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Mice depleted of hepatic stellate cells (HSCs) are protected
from concanavalin A (ConA)-induced liver injury that is medi-
ated by the activation of interferon regulatory factor 1 (IRF1).
The aim of this study was to determine the mechanisms of
ConA-mediated signaling and synthesis/release of mediators by
HSCs that damage hepatocytes. Primary cultures of wildtype
(WT) and IRF1-knockout (KO) HSCs and hepatocytes were
used, and ConA-induced liver damage in interferon (IFN)��
receptor-deficient (IFN��R-KO) mice was determined. Specific
binding of ConA to HSCs induced rapid activation of JAK2 and
STAT1. ConA-induced expression of IRF1, IFN�, tumor necro-
sis factor �, and CXCL1 was abrogated by selective inhibition of
JAK2 and STAT1. Despite activating JAK2/STAT1, ConA failed
to stimulate expression of inflammatory cytokines in HSCs from
IRF1-KO mice. ConA-conditioned WT-HSC medium caused
activation of JNK and caspase 3, and apoptosis of hepatocytes
from WT but not from IRF1-KO or IFN��R-KO mice. Con-
versely, ConA-conditioned medium of IRF1-KO HSCs failed to
cause apoptosis of WT or IRF1-KO hepatocytes. IFN��R-KO
mice were protected from ConA-induced liver damage, and
ConA-induced hepatic expression of IRF1 and pro-inflamma-
tory cytokines and chemokines, and infiltration of neutrophils
were significantly lower in IFN��R-KO than in WT mice. These
results demonstrate distinct roles of IRF1 in hepatic inflamma-
tion (HSCs) and injury (hepatocytes) and can be an important
target for intervention in acute liver injury.

The retinoid-storing hepatic stellate cells (HSCs),2 located in
the perisinusoidal space, form up to 10% of the liver cell popu-

lation and are physiologically quiescent. During liver injury,
HSCs become activated, transdifferentiating into proliferating
and contractile myofibroblast-like phenotypes. As a major
source of excessive and abnormal extracellular matrix deposi-
tion during chronic liver injury, activated HSCs have been
investigated extensively as a target for antifibrotic therapies
(1–3). HSCs also regulate hepatic inflammation and immuno-
logical environment by producing an array of cytokines,
chemokines, and growth mediators, by recruiting inflamma-
tory and immune cells, and by influencing the characteristics of
these and Kupffer cells (resident macrophages) (4 –6). Thus,
HSCs play a major role in hepatic inflammation and acute liver
injury. Indeed, HSC-depleted mice were found to be protected
from ischemia/reperfusion- and endotoxin-induced acute liver
damage (7).

Concanavalin A (ConA; a mannose/glucose-binding plant
lectin)-induced liver injury in mice is a widely used experimen-
tal model to understand mechanisms of immune cell-mediated
acute hepatitis (8, 9). Previous studies implicated Kupffer cells
(10 –12), sinusoidal endothelial cells (13), NKT and CD4� T
cells (14, 15) in ConA-induced liver injury. Recently, we found
that HSC-depleted mice are protected from ConA-induced
liver injury (16). HSC depletion significantly reduced the infil-
tration of CD4� T cells and neutrophils in ConA-challenged
mice; in vitro, ConA-stimulated HSCs produced cytokines that
induced apoptosis of hepatocytes. However, precise mecha-
nisms of ConA-induced inflammatory response and coupled
signaling pathway(s) in HSCs are unknown. In this investiga-
tion, we found that ConA stimulates JAK2/STAT1 signaling in
HSCs that is coupled to increased nuclear translocation of
IRF1 and expression of cytokines and chemokines including
IFN�. This effect was strongly mitigated in HSCs from IRF1-
knockout (IRF1-KO) mice, and hepatocytes from IRF1-KO or
IFN��R-KO mice were protected from WT-HSC/ConA-in-
duced apoptosis. The data demonstrate that IRF1, by stimulat-
ing JAK/STAT-mediated synthesis of IFN� in HSCs and by
causing IFN�-induced hepatocyte injury, plays distinct roles in
ConA-induced liver damage.
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Results

ConA-induced intracellular signaling and synthesis of
cytokines in HSCs

Fig. 1A shows the purity of HSCs stained for desmin and
GFAP (glial fibrillary acidic protein). Binding of FITC-conju-
gated ConA (FITC-ConA) to the HSC membrane was followed
by its internalization and distribution throughout the cyto-
plasm (Fig. 1B). ConA did not alter the expression of mannose
6-phosphate receptor (insulin-like growth factor 2 receptor;
IGF2R) to which it binds (Fig. 1C). The specificity of ConA
binding to HSCs was determined in incubations containing
FITC-ConA and methyl-�-D-mannopyranoside (Me-�Man) or
D-mannose. Me-�Man and D-mannose both markedly inhib-
ited the binding of ConA, Me-�Man being more potent on a

molar basis; excess unlabeled ConA strongly prevented the
binding of FITC-ConA (Fig. 1D).

We reported that ConA increases expression of the tran-
scription factor IRF1, inflammatory cytokines TNF� and IFN�,
and the neutrophil/monocyte chemoattractant CXCL1 in
HSCs (16). To identify ConA-stimulated signaling pathway(s)
coupled to the expression of these factors, HSCs were preincu-
bated with inhibitors of various pathways and stimulated with
ConA. ConA-induced mRNA expression of IRF1, TNF�, IFN�,
and CXCL1 in HSCs was remarkably abrogated by JAK2
(AG490) and STAT1 (fludarabine) inhibitors (Fig. 1, E–G) in
a concentration- and time-dependent manner. Inhibitors of
PI3K (LY294002), SRC kinase (PP2), p38-MAPK (SB202190),
ERK1/2-MAPK (PD98059), JNK-MAPK (SP600125), AKT/
PKB (GSK690693), AP1 (SR11302), and NF-�B (SN50 or BMS-
345541) did not inhibit ConA-induced cytokine expression in
HSCs (not shown). To ascertain that the effect of ConA is not
restricted to mouse HSCs, we examined rat HSCs and found
that ConA increased mRNA expression of IRF1, IFN�, TNF�,
and CXCL1 (Fig. S1A); the effect on mRNA expression was
corroborated by increased accumulation of IFN� and TNF� in
the culture medium from ConA-stimulated HSCs (Fig. S1, B
and C). Furthermore, AG490 and fludarabine prevented ConA-
induced expression of IRF1, IFN�, TNF�, and CXCL1 in rat
HSCs (Fig. S1D).

Next, we examined the activation of JAK/STAT by ConA in
WT-HSCs. Time course experiments showed rapid activation
(phosphorylation) of JAK2 that peaked at 5 min and declined at
15 min but still was significantly higher than the basal level (Fig.
2A). STAT1 activation and nuclear translocation followed the
same time course but remained increased at 15 min, and ConA-
induced nuclear expression of IRF1 also showed a similar pat-
tern as for STAT1. ConA-induced JAK2 and STAT1 activation
was inhibited by AG490, whereas fludarabine inhibited ConA-
induced STAT1 but not JAK2 activation (Fig. 2B). ConA did not
induce JNK1/2 or caspase-3 activation suggesting that the via-
bility of HSCs is not affected (Fig. 2C).

IRF1 mediates ConA-induced cytokine expression in HSCs

Because ConA increased nuclear protein expression of IRF1
in HSCs, we determined its role in cytokine production using
HSCs from IRF1-KO mice. The binding of FITC-ConA to
IRF1-KO HSCs (Fig. S2A) was similar to WT-HSCs (Fig. 1B).
We confirmed ConA-induced nuclear translocation of IRF1 in
WT-HSCs (determined by Western blot analysis (Fig. 2, A and
B)) via immunostaining (Fig. 3A). Next, we determined the
expression of IRF1, IFN�, TNF�, and CXCL1 in ConA-stimu-
lated HSCs from IRF1-KO mice. ConA failed to stimulate
IFN�, TNF�, and CXCL1 expression in IRF1-KO HSCs (Fig.
3B) at all time points examined. Immunohistochemical analysis
confirmed the failure of ConA to stimulate IFN� synthesis in
IRF1-KO HSCs unlike in WT-HSCs (Fig. S2B). However, ConA
caused activation of JAK2 and STAT1 in IRF1-KO HSCs (Fig.
3C). Together, these data indicate that ConA-mediated JAK2/
STAT1 activation and subsequent nuclear translocation of
IRF1 is a major signaling mechanism of the synthesis of inflam-
matory cytokines/chemokines in HSCs.

Figure 1. Characteristics of ConA binding and ConA-induced expression
of cytokines in HSCs. A, purity of HSCs is demonstrated by staining for
desmin or GFAP. B, immunofluorescence images of HSCs (day 2 of culture)
incubated in medium containing FITC-ConA (12.5 �g/ml) for the indicated
time points. Scale bars, 20 �m. C, mRNA expression of IGF2R in HSCs incu-
bated in the presence of vehicle or ConA (50 �g/ml) for 6 h. D, HSCs were
incubated in medium containing FITC-ConA (12.5 �g/ml) in the presence of
100 mM �-methyl-D-mannopyranoside or D-mannose or 500 �g/ml of ConA.
Mitochondria and nuclei were stained with MitoTracker Red (100 nM) and
DAPI (blue), respectively. Scale bars, 20 �m. E and F, HSCs from WT mice were
preincubated in the presence of DMSO-vehicle or the indicated concentra-
tions of JAK2 (AG490) or STAT1 (Fludarabine) inhibitors for 30 min, and then
stimulated with ConA (50 �g/ml) for 10 min (E) or 3 h (F). G, HSCs from WT
mice were preincubated in the presence of DMSO-vehicle, AG490 (50 �M), or
Fludarabine (10 �M) for 30 min, then stimulated with ConA (50 �g/ml) for 6 h.
Expression of the indicated mRNAs (E–G) was measured by qRT-PCR. The data
are representative of three separate experiments, each performed in dupli-
cate or triplicate. *, p � 0.05.
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IFN��R-KO mice are protected from ConA-induced liver
damage

Both type I and type II interferons are known to cause hepa-
tocyte injury via IRF1 (16, 17). Although IFN� has been impli-
cated in ConA-induced liver injury (8, 15), HSCs do not pro-
duce IFN� (18, 19). Therefore, we challenged IFN��R-KO
mice with ConA to ascertain the role of type I IFNs in ConA/
HSC-mediated liver injury. Both WT-B6 and WT-BALB/c
mice showed strong hepatic injury after ConA administration
as determined by histopathology (Fig. 4A) and serum ALT lev-
els (Fig. 4B), but IFN��R-KO mice were protected (also see Fig.
S3). Note that the injury to WT-BALB/c mice was of lower
magnitude than to B6-WT mice, which is consistent with pre-
viously reported strain-specific sensitivity (20). Neutrophil
infiltration in ConA-treated IFN��R-KO mice was also lower
than in WT mice (Fig. S4, A and B). Furthermore, the size of
spleen increased in ConA-challenged WT-B6 and WT-BALB/c
mice (indicating hepatic congestion), but not in IFN��R-KO
mice (Fig. S4C). Because nuclear translocation of IRF1 is an
important component of ConA-induced hepatocyte damage,
we examined its nuclear expression following ConA adminis-
tration and found much lower translocation in IFN��R-KO

compared with the WT-B6 or WT-BALB/c livers (Fig. 4C). In
this regard, it was interesting that ConA-induced hepatic
expression of IRF1, TNF�, and CXCL1 was much lower in
IFN��R-KO mice than the WT mice (Fig. 4D) at all time points.
However, this observation is not surprising as such diminished
response due to type I IFN receptor deficiency has been
reported (21). No change in the hepatic IFN� expression in
ConA-treated IFN��R-KO mice at 6 or 8 h can be explained by
its characteristic increase at early time points, followed by
accelerated decline later compared with the WT mice (Fig.
S4D). Such change in IFN� expression was also observed in
LPS-challenged rat HSCs (22).

We next examined nuclear IRF1 in HSCs and hepatocytes of
ConA-treated WT-B6, WT-BALB/c, and IFN��R-KO mice.
Immunohistochemical analysis showed a similar number of
desmin-positive sinusoidal cells in WT-B6, WT-BALB/c, and
IFN��R-KO mice (Fig. S5). Following ConA challenge, the
number of sinusoidal cells as well as hepatocytes positive for
nuclear IRF1 increased in WT-B6 and WT-BALB/c mice; very
small numbers of sinusoidal and parenchymal cells with
IRF1-positive nuclei were observed in ConA-challenged
IFN��R-KO mice (Fig. S5). Although we cannot rule out that
both HSCs and Kupffer cells might represent nuclear IRF1-

Figure 2. ConA-induced intracellular signaling in HSCs. A, Western blot-
ting shows expression of P-JAK2, P-STAT1, and IRF1 in cytosolic or nuclear
protein lysates prepared from ConA (50 �g/ml)-stimulated WT-HSCs for the
indicated time points. B, Western blotting shows expression of P-JAK2,
P-STAT1, and IRF1 in total, cytosolic, or nuclear protein lysates prepared from
WT-HSCs stimulated with ConA (50 �g/ml) for 10 min following 30 min pre-
incubation with DMSO-vehicle, JAK2 (AG490; 50 �M), or STAT1 (Fludarabine;
10 �M) inhibitors. C, Western blots show expression of P-JNK1/2 and cleaved
caspase 3 in HSCs stimulated with ConA for the indicated time points. Bar
graphs (A–C) show relative densitometry values normalized to the respective
internal controls. All data are representative of three independent experi-
ments. Bar graphs show relative density of the signaling proteins normalized
to the respective internal controls. *, p � 0.05.

Figure 3. ConA does not induce expression of cytokines in IRF1-KO HSCs
despite stimulating JAK/STAT signaling. A, HSCs from WT mice were stim-
ulated with 50 �g/ml of ConA for 6 h and localization of IRF-1 (red) was
determined by immunostaining with anti-IRF1 Ab. Nuclear IRF1 is strongly
increased in ConA-stimulated HSCs. Nuclei are stained with DAPI (blue). Scale
bars, 20 �m. B, mRNA expression of the indicated mediators in HSCs from WT
or IRF1-KO mice stimulated with 50 �g/ml of ConA for 1, 3, or 6 h as measured
via qRT-PCR. C, Western blotting shows P-JAK2 (cytosolic) and P-STAT1
(nuclear) expression in protein lysates prepared from ConA-stimulated
IRF1-KO HSCs for the indicated time points. Bar graph shows the relative den-
sitometry values normalized to respective internal controls. All data are rep-
resentative of three independent experiments. *, p � 0.05.
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positive cells in ConA-challenged mice, protection of HSC-de-
pleted mice from ConA-induced liver damage (16) argues for
HSC’s role as the major orchestrator of this pathology. These
data together indicate that type I IFNs released in ConA-chal-
lenged mice from HSCs play a critical role in hepatocyte injury
by increasing nuclear IRF1.

Effects of ConA on IFN��R-KO HSCs

We examined the effect of ConA directly on IFN��R-KO
HSCs. The binding/internalization of FITC-ConA in IFN��R-
KO HSCs was similar to that in WT-BALB/c HSCs (Fig. S6A).
Furthermore, immunohistochemical analysis showed miti-
gated ConA-induced IFN� accumulation in ConA-stimulated

IFN��R-KO HSCs compared with the BALB/c HSCs (Fig.
S6B).

ConA-stimulated WT-HSCs do not induce oxidative stress, or
activate JNK and caspase 3 in hepatocytes from IRF1-KO or
IFN��R-KO mice

To confirm the role of IRF1/IFN�/IRF1 axis in ConA/HSC-
induced hepatocyte damage, we used HSCs isolated from WT
or IRF1-KO mice, and hepatocytes from these as well as
IFN��R-KO mice. 2�,7�-Dichlorofluorescin diacetate (DCFDA)
analysis showed strong oxidative stress in WT hepatocytes
incubated in ConA-conditioned WT-HSC medium, and was
accompanied by rounding of hepatocytes, reduction in cell size

Figure 4. ConA-induced hepatic injury in IFN��R-KO mice. A, mice were euthanized 6 (WT-B6) or 8 h (WT-BALB/c or IFN��R-KO) after administering 20
mg/kg of ConA. Representative sections of the vehicle- or ConA-treated livers stained with hematoxylin/eosin (H/E) show protection in IFN��R-KO mice
compared with WT controls. Bar graph shows quantification of necrotic area as defined in the H/E-stained liver sections. Scale bars, 100 �m (left and middle
panels) and 50 �m (right panels). B, mice were euthanized 1, 3, or 6 h after administering 20 mg/kg of ConA. ConA-treated IFN��R-KO mice show significantly
lower serum ALT levels as compared with the WT mice. Data are expressed as mean � S.D. n � 4 – 6 mice/group. C, Western blotting of the nuclear lysates shows
IRF1 in WT (B6 and BALB/c) and IFN��R-KO mice. Bar graph shows the relative densitometry values normalized to TBP as an internal control (n � 4 – 6
mice/group). D, mRNA expression of the indicated mediators in ConA-challenged mice at 1, 3, or 6 h as measured via qRT-PCR. *, p � 0.05; **, p � 0.005; ***, p �
0.0005.

Distinct effects of IRF1 in stellate cells and hepatocytes

J. Biol. Chem. (2018) 293(48) 18466 –18476 18469

http://www.jbc.org/cgi/content/full/RA118.005583/DC1
http://www.jbc.org/cgi/content/full/RA118.005583/DC1
http://www.jbc.org/cgi/content/full/RA118.005583/DC1


with nuclear condensation, and loss of cytoskeletal definition
with prominent cellular bleb formation (Fig. 5, A and E; Fig.
S7A). ConA alone did not produce these effects. In contrast,
ConA-conditioned medium from WT or IRF1-KO HSCs
induced minimal oxidative stress and morphological changes in
IRF1-KO (Fig. 5, B and E; Fig. S7B) and WT hepatocytes (Fig. 5,
C and E; Fig. S7C), respectively. Furthermore, ConA-condi-
tioned WT-HSC medium did not induce oxidative stress in
IFN��R-KO hepatocytes (Fig. 5, D and E; Fig. S7D).

The basal level of constitutively generated intracellular reac-
tive oxygen species is regulated by superoxide dismutase (SOD)
that converts superoxide into hydrogen peroxide. We, there-
fore, asked whether altered SOD contributes to increased oxi-
dative stress in hepatocytes incubated in ConA-conditioned
HSC medium, and found a significant down-regulation of the
expression of SOD1 in HSC/ConA-challenged hepatocytes
(Fig. 5F).

Medium conditioned by WT-HSCs in the presence of ConA
activated JNK and caspase 3, and caused apoptosis of WT hepa-
tocytes (Fig. 6A; Fig. S8). However, this effect was not apparent
in IRF1-KO hepatocytes challenged with ConA-conditioned
medium from WT-HSCs, and in WT hepatocytes challenged
with ConA-conditioned medium from IRF1-KO HSCs (Fig. 6A;
Fig. S8). Also, ConA-conditioned WT-HSC medium failed

to activate JNK or caspase 3 in hepatocytes isolated from
IFN��R-KO mice (Fig. 6A; Fig. S8). These data suggest a strong
relationship between IRF1, in this case primarily induced by
HSC-derived IFN�, and pro-apoptotic signals in hepatocytes as
has been shown in ischemia/reperfusion-induced liver injury
(23).

Because activated JNK represses SOD1 expression (24, 25),
we tested whether this may be a mechanism of reduced SOD1
expression in hepatocytes incubated in ConA-conditioned
HSC medium. As shown in Fig. 6B, inhibitor of JNK activation
prevented ConA/HSC-induced repression of SOD1 mRNA
expression as well as SOD activity. Furthermore, ConA/HSC-
induced repression of SOD1 expression/activity was prevented
in incubations containing anti-IFN� Ab (Fig. 6B), suggesting
that IFN�-induced JNK activation and subsequent repression
of SOD activity contributes to the oxidative stress.

ConA is reported to induce hepatic activation of JAK2 and
STAT1 via T cell-derived IFN� (15, 26). Upon incubation of
hepatocytes in ConA-conditioned HSC medium, we found
increased nuclear expression of IRF1, and activation of JAK2,
STAT1, and caspase 3 (Fig. 6C). Although the JNK inhibitor
reduced caspase 3 activation, it did not affect nuclear IRF1
expression as well as JAK2 or STAT1 activation. However, the

Figure 5. Hepatocytes from IRF1-KO and IFN��R-KO are resistant to oxi-
dative stress and apoptosis by ConA-stimulated WT-HSCs. A–D, hepato-
cytes (WT or IRF1-KO or IFN��R-KO) were incubated in medium without or
with 50 �g/ml of ConA or medium conditioned by HSCs (WT or IRF1-KO) for
8 h in the absence or presence of ConA. After 12 h of incubation, DCFDA
staining was performed to determine oxidative stress in hepatocytes. An
overlay of phase-contrast and DCF image in A shows ROS generation and bleb
formation in WT hepatocytes treated with ConA/HSC medium from WT mice.
Scale bars, 20 �m. Bar graph (E) shows mean fluorescence intensity (MFI) of
combined values from three independent experiments. All images are repre-
sentative of three separate experiments (see Fig. S7 for phase-contrast
images). F, mRNA expression of SOD1 in WT hepatocytes incubated in
medium without or with 50 �g/ml of ConA or medium conditioned by WT-
HSCs. The data are representative of three sets of experiments. *, p � 0.05.

Figure 6. ConA-stimulated WT-HSCs do not stimulate JNK or caspase 3
activation in hepatocytes from IRF1-KO and IFN��R-KO mice. A, WT, IRF1-
KO, or IFN��R-KO hepatocytes were incubated with ConA or medium condi-
tioned by WT or IRF1-KO HSCs without/with ConA for 12 h. Protein lysates
were prepared and subjected to Western blot analysis to detect P-JNK and
cleaved caspase-3. The data are representative of three independent experi-
ments. (See Fig. S8 for densitometry values.) B, WT hepatocytes were incu-
bated for 12 h without/with ConA or medium conditioned by WT-HSCs in the
absence or presence of ConA � JNK inhibitor SP600125 (JNKi; 10 �g/ml) or
anti-IFN� Ab (2 �g/ml). SOD1 mRNA expression and SOD activity were deter-
mined. C, cytosolic and nuclear lysates prepared from hepatocytes in B were
analyzed by Western blotting. Bar graph shows relative densitometry values
normalized to the respective internal controls. All data are representative of
three independent experiments. *, p � 0.05; **, p � 0.005.
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presence of anti-IFN� Ab mitigated all of these ConA/HSC-
induced effects in hepatocytes.

ConA increases IFN� and reduces SOD1 expression in WT but
not in IRF1-KO or IFN��R-KO mice

Because ConA-induced liver damage in vivo is predomi-
nantly necrotic, whereas ConA-stimulated HSCs induce only
apoptosis of hepatocytes in vitro (no LDH release indicative of
membrane damage (16)), it was apparent that the injury in vivo
involves multimediator action on hepatocytes. Increased
expression of CXCL1 suggested that the infiltrating inflamma-
tory cells as well as immune cells act in concert with HSCs in
causing necrotic injury (e.g. see Fig. S4). We found increased
expression of IFN� in WT-B6 and WT-BALB/c mice but not in
IRF1-KO mice, and the increase in this cytokine was signifi-
cantly blunted in IFN��R-KO mice following ConA treatment
(Fig. 7A). Furthermore, SOD1 expression was down-regulated
in the ConA-treated WT mice and but not in IRF1-KO or
IFN��R-KO mice (Fig. 7B). In fact, SOD1 mRNA expression
increased in ConA-challenged IRF1-KO mice.

Discussion

Understanding mechanisms of ConA-induced hepatocyte
injury is important as this is an established model to study auto-
immune hepatitis and other forms of liver damage involving
immune cells (8). Because HSCs recruit and influence charac-
teristics of immune cells (18, 27, 28), we previously investigated
ConA-induced liver injury in HSC-depleted mice. Hepatocytes
in HSC-depleted mice were found to be protected, and the
injury was mediated, in part, by soluble mediators released by
ConA-stimulated HSCs (16). The present investigation shows
that binding of ConA to HSCs stimulates JAK2/STAT1-IRF1
signaling leading to the release of IFN� that, in turn, causes
apoptosis of hepatocytes by increasing nuclear translocation of
IRF1.

ConA was shown to bind to the mannosyl sugar residues of
insulin receptor in the liver (29), and binding of ConA to hepa-
tocytes (30), endothelial cells, and Kupffer cells (14) is also
reported. Quiescent HSCs express mannose 6-phosphate
receptor IGF2R, but at a lower level than the activated HSCs
(31). Here we found that FITC-ConA binds to quiescent HSC
membrane and is internalized. The specificity is evident from
inhibition of the FITC-ConA binding by competitive inhibitors
D-mannose and Me-�Man as well as excess unlabeled ConA.

Because hepatocytes do not internalize ConA (32), it is likely
that HSCs may be an important site of its hepatic clearance.

Using specific inhibitors of several intracellular signaling
pathways, we identified activation of JAK2 and STAT1 to be
responsible for ConA-induced increased expression of IRF1,
IFN�, TNF�, and CXCL1 in mouse and rat HSCs. The rapid
activation of JAK2 and STAT1, and inhibition of both by
AG490 but only of STAT1 by fludarabine confirmed that
STAT1 activation is stimulated by JAK2. Inhibition both by
AG490 and fludarabine of ConA-induced expression and
nuclear translocation of IRF1 indicated its requirement for the
final response (cytokine production). Failure of ConA to induce
the expression of IFN�, TNF�, and CXCL1 in HSCs isolated
from IRF1-KO mice, despite stimulating JAK2/STAT1, con-
firmed the essential role of IRF1 in cytokine/chemokine pro-
duction by HSCs. In this regard, IRF1 has been shown to be a
transcriptional regulator of TNF� (33) and CXCL1 (34). Previ-
ously, we have shown that LPS-stimulated cytokine/chemokine
synthesis in HSCs is mediated by NF-�B (18, 35). However,
NF-�B inhibition did not inhibit ConA-induced cytokine pro-
duction by HSCs suggesting that the JAK2/STAT1/IRF1 path-
way is an important mechanism of ConA-induced expression
of inflammatory mediators in HSCs.

In contrast to the role of nuclear IRF1 in ConA-induced cyto-
kine/chemokine synthesis in HSCs, nuclear translocation of
IRF1 in hepatocytes led to their apoptosis. This effect is primar-
ily mediated by type I IFNs as HSCs do not express IFN� (18,
19). Although we found that ConA increased the expression of
IFN� (Fig. 1, E–G) as well as IFN� (not shown), the effect on
hepatocytes appears to be mediated by IFN� because anti-IFN�
antibody abrogated ConA/HSC-induced apoptosis of hepato-
cytes (16), and both mouse and rat hepatocytes respond very
poorly to IFN� (36). Thus, the inability of ConA-conditioned
WT-HSC medium to stimulate JNK and caspase 3 activation
increase oxidative stress and induce apoptosis of IRF1-KO
and IFN��R-KO hepatocytes confirmed that stimulation of
IFN��R by ConA/HSC-derived IFN� is required for these
IRF1-mediated events. WT-BALB/c mice were also found to
show less injury than B6 mice despite increased hepatic IFN�
and TNF� mRNA expression and plasma protein levels (20).
Abrogation of ConA-induced liver injury both by anti-TNF�
and anti-IFN� Abs suggested that these cytokines use a com-
mon signaling pathway (20, 37, 38). Furthermore, IFN�-KO
mice were found to be protected from ConA-induced liver
injury, and activation of CD4� T cells and NKT cells by IFN�
was suggested to be critical in ConA-induced hepatitis (15).
Our earlier work showed significantly lower influx of CD4� T
cells in ConA-challenged HSC-depleted mice and the extent of
NKT cells did not change (16). Indeed, we have shown that
HSCs play a critical role in recruitment of and cross-communi-
cation with circulating and resident immune cells (6, 18, 28, 39).
Because, TNF� and type I and type II IFNs increase nuclear
IRF1 (40, 41), based on our data, it can be concluded that IRF1
is that common pathway of liver cell injury. Our data showing
protection of IRF1-KO and IFN��R-KO mice from ConA-in-
duced damage in vivo, and of IRF1-KO or IFN��R-KO hepato-
cytes from apoptosis upon incubation in medium conditioned
by ConA-stimulated WT-HSCs, support this contention.

Figure 7. ConA-induced hepatic expression of IFN� and SOD1. Mice were
euthanized 6 h (WT-B6 or IRF1-KO) or 8 h (WT-BALB/c or IFN��R-KO) after
administering 20 mg/kg of ConA. Hepatic mRNA expression of (A) IFN� and
(B) SOD1 is shown (n � 6 – 8 mice/group). *, p � 0.05; **, p � 0.005; ***, p �
0.0005.
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It is reported that type I IFNs cause injury to hepatocytes
by inhibiting SOD1, which is predominantly cytosolic, and
SOD1-KO mice demonstrate exaggerated injury upon viral
infection (42). Our findings suggest that ConA/HSC-induced
inhibition of SOD1 in hepatocytes may be an important reason
for increased oxidative stress. Whether increased nuclear
IRF1 in ConA/HSC-challenged hepatocytes regulates SOD1,
remains to be determined, but LPS-induced IRF1 has been
implicated in SOD consumption and increased mitochondrial
damage in macrophages (43). Consistent with the role of acti-
vated JNK in repressing SOD1 gene transcription/activity (24,
25), we found improved SOD activity in hepatocytes pretreated
with JNK inhibitor or anti-IFN� Ab. Because IFN� stimulates
nuclear IRF1 translocation, and IRF1-KO and IFN��R-KO
hepatocytes do not show JNK activation or oxidative stress,
there appears to be a causal relationship between IRF1 and oxi-
dative stress as well as JNK activation. We also found similar
changes in SOD2 expression (as for SOD1) in ConA-challenged
WT, IRF1-KO, and IFN��R-KO mice (not shown), further
supporting the critical role of IRF1 in regulating mitochondrial
function and oxidative stress-induced hepatocyte injury.
Indeed, SOD2 repression was observed upon mitochondrial
JNK activation (44).

Reduced ConA-induced activation of CD4� T cells and NKT
cells, and amelioration of hepatitis in STAT1-KO mice was
reported to be accompanied by much lower hepatic IRF1
expression as compared with the WT mice (15). Inability of
ConA to increase P-STAT1 and IRF1 expression in IFN�-KO
mice suggested that IFN� released by ConA-stimulated
immune cells activated JAK2/STAT1 and subsequent IRF1-
mediated apoptosis. In agreement with this report, STAT1-
overexpressing mice demonstrated greater liver injury upon
ConA administration, and anti-CD3/CD28-induced IFN� pro-
duction by splenic CD4� T cells from STAT1-overexpressing
mice was greater than the WT mice (26). Mizuhara et al. (20)
found that B6- and BALB/c-splenic CD4� T cells respond sim-
ilarly to ConA in producing IFN� and TNF�, but the hepatic
expression of IFN� in ConA-challenged BALB/c mice was
lower than in B6 mice indicating that intrahepatic IFN� is
important in eliciting liver damage. Because HSCs do not pro-
duce IFN� (18, 19, 28), it is apparent that IFN� released by

ConA-stimulated HSCs increase expression of IRF1 and its
nuclear translocation in hepatocytes. We have previously
shown that HSCs have an impressive ability to not only attract
immune cells (CD4� T cells, CD4�CD25�FoxP3� regulatory
(Treg) cells, and dendritic cells) but also modulate their char-
acteristics skewing toward liver’s immunotolerance, and the
bidirectional interactions between co-cultured HSCs and
immune cells influence the net synthesis of cytokines and
chemokines (6, 18, 28). Because HSC-depleted mice are pro-
tected from ConA-induced injury (16), it is evident that HSCs
play an important role in IFN� production by CD4� and NKT
cells. Thus, in summary, our results demonstrate that JAK2/
STAT1/IRF1 signaling plays distinct roles in HSCs (i.e. synthe-
sis of type 1 IFNs) and hepatocytes (apoptosis by IFN�). Such
convergence of signaling to IRF1 in the two neighboring cell
types (HSCs and hepatocytes) that eventually results in liver
injury (summarized in Fig. 8), argues for stimulation of this
pathway by both type I and type II IFNs to be a potential target
to arrest/prevent liver damage.

Experimental procedures

Reagents

The reagents were obtained from the indicated sources: con-
canavalin A, D-mannose, Me-�Man, protease, Nycodenz, col-
lagenase (C5138), and BMS-345541 (Sigma); FITC-conjugated
ConA (FITC-ConA) (Vector Laboratories, Burlingame, CA);
collagenase Type 4 (Worthington Biochemical Corp.);
LY294002, AG490, PP2, SB202190, GSK690693, SR11302, and
fludarabine (Tocris Bioscience, Minneapolis, MN); PD98059
and SP600125 (Calbiochem); SN50 (BioVision, Inc., Milpitas,
CA); anti-P-JAK2 (Tyk2), anti-P-STAT1, anti-IRF1, anti-P-
JNK1/2, anti-cleaved caspase 3, anti-Histone H3, and anti-TBP
Abs (Cell Signaling, Danvers, MA); horseradish peroxidase-
conjugated �-actin Ab (Santa Cruz Biotechnology, Inc.); rabbit
anti-GFAP (Dako Cytomation, Carpinteria, CA); MitoTracker
Red and anti-desmin monoclonal Ab (DE-U-10) (Life Technol-
ogies Corp.). A stock solution of ConA was prepared in saline
and various inhibitors were dissolved in dimethyl sulfoxide
(DMSO; Life Technologies Corp.). All solutions were stored at

Figure 8. Schematic illustration of mechanism of ConA-induced liver injury. ConA binding to the mannose 6-phosphate receptor (Man-R) on HSCs induces
JAK2 phosphorylation, which then phosphorylates STAT-1. The activated STAT1 translocates into the nucleus and induces IRF1 transcription. IRF1 produced
this way stimulates IFN� transcription. IFN� protein released by HSCs binds to the IFN�� receptor on hepatocytes and instigates JAK2/STAT1 activation,
followed by IRF1 synthesis. IRF1 (through as yet unidentified mechanism) inhibits SOD expression leading to oxidative stress. Oxidative stress as well as IFN��
stimulate JNK and caspase 3 activation, and cause apoptosis of hepatocytes.
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�20 °C, and diluted to the final concentration in fresh media
before experiments.

Animals and treatment

The protocols were approved by the Institutional Animal
Care and Use Committee according to the NIH guidelines
(45). Male C57BL/6 (WT-B6), BALB/c (WT-BALB/c), and
B6.129S2-Irf1tm1Mak/J (IRF1-KO) mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Mice lacking IFN��
receptor (IFN��R-KO) on the BALB/c background were kindly
provided by Dr. Gregory Tiao, Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH.

Mice were administered 20 mg/kg of ConA intravenously
and euthanized 1, 3, or 6 h later unless indicated otherwise.
Blood was obtained, and livers were excised, washed in ice-cold
PBS, and portions fixed in 10% buffered formalin or parafor-
maldehyde or snap-frozen in liquid nitrogen. Formalin-fixed,
paraffin-embedded liver sections were stained with hematoxy-
lin and eosin for histopathological examination. Serum alanine
aminotransferase (ALT) was measured using a Kit from Pointe
Scientific Inc., Canton, MI.

For immunohistochemical analysis, sections were deparaf-
finized with xylene, treated with a series of ethanol concentra-
tions, followed by deionized water, then heated in a microwave
oven in 10 mmol/liter of sodium citrate (pH 6) containing
0.05% Tween 20, and blocked with PBS containing 1% BSA, 10%
goat serum, and 0.1% Triton X-100 for 1 h. Neutrophils were
stained using rat monoclonal anti-neutrophil (NIMP-R14)
antibody (Abcam, Cambridge, MA) (1:50) in PBS containing 1%
BSA, 10% goat serum, and 0.1% Triton X-100. The sections
were counterstained with hematoxylin after incubation with
horseradish peroxidase-conjugated goat anti-rat IgG (ab97057;
1:400) and diaminobenzidine substrate (ab64238; Abcam).

Isolation and culture of HSCs and hepatocytes

HSCs were isolated by collagenase/protease digestion of the
mouse (40 –50 g) liver, purified using Nycodenz gradient, and
cultured at a density of 0.4 � 106 cells/cm2 as described previ-
ously (18). The medium was renewed after overnight culture,
and the cells were used on day 3 of culture interval. In some
experiments, HSCs were incubated in a medium containing 50
�g/ml of ConA for up to 6 h. Cells and the culture supernatants
(filtered through a sterile 0.22-�m syringe filter) were used for
various determinations.

Mouse (20 –25 g) hepatocytes were prepared by collagenase
digestion of the liver, purified on Percoll gradient, and cultured
as described previously (46, 47). The medium was renewed after
a 3-h attachment period. After overnight culture, hepatocytes
were incubated in control medium or medium conditioned by
HSCs � ConA; in some experiments, anti-IFN� Ab (ab24324; 2
�g/ml) or SP600125 (JNKi; 10 �M) was added to the condi-
tioned medium before transfer to hepatocytes; all incubations
were terminated after 12 h for various assays.

Binding of ConA in HSCs in vitro

HSCs were washed and incubated in Dulbecco’s modified
Eagle’s medium supplemented with 5% serum and containing
12.5 �g/ml of FITC-ConA for the indicated time points at

37 °C. In a competition binding assay, HSCs were incubated in
medium containing FITC-ConA with/without 100 mM D-man-
nose or methyl-�-D-mannopyranoside, or excess unlabeled
ConA (500 �g/ml) for 20 min. The cells were then fixed for 20
min in ice-cold methanol at �20 °C, washed once with PBS, and
mounted with DAPI. Images were acquired with a Zeiss fluo-
rescence microscope (Zeiss, Thornwood, NY).

Effects of inhibitors on the ConA-induced signaling in HSCs

HSCs were incubated in medium containing various inhibi-
tors or the vehicle (DMSO) for 30 min before stimulation with
ConA (50 �g/ml) for the indicated time points. Cells and the
culture supernatant were used for various determinations.

ConA-induced cytokine/chemokine expression in HSCs

For mRNA determination, RNA was extracted using TRIzol�
Reagent (Life Technologies) (48). 1.5 �g of RNA was reverse-
transcribed into cDNA using High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA), and
quantified via qRT-PCR using primers (Table 1) as described
(16). �-Actin or GAPDH expression was used for normaliza-
tion. Enzyme-linked immunosorbent assay (ELISA) kits were
used to determine the concentrations of IFN� (PBL Assay Sci-
ence, Piscataway, NJ) and TNF� (eBioscience, San Diego, CA)
in cell culture supernatants.

Table 1
List of primers used for quantitative RT-PCR

Direction Sequence (5� to 3�)

Mouse
�-Actin Forward 5�-AGAGGGAAATCGTGCGTGAC-3�

Reverse 5�-CAATAGTGATGACCTGGCCGT-3�

Cxcl1 Forward 5�-CTGCACCCAAACCGAAGTC-3�
Reverse 5�-AGCTTCAGGGTCAAGGCAAG-3�

Gapdh Forward 5�-CATGGCCTTCCGTGTTCCTA-3�
Reverse 5�-CCTGCTTCACCACCTTCTTGAT-3�

Ifn� Forward 5�-TCTGATGCAGCAGGTGGG-3�
Reverse 5�-AGGGCTCTCCAGACTTCTGCTCTG-3�

Ifn� Forward 5�-AGCTCCAAGAAAGGACGAACAT-3�
Reverse 5�-GCCCTGTAGGTGAGGTTGATCT-3�

Ifn� Forward 5�-CTCTTCCTCATGGCTGTTTCT-3�
Reverse 5�-TTCTTCCACATCTATGCCACTT-3�

Igf2r Forward 5�-GGGAAGCTGTTGACTCCAAAA-3�
Reverse 5�-GCAGCCCATAGTGGTGTTGAA-3�

Irf1 Forward 5�-CAGAGGAAAGAGAGAAAGTCC-3�
Reverse 5�-CACACGGTGACAGTGCTGG-3�

Sod1 Forward 5�-CAGGACCTCATTTTAATCCTCAC-3�
Reverse 5�-TGCCCAGGTCTCCAACAT-3�

Tnf� Forward 5�-CCCAGGTATATGGGCTCATACC-3�
Reverse 5�-GCCGATTTGCTATCTCATACCAGG-3�

Rat
�-Actin Forward 5�-GAGACCTTCAACACCCCAGCC-3�

Reverse 5�-TCGGGGCATCGGAACCGCTCA-3�

Cxcl1 Forward 5�-GCACCCAAACCGAAGTCATA-3�
Reverse 5�-GGGACACCCTTTAGCATCTTT-3�

Ifn� Forward 5�-TCCCCTGACCCAGGAAGACTC-3�
Reverse 5�-CAGGCACAGGGGCTGTGTTTA-3�

Ifn� Forward 5�-GGTGACATCCACGACTACTTTAG-3�
Reverse 5�-CCAGGCATAGCTGTTGTACTT-3�

Irf1 Forward 5�-CTCACCAAGAACCAGAGGAAAG-3�
Reverse 5�-AGATAAGGTGTCAGGGCTAGAA-3�

Tnf� Forward 5�-TCCCAACAAGGAGGAGAAGT-3�
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Western blot analysis

Cell lysates were prepared in RIPA buffer (Abcam) contain-
ing protease inhibitors, and centrifuged at 10,000 � g for 10
min. Supernatants (20 �g of protein) were subjected to SDS-
PAGE and separated proteins were transferred to polyvi-
nylidene fluoride membrane. After immunoblotting overnight
at 4 °C with primary Abs, washing and incubation with second-
ary anti-rabbit IgG (1:2000), blots were developed using Amer-
sham BiosciencesTM ECL SelectTM detection reagent (GE
Healthcare, Buckinghamshire, UK). �-Actin expression was
determined as an internal control and the relative expression
was quantified with ImageJ software (version 1.50i).

Nuclear extracts were prepared from the cultured cells using
extraction reagents (Pierce-Endogen, Rockford, IL), and pro-
teins (20 �g) were separated by 8% SDS-PAGE. Western blot-
ting was performed using anti-P-STAT1 or anti-IRF1 Ab, and
secondary anti-rabbit IgG (1:2000). Histone H3 or TBP expres-
sion was determined as an internal control.

Immunofluorescence analysis

Intracellular IFN� was detected as described before (16, 22).
Briefly, HSCs were incubated in medium containing 1 �l/ml of
protein transport inhibitor brefeldin A (BD Biosciences, San
Diego, CA) without or with ConA (50 �g/ml) for 6 h. The cells
were washed with ice-cold PBS and fixed in 2% paraformalde-
hyde. After permeabilization and blocking with PBS containing
1% BSA, 10% goat serum, 0.3 mol/liter of glycine, and 0.1%
Triton X-100, the cells were treated with anti-IFN� (Abcam)
and anti-desmin Abs overnight at 4 °C, washed, and incubated
in Alexa Fluor� 488 anti-rabbit and Alexa Fluor� 594 anti-
mouse (1:400) (Invitrogen Molecular Probes) for 1 h at room
temperature. After incubation with secondary Abs and washing
with PBS, the cells were mounted with DAPI mounting
medium and imaged using fluorescence microscopy.

Fixed cells were incubated in PBS containing 1% BSA, 10%
goat serum, and 0.1% Triton X-100 for 1 h for permeabilization
and blocking nonspecific protein–protein interactions. The
cells were then incubated with anti-IRF1 antibody overnight at
4 °C, washed twice with PBS, and incubated for 1 h in the dark
with Alexa Fluor� 568 goat anti-rabbit secondary antibody
(Invitrogen Molecular Probes). The cells were then washed
with PBS, mounted with DAPI, and IRF1 was visualized via
fluorescence microscopy.

Antigen-retrieved sections of the liver were blocked with
PBS containing 1% BSA, 10% goat serum, and 0.1% Triton
X-100 for 1 h. For nuclear IRF1 staining, sections were permea-
bilized with 0.25% Triton X-100 in PBS for 10 min before block-
ing. Following incubation with rabbit anti-desmin (Abcam) or
rabbit anti-IRF1 Abs overnight at 4 °C, the sections were incu-
bated with Alexa Fluor� 488 goat anti-rabbit secondary anti-
body (Invitrogen Molecular Probes) for 1 h in the dark. Sections
were then washed with PBS, mounted with DAPI, and visual-
ized via fluorescence microscopy.

Determination of oxidative stress

The cells were washed with PBS (3 times) and placed in PBS
containing DCFDA (1 �mol/liter in DMSO; Invitrogen Molec-
ular Probes) for 5 min before analysis. DCFDA is deacetylated

by cellular esterase and oxidized by reactive oxygen species
(ROS) to 2�,7�-dichlorofluorescin, which was detected by
fluorescence microscopy with maximum excitation and
emission spectra at 495 and 529 nm, respectively. Intracel-
lular ROS levels were evaluated on the basis of mean DCF
fluorescence intensity.

SOD activity assay

Superoxide dismutase (SOD) activity was measured in tissue
homogenate or cell lysate using SOD Assay Kit (Cayman
Chemicals, Ann Arbor, MI). The liver tissue was rinsed with
PBS, homogenized in 5 ml/g of tissue cold buffer (20 mM

HEPES, pH 7.2, containing 1 mM EGTA, 210 mM mannitol, and
70 mM sucrose), and centrifuged at 1,500 � g for 5 min at 4 °C.
For cell lysate, cell pellets obtained by centrifugation at 1,000 –
2,000 � g for 10 min at 4 °C were sonicated in cold buffer and
centrifuged at 1,500 � g for 5 min at 4 °C. 1,500 � g superna-
tants (obtained from tissue or cultured cells) were centrifuged
at 10,000 � g for 15 min at 4 °C. The resulting supernatants
were used for measuring the SOD activity according to the
manufacturer’s instructions. Protein concentrations in the
homogenates or cell lysates were measured with a PierceTM

BCA Protein Assay Kit (Pierce).

Statistical analysis

The results are expressed as mean � S.D. Statistical signifi-
cance between groups was determined by Student’s t test using
Prism 6 software (GraphPad Software, San Diego, CA). A p
value �0.05 was considered statistically significant.

Author contributions—R. R., S. K., and C. G. data curation; R. R. for-
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and C. G. writing-review and editing; C. G. conceptualization; C. G.
resources; C. G. supervision; C. G. funding acquisition; C. G. project
administration.
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