried out in
accordance with the Université de Sherbrooke Animal Ethics Com-
mittee guidelines (Protocol number 359-14B).

2.2. Induction of liver fibrosis and measurement of serum ALT and liver
hydroxyproline content

Carbon tetrachloride (CCly; Sigma-Aldrich, Oakville, ON) diluted in
corn oil as vehicle at 1:2 ratio was used to induce LF [18]. CCl, was
administered to 8-10-week-old male mice (0.5 pl/g body weight, i.p)
every 2-3 days for five weeks. Three days after the last injection, mice
were euthanized and serum and liver tissues were collected and pre-
served at —80 °C. For histopathology, liver tissues were fixed in 10%
buffered formalin and embedded in paraffin blocks. Serum alanine
transferase (ALT) levels were measured using a kit from Pointe Scien-
tific Inc. (Brussels, Belgium). Hydroxyproline content of the liver tissues
was measured as previously described [18].

2.3. Histopathology

Sections of formalin-fixed paraffin embedded liver tissues (5 puM)
were deparaffinized, rehydrated, and stained with hematoxylin and
eosin (H&E) or Sirius red following standard methods [18]. Im-
munohistochemical staining of alpha smooth muscle actin (aSMA)
using an antibody from Abcam (Cat #7817) as previously described
[18]. Digital images of stained sections, acquired using a Nanozoomer
Digital Pathology (NDP) Slide Scanner (Hamamatsu Photonics, Japan),
were analyzed using the NDP software by selecting 20 random fields
from 4 mice in each group. Quantification of Sirius red staining and
SMA-positive areas was done using the NIH Image J software.

2.4. Gene expression analysis

RNA extraction, cDNA preparation and gene expression by RT-PCR
using primers listed in Table 1 was carried out following published
protocols [18]. All primers showed 90-100% efficiency and displayed a
single melting curve. Expression levels of specific genes were normal-
ized for the housekeeping gene Rplp0 (36B4) within each experimental
group and expressed as fold induction compared to Socs7¥f littermate
controls treated with the vehicle.

2.5. Statistical analysis

GraphPad Prism software (San Diego, CA) was used for data analysis
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Fig. 1. Mice lacking SOCS1 in hepatocytes or in macrophages show increased liver fibrosis following chemical injury. (a—h) Representative images of Sirius red-
stained sections of the livers from control (Socs?%; a, b and e, f), hepatocyte-specific SOCS1-deficient (SocsPAIBC™; ¢, d) and macrophage-specific SOCS1-deficient
(Socslﬂ/ﬁLysMC’e; g, h) mice, treated with vehicle (corn oil, a, c, e, g) or CCly (b, d, f, h) for five weeks. (i, j) Quantification of the Sirius red-stained areas of collagen
deposition. (k, 1) Liver hydroxyproline content of the indicated mice. (m, n) Serum transaminase levels in the indicated groups. Quantifications shown (i-n) are
mean * s.e.m. values from at least 4 and up to 13 mice per group from 2 or 3 independent experiments. Mann-Whitney test: * p < 0.05, ** p < 0.01, ***

p < 0.005, **** p < 0.001.

and to calculate statistical significance by ANOVA or Mann-Whitney
test. p values < 0.05 were considered significant.

3. Results

3.1. SOCS1 plays an essential role in both hepatocytes and macrophages to
control LF

Damage to hepatocytes is often the initiating event during sterile
inflammation of the liver, and macrophages play a key role in con-
veying this message to HSCs to mount the hepatic fibrogenic response.
As the severe LF that develop in Socsl =/~ mice [18] could result from
the lack of SOCS1 in hepatocytes or any of the immune cells in the liver,
we investigated whether SOCS1 exerts its anti-fibrogenic activity pri-
marily in hepatocytes or macrophages using mice lacking SOCS1 in
either of these cells. Following CCl, treatment, liver sections from
Socs " AIbC™ mice showed extensive, bridging fibrosis as revealed by
Sirius red staining of collagen fibrils compared to control mice
(Fig. 1a-d). Socs/AIb°™ livers showed four times more fibrotic areas
than control livers (Fig. 1i) and significantly elevated hydroxyproline
content (Fig. 1k).

SocsLysMC™ mice also showed increased susceptibility to LF as
revealed by increased Sirius red staining with extensive bridging pat-
tern and high hepatic hydroxylproline content (Fig. 1e-h, j, 1). Notably,
Socslﬁ/ﬂLysMC'e mice treated with the vehicle (corn oil) showed sig-
nificantly higher level of LF than control mice (Fig. 1j, 1, columns 1 and
2). However, serum ALT level was not significantly altered in Socs¥

ALysMC™ mice whereas Socs?AIbC™ livers showed increased ALT le-
vels (Fig. 1m, n). These findings indicated that SOCS1 plays a crucial
role in hepatocytes and in macrophages to control LF induced by he-
patotoxic agents, and that SOCS1 deficiency in hepatocytes increased
the susceptibility to death.

3.2. Loss of SOCS1 in hepatocytes or macrophages promotes myofibroblast
activation

Hepatic fibrogenic response is associated with trans-differentiation
of HSCs to myofibroblasts, which synthesize and deposit the ECM
proteins. Immunohistochemical staining of the myofibroblast marker
aSMA revealed that Socs1V?AIb™ and Socs1fiLysMC™ mice treated
with CCl; showed abundant aSMA staining than vehicle-treated mice
(Fig. 2a-h). The aSMA staining intensity was significantly higher
SOCS1-deficient livers than in control livers following CCl, treatment
(Fig. 2i, j; columns 3 and 4). Livers of vehicle-treated SOCS1-deficient
mice also showed increased aSMA-staining area (Fig. 2i, j; columns 1
and 2). To accurately quantify myofibroblast differentiation, we eval-
uated the expression of Acta2 gene, which codes for aSMA. Mice defi-
cient for SOCS1 in hepatocytes or macrophages showed significantly
elevated Acta2 expression following CCl, treatment (Fig. 2k, 1; columns
3 and 4). Moreover, Acta2 expression closely correlated with that of
Collal, the gene coding for collagen type 1 al chain (Fig. 2m, n).
Unlike the aSMA-staining area, neither Acta2 nor Collal showed in-
creased expression in vehicle-treated Socs1AIb® mice compared to
controls (Fig. 2k, m). However, vehicle-treated Socs LysM°™ showed
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Fig. 2. SOCS1 deficiency in hepatocytes or macrophages increases liver myofibroblast content following CCl, treatment. (a-h) Immunohistochemical staining of a-
smooth muscle actin (aSMA) in liver sections of control mice (a, b and e, f) and mice lacking SOCS1 in hepatocytes (c, d) or macrophages (g, h), treated with vehicle
(corn oil, a, ¢, e, g) or CCl, (b, d, f, h). Representative images from 4 to 6 mice per group from 2 different experiments are shown. Magnified images of the indicated
regions are shown below each section. (i, j) Quantification of the SMA-staining areas. (k-n) (C) Quantitative RT-PCR evaluation of Acta2 (k, 1) and Collal (m, n)
genes in the livers of vehicle- or CCly- treated control and SOCS1-deficient mice. (i-n) Data shown are mean *+ s.e.m. values from at least 4 and up to 14 mice per
group from 2 or 3 independent experiments. Mann-Whitney test: * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.

a small but significant increase in Acta2 though not Collal expression
(Fig. 21, n). These findings confirm the increased susceptibility of
Socs"PAID™ and Socs1PLysM®® mice to fibrogenic stimuli, and
suggest that loss of SOCS1 in macrophages may render the liver sus-
ceptible to even mild fibrogenic insults.

3.3. SOCS1 deficiency in hepatocytes or macrophages alters the expression
of ECM modifying enzymes

Matrix metalloproteinases (MMP) and tissue inhibitors of MMPs
(TIMP) are differentially expressed during hepatic fibrogenic response
to favor net ECM deposition [21]. Therefore, we examined whether the
increased accumulation of ECM in the livers of mice lacking SOCS1 in
hepatocytes or macrophages is associated with altered expression of
MMPs and TIMPs. Loss of SOCS1 in either hepatocytes or macrophages
reduced the induction of Mmp2 by CCl, in the liver (Fig. 3a, b; columns
3 and 4). Interestingly, loss of SOCS1 in hepatocytes or macrophages
resulted in the induction of Mmp9 and Mmp14 by the vehicle (Fig. 3c—f;
columns 1 and 2). CCl, treatment further augmented Mmp9 induction
in Socs " AIbC™ mice but not in SocsILysMC™ mice (Fig. 3¢, d; col-
umns 2 and 4). However, CCl; did not modulate Mmp14 already in-
duced by vehicle in Socs VAL and Socs 1V LysMC"™ mice (Fig. 3e, f;
columns 2 and 4). Notably, CCls-induced expression of Timpl was
augmented more than four-fold by the loss of SOCS1 in either hepato-
cytes or macrophages (Fig. 3g, h; columns 3 and 4).

3.4. Expression of inflammatory and fibrogenic cytokines in the livers
lacking SOCS1 in hepatocytes or macrophages

Next, we examined the induction of pro-fibrogenic and anti-
fibrogenic cytokine genes in the liver tissues of SOCS1-deficient and

control mice. Induction of Il6 by CCl; was comparable between SOCS1-
deficient and control mice (Fig. 4a, b; columns 3 and 4). However, the
SOCS1-deficient livers showed significantly elevated expression of II6 in
response to corn oil treatment (Fig. 4a, b; columns 1 and 2) that appears
to blunt the CCly-mediated Il6 gene induction. Induction of Tnfa gene
also showed similar pattern (Fig. 4c, d), although the magnitude of
response was slightly less in Socs1¥LysM°™ mice than SocsVAIb¢™
mice. The pro-fibrogenic cytokine gene Tgfb was significantly induced
in CCly-treated control mice (Fig. 4e, f; columns 1 and 3), whereas
SOCS1-deficient mice displayed discernible increase in response to ve-
hicle (Fig. 4e, f; columns 1 and 2) that was not significantly upregulated
by CCly (Fig. 4e, f; columns 2 and 4). However, both Socs1fAIb®" and
Socs P LysM ™ mice showed significant increase in the expression of
Pdgfb following CCly treatment (Fig. 4g, h).

IFNy exerts an anti-fibrogenic role in liver fibrosis [22]. CCl4-treated
control groups showed discernible, though not significant, increase in
Ifng gene expression, whereas SOCS1-deficient livers showed sig-
nificantly reduced Ifng gene expression (Fig. 4i,j).

3.5. Increased leukocyte infiltration and altered chemokine expression in
livers lacking SOCS1 in hepatocytes or macrophages

The livers of CCl,-treated SOCS1-deficient mice showed increased
mononuclear infiltration (Fig. 5b, d, g, h, i, j). Notably, vehicle-treated
Socs " LysM€™ mice also showed marked increase in leukocyte in-
filtration (Fig. 5f) that coincided with the increased fibrosis observed in
these mice (Fig. 1g). As infiltration of immune cells during liver fibrosis
and its resolution is mainly driven by chemokines,[23] we examined
the expression of key pro-inflammatory and pro-fibrogenic chemokines
Ccl2 and Ccl5, and Cx3crl receptor for the anti-fibrogenic chemokine
CX3CL1. Notably, both SocsPAIbC™ and Socs?"LysM™ showed
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Fig. 3. Influence of SOCS1 deficiency in hepatocytes or macrophages on the
expression of matrix modulating enzymes during hepatic fibrogenic response.
Quantitative RT-PCR evaluation of Mmp2 (a, b), Mmp9 (c, d), Mmp14 (e, f) and
Timp1 (g, h) in the liver tissues of mice lacking SOCS1 in hepatocytes (a, c, €, g)
or macrophages (b, d, f, h) and the corresponding littermate controls, treated
with CCl, or the vehicle corn oil. Data shown are mean + s.e.m. values from at
least 4 and up to 14 mice per group from 2 to 4 independent experiments.
Mann-Whitney test: * p < 0.05, ** p < 0.01, *** p < 0.005.

increased Ccl2 and Ccl5 expression following vehicle treatment
(Fig. 5k—-n). CCl, caused a moderate induction of Ccl2 in control mice
that was dramatically increased in the absence of SOCS1 in hepatocytes
or macrophages (Fig. 5k, 1). However, CCls-induced Ccl5 expression was
decreased in SocsT"AIb™ mice but remained unchanged in Socs¥/
ALysMC™ mice (Fig. 5m, n). Conversely, the induction of Cx3cr1 by CCl,
showed no significant change in Socs'AIb°™ mice but markedly in-
creased in Socs M 'LysM®™ mice (Fig. 50, p). These results suggest that
SOCS1 deficiency either in hepatocytes or in macrophages promotes LF
by modulating chemokine gene expression and immune cell infiltration.

4. Discussion

SOCS1-deficient mice are highly susceptible to LF induced by di-
methylnitorsamine or CCly, and to experimental hepatocarcinogenesis
elicited by diethylnitrosamine [18,19]. Investigations into the anti-
tumor mechanisms of SOCS1 revealed that SOCS1 deficiency in hepa-
tocytes increases their responsiveness to hepatocyte growth factor and
their resistance to apoptosis [19,24,25]. However, the anti-fibrogenic
mechanisms of SOCS1 remain to be elucidated. Hepatocyte damage is
the initiator of hepatic fibrogenic response [1] and SOCS1 renders
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Fig. 4. Effect of hepatocyte or macrophage SOCS1 deficiency on CCly-induced
inflammatory and fibrogenic cytokine gene expression. Induction of II6 (a, b),
Tnfa (c, d), Tgfd (e, f), Pdgfb (g, h) and Ifng (i, j), genes in the liver tissues of mice
lacking SOCS1 in hepatocytes (a, c, e, g, i) or macrophages (b, d, f, h, j) and the
corresponding littermate controls, treated with CCl, or the vehicle corn oil.
Data shown are mean *+ s.e.m. values from at least 4 and up to 12 mice per
group from 2 to 4 independent experiments. Mann-Whitney test: *p < 0.05, **
p < 0.01, *** p < 0.005.

hepatocytes less susceptible to death following acute damage caused by
diethylnitrosamine [19]. As SOCS1-deficient macrophages are highly
sensitive to innate immune stimuli [26,27], we postulated that SOCS1
may exert its anti-fibrogenic functions not only in hepatocytes but also
in macrophages. Our findings show that loss of SOCS1 in either hepa-
tocytes or macrophages potentiates the hepatic inflammatory and fi-
brogenic responses, accompanied by very similar molecular and cellular
changes with a few notable differences.

Hepatocyte injury and the ensuing apoptosis or necrosis releases
cellular contents that are taken up by Kupffer cells and HSCs that in-
itiate the fibrogenic response through the release of inflammatory and
fibrogenic cytokines [1]. SOCS1 deficiency in hepatocytes resulted in
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Fig. 5. SOCS1 deficiency in hepatocytes or macrophages modulates chemokine expression and promotes mononuclear cell infiltration during liver fibrosis. (a-h)
Representative images of haematoxylin and eosin-stained sections of livers from control (Socs™/% a, b and e, g), hepatocyte-specific SOCS1-deficient (c, d) and
macrophage-specific SOCS1-deficient (f, h) mice, at the end of treatment regimen with vehicle (corn oil) or CCl,. Clusters of mononuclear cell infiltration, indicated
by arrowheads, were counted in random 5 mm? area of liver sections from the indicated mouse strains (i, j). Each data point represents one mouse. (k-p) Expression
of Ccl2 (k, 1), Ccl5 (m, n) and Cx3cr1 (o, p) genes in the liver tissues of mice lacking SOCS1 in hepatocytes (k, m, o) or macrophages (I, n, p) and the corresponding
littermate controls, treated with CCl4 or the vehicle corn oil. Data shown are mean *+ s.e.m. values from at least 4 and up to 10 mice per group from 2 to 3
independent experiments. Mann-Whitney test: * p < 0.05, ** p < 0.01, *** p < 0.005.

elevated ALT levels at the end of the 5-weeks CCl,-treatement regimen,
which suggests increased hepatocyte damage and consequent aug-
mentation of liver fibrosis. In contrast, reduced ALT levels in Socs1/”
fAIbC™ mice following administration of diethylnitrosamine was at-
tributed to the anti-apoptotic mechanisms of CDKN1A [19]. It is pos-
sible that the apparent difference in ALT levels following acute (die-
thylnitrosamine) versus chronic (CCly) hepatocyte injury in Socs1"/
fAIbS™ mice could arise from the inability of CDKN1A to cope with
chronic hepatocyte damage. Given the role of SOCS1 in regulating the
functions of p53 and the regulation of hepatocyte survival by p53
[28,29], it is also possible that SOCS1-deficient hepatocytes may suffer
severe damage and liberate abundant quantities of pro-fibrogenic
mediators. Further investigations are needed to understand the how
SOCS1 protects hepatocyte damage during chronic liver injury.

The increased hepatic fibrogenic response observed in SocsV
ALysM®™ mice is consistent with the critical role of SOCS1 in regulating
macrophage activation by innate immune stimuli and with the key
pathogenic role of macrophages in liver fibrosis [26,27]. Importantly,
our findings show that loss of SOCS1 in macrophages increases the
susceptibility to liver fibrosis induction by corn oil. As the LysM pro-
moter is expressed also in other myeloid cells and is constitutively ac-
tive in polymorphonuclear neutrophils (PMN) [20], it is possible that
SOCS1-deficient neutrophils could also contribute to the heightened
fibrogenic response in Socs"'LysM®™ mice. Neutrophils are rapidly
recruited to the liver during sterile inflammation as well as during in-
fections, and contribute to hepatocyte injury through release of reactive
oxygen species and proinflammatory cytokines [30]. Gao and collea-
gues have recently shown that neutrophils play a key role on high-fat
diet- and ethanol- induced steatohepatitis and liver fibrosis [31]. In this
model, GM-CSF and IL-15 secreted from activated HSCs promote neu-
trophil survival and their inflammatory response. It is noteworthy that
SOCS1 is a regulator of IL-15 signaling in lymphocytes and IL-15

promotes neutrophil survival by upregulating the anti-apoptotic protein
MCL1 [32,33]. Earlier studies have used Socs?¥LysM®™® mice in the
context of inflammation and infection, and some have showed in-
creased neutrophil accumulation [34-36]. Even though increased
neutrophil accumulation could occur in the inflamed tissues of Socs1/
ALysMC™ mice, it remains to be tested whether SOCS1 deficiency in
neutrophils also increases their survival and activation in response to
IL-15 and GM-CSF, contributing to the heightened inflammatory re-
sponse and tissue fibrosis.

Inflammatory cytokines promote LF by inducing the key fibrogenic
cytokine TGF3 and PDGF, which promotes HSC proliferation [37]. CCly
treatment increased the expression of 116, Tnfa and Tgfb genes in control
mice, whereas SocsfAIbC™ and Socs1VMLysMC™ mice showed in-
creased expression of these genes even with vehicle treatment, sug-
gesting the critical requirement of SOCS1 to maintain tissue home-
ostasis. Even though SOCS1 deficiency did not upregulate these
cytokines further than what was observed in CCl-treated control mice,
both Socs"AIb™ and Socs 1 LysM°™ mice showed marked increase
in CCly-induced Pdgfb expression. PDGF( promotes liver fibrosis by
inducing proliferation and activation of HSCs [38,39]. As PDGFf ex-
pression predominantly occurs in inflammatory macrophages of fibrotic
livers [39], it is likely that the increased inflammatory response in
Socs"AIbC™ and Socs VM LysMC™ liver augments Pdgfb expression in
macrophages. Moreover, HSCs in these mice may also escape other
regulatory mechanisms. First, TIMP1, which promotes liver fibrosis by
inhibiting MMPs and by promoting HSC survival [40,41], is highly
induced in the livers of CCly-treated Socs*?AIb“™ and Socs 1V LysM™
mice. Second, these livers showed downmodulation of Ifng, which was
discernibly increased in control mice. IFNy attenuates liver fibrosis by
inhibiting proliferation of HSCs and their collagen production, and by
augmenting NK-mediated killing of activated HSCs [22,42-45]. Hence,
reduced Ifng induction in SOCS1-deficient livers may allow HSCs escape
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NK cell-mediated killing, although the reasons for impaired Ifng in-
duction in SOCS1-deficient livers remains to be addressed. Collectively,
several mechanisms could contribute to the increased HSC accumula-
tion and their transdifferentiation in Socs "/'Alb°" and Socs " 'LysMC"
mice.

Altered chemokine and chemokine receptor expression play a key
role in the pathogenesis and resolution of liver fibrosis [23]. Notable
pro-fibrogenic chemokines are CCL2 and CCL5. CCL2, produced mainly
by hepatocytes, Kupffer cells and HSCs, induces infiltration of mono-
cytes and promotes migration and activation of HSCs during fibrogen-
esis [46,47]. Even though HSCs are the main source of CCLS5, it is also
produced by hepatocytes, leukocytes and platelets. CCL5 acts on HSCs
in autocrine and paracrine manner to facilitate their migration, pro-
liferation and activation [48,49]. The increased Ccl2 and Ccl5 expres-
sion in vehicle-treated SocsVAIb°" mice could arise from SOCS1-de-
ficient hepatocytes. However, similar increase of Ccl2 and Ccl5
expression in vehicle-treated Socs'LysM®™ mice indicate that acti-
vated HSCs at the effector phase of the fibrogenic cascade could be a
major source of pro-fibrogenic chemokines. Notably, the livers of CCl,-
treated SocsLysM™ mice showed increased expression of Cx3crl,
which is predominantly expressed in monocytes and monocyte-derived
macrophages and exerts anti-fibrogenic functions [23,50]. Whether
SOCS1 deficiency simply tilts the balance towards profibrogenic in-
flammation, or also overcomes the antifibrotic functions of CX3CR1,
remains to be addressed.

In conclusion, SOCS1 plays a non-redundant role in hepatocytes and
macrophages to regulate the hepatic fibrogenic response. Whereas
SOCS1 expression in hepatocytes may serve to limit cellular damage
that initiate the fibrogenic response during persistent liver injury,
SOCS1 in macrophages may serve to attenuate the perpetuation and
amplification of the inflammatory response. SOCS1 controls ECM de-
position by regulating the expression of ECM modulating enzymes
MMP2 and TIMP1, and the pro-fibrogenic growth factor PDGFf and
chemokines CCL2 and CCL5. Further studies are needed to decipher the
mechanisms by which SOCS1 regulates the various molecular players of
liver fibrosis in different cellular compartments.

Acknowledgements

This study was supported by CIHR Project grant (PJT-153255) to SI
and AM. EKM received MSc scholarship from the PCBF. RK received
PhD fellowship from FRQS. CRCHUS is an FRQS-funded research
center.

References

[1] S.L. Friedman, Mechanisms of hepatic fibrogenesis, Gastroenterology 134 (2008)
1655-1669.
[2] C. Trautwein, S.L. Friedman, D. Schuppan, M. Pinzani, Hepatic fibrosis: concept to
treatment, J. Hepatol. 62 (2015) S15-S24.
[3] R. Talwani, B.L. Gilliam, C. Howell, Infectious diseases and the liver, Clin. Liver Dis.
15 (2011) 111-130.
[4] A. Pellicoro, P. Ramachandran, J.P. Iredale, J.A. Fallowfield, Liver fibrosis and
repair: immune regulation of wound healing in a solid organ, Nat. Rev. Immunol.
14 (2014) 181-194.
[5] P.A. Farazi, R.A. DePinho, Hepatocellular carcinoma pathogenesis: from genes to
environment, Nat. Rev. Cancer 6 (2006) 674-687.
[6] D.Y. Zhang, S.L. Friedman, Fibrosis-dependent mechanisms of hepatocarcinogen-
esis, Hepatology 56 (2012) 769-775.
[7] A.A. Mokdad, A.D. Lopez, S. Shahraz, R. Lozano, A.H. Mokdad, J. Stanaway,
C.J. Murray, M. Naghavi, Liver cirrhosis mortality in 187 countries between 1980
and 2010: a systematic analysis, BMC Med. 12 (2014) 145.
[8] B. Sun, M. Karin, Obesity, inflammation, and liver cancer, J. Hepatol. 56 (2012)
704-713.
[9] D.C. Rockey, Translating an understanding of the pathogenesis of hepatic fibrosis to
novel therapies, Clin. Gastroenterol. Hepatol. 11 (2013) 224-231 el-5.
[10] F. Tacke, H.W. Zimmermann, Macrophage heterogeneity in liver injury and fibrosis,
J. Hepatol. 60 (2014) 1090-1096.
[11] T. Tsuchida, S.L. Friedman, Mechanisms of hepatic stellate cell activation, Nat. Rev.
Gastroenterol. Hepatol. 14 (2017) 397-411.
[12] M. Moreno, R. Bataller, Cytokines and renin-angiotensin system signaling in hepatic

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Cytokine 124 (2019) 154501

fibrosis, Clin. Liver Dis. 12 (2008) 825-852 ix.

X. Kong, N. Horiguchi, M. Mori, B. Gao, Cytokines and STATs in Liver Fibrosis,
Front. Physiol. 3 (2012) 69.

M. Fujimoto, T. Naka, SOCS1, a negative regulator of cytokine signals and TLR
responses, in human liver diseases, Gastroenterol. Res. Pract. 2010 (2010).

T. Yoshida, H. Ogata, M. Kamio, A. Joo, H. Shiraishi, Y. Tokunaga, M. Sata,

H. Nagai, A. Yoshimura, SOCS1 is a suppressor of liver fibrosis and hepatitis-in-
duced carcinogenesis, J. Exp. Med. 199 (2004) 1701-1707.

S.S. Youssef, N.M. Hamdy, SOCS1 and pattern recognition receptors: TLR9 and RIG-
I; novel haplotype associations in Egyptian fibrotic/cirrhotic patients with HCV
genotype 4, Arch. Virol. 162 (2017) 3347-3354.

J.C. Marine, D.J. Topham, C. McKay, D. Wang, E. Parganas, D. Stravopodis,

A. Yoshimura, J.N. Ihle, SOCS1 deficiency causes a lymphocyte-dependent perinatal
lethality, Cell 98 (1999) 609-616.

R. Kandhi, D. Bobbala, M. Yeganeh, M. Mayhue, A. Menendez, S. Ilangumaran,
Negative regulation of the hepatic fibrogenic response by suppressor of cytokine
signaling 1, Cytokine 82 (2016) 58-69.

M. Yeganeh, Y. Gui, R. Kandhi, D. Bobbala, W.S. Tobelaim, C. Saucier,

A. Yoshimura, G. Ferbeyre, S. Ramanathan, S. Ilangumaran, Suppressor of cytokine
signaling 1-dependent regulation of the expression and oncogenic functions of p21
in the liver, Oncogene 35 (2016) 4200-4211.

C.L. Abram, G.L. Roberge, Y. Hu, C.A. Lowell, Comparative analysis of the efficiency
and specificity of myeloid-Cre deleting strains using ROSA-EYFP reporter mice, J.
Immunol. Methods 408 (2014) 89-100.

M. Giannandrea, W.C. Parks, Diverse functions of matrix metalloproteinases during
fibrosis, Dis. Model Mech. 7 (2014) 193-203.

M.J. Czaja, F.R. Weiner, S. Takahashi, M.A. Giambrone, P.H. van der Meide,

H. Schellekens, L. Biempica, M.A. Zern, Gamma-interferon treatment inhibits col-
lagen deposition in murine schistosomiasis, Hepatology 10 (1989) 795-800.

F. Marra, F. Tacke, Roles for chemokines in liver disease, Gastroenterology 147
(2014) 577-594 el.

Y. Gui, M. Yeganeh, S. Ramanathan, C. Leblanc, V. Pomerleau, G. Ferbeyre,

C. Saucier, S. Ilangumaran, SOCS1 controls liver regeneration by regulating HGF
signaling in hepatocytes, J. Hepatol. 55 (2011) 1300-1308.

Y. Gui, M. Yeganeh, Y.C. Donates, W.S. Tobelaim, W. Chababi, M. Mayhue,

A. Yoshimura, S. Ramanathan, C. Saucier, S. llangumaran, Regulation of MET re-
ceptor tyrosine kinase signaling by suppressor of cytokine signaling 1 in hepato-
cellular carcinoma, Oncogene 34 (2015) 5718-5728.

1. Kinjyo, T. Hanada, K. Inagaki-Ohara, H. Mori, D. Aki, M. Ohishi, H. Yoshida,
M. Kubo, A. Yoshimura, SOCS1/JAB is a negative regulator of LPS-induced mac-
rophage activation, Immunity 17 (2002) 583-591.

R. Nakagawa, T. Naka, H. Tsutsui, M. Fujimoto, A. Kimura, T. Abe, E. Seki, S. Sato,
0. Takeuchi, K. Takeda, S. Akira, K. Yamanishi, I. Kawase, K. Nakanishi,

T. Kishimoto, SOCS-1 participates in negative regulation of LPS responses,
Immunity 17 (2002) 677-687.

V. Calabrese, F.A. Mallette, X. Deschenes-Simard, S. Ramanathan, J. Gagnon,

A. Moores, S. llangumaran, G. Ferbeyre, SOCS1 links cytokine signaling to p53 and
senescence, Mol. Cell 36 (2009) 754-767.

S.Y. Weng, C.Y. Yang, C.C. Li, T.P. Sun, S.Y. Tung, J.J. Yen, T.F. Tsai, C.M. Chen,
S.H. Chen, M. Hsiao, P.H. Huang, H.F. Yang-Yen, Synergism between p53 and Mcl-1
in protecting from hepatic injury, fibrosis and cancer, J. Hepatol. 54 (2011)
685-694.

R. Xu, H. Huang, Z. Zhang, F.S. Wang, The role of neutrophils in the development of
liver diseases, Cell Mol. Immunol. 11 (2014) 224-231.

Z. Zhou, M.J. Xu, Y. Cai, W. Wang, J.X. Jiang, Z.V. Varga, D. Feng, P. Pacher,

G. Kunos, N.J. Torok, B. Gao, Neutrophil-hepatic stellate cell interactions promote
fibrosis in experimental steatohepatitis, Cell Mol. Gastroenterol. Hepatol. 5 (2018)
399-413.

S. llangumaran, S. Ramanathan, J. La Rose, P. Poussier, R. Rottapel, Suppressor of
cytokine signaling 1 regulates IL-15 receptor signaling in CD8 + CD44"&" memory T
lymphocytes, J. Immunol. 171 (2003) 2435-2445.

M. Pelletier, C. Ratthe, D. Girard, Mechanisms involved in interleukin-15-induced
suppression of human neutrophil apoptosis: role of the anti-apoptotic Mcl-1 protein
and several kinases including Janus kinase-2, p38 mitogen-activated protein kinase
and extracellular signal-regulated kinases-1/2, FEBS Lett. 532 (2002) 164-170.
M. Hashimoto, T. Ayada, 1. Kinjyo, K. Hiwatashi, H. Yoshida, Y. Okada,

T. Kobayashi, A. Yoshimura, Silencing of SOCS1 in macrophages suppresses tumor
development by enhancing antitumor inflammation, Cancer Sci. 100 (2009)
730-736.

N. Sachithanandan, K.L. Graham, S. Galic, J.E. Honeyman, S.L. Fynch, K.A. Hewitt,
G.R. Steinberg, T.W. Kay, Macrophage deletion of SOCS1 increases sensitivity to
LPS and palmitic acid and results in systemic inflammation and hepatic insulin
resistance, Diabetes 60 (2011) 2023-2031.

A.R. Pineros Alvarez, N. Glosson-Byers, S. Brandt, S. Wang, H. Wong, S. Sturgeon,
B.P. McCarthy, P.R. Territo, J.C. Alves-Filho, C.H. Serezani, SOCS1 is a negative
regulator of metabolic reprogramming during sepsis, JCI Insight 2 (2017).

L.A. Borthwick, T.A. Wynn, A.J. Fisher, Cytokine mediated tissue fibrosis, Biochim.
Biophys. Acta 1832 (2013) 1049-1060.

P. Kocabayoglu, A. Lade, Y.A. Lee, A.C. Dragomir, X. Sun, M.L. Fiel, S. Thung,

C. Aloman, P. Soriano, Y. Hoshida, S.L. Friedman, Beta-PDGF receptor expressed by
hepatic stellate cells regulates fibrosis in murine liver injury, but not carcinogenesis,
J. Hepatol. 63 (2015) 141-147.

E. Borkham-Kamphorst, R. Weiskirchen, The PDGF system and its antagonists in
liver fibrosis, Cytokine Growth F. R. 28 (2016) 53-61.

F.R. Murphy, R. Issa, X. Zhou, S. Ratnarajah, H. Nagase, M.J. Arthur, C. Benyon,
J.P. Iredale, Inhibition of apoptosis of activated hepatic stellate cells by tissue


http://refhub.elsevier.com/S1043-4666(18)30330-2/h0005
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0005
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0010
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0010
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0015
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0015
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0020
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0020
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0020
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0025
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0025
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0030
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0030
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0035
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0035
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0035
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0040
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0040
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0045
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0045
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0050
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0050
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0055
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0055
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0060
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0060
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0065
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0065
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0070
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0070
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0075
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0075
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0075
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0080
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0080
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0080
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0085
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0085
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0085
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0090
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0090
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0090
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0095
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0095
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0095
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0095
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0100
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0100
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0100
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0105
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0105
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0110
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0110
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0110
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0115
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0115
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0120
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0120
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0120
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0125
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0125
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0125
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0125
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0130
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0130
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0130
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0135
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0135
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0135
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0135
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0140
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0140
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0140
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0145
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0145
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0145
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0145
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0150
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0150
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0155
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0155
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0155
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0155
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0160
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0160
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0160
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0165
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0165
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0165
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0165
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0170
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0170
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0170
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0170
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0175
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0175
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0175
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0175
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0180
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0180
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0180
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0185
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0185
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0190
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0190
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0190
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0190
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0195
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0195
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0200
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0200

E.K. Mafanda, et al.

[41]

[42]

[43]

[44]

[45]

[46]

inhibitor of metalloproteinase-1 is mediated via effects on matrix metalloproteinase
inhibition: implications for reversibility of liver fibrosis, J. Biol. Chem. 277 (2002)
11069-11076.

N.D. Thiele, J.W. Wirth, D. Steins, A.C. Koop, H. Ittrich, A.W. Lohse, J. Kluwe,
TIMP-1 is upregulated, but not essential in hepatic fibrogenesis and carcinogenesis
in mice, Sci. Rep. 7 (2017) 714.

Z. Shi, A.E. Wakil, D.C. Rockey, Strain-specific differences in mouse hepatic wound
healing are mediated by divergent T helper cytokine responses, Proc. Natl. Acad.
Sci. USA 94 (1997) 10663-10668.

H. Shen, M. Zhang, G.Y. Minuk, Y. Gong, Different effects of rat interferon alpha,
beta and gamma on rat hepatic stellate cell proliferation and activation, BMC Cell
Biol. 3 (2002) 9.

W.I. Jeong, O. Park, B. Gao, Abrogation of the antifibrotic effects of natural killer
cells/interferon-gamma contributes to alcohol acceleration of liver fibrosis,
Gastroenterology 134 (2008) 248-258.

B. Gao, S. Radaeva, Natural killer and natural killer T cells in liver fibrosis, Biochim.
Biophys. Acta 1832 (2013) 1061-1069.

E. Seki, S. de Minicis, S. Inokuchi, K. Taura, K. Miyai, N. van Rooijen, R.F. Schwabe,

[47]

[48]

[49]

[50]

Cytokine 124 (2019) 154501

D.A. Brenner, CCR2 promotes hepatic fibrosis in mice, Hepatology 50 (2009)
185-197.

J. Ehling, M. Bartneck, X. Wei, F. Gremse, V. Fech, D. Mockel, C. Baeck, K. Hittatiya,
D. Eulberg, T. Luedde, F. Kiessling, C. Trautwein, T. Lammers, F. Tacke, CCL2-
dependent infiltrating macrophages promote angiogenesis in progressive liver fi-
brosis, Gut 63 (2014) 1960-1971.

E. Seki, S. De Minicis, G.Y. Gwak, J. Kluwe, S. Inokuchi, C.A. Bursill, J.M. Llovet,
D.A. Brenner, R.F. Schwabe, CCR1 and CCR5 promote hepatic fibrosis in mice, J.
Clin. Invest. 119 (2009) 1858-1870.

M.L. Berres, R.R. Koenen, A. Rueland, M.M. Zaldivar, D. Heinrichs, H. Sahin,

P. Schmitz, K.L. Streetz, T. Berg, N. Gassler, R. Weiskirchen, A. Proudfoot, C. Weber,
C. Trautwein, H.E. Wasmuth, Antagonism of the chemokine Ccl5 ameliorates ex-
perimental liver fibrosis in mice, J. Clin. Invest. 120 (2010) 4129-4140.

K.R. Karlmark, H.W. Zimmermann, C. Roderburg, N. Gassler, H.E. Wasmuth,

T. Luedde, C. Trautwein, F. Tacke, The fractalkine receptor CX(3)CR1 protects
against liver fibrosis by controlling differentiation and survival of infiltrating he-
patic monocytes, Hepatology 52 (2010) 1769-1782.


http://refhub.elsevier.com/S1043-4666(18)30330-2/h0200
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0200
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0200
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0205
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0205
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0205
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0210
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0210
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0210
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0215
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0215
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0215
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0220
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0220
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0220
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0225
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0225
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0230
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0230
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0230
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0235
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0235
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0235
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0235
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0240
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0240
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0240
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0245
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0245
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0245
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0245
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0250
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0250
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0250
http://refhub.elsevier.com/S1043-4666(18)30330-2/h0250

	Essential role of suppressor of cytokine signaling 1 (SOCS1) in hepatocytes and macrophages in the regulation of liver fibrosis
	Introduction
	Methods
	Mice
	Induction of liver fibrosis and measurement of serum ALT and liver hydroxyproline content
	Histopathology
	Gene expression analysis
	Statistical analysis

	Results
	SOCS1 plays an essential role in both hepatocytes and macrophages to control LF
	Loss of SOCS1 in hepatocytes or macrophages promotes myofibroblast activation
	SOCS1 deficiency in hepatocytes or macrophages alters the expression of ECM modifying enzymes
	Expression of inflammatory and fibrogenic cytokines in the livers lacking SOCS1 in hepatocytes or macrophages
	Increased leukocyte infiltration and altered chemokine expression in livers lacking SOCS1 in hepatocytes or macrophages

	Discussion
	Acknowledgements
	References




