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Autophagy is a lysosomal degradation pathway of cellular components that displays antiinflammatory properties in
macrophages. Macrophages are critically involved in chronic liver injury by releasing mediators that promote
hepatocyte apoptosis, contribute to inflammatory cell recruitment and activation of hepatic fibrogenic cells. Here, we
investigated whether macrophage autophagy may protect against chronic liver injury. Experiments were performed in
mice with mutations in the autophagy gene Atg5 in the myeloid lineage (Atg5fl/fl LysM-Cre mice, referred to as atg5¡/¡)
and their wild-type (Atg5fl/fl, referred to as WT) littermates. Liver fibrosis was induced by repeated intraperitoneal
injection of carbon tetrachloride. In vitro studies were performed in cultures or co-cultures of peritoneal macrophages
with hepatic myofibroblasts. As compared to WT littermates, atg5¡/¡ mice exposed to chronic carbon tetrachloride
administration displayed higher hepatic levels of IL1A and IL1B and enhanced inflammatory cell recruitment associated
with exacerbated liver injury. In addition, atg5¡/¡ mice were more susceptible to liver fibrosis, as shown by enhanced
matrix and fibrogenic cell accumulation. Macrophages from atg5¡/¡ mice secreted higher levels of reactive oxygen
species (ROS)-induced IL1A and IL1B. Moreover, hepatic myofibroblasts exposed to the conditioned medium of
macrophages from atg5¡/¡ mice showed increased profibrogenic gene expression; this effect was blunted when
neutralizing IL1A and IL1B in the conditioned medium of atg5¡/¡ macrophages. Finally, administration of recombinant
IL1RN (interleukin 1 receptor antagonist) to carbon tetrachloride-exposed atg5¡/¡ mice blunted liver injury and fibrosis,
identifying IL1A/B as central mediators in the deleterious effects of macrophage autophagy invalidation. These results
uncover macrophage autophagy as a novel antiinflammatory pathway regulating liver fibrosis.

Introduction

Liver fibrosis is a common pathological consequence of
chronic liver diseases, and its endstage, cirrhosis, represents a
major cause of morbidity and mortality worldwide, owing to
life-threatening complications of portal hypertension and liver
failure and to the high risk of incident hepatocellular carci-
noma. The development of fibrosis results from a sustained
wound-healing process in response to chronic liver injury,
characterized by increased production of matrix proteins and

decreased matrix remodeling.1 Experimental models of liver
fibrosis highlighted that macrophages exert a dual function in
this process.2 Thus, hepatic macrophages consisting of resi-
dent Kupffer cells and infiltrating monocytes are critically
involved in the initiation and perpetuation of fibrosis by
releasing mediators that promote hepatocyte apoptosis, con-
tribute to inflammatory cell recruitment and activate hepatic
myofibroblasts.3 In addition to their role in fibrosis pro-
gression, distinct subsets of monocyte/macrophages display
antifibrogenic properties because of their antiinflammatory
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properties4 and of their matrix-degrading role during fibrosis
regression.2,5

Macroautophagy (hereafter referred to as autophagy) is an
evolutionarily conserved process carrying out degradation of
cytoplasmic constituents dedicated to the turnover of cellular
components.6 This process involves the coordinated action of
autophagy-related (ATG) proteins, which induce the formation
of a double-membraned vesicle, the autophagosome, that subse-
quently fuses with a lysosome to form an autolysosome. This
maturation leads to the degradation of sequestered cytoplasmic
components by acid proteases and hydrolases contained in the
autolysosome. Autophagy occurs constitutively at basal rates in
virtually all cells to clear damaged organelles and insoluble pro-
tein aggregates, thus regulating cellular homeostasis and cell
death/survival.6,7 Recent studies have identified autophagy as a
major regulator of both the innate and adaptive immune
responses such as clearance of intracellular pathogens, antigen
presentation to MHC class II, thymic selection and lymphocyte
differenciation.8 More recently, beneficial roles for autophagy in
macrophages have been described in efferocytosis, protection
against oxidative stress and excessive production of inflammatory
cytokines, in particular IL1A and IL1B.9-15 In keeping with these
data, macrophage autophagy has emerged as an interesting thera-
peutic target in the context of a variety of inflammatory diseases,
including colitis, atherosclerosis, and tuberculosis.9-12

In the current study, we explored the role of macrophage
autophagy in chronic liver injury, by using the Cre-loxP system
to specifically knock down the autophagy gene Atg5 in the mye-
loid lineage. We demonstrate that macrophage autophagy limits
IL1A and IL1B secretion, with resulting protective effects against
liver injury, inflammatory cell recruitment, and fibrogenesis.

Results

Macrophages from atg5¡/¡ mice are resistant to autophagy
and more susceptible to LPS-induced IL1A/B release

We generated myeloid cell-specific Atg5 knockout (Atg5fl/fl

LysM-Cre or atg5¡/¡) mice by crossing Atg5flox/flox mice with
transgenic mice expressing the Cre recombinase under the con-
trol of the lysozyme M promoter (LysMCreC/C mice). Autoph-
agy dysfunction was confirmed in Kupffer cells isolated from
atg5¡/¡ mice that were treated with the autophagy inducer rapa-
mycin. Autophagy induction is associated with the conversion of
the cytosolic form of MAP1LC3/LC3 (microtubule-associated
protein 1 light chain 3 ; LC3-I) to the phagophore- and autopha-
gosome-bound form of LC3 (LC3-II), which can be detected as a
punctate signal by immunocytochemistry.16 Moreover, the
expression of SQSTM1/p62 protein is inversely correlated with
autophagy level.16 As exptected, rapamycin increased the number
of LC3 puncta and decreased the number of SQSTM1/p62
puncta in WT cells but not in atg5¡/¡ Kuppfer cells (Fig. 1A).

Recent studies have shown that loss of macrophage autophagy
is associated with enhanced IL1A and IL1B secretion.9-15 In
keeping with this finding, Kupffer cells isolated from atg5¡/¡

mice exposed to LPS exhibited increased secretion of IL1A and

IL1B, as compared to Kupffer cells from WT counterparts
(Fig. 1B). Similar results were obtained using peritoneal macro-
phages both at the mRNA and protein levels (Fig. 1C). Con-
versely, rapamycin reduced the expression of Il1a and pro-il1b in
LPS-exposed macrophages (Fig. 1D). Finally, secretion of IL1A
and IL1B was hardly detectable in neutrophils isolated from
atg5¡/¡ mice and exposed to LPS (Fig. 1B), as compared to lev-
els in macrophages, suggesting that neutrophils marginally con-
tribute to IL1 production after Atg5 deletion in the myeloid
lineage.

We next investigated the mechanisms of the enhanced pro-
duction of IL1A and IL1B by Atg5-deleted macrophages and first
focused on ROS, since ROS play an important role in the regula-
tion of IL1A and IL1B gene expression and signaling. atg5¡/¡

macrophages displayed higher ROS production in response to
LPS than WT counterparts (Fig. 2A). Moreover, Il1a and pro-
il1b mRNA expression and secretion were blunted by N-acetyl-
cysteine (NAC), demonstrating that Atg5 mutation enhanced
IL1A/B secretion via ROS generation (Fig. 2B). We next dis-
sected the signaling pathways regulating LPS-induced IL1A and
IL1B secretion. atg5¡/¡ macrophages showed enhanced
MAPK14 activation as compared to WT cells, as shown by detec-
tion of the phosphorylated MAPK14 isoform by immunocyto-
chemistry and western blotting (Fig. 2C and D). In contrast,
phosphorylation of RELA and MAPK8 were not modified (not
shown). Moreover, MAPK14 inhibition by SB203580 reduced
the expression of Il1a and pro-il1b in atg5¡/¡ macrophages, indi-
cating that enhanced activation of MAPK14 led to increased pro-
duction of IL1A and IL1B in Atg5-deleted macrophages
(Fig. 2E).

Together, these data demonstrate that Atg5-deficient macro-
phages are resistant to autophagy, and acquire a more severe
proinflammatory phenotype.

Inflammatory cell recruitement and hepatic inflammation
are enhanced in atg5¡/¡ mice after CCl4-induced liver damage

We next evaluated the consequences of Atg5 deletion in mye-
loid cells on chronic liver injury in mice exposed to repeated
injections of CCl4.

17 In this model, repeated hepatocyte damage
elicited by CCl4 is associated with activation of Kupffer cells and
infiltration of the liver by inflammatory cells, resulting in an exa-
gerated wound healing response and abnormal matrix remodel-
ling driven by hepatic myofibroblasts. Quantification of the
levels of proinflammatory cytokines in the liver of vehicle (MO)-
and CCl4-exposed atg5¡/¡ mice showed higher levels of IL1A in
both conditions when compared to WT littermates (Fig. 3A).
Moreover, the hepatic levels of IL1B were increased in MO-
treated atg5¡/¡ mice but not further enhanced in CCl4-exposed
animals (Fig. 3A). In contrast, the hepatic levels of IL6 and TNF
were similar in both groups of animals (Fig. 3A). Livers from
CCl4-exposed atg5

¡/¡ mice showed a higher number of recruited
monocytes (Fig. 3B) and neutrophils (Fig. 3C) compared to WT
mice, as shown by ADGRE1/EMR1 and MPO (myeloperoxi-
dase) immunostaining, respectively. This increased leucocyte
infiltration was associated with higher hepatic mRNA expression
of macrophage/monocyte markers (Adgre1, Ly6c1, and Ccr2,

www.tandfonline.com 1281Autophagy



Figure 1. For figure legend, see page 1283.
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Fig. 3D), and of neutrophil genes (Ly6g and Mpo,Fig. 3D).
However, the expression of Adgre1 and Ly6c1 was not modified
in atg5¡/¡ macrophages, suggesting that the higher hepatic
expression of these markers might be related to increased mono-
cyte infiltration in CCl4-exposed atg5¡/¡ cells, rather than to an
increased expression of these markers per macrophage (Fig. S1).
Moreover, the hepatic mRNA levels of a number of chemokines
essential for monocyte and neutrophil recruitment (Ccl2, Ccl3,
Ccl4, and Cxcl2) were significantly higher in these mice, both at
basal levels and following CCl4 exposure (Fig. 3E). These data
indicate that autophagy deficiency in the myeloid lineage enhan-
ces inflammatory cell recruitment and hepatic inflammation.

Hepatocyte apoptosis is worsened in atg5¡/¡ mice after
CCl4-induced liver damage

We next investigated liver damage in atg5¡/¡ mice exposed to
CCl4 by studying the extent of hepatocyte necrosis and apotosis.
Analysis of liver histology in hematoxylin and eosin-stained liver
sections showed that hepatocyte death was more pronounced in
atg5¡/¡ mice than in WT counterparts, following CCl4 exposure
(Fig. 4A). Moreover, the number of TUNEL-positive hepato-
cytes was significantly higher in CCl4-exposed atg5¡/¡ mice than
in WT animals (Fig. 4B). Finally, serum GOT (glutamic-oxalo-
acetic transaminase) and GPT (glutamic-oxaloacetic transami-
nase [aspartate aminotransferase]) levels were markedly elevated
in atg5¡/¡ mice exposed to CCl4, although the difference with
WT mice did not reach statistical significance (Fig. 4C). Differ-
ences between CCl4-treated atg5¡/¡ and WT mice were not due
to an impact of Atg5 deletion on CCl4 metabolism, because the 2
groups showed no difference in the expression of CYP2E1 (cyto-
chrome P450, family 2, subfamily E, polypeptide 1; not shown),
a cytochrome isoform that metabolizes CCl4 into hepatotoxic
metabolites. Taken together, these data indicate that autophagy
inactivation in the myeloid lineage enhances liver injury.

Liver fibrosis is exacerbated in atg5¡/¡ mice after chronic
CCl4 treatment

We next investigated the role of macrophage autophagy in
liver fibrosis in mice exposed to CCl4 for 2.5 or 4 wk. atg5¡/¡

mice developed significantly more fibrosis than WT animals, as
evidenced by increased fibrosis area quantified in liver tissue sec-
tions stained with Sirius Red (Fig. 5A). In addition, immunohis-
tochemical detection of ACTA2 (actin, a 2, smooth muscle,
aorta) showed a higher number of fibrogenic cells in these ani-
mals (Fig. 5B). Finally, the hepatic mRNA expression of the

fibrogenic genes Tgfb1, Mmp9, and Serpine1 was enhanced in
atg5¡/¡ mice exposed to CCl4 (Fig. 5C). These results demon-
strate that atg5¡/¡ mice show exacerbated hepatic fibrosis follow-
ing exposition to CCl4.

Autophagy-deficient macrophages enhance the fibrogenic
properties of hepatic myofibroblasts via an IL1-dependent
pathway

We further evaluated the impact of macrophage autophagy on
the profibrogenic properties of hepatic myofibroblasts in condi-
tioned medium experiments. Mouse hepatic myofibroblasts were
cultured in the presence of conditioned medium (CM) collected
from LPS-exposed peritoneal macrophages isolated from atg5¡/¡

or WT mice. The mRNA expression of Timp1, Serpine1, and
Mmp9 was significantly enhanced in myofibroblasts exposed to
CM collected from atg5¡/¡ cells (Fig. 6A). Anti-IL1A/B neutral-
izing antibodies added to atg5¡/¡ CM totally prevented the
increase in profibrogenic genes in hepatic myofibroblasts
(Fig. 6A), whereas, conversely, direct exposure of the cells to
IL1A and IL1B resulted in the induction of these genes (Fig. 6B).

Treatment with recombinant IL1RN rescues atg5¡/¡ mice
from CCl4-induced liver fibrosis and injury

Blockade of IL1A/B signaling was performed with IL1RN in
order to provide a direct link between macrophage Atg5 defi-
ciency, deregulated IL1A/B production, and liver damage.
Administration of recombinant IL1RN to CCl4-exposed atg5¡/¡

mice reduced the Sirius Red staining area to levels comparable to
that of WT mice (Fig. 7A). Moreover, recombinant IL1RN
caused a small but significant amelioration of CCl4-induced liver
injury (Fig. 7B) as shown by reduced necrosis area in atg5¡/¡

mice. These data demonstrate that macrophage autophagy pro-
tects against liver fibrosis and injury by limiting IL1A and B
release.

Discussion

Hepatic macrophages are critically involved in the progression
of chronic liver injury, and represent attractive targets for antifi-
brotic therapies. Therefore, identification of specific antiinflam-
matory pathways in these cells may serve as the basis for the
design of novel antifibrotic strategies. In the present study, we
uncover autophagy in macrophages as a novel antiinflammatory
pathway controlling liver fibrosis.

Figure 1 (See previous page).Macrophage from atg5¡/¡ mice show impaired autophagy and proinflammatory properties. (A) LC3 and SQSTM1 protein
expression and quantification by immunocytochemistry in Kuppfer cells exposed for 6 h to 100 nM rapamycin or its vehicle. Data are shown as mean §
SEM of 4 independent experiments. *, p < 0.05 for rapamycin vs vehicle, &, p < 0.05 for WT vs atg5¡/¡. (B) ELISA analysis of IL1A and IL1B in supernatant
fractions from Kupffer cells and neutrophils isolated from atg5¡/¡ or WT mice and exposed to 10 ng/ml LPS for 6 h. Data are shown as mean § SEM
and are representative of 2 independent experiments. &, p < 0.05 for WT vs atg5¡/¡. (C) Left, Il1a and pro-il1b mRNA expression in peritoneal macro-
phages isolated from atg5¡/¡ or WT mice and exposed to 10 ng/ml LPS for 6 h. Right, ELISA analysis of IL1A and IL1B in supernatant fractions from peri-
toneal macrophages isolated from atg5¡/¡ or WT mice and exposed to 10 ng/ml LPS for 24 h. Data are shown as mean § SEM and are representative
of 2 independent experiments. &, p < 0.05 for WT vs atg5¡/¡. (D) RT-PCR analysis of Il1a and pro-il1bmRNA in RAW264.7 cells exposed for 1 h to 100 nM
rapamycin or vehicle, and further incubated with 10 ng/ml LPS for 6 h. Data are the mean § SEM from sextuplate repeats. *, p < 0.05 for vehicle vs
rapamycin.
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Figure 2. ROS generation and activation of MAPK14 is associated with enhanced IL1A/B production by macrophages from atg5¡/¡mice. (A) ROS production in
peritoneal macrophages isolated from atg5¡/¡ or WT mice and exposed to 10 ng/ml LPS. Data are the mean § SEM (nD 4). &, p< 0.05 for WT vs atg5¡/¡ (B)
Il1a and pro-il1bmRNA expression and production in peritoneal macrophages isolated from atg5¡/¡ or WT mice and exposed to 10 mM NAC or its vehicle for
1 h and further stimulated with 10 ng/ml LPS for 6 h. Data are themean § SEM from sextuplate repeats. *, p< 0.05 for NAC vs vehicle and &, p< 0.05 for WT vs
atg5¡/¡. (C) Representative P-MAPK14 protein expression by immunocytochemistry in peritoneal macrophages exposed for 15, 30 or 60 min to 10 ng/ml LPS or
its vehicle. (D) P-MAPK14 and MAPK14 expression by western blotting in peritoneal macrophages exposed for 15 or 30 min to 10 ng/ml LPS or its vehicle.
*, p < 0.05 for WT vs atg5¡/¡ (E) Il1a and pro-il1b mRNA expression in peritoneal macrophages isolated from atg5¡/¡ or WT mice and exposed to 10 mM
SB203580 for 1 h and further stimulated with 10 ng/ml LPS for 6 h. Data are the mean § SEM from sextuplate repeats. *, p< 0.05 for vehicle vs SB203580, &,
p< 0.05 forWT vs atg5¡/¡.
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Figure 3. atg5¡/¡ mice show enhanced liver inflammation. (A) ELISA quantification of cytokine levels in liver homogenates in WT or atg5¡/¡ mice
exposed to CCl4 for 2.5 weeks or its vehicle (mineral oil, MO). Representative ADGRE1 (B) and MPO (C) staining (original magnification x400) and quantifi-
cation in WT or atg5¡/¡ mice exposed to CCl4 for 2.5 wk or its vehicle (MO). Arrows indicate positive cells. (D) Hepatic mRNA expression of Adgre1, Ly6c1,
Ccr2, Ly6g, and Mpo in WT or atg5¡/¡ mice exposed to CCl4 for 2.5 wk or its vehicle (MO). (E) Hepatic mRNA expression of Ccl2, Ccl3, Ccl4 and Cxcl2 in WT
or atg5¡/¡ mice exposed to CCl4 for 2.5 wk or its vehicle (MO). Data are shown as mean § SEM; *, p < 0.05 for MO vs CCl4 and &, p < 0.05 for WT vs
atg5¡/¡. n D 3 for WT mice MO; n D 4 for atg5¡/¡ mice MO; n D 14 for WT mice CCl4; n D 12 for atg5¡/¡ mice CCl4.
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Accumulating studies have highlighted
the fact that the autophagic pathway in
macrophages is a negative regulator of
inflammation, by limiting inflammatory
cytokine release from macrophages and
reducing inflammatory cell recruitm-
ent.9-15 In line with these reports, we show
that genetic inactivation of the autophagic
gene Atg5 in myeloid cells leads to
enhanced secretion of IL1A and IL1B both
in isolated Kupffer cells and in the liver of
mice exposed to repeated administration of
carbon tetrachloride. Conversely, activation
of autophagy by rapamycin limits IL1A
and IL1B production by macrophages.
Interestingly, our data demonstrate that
macrophage autophagy regulates IL1B
expression both at the mRNA and protein
level, while another study reported that
autophagy selectively affects IL1B produc-
tion.9 This discrepancy may result from
differences in experimental design, in par-
ticular the duration of cell exposure to
LPS. In line with previous findings,10-14 we
also demonstrate that autophagy-deficient
macrophages show exacerbated production
of reactive oxygen species and enhanced
activation of MAPK14, that account for
enhanced secretion of IL1A and IL1B in
these cells.

A major feature of chronic liver injury
resides in the influx of inflammatory
cells into the damaged liver, that con-
tributes to perpetuate liver injury and
activation of fibrogenic cells.1 We show
that autophagy tightly limits accumula-
tion of neutrophils and infiltration of
monocytes into the injured liver. Inter-
estingly, autophagy-mediated reduction
of IL1A and IL1B secretion by macro-
phages may be involved, since IL1R-defi-
cient mice show reduced neutrophilic
infiltrate and liver injury, as well as resis-
tance to liver fibrosis.18 Whether limita-
tion of IL1A and IL1B secretion is
coordinated or sequential remains to be
further explored, in light of a recent
study showing that IL1A initiates sterile
inflammation by promoting neutrophil
recruitment, whereas IL1B rather perpetuates the inflamma-
tory response by promoting the recruitment of
macrophages.19

A major point of the present study resides in the identification
of macrophage autophagy as a novel antifibrogenic pathway.
Indeed, our results demonstrate that mice specifically deleted for
the autophagic gene Atg5 in myeloid cells are more susceptible to

liver fibrosis elicited by chronic carbon tetrachloride administra-
tion. Consistent with in vivo data, our in vitro studies demon-
strate that hepatic myofibroblasts exposed to conditioned media
from autophagy-deficient macrophages show enhanced expres-
sion of fibrosis-related genes as compared to WT counterparts.
In addition, anti-IL1A/B neutralizing antibobies blunt the profi-
brogenic effects of autophagy-deficient macrophage conditoned

Figure 4. atg5¡/¡ mice display enhanced liver injury. (A) Left, representative staining of liver tissue
sections stained with hematoxylin and eosin (original magnification x200) in WT or atg5¡/¡ mice
exposed to CCl4 for 2.5 wk or its vehicle (MO). Arrows indicate necrotic areas. Right, quantification
of necrosis area by morphometry. (B) Left, representative TUNEL staining (original magnification
x200) in WT or atg5¡/¡ mice exposed to CCl4 for 2.5 wk or its vehicle (MO). Arrows indicate
TUNEL-positive cells. Right, quantification of TUNEL staining expressed as number of positive cells
per field. (C) Serum levels of GOT and GPT in WT or atg5¡/¡ mice exposed to CCl4 for 2.5 wk or
MO. Data are shown as mean §SEM ; *, p < 0.05 for MO vs CCl4 and &, p<0.05 for WT vs atg5¡/¡.
n D 3 for WT mice MO; n D 4 for atg5¡/¡ mice MO; n D 14 for WT mice CCl4; n D 12 for atg5¡/¡

mice CCl4.
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Figure 5. atg5¡/¡mice display exacerbated liver fibrosis. (A) Left, representative liver tissue sections stained with Sirius Red (original magnification x200) in
mice exposed to CCl4 for 2.5 or 4 wk. Right, quantification of fibrosis area bymorphometry. (B) Left, representative hepatic ACTA2 immunostaining (original
magnification x200) inmice exposed to CCl4 for 2.5 or 4 wk. Right, quantification of ACTA2 immunostaining bymorphometry. (C) RT-PCR analysis of hepatic
Tgfb1, Mmp9, and Serpine1mRNA expression in mice exposed to CCl4 for 2.5 wk. Data are shown asmean § SEM; *, p< 0.05 for MO vs CCl4 and, & p< 0.05
for WT vs atg5¡/¡. nD 3 for WTmiceMO 2.5 wk; nD 5 for WTmiceMO 4 wk; nD 4 for atg5¡/¡miceMO 2.5 wk; nD 5 for atg5¡/¡miceMO 4 wk; nD 14 for
WTmice CCl4 2.5 wk; nD 14 for WTmice CCl4 4 wk; nD 12 for atg5¡/¡mice CCl4 2.5 wk; nD 11 for atg5¡/¡mice CCl4 4 wk.
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media. Finally, IL1RN administration to
atg5¡/¡ mice reduced liver fibrosis. These
data identify IL1A/B as central mediators
in the fibrogenic effects of macrophage
autophagy invalidation. However, IL1B
production is similarly enhanced in vehicle
and CCl4-treated atg5¡/¡ mice, suggesting
a prominent role for IL1A in this effect.
Compelling evidence demonstrates that
IL1A/B are crucial mediators of liver fibro-
sis, as shown by the resistance of both
IL1A- and IL1B-deficient mice to fibrosis
in experimental models of alcohol- or diet-
induced steatohepatitis.20-22 Our results
further shed light on macrophage autoph-
agy as a novel paracrine pathway that con-
trols IL1-dependent activation of hepatic
myofibroblasts.

An additional mechanism by which mac-
rophage autophagy may limit fibrosis pro-
gression is by limiting hepatocellular injury.
Hepatocyte apoptosis is a common feature
of chronic liver disease that contributes to
the profibrogenic process by promoting sur-
vival of hepatic myofibroblasts and enhanc-
ing their profibrogenic properties.23 In
keeping with this concept, hepatoprotective
strategies have shown encouraging antifibro-
genic effects.24 Recent data have shown that
autophagy in hepatocytes limits apoptosis
and protects against liver injury.25-28 Our
data, showing enhanced hepatocyte apopto-
sis in atg5¡/¡ mice exposed to CCl4,
highlight macrophage autophagy as an addi-
tional hepatoprotective mechanism that
may contribute to its antifibrogenic effects.
Increased hepatocyte death results from
enhanced ILA/B secretion, because treat-
ment of atg5¡/¡ mice with IL1RN amelio-
rates liver damage. In addition, hepatocyte
apoptosis could originate from enhanced
accumulation of neutrophils observed in
atg5¡/¡ mice. Indeed, the prominent role of neutrophils has been
demonstrated in different models of liver injury, including chronic
plus binge ethanol feeding,29 ischemia/reperfusion injury,30 and
acetamoniphen-31 or concanavalin A-induced liver injury32 via the
release of oxidative stress and cytotoxic mediators. Our data further
extend autophagy as a hepatoprotective mechanism, not only oper-
ative in hepatocytes as a protection against cell death,25-28 but also
active inmacrophages, with resulting antiapoptotic effects on hepa-
tocytes via paracrine interactions. Autophagy has generally been
considered as a protective pathway against chronic liver injury,
because of the beneficial effects of hepatocyte autophagy on steato-
sis, apoptotis, and fibrosis.25-28,33,34 Our data further argue for a
beneficial effect of autophagy in macrophages, that prevents the
excessive release of inflammatory cytokines. However, a complex

scheme is emerging because autophagy in fibrogenic cells has
emerged as a profibrogenic pathway that promotes upregulation of
their fibrogenic properties.35,36 Therefore, because autophagy elic-
its divergent and cell-specific effects during chronic liver injury,
cell-specific delivery of drugs that exploit autophagic pathways is a
prerequisite to further consider autophagy as a potential target for
antifibrotic therapy.

In conclusion, our study reveals that specific disruption of
autophagy in myeloid cells exacerbates liver fibrosis, hepatocellu-
lar injury and inflammation, by exacerbating IL1A/B production.
These results identify macrophage autophagy as a novel protec-
tive pathway during chronic liver injury. Whether this pathway is
also relevant to IL1-driven inflammation in other conditions
such as fatty liver diseases21,37 remains to be investigated.

Figure 6. Atg5-deficient macrophages enhance the fibrogenic properties of hepatic myofibro-
blasts, via an IL1-dependent pathway. (A) Conditioned media (CM) were obtained from atg5-/¡ or
WT peritoneal macrophages exposed for 24 h to LPS, and were further incubated for 1 h with
IL1A/B neutralizing antibodies or control IgG. RT-PCR analysis of Timp1, Serpine1 and Mmp9 mRNA
was performed in myofibroblasts exposed for 6 h to CM. *, p<0.05 for CM atg5¡/¡ C control IgG
vs CM WT C control IgG and &, p<0.05 for CM atg5¡/¡ C control IgG vs CM atg5¡/¡ C anti-IL1A/B.
Data are shown as mean § SEM and are representative of 2 independent experiments. (B) RT-PCR
analysis of Timp1, Serpine1 and Mmp9 mRNA in hepatic myofibroblasts exposed to recombinant
IL1A or IL1B for 6 h. *, p<0.05 for vehicle vs IL1. Data are the mean § SEM of 2 independent
experiments.
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Materials and Methods

Animals and experimental design
Atg5flox/flox mice were kindly provided by Dr Noburo Mizush-

ima (Japan).38 Myeloid cell-specific Atg5 deficient (Atg5flox/flox

LysCreC/¡, Atg5fl/fl LysM-Cre) mice were generated by crossing
Atg5flox/flox mice with lysozyme M-promoter Cre transgenic mice
(Charles River, France). Atg5flox/flox LysMCre¡/¡ mice were used
as littermate WT controls. Animals were housed in pathogen-free
animal facility and fed ad libitum. All animal procedures were

approved by the Committee for the Care
and Use of Laboratory Animals of the Paris-
Est Creteil University (ComEth, Authoriza-
tion N�12–082). Eight- to 14-wk-old mice
were used. Liver fibrosis was induced by
intraperitoneal injections of CCl4 (Sigma,
87031; 0.5 ml/kg body weight, 1:10 dilu-
tion in mineral oil [MO; Sigma, M5310]),
twice a wk for up to 2.5 or 4 wk. Control
animals received MO. Mice were starved
overnight and sacrified 48 h after the last
CCl4 injection. Mice were randomized into
an MO-treated group (nD3 for WT
2.5 wk, n D 4 for atg5¡/¡ 2.5 wk, n D 5
for WT 4 weeks, n D 5 for atg5¡/¡ 4 wk)
and CCl4-treated group (n D 14 for WT
2.5 wk, n D 12 for atg5¡/¡ 2.5 weeks, n D
14 for WT 4 wk, n D 11 for atg5¡/¡

4 wk). When indicated, mice were treated
with recombinant IL1RN (Merck, 407616;
25 mg/kg, ip) or its vehicle every d for
2.5 wk. Mice were randomized into a vehi-
cle-treated group (n D 7 for WT and n D 6
for atg5¡/¡) and IL1RN-treated group (n D
4 for WT and n D 5 for atg5¡/¡).

Serum analysis
Blood was collected at the time of sacri-

fice. GOT (glutamic-oxaloacetic transami-
nase [aspartate aminotransferase]) and
GPT (glutamic-pyruvate transaminase [ala-
nine aminotransferase]) activities were
measured on an automated analyzer in the
Biochemistry Department of Henri Mon-
dor Hospital.

Histological analysis
Hematoxylin and eosin and Sirius Red

staining were performed on 4-mm thick
formalin-fixed paraffin-embedded tissue
sections. Sirius Red-stained areas from 10
fields (magnification x200) from 3 to 7
mice/group were quantified with ImageJ.
Necrosis area from 5 to 9 fields (magnifica-
tion x100) from 3 to 14 mice/group were
quantified with ImageJ.

Cell culture

Kuppfer cells
Kuppfer cells were isolated from WT and atg5¡/¡ mice

after perfusion with liberase (Roche, 5 401 119 001) and dif-
ferential centrifugation in Percoll (GE Healthcare, 17–0891–
02) as previously described.39 When indicated, adherent
Kupffer cells were treated with 100 nM rapamycin (Sigma,
R8781) or vehicle for 6 h. Cells used to detect LC3 were

Figure 7. Treatment with recombinant IL1RN rescues atg5¡/¡ mice from CCl4-induced liver fibrosis
and injury. Mice were exposed to CCl4 and treated with recombinant IL1RN or its vehicle for 2.5 wk
(A) Left, representative liver tissue sections stained with Sirius Red (original magnification x200).
Right, quantification of fibrosis area by morphometry. (B) Left, representative staining of liver tissue
sections stained with hematoxylin and eosin (original magnification x200). Arrows indicate
necrotic areas. Right, quantification of necrosis area by morphometry. *, p < 0.05 for IL1RN vs vehi-
cle and &, p < 0.05 for atg5¡/¡ vs WT. n D 7 for WT vehicle, n D 6 for atg5¡/¡ vehicle, n D 4 for WT
IL1RN and n D 5 for atg5¡/¡ IL1RN.
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treated with 10 mm chloroquine (Sigma, C6628). When indi-
cated, cells were treated with 10 mg/ml LPS (Sigma, L2887)
or vehicle for 6 h.

Peritoneal macrophages
Peritoneal macrophages were harvested by lavage with phos-

phate-buffered saline (PBS; Life Technologies, 14200–067), 3
d after injection of 1.5 ml of sterile 4% thioglycolate medium
(BD, 211716) into the peritoneal cavity of the mice. After red
blood cells lysis with Red Blood Cell Lysis solution (Miltenyi
Biotec, 130–094–183), cells were seeded in RPMI supple-
mented with 10% fetal bovine serum (FBS) and washed after
3 h of adhesion. Cells were then stimulated with 10 ng/ml LPS
(Sigma, L2887) or vehicle for 6 h for mRNA expression or for
15, 30, or 60 min for immunocytochemical detection of phos-
phorylated (P)-MAPK14. When indicated, cells were treated
with 10 mM NAC (Sigma, A9165) or 10 mM SB203580
(Sigma, S8307) for 1 h and further stimulated with 10 ng/ml
LPS for 6 h.

Neutrophils
Mouse neutrophils were isolated from bone marrow originat-

ing from the femur and the tebia. Briefly, bone marrow cells
were flushed with PBS containing 0.1% BSA (Sigma, A7030)
and 5 mM EDTA. Following centrifugation at 600 g for 10 min
at 4�C, pelleted cells were resuspended in 3 ml of 45% Percoll
and neutrophils were purified over a 3-layer Percoll gradient
(81%, 50% and 62%) by centrifugation at 1600 g for 30 min.
Neutrophils were collected between the 81% and 62% Percol
layers and washed in PBS.

RAW264.7 macrophages
Cells were seeded in DMEM supplemented with 10% FBS.

After 24 h, cells were treated with 100 nM rapamycin or vehicle
for 1 h and further incubated with 10 ng/ml LPS for 6 h.

Myofibroblasts
Mouse myofibroblasts were isolated after liberase (Roche,

5 401 119 001) perfusion of the liver and density gradient
purification in Nycodenz (AbCys, 1002424), as previously
described.40 Cells between the fourth and the ninth passages
were used. Cells were seeded in DMEM supplemented with
10% FBS, serum-starved for 24 h, and exposed to recombi-
nant mouse IL1A (10 ng/ml, R&D systems, 400-ML-025),
IL1B (10 ng/ml, Peprotech, 211–11B), or vehicle (0.1% BSA
in H2O) for 6 h. Conditioned medium experiments were
performed by adding for 6 h centrifuged conditioned
medium obtained from LPS-stimulated peritoneal cells iso-
lated from WT or atg5¡/¡ mice. For neutralizing IL1A/B
experiments, conditioned media were incubated for 1 h with
polyclonal anti-IL1A (R&D Systems, AF-400NA) and anti-
IL1B (R&D Systems, AF-401NA) antibodies or polyclonal
IgG control antibody (R&D Systems, AB-108-C), according
to the manufacturer’s instructions.

Immunohistochemistry
Immunohistochemical detection of ACTA2 was carried out

on paraffin-embedded liver tissue sections (4 mm) using the
MOM immunodetection kit (Vector, PK2002) and a mouse
monoclonal anti-ACTA2 antibody (1:1000; Sigma, 2547)
according to the manufacturer’s instructions. ACTA2-positive
area from 10 fields (magnification x100) from 3 to 7 mice/group
were quantified with ImageJ. No staining was observed when the
primary antibody was omitted. Immunohistochemical detection
of ADGRE1/EMR1 (Serotec, MCA497G) and MPO (Dako,
A0398) was performed as previously described.41 The number of
ADGRE1- or MPO-positive cells from 5 to 9 fields (magnifica-
tion x200) from 3 to 7 mice/group were quantified.

Immunocytochemistry
Cells were fixed in methanol, incubated in a blocking buffer

containing 1% BSA and 0.2% Triton X-100 (Sigma, T8787),
followed by incubation with an anti-LC3 antibody (1:200, clone
5F10; Nanotools, 0231–100), an anti-SQSTM1/p62 antibody
(1:100; ProGen, GP62-C), an anti-ADGRE1 antibody (Serotec,
MCA497G) or an anti-P-MAPK14 antibody (1:50; Cell Signal-
ing Technology, 4631). Labeling was achieved using secondary
antibodies (goat anti-mouse Alexa Fluor 555 (Life Technologies,
A21424), goat anti-guinea pig Alexa Fluor 555 (Life Technolo-
gies, A21435), anti-rat-FITC (Serotec, STAR80F) or goat anti-
rabbit Alexa Fluor 555 (Life Technologies, A31629)). Fluores-
cence was imaged on a Zeiss LSM-510 multitracking laser-
scanning confocal microscope with a Helium/Neon laser at
543 nm and using AxioVision software (Carl Zeiss). No staining
was observed when omitting the primary antibody. The number
of LC3 or SQSTM1/p62 puncta per cell was quantified from 13
to 20 fields/condition.

TUNEL assay
Terminal deoxynucleotidyl transferase–mediated deoxyuri-

dine triphosphate nick-end labeling (TUNEL) staining was per-
formed on paraffin-embedded tissue sections, using the In Situ
Cell Death Detection Kit, POD (Roche, 11–684–809–910).
TUNEL-positive cells from 10 fields (magnification £200)/ani-
mal were quantified with ImageJ. Results are expressed as num-
ber of TUNEL-positive cells per field and were quantified from 6
animals/group.

Western blot analysis
Western blot analysis was performed with the following anti-

bodies: rabbit anti-P-MAPK14 (Cell Signaling Technology,
9211) and rabbit anti-MAPK14 (Cell Signaling Technology,
9212) followed by incubation with a donkey anti-rabbit HRP-
conjugated secondary antibody (GE Healthcare, NA934V). Pro-
teins were visualized by an enhanced chemiluminescence assay
kit (ECL Plus; GE Healthcare) using an Image Quant Las 4000
miniscanner (GE Healthcare) and signals were quantified using
Image Quant software (GE Healthcare).
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Immunoassays
Cytokines were quantified by Enzyme Linked Immunosor-

bant Assay (ELISA, R&D Systems, M6000B for IL6, MTA00
for TNF, MLA00 for IL1A and MMLB00C for IL1B) on liver
homogenates and culture supernatant fractions from peritoneal
macrophages according to the manufacturer’s instructions. Cyto-
kine levels were normalized per mg of protein.

RNA preparation and real-time polymerase chain reaction
Total RNA was extracted using the RNeasy Mini kit (Qiagen,

74106). cDNA was synthesized using the High Capacity cDNA
Reverse Transcription Kit (Life Technologies, 4368813). Real
time polymerase chain reaction (RT-PCR) was carried out on a
LightCycler� 480 system (Roche Diagnostics), using the Quanti-
Tect SYBR Green PCR kit (Qiagen, 204143) and oligonucleo-
tide primers from Eurofins MWG Biotech (Table 1).

Measurement of ROS production by luminol-amplified
chemiluminescence

ROS production was measured by the luminol-amplified
chemiluminescence method. Briefly, 106 macrophages from
atg5¡/¡ or WT mice were treated with LPS (10 ng/ml), washed
and resuspended in 0.5 mL of Hank’s balanced salt solution con-
taining 10 mmol/L luminol (Sigma, 123072) and 10 units of
horseradish peroxidase (Sigma, P6782). Cells were placed at
37�C in the thermostated chamber of the luminometer (Biolu-
mat LB937; Berthold) and chemiluminescence was recorded

during 60 min. ROS production corresponds to the total light
emission expressed as cpm counts.

Statistical analysis
Results are expressed as the mean § standard error of the

mean (SEM) and were analyzed by Mann-Whitney test using
Prism 5.0 software (GraphPad). p < 0.05 was taken as the mini-
mum level of significance.
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