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Macrophage migration inhibitory factor (MIF) is a pleiotropic
inflammatory cytokine that has been implicated in various in-
flammatory diseases. Chronic inflammation is a mainstay of liver
fibrosis, a leading cause of morbidity worldwide, but the role of
MIF in liver scarring has not yet been elucidated. Here we have
uncovered an unexpected antifibrotic role for MIF. Mice geneti-
cally deleted in Mif (Mif−/−) showed strongly increased fibrosis in
two models of chronic liver injury. Pronounced liver fibrosis in
Mif−/− mice was associated with alterations in fibrosis-relevant
genes, but not by a changed intrahepatic immune cell infiltration.
Next, a direct impact of MIF on hepatic stellate cells (HSC) was
assessed in vitro. Although MIF alone had only marginal effects
on HSCs, it markedly inhibited PDGF-induced migration and pro-
liferation of these cells. The inhibitory effects of MIF were medi-
ated by CD74, which we detected as the most abundant known
MIF receptor on HSCs. MIF promoted the phosphorylation of AMP-
activated protein kinase (AMPK) in a CD74-dependent manner
and, in turn, inhibition of AMPK reversed the inhibition of PDGF-
induced HSC activation by MIF. The pivotal role of CD74 in MIF-
mediated antifibrotic properties was further supported by aug-
mented liver scarring of Cd74−/− mice. Moreover, mice treated
with recombinant MIF displayed a reduced fibrogenic response
in vivo. In conclusion, we describe a previously unexplored antifi-
brotic function of MIF that is mediated by the CD74/AMPK signal-
ing pathway in HSCs. The results imply MIF and CD74 as targets for
treatment of liver diseases.

Chronic liver diseases are a major health burden worldwide and
among the leading causes of death in the United States and

Europe (1). Increased mortality in liver diseases is mainly attrib-
uted to progressive fibrogenesis, which ultimately leads to liver
cirrhosis and hepatocellular carcinoma in many patients (2, 3).
Hence, the process of liver scarring is considered a valuable target
to reduce the clinical consequences of chronic liver diseases.
Fibrogenesis is believed to be a chronic wound-healing re-

sponse, which is characterized by a tight interplay between in-
flammatory and matrix-producing cellular pathways (4). Within
the liver, different cell populations are thought to contribute
directly to matrix production in response to inflammatory stim-
uli. These cells include hepatic stellate cells (HSCs), periportal
myofibroblasts, and bone marrow-derived fibrocytes (4). How-
ever, HSCs seem to be the quantitatively predominant cell type
for fibrosis progression in most human liver diseases and their
respective animal models (5). During chronic hepatic inflam-
mation, HSCs are a target of numerous immune mediators, in-
cluding cytokines and chemokines, which directly modulate their
profibrogenic phenotype (6, 7). Notably, there are also immune
cell-derived mediators that inhibit HSC functions (8). Thus, the
action of one mediator might only be viewed in the context of
other cytokines and growth factors, which might operate syner-
gistically or antagonistically in vivo.
Macrophage migration inhibitory factor (MIF) is a key pro-

inflammatory cytokine and chemokine-like function cytokine
that is rapidly released from various immune cells but also from

endothelial cells, tissue macrophages, and certain parenchymal
cells upon inflammatory and stress stimulation (9, 10). MIF plays
a nonredundant role in several inflammatory diseases, including
sepsis (11, 12), rheumatoid arthritis (13, 14), obesity (15), and
atherosclerosis (16, 17). Because most of these diseases were
ameliorated by genetic Mif deletion or MIF neutralization, anti-
MIF therapies have been considered to be of potential clinical
value (18).
MIF is also expressed within the liver and is up-regulated

during thioacetamide (TAA)-induced liver fibrosis in rats (19).
In Con A-induced hepatic damage, a model of T-cell mediated
hepatitis (20), Mif-deficient mice were protected from severe
acute liver injury (21), suggesting that MIF can display detri-
mental effects in the liver. However, no functional studies on
the role of MIF in chronic liver-disease models have yet been
performed.
In contrast to these data and the general conception of

a proinflammatory spectrum of action of MIF, recent findings
demonstrate that MIF might also exert beneficial effects under
defined pathological conditions. These pivotal studies identified
cardioprotective effects of MIF in the ischemic heart and during
ischemia/reperfusion injury (22, 23). Interestingly, the cardio-
protective effect of MIF during ischemia/reperfusion injury is
age-dependent and strongly correlates with reduced MIF ex-
pression in the senescent heart (24). At the molecular level, MIF
target-cell effects are mediated by interactions with three distinct
receptor proteins. Activation of inflammatory and atherogenic
leukocyte recruitment by MIF is mediated by noncognate in-
teraction between MIF and the chemokine receptors CXCR2
and CXCR4 (16), but proproliferative effects and regulation of
B-cell and tumor cell survival by MIF depends on its interaction
with CD74 (25). CD74 is the plasma membrane form of the
MHC class II chaperone invariant chain Ii and has recently been
demonstrated to function as a cell-surface receptor for MIF (26).
Of note, the beneficial effects of MIF in ischemia/reperfusion
injury were found to be mediated through CD74 and by activa-
tion of AMP-activated protein kinase (AMPK) in cardiomy-
ocytes (22). The AMPK pathway is activated under cellular stress
conditions and affects diverse molecular cascades, which together
increase cellular ATP production and limit energy consumption
(27). However, although consistent data have been generated in
heart injury, the role of MIF as a potential up-stream regulator
of AMPK signaling in other organs and under chronic inflam-
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matory conditions (as it may occur in liver fibrogenesis) is un-
known. Here, we have investigated the role of MIF in liver fi-
brosis and describe a previously unexplored and unexpected
antifibrogenic effect of MIF in different models of experimental
liver injury in vitro and in vivo.

Results
Mif-Deficient Mice Display Exacerbated Liver Fibrosis After Experi-
mental Liver Injury. To assess the functional relevance of MIF in
liver fibrosis, we treated Mif-deficient (Mif−/−) mice and WT
C57BL/6 mice with carbontetrachloride (CCl4), which is an
established model of chronic liver injury (7). Mice were killed
and liver fibrosis was assessed histologically and by determina-
tion of the collagen-specific amino acid hydroxyproline following
6 wk of treatment. As shown in Fig. 1A, Mif−/− mice showed
significantly increased liver scarring compared with WT mice in
this model. The enhanced fibrogenic response in the Mif−/− mice
was evident both after quantification of the Sirius red-positive

area (P < 0.05) and by increased hepatic levels of hydroxyproline
(P < 0.05). As MIF has generally been considered a pivotal
proinflammatory cytokine and Mif−/− mice are protected from
damage in most inflammation-related disease models (18), the
increased liver damage in theMif−/− mice was a surprising result.
We therefore subjected Mif−/− and WT mice to another model
of chronic liver injury (i.e., administration of TAA) to confirm
the findings in the CCl4 model. As depicted in Fig. 1B, an in-
creased propensity of Mif−/− mice to develop more severe liver
fibrosis was also clearly evident in this independent model. The
Sirius red-positive area and the hydroxyproline levels were again
significantly increased in Mif−/− compared with WT mice (P <
0.01 and P < 0.05, respectively), suggesting model-independent
antifibrotic properties of MIF in mice.

Liver Damage in Mif−/− Mice Is Associated with Altered Expression of
Fibrosis-Related Genes and HSC Activation. In the experimental
models used in this study, liver fibrosis is considered to be the
result of an interplay between the infiltration of certain immune-
cell subsets and the subsequent activation of HSCs (28). As MIF
has been shown to modulate the recruitment of immune cells
through interaction with its receptors CXCR2 and CXCR4 (16),
we next evaluated potential differences in hepatic immune cell
infiltration between the Mif−/− and WT mice.
However, FACS analysis revealed no major differences in

immune-cell subset infiltration between the mouse strains in
both models of liver injury (Fig. S1). As other cells might then be
responsible for the profibrotic phenotype observed in the Mif−/−

mice, we next assessed the expression of critical HSC-associated
genes after fibrosis induction in Mif−/− vs. WT mice. In accor-
dance with the overall enhanced liver fibrosis, the mRNA ex-
pression of Col1a1, Timp1, Mmp2, and Tgfb1 was increased in
Mif−/− mice compared with their WT counterparts after chronic
CCl4 treatment (Fig. 2A). The altered mRNA expression of
these genes was confirmed in the mice treated with TAA

Fig. 1. Enhanced liver fibrosis in Mif−/− mice in two independent experi-
mental models. (A) CCl4 model: representative Sirius red stainings (Upper) of
WT and Mif−/− mice after challenge with CCl4 for 6 wk. Sirius red stainings
from 12 mice per group were quantitated (Lower Left). Increased fibrosis in
Mif−/− mice compared with WT (n = 12 per group) was further validated by
significantly increased concentrations of hydroxyproline (Lower Right). (B)
TAA model: challenge with TAA for 6 wk of WT vs. Mif−/− mice. Exaggerated
fibrosis in Mif−/− mice compared with WT (n = 12 per group) is evident by
representative Sirius red staining (Upper) and quantification of Sirius red-
positive area (Lower Left) and increased concentrations of hydroxyproline
(Lower Right). Asterisks indicate statistical significance: *P < 0.05, **P < 0.01.
(Magnification: A and B, 200×.)

Fig. 2. Increased expression of HSC-related genes and α-Sma in Mif−/− mice.
(A) CCl4 treatment of Mif−/− mice leads to significantly increased mRNA ex-
pression of Col1a1, Timp1, and Tgfb1 compared with WT mice. (B) Same as in
A, except that fibrosis was induced by TAA treatment. Asterisks indicate
statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001. (C) Augmented
HSC activation after CCl4 challenge in Mif−/− mice (lanes 5–8) compared with
WT (lanes 1–4) is further evidenced by increased expression of α-Sma protein
expression (Western blot from total liver lysates; loading control: Gapdh).
Each lane represents a cell lysate from an independent mouse.
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(Fig. 2B), suggesting that HSC activation is a predominant
pathological feature in Mif−/− mice during chronic liver injury.
This hypothesis was confirmed by the strongly increased ex-
pression of α-smooth muscle actin (α-Sma) protein, a marker for
HSC activation (5), in total liver lysates (Fig. 2C). Therefore, the
exaggerated fibrogenic response in the Mif−/− mice appeared to
be primarily because of effects on HSC biology rather than sig-
nificant changes in the intrahepatic immune response.

Inhibitory Effects of MIF on HSCs Are Mediated Through CD74.
Overall, the receptors CD74, CXCR4, and CXCR2 have been
shown to mediate the predominant effects of MIF in vitro and
in vivo (10). We therefore determined the expression of each of
these receptors on murine HSCs. As determined by FACS
analysis, CD74 is the most abundant MIF receptor on HSCs, and
CXCR4 was present at lower expression levels (Fig. 3A). In
contrast, CXCR2 was not detected.
Thus, we next assessed the functional importance of MIF and

CD74 for fibrogenic HSC responses in vitro. The potential
modulation of HSC migration and proliferation by MIF was
tested as these properties are among key features of HSCs during
fibrogenesis. Recombinant MIF alone did not affect the migra-
tion of HSCs in vitro and only had a slight effect on proliferation
(Fig. 3B). In contrast, MIF strongly inhibited the PDGF-induced
migration and proliferation of HSCs (P < 0.001) (Fig. 3B). No-
tably, inhibition of PDGF-induced HSC activation by MIF was
completely blocked by pretreatment of the cells with an inhibitory
antibody to CD74 (P < 0.001) (Fig. 3B), suggesting that this re-
ceptor is responsible for the observed inhibition of PDGF-trig-
gered migration and proliferation of HSCs by MIF in vitro.

Inhibition of PDGF-Induced HSC Activation by MIF Is Mediated by
Increased Phosphorylation of AMPK. MIF has been shown to criti-
cally regulate cardiomyocyte responses to stress by CD74-

dependent phosphorylation of AMPK (22). Thus, we evaluated
whether MIF also affected the phosphorylation of AMPK in
HSCs. In fact, short-term incubation of primary HSCs isolated
fromMif−/−mice resulted in a dose-dependent phosphorylation of
AMPK in these cells (Fig. 4A). The effect of MIF was less strong
than that of Metformin, a well-known AMPK activator, but led to
significantly increased pAMPK/AMPK ratios at MIF doses of 200
to 500 ng/mL that were previously shown to induce AMPK in
cardiomyocytes. The functional significance of this finding was
underscored by measuring MIF effects on HSC behavior after
pretreatment of the cells with the AMPK inhibitor Compound C
(29). In accordance with a functional role of AMPK phosphory-
lation in HSCs, the MIF-induced inhibition of PDGF-induced
HSC activation was significantly blocked by pretreatment of the
cells with the AMPK inhibitor (P < 0.001) (Fig. 4B).

Mice Deficient in Cd74 Have Augmented Liver Fibrosis After CCl4
Treatment and Recombinant MIF Administration Ameliorates Fibro-
genesis in Vivo. As CD74 seems to mediate the main antifibrotic
effects of MIF in vitro, we next subjected mice with a targeted
deletion of the Cd74 gene (Cd74−/−) to the CCl4 fibrosis model.
In line with our in vitro results, Cd74−/− mice displayed increased
liver scarring compared with WT mice in vivo (Fig. 5A). This
difference was evident both after quantification of liver fibrosis
by assessment of the Sirius red-positive area (P < 0.01) and
by determination of hepatic hydroxyproline content (P < 0.05)
(Fig. 5B). Furthermore, Cd74−/− mice showed significantly in-
creased Col1a1 mRNA expression compared with their WT
counterparts (P < 0.05) (Fig. 5C). As for the Mif−/− mice, Cd74−/−
mice showed no relevant differences in immune cell infiltration
rates, except for a higher number of NKT (NK1.1+ CD3+) cells
within the liver after CCl4 challenge (Fig. S2).
As described above, CXCR4 is also expressed on murine

HSCs and could thus potentially also be involved in mediating

Fig. 3. Surface expression and role of CD74 in regulation
of HSCs by MIF. (A) Expression of MIF receptors on im-
mortalized and primary HSCs. FACS analysis reveals marked
expression of CD74 (Upper Left: immortalized murine HSCs,
Upper Right: primary murine HSCs) and low-to-moderate
expression CXCR4 on stellate cells. CXCR2 is not expressed
on HSCs. (B) Chemotaxis (Left) and BrdU incorporation-
based proliferation experiments (Right) experiments reveal
that MIF inhibits PDGF-induced HSC behavior, but MIF
alone does not have substantial effects on these cells. Note,
that the inhibitory effects of MIF on PDGF-induced HSC
activation can be completely blocked by pretreatment of
the cells with neutralizing CD74 antibody (anti-CD74). Each
type of incubation was performed at least twice in qua-
druplicate each. Asterisks indicate statistical significance:
*P < 0.05, **P < 0.01, ***P < 0.001.
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the observed antifibrotic effects of MIF. We thus analyzed mice
with a heterozygous deletion of this receptor (Cxcr4+/−) for their
fibrogenic response in vivo. In contrast to mice with a deletion
for Cd74, the Cxcr4+/− mice did not show any appreciable dif-
ferences in fibrosis parameters compared with WT controls after
CCl4 challenge (Fig. S3).
In extension of these data, we next tested whether therapeutic

application of recombinant (rMIF) to wild-type mice is able to
inhibit the CCl4-induced fibrogenic response in vivo. Indeed,
daily intraperitoneal injections of rMIF led to a reduced acti-
vation of HSCs, as demonstrated by biochemical and histological
α-Sma expression (Fig. 5C and Fig. S4). Furthermore, MIF ad-
ministration resulted in a strong repression of major fibrosis-
relevant genes compared with vehicle-treated mice (Fig. 5D).

Discussion
In this study, we have uncovered an unexpected antifibrotic role
of the proinflammatory cytokine MIF in hepatic fibrogenesis
in vitro and in vivo. As liver fibrosis in the murine models used in
our study is considered to have an inflammatory phenotype with
secondary HSC activation (7), we had anticipated that Mif−/−
mice would exhibit a reduced severity of liver fibrosis. However,
the contrary was observed in both models of liver fibrosis in vivo.
Immune-cell infiltration is considered to be an integral part of

the fibrogenic response in the models used in our study. How-
ever, the observed differences in infiltrated immune-cell subsets
in the damaged liver were marginal or not present at all, fos-
tering the conclusion that an altered leukocyte recruitment
profile was probably not responsible for the exacerbated fibrosis
phenotype seen in the Mif−/− mice. Thus, unlike in atherogenic,
arthritic, and other murine models of inflammation, where MIF/
CXCR2- or MIF/CXCR4-mediated leukocyte recruitment pro-

cesses play an important pathogenic role (16, 30–33), MIF-
driven hepatic leukocyte infiltration does not appear to con-
tribute to liver fibrogenesis. Because CXCR4 has been shown to
mediate important profibrotic effects in human HSCs in vitro
(34), we also assessed the hypothesis that CXCR4 might be
a contributing MIF receptor during liver fibrogenesis in vivo.
These experiments were performed in mice with a heterozygous
deletion of Cxcr4 (Cxcr4+/−) (35), which show reduced Cxcr4
expression levels and an ameliorated phenotype in atheroscle-
rosis models (36). However, when Cxcr4+/− mice were subjected
to the CCl4 fibrosis model, no major differences in liver scarring,
HSC activation, or immune-cell infiltration were detected com-
pared with litter-matched WT mice. Thus, although we cannot
fully exclude important effects of the CXCR4 ligands MIF and
CXCL12 during liver fibrosis, a major contribution of this re-
ceptor pathway to liver fibrosis seems unlikely in the mouse
models studied herein.
In contrast to the lack of an immune cell-driven phenotype in

the Mif−/− mice, a prominent feature of the mice was a strong
dysregulation of HSC-associated genes in both models. Fur-
thermore, α-Sma protein content was clearly increased in the
livers of Mif−/− mice compared with WT mice. As HSCs are
considered as key players in liver fibrogenesis (5), we assessed
the direct effects of MIF on these cells in vitro. We first de-
termined the abundance of the MIF receptors expressed on the
surface of these cells. Both immortalized and primary murine
HSCs expressed high levels Cd74, and Cxcr4 was found
expressed at low, yet measurable levels. CXCR4 has been de-
scribed on human HSCs before (34), but Cd74/invariant chain
expression so far has only been detected on rat HSCs in the
context of class II-associated antigen presentation after stimu-
lation with IFN-γ (37). Here we have extended this observation
by demonstrating marked Cd74 expression on unstimulated
mouse HSCs.
Recent reports have clearly suggested that CD74 is involved in

mediating proliferative effects of MIF on various target cells (26,
38–41). Furthermore, this receptor has been implicated in pro-
tective effects of MIF on stress-induced cardiac dysfunction (22,
23). In these latter studies, the MIF/CD74 axis was found to
activate the stress- and starvation-activated kinase AMPK,
thereby modulating intracellular energy-saving pathways (22).
The importance of the AMPK pathway has also been demon-
strated in human HSC cells in vitro. In these studies, different
AMPK activators, such as adiponectin, were found to inhibit
PDGF-induced HSC proliferation (42, 43). Notably, adiponectin
has also been shown to ameliorate chronic liver injury after
pharmacological application in vivo (44, 45), suggesting that the
AMPK pathway might be a pharmacological target within the
liver. In light of these observations, we systematically assessed
whether the antifibrotic effects of MIF in the liver could be
mediated by an AMPK-mediated pathway. In fact, MIF was able
to inhibit the PDGF-induced proliferation and migration of
isolated HSCs, and these effects were found to be dependent on
CD74 binding and consecutive AMPK phosphorylation. Thus,
HSCs, similar to cardiomyocytes, seem to be an important target
of cell-protective MIF action upon stress. We speculate that
these MIF effects only occur under energy-consuming con-
ditions, as MIF alone did not modify the proliferation or mi-
gration of HSCs. Of note, HSCs are certainly exposed to PDGF
during liver fibrogenesis in vivo, PDGF representing one of the
strongest mitogens for these cells (46).
An essential role for CD74 in liver fibrosis also became ap-

parent in our in vivo models. Mice with a targeted deletion in the
Cd74 gene displayed an exaggerated fibrogenic response com-
pared with WT animals, although we cannot exclude that CD74
might also mediate other cellular effects apart from AMPK ac-
tivation (26). Nevertheless, together with our in vitro findings
and the clear-cut evidence on cell-protective effects of MIF/
CD74/AMPK in cardiomyocytes (22, 23), our in vivo comparison
between the Cd74−/− and WT mice in the CCl4 model is strongly
supportive of the importance of the MIF/CD74/AMPK pathway
in chronic liver damage. Accordingly, we also observed that
systemic application of rMIF repressed the CCl4-induced acti-
vation of HSCs and fibrosis-associated genes in vivo. These

Fig. 4. Regulation of hepatic stellate cell activity by MIF is mediated by
AMPK activation. (A) Recombinant MIF induces a dose-dependent phos-
phorylation of AMPK at position Thr-172. A representative Western blot is
shown. The bar diagram represents mean values of three independent
experiments. (B) Inhibition of PDGF-induced HSC migration and proliferation
by MIF is mediated by AMPK activation. HSCs were incubated with PDGF and
MIF in the presence or absence of the AMPK inhibitor Compound C, which
significantly reverts the inhibitory effects of MIF. All types of incubation
were performed at least twice in quadruplicate each. Asterisks indicate
statistical significance: *P < 0.05, ***P < 0.001.
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therapeutic effects of MIF appear to be similar to the known
prominent AMPK activator adiponectin (44) and strongly sug-
gest that this pathway plays a nonredundant role in liver fibrosis.
In summary, we describe herein an unexpected antifibrotic

pathway of MIF through CD74/AMPK-mediated inhibition of
PDGF-mediated HSC activation. These results underscore the
importance of this pathway in the ischemic heart and imply
unique therapeutic targets for the treatment of chronic liver
diseases.

Materials and Methods
Proteins, Antibodies, and Other Reagents. Recombinant murine MIF was
prepared as described elsewhere (16) or purchased from R&D Systems.
Recombinant PDGF-B was purchased from R&D Systems. Metformin (1,1-
Dimethylbiguanide hydrochloride), AMPK inhibitor Compound C (6-[4-(2-
Piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine), and LPS
from Escherichia coli 0111:B4 were from Sigma. The neutralizing anti-mouse
CD74 antibody (clone ln-1) was bought from BD Pharmingen.

Murine in Vivo Experiments. All animal experiments were approved by the
animal welfare committee of the Bezirksregierung Cologne, Germany. Mice
were subjected to two different fibrosis models. In the first model, C57BL/6
Mif−/− (23) and WT mice (n = 12 per group) received intraperitoneal injec-
tions of CCl4 for 6 wk (0.6 mg/kg, twice weekly). Mice were killed 3 d after
the last injection. Subjection of Cd74−/− and Cxcr4+/− mice to the CCl4 was
done identically except that n = 8 per group were used. In the second model,
Mif−/− and WT mice (n = 12 per group) received intraperitoneal injections of
TAA for 6 wk (100 mg/kg, three times weekly).

In a pharmacological approach, WT mice (n = 6 per group) received daily
intraperitoneal injections of 10 μg of biologically active, endotoxin-free,
recombinant MIF (16) or vehicle concomitantly to CCl4 for 10 d. Mice were
killed 3 d after the last CCl4 injection and the fibrogenic response was
assessed within the livers by α-Sma quantification and RT-PCRs of fibrosis-
related genes.

In all animals, liver fibrosis was assessed histologically by quantification of
the α-Sma+ cells and the Sirius red-positive area on 10 low-power fields
(magnification: 200×) per slide through use of the National Institutes of

Health software ImageJ, which is available from http://rsbweb.nih.gov. Col-
lagen contents of the livers of treated mice were measured as described
previously (7).

Expression Analysis of Murine Fibrosis-Related Genes. Total RNA was isolated
from livers of mice and reversely transcribed using Super-Script (Invitrogen).
Quantitative RT-PCR was carried out for Col1a1, Timp1, Mmp2, α-Sma, and
Tgfb1, with “Assays on Demand” from http://www.appliedbiosystems.com.

Hepatic Immune Cell Isolation and Flow Cytometric Analysis. Single-cell sus-
pensions were isolated from freshly harvested livers using mechanical and
enzymatic digestion. Viable white blood cells were purified from the sus-
pension by centrifugation for 20 min at 800 × g with a density gradient
separation medium (Lympholyte-H; Cederlane Laboratories). Peripheral
blood mononuclear cells were collected from the gradient/supernatant in-
terface and then washed in HBSS supplemented with 1% BSA and 2 mM
EDTA. For flow cytometry analysis, cells were stained with fluorochrome-
conjugated antibodies for CD45, CD3, F4/80, and NK1.1 (eBioscience) and the
relative numbers were quantified using the FACSCanto II (Becton Dickinson).
Data were analyzed using FlowJo software (Tree Star).

Immortalized or primary mouse HSCs (for isolation protocol see below)
were stained with fluorochrome-conjugated antibodies for CD74 (FITC-
conjugated; BD Pharmingen), CXCR2 and CXCR4 (both PE-conjugated), or the
appropriate isotype controls (R&D Systems). Cells were subjected to flow
cytometry analysis using a FACS Canto (BD Bioscience). Data were analyzed
using FlowJo software (Tree Star).

Cell Migration Assay. The cell migration assays were performed using
a modified Boyden chamber. Briefly, the HSCs (2 × 105 cells/well) were placed
in the upper chamber in DMEM without FCS. The cells were exposed to
PDGF-B (100 ng) and recombinant MIF (500 ng) in the lower chamber.

For blockade experiments, the HSCs were preincubated with 12 μg anti-
CD74 antibody or 25 μmol Compound C for 60 min. After 4 h of incubation
at 37 °C, cells migrated to the lower chamber were counted in six randomly
chosen fields (magnification: 100×). All experiments were performed at least
twice in quadruplicate each.

Fig. 5. Enhanced liver fibrosis in Cd74−/− mice in CCl4
fibrosis model. (A) Representative Sirius red stainings of
WT and Cd74−/− mice after challenge with CCl4. (Mag-
nification: 200×.) (B) Increased fibrosis in Cd74−/− mice
(n = 8 per group) as validated by quantification of Sirius
red-positive areas (Left) and hydroxyproline content
(Right). (C) Daily administration of recombinant MIF
represses the CCl4 induced activation of stellate cells as
assessed by total α-Sma protein expression. Three rep-
resentative samples of each group and the overall ratio
of α-Sma/Gapdh are displayed. (D) The reduced fibro-
genic response in mice treated with rMIF is validated
by repression of fibrosis related-genes compared with
vehicle-treated mice. *P < 0.05, **P < 0.01.
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Cell Proliferation Assay. Proliferation of immortalized HSCs was assessed by
a colorimetric immunoassay based on the measurement of BrdU in-
corporation during DNA synthesis (Cell Proliferation Elisa; Roche Applied
Science) following the manufacturer’s instructions. Briefly, cells were starved
for 16 h in DMEM (PAA Laboratories) without FCS and stimulated with
PDGF-B (100 ng) and recombinant MIF (500 ng) for 24 h. Blockade of CD74 or
AMPK was done as described for the migration assay. After preincubation,
cells were labeled with BrdU for 2 h. BrdU incorporation was assessed after
removal of labeling media, fixation of cells and DNA denaturation by adding
an anti–BrdU-POD antibody and subsequent substrate reaction.

Isolation and Cultivation of Immortalized and Primary Mouse HSC. Use and
cultivation of the GRX HSC cell line has been described previously (47). Pri-
mary HSCs were isolated from Mif−/− [background: C57BL/6 (16)] at the age
of 40 wk. Isolation was performed according to a protocol that is based on
enzymatic collagenase and pronase digestion of the liver followed by cen-
trifugation of the crude cell suspension through a Nycodenz gradient. After
isolation, cells were resuspended in DMEM supplemented with 10% FCS and
4 mM L-glutamine and plated on plastic dishes. Cells were cultured at 37 °C
in a humidified atmosphere with 5% CO2. After 24 h, cell debris and non-
adherent cells were removed by replacing with fresh medium. Starting from
day 2 after isolation, cells were stimulated with 100 ng/mL LPS daily for 5 d.
Cells then showed the morphology of activated myofibroblasts and were
used for the in vitro experiments. Scouting experiments with HSCs from WT
mice, which gave similar HSC yields, had shown that rMIF-elicited pAMPK
responses were less pronounced in those cells, likely because of de-

sensitization effects by autocrine MIF. Thus, Mif−/− HSCs were used for the
functional studies.

Analysis of AMPK Phosphorylation and α-Sma by Western Blotting. Primary
mouse HSCs were seeded into 48-well plates and allowed to adhere. After
overnight serum starvation inDMEMcontaining 0.5%FCS, cellswere stimulated
with varying concentrations of recombinantmouseMIF or 20 μMMetformin for
30 min. Cell lysates were subjected to Western blotting as previously described
(16). For protein detection, membranes were probed with primary phospho-
AMPKα (Thr172), AMPKα, or α-Sma antibodies (Cell Signaling Technologies)
and the appropriate peroxidase-conjugated secondary antibody. Bands were
detected by chemoluminescence and intensity quantified using the AIDA im-
age analyzer software (Fuji/Raytest Isotopenmessgerät GmbH).

Statistical Analysis. Data are given as means ± SEM. Continuous variables
were compared by two-sided t tests with Welch’s correction in case of un-
equal variances. Variables in contingency tables were compared by Fisher’s
exact test, with which we also calculated odds ratios for the genetic analysis.
P values lower than 0.05 were considered significant in all analyses. Statis-
tical tests were performed by GraphPad Prism 4.0.
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