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Abstract: Macrophage migration inhibitory factor (MIF) is a pleiotropic inflammatory cytokine with
anti-fibrotic properties in toxic liver injury models and anti-steatotic functions in non-alcoholic fatty
liver disease (NAFLD) attributed to the CD74/AMPK signaling pathway. As NAFLD progression is
associated with fibrosis, we studied MIF function during NAFLD-associated liver fibrogenesis in mice
and men by molecular, histological and immunological methods in vitro and in vivo. After NASH
diet feeding, hepatic Mif expression was strongly induced, an effect which was absent in Mif ∆hep

mice. In contrast to hepatotoxic fibrosis models, NASH diet-induced fibrogenesis was significantly
abrogated in Mif−/− and Mif ∆hep mice associated with a reduced accumulation of the pro-fibrotic
type-I NKT cell subpopulation. In vitro, MIF skewed the differentiation of NKT cells towards the
type-I subtype. In line with the murine results, expression of fibrosis markers strongly correlated
with MIF, its receptors, and markers of NKT type-I cells in NASH patients. We conclude that MIF
expression is induced during chronic metabolic injury in mice and men with hepatocytes representing
the major source. In NAFLD progression, MIF contributes to liver fibrogenesis skewing NKT cell
polarization toward a pro-fibrotic phenotype highlighting the complex, context-dependent role of
MIF during chronic liver injury.

Keywords: MIF; NKT cells; NASH; liver fibrosis

1. Introduction

Chronic liver diseases are a common health burden worldwide resulting in fibrosis and
consecutive cirrhosis [1]. Chronic liver injuries thereby initiate an inflammatory response,
which triggers the trans-differentiation of hepatic stellate cells (HSCs) from a quiescent
vitamin A-storing phenotype into a highly activated state. Activated stellate cells produce
an excess of extracellular matrix proteins leading to excessive scarring and fibrogenesis [2,3].
At the same time, the inflammatory response elicits the recruitment and accumulation of
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immune cell populations such as monocytes/macrophages, T cells, natural killer (NK)
cells, and natural killer T (NKT) cells [4]. Cytokines and chemokines produced by liver
resident cells including hepatocytes, activated stellate cells, biliary epithelial cells, and
endothelial cells as well as infiltrating immune cells are key players in this process [5,6].
These processes finally shape the intrahepatic microenvironment in a highly dynamic
manner [4].

Macrophage migration inhibitory factor (MIF) is a pleiotropic inflammatory cytokine
with chemokine-like functions and serves as an upstream regulator of the innate immune
response. Upon inflammatory and stress stimuli, MIF is secreted by several immune cells,
as well as endothelial cells, thrombocytes, and selected parenchymal cells, e.g., adipocytes,
keratinocytes, and fibroblasts [7,8]. Inflammatory effects of MIF include MAP kinase acti-
vation, immune cell recruitment, enhancement of macrophage survival, and inflammatory
cytokine and chemokine production [7,9]. Distinct MIF signaling and target cell effects are
mediated by high affinity interactions with the receptor CD74/invariant chain (Ii) or the
chemokine receptors CXCR2 and CXCR4 [10,11]. Owing to its inflammatory spectrum of ac-
tion, MIF is a pivotal mediator of inflammatory conditions and autoimmune diseases such
as sepsis [12], rheumatoid arthritis [13,14], obesity [15], systemic lupus erythematosus [16],
atherosclerosis [10,17], proliferative glomerulonephritis [18], autoimmune hepatitis [19],
and alcohol-induced steatohepatitis [20].

In contrast, MIF is protective in a model of chronic injury-mediated renal fibrosis and
a model of ischemia-reperfusion in the heart [21,22]. Likewise, we were recently able to
show that MIF exhibits hepatoprotective effects in experimental models of hepatotoxin
(carbon tetrachloride and thioacetamide)-induced chronic liver injury and fibrogenesis. The
anti-fibrotic effect of MIF in these models was found to be mediated by the CD74/AMP-
activated protein kinase (AMPK) signaling pathway in hepatic stellate cells and led to an
attenuation of fibrogenic HSC activation [23]. Similarly, Mif gene-deficient (Mif−/−) mice
exhibited an exacerbated phenotype in a chronic metabolic model of high-fat diet-triggered
nonalcoholic hepatic steatosis. Protection from steatosis by MIF involved inhibition of
hepatic fatty degeneration and was mediated through the CD74/AMPK axis in hepatocytes
and a shift in hepatic macrophage polarization [24].

The hepatic microenvironment harbors various immune cells during homeostasis as
well as injury including natural killer T (NKT) cells. Natural killer T (NKT) cells belong
to the T lymphocyte class of immunocytes expressing T-cell receptors as well as surface
markers that are indicative for natural killer (NK) cells [25]. In healthy livers, NKT cells
are enriched in the sinusoidal area [26]. NKT cells recognize glycolipid antigens and
are able to secrete either T helper cell 1 (Th1) or Th2 cytokines, when they are activated.
Thus, NKT cells have the ability to influence the cytokine milieu within the liver toward
a pro-fibrogenic response (via Th2 cytokines) or toward an anti-fibrogenic response (via
Th1 cytokines), implicating a dichotomic, context-dependent role of NKT cells during
chronic liver injury. Indeed, it has been shown that NKT cell accumulation is pro-fibrogenic
in chronic viral hepatitis and primary biliary cirrhosis, whereas NKT cell accumulation
acts anti-fibrogenic in a model of chronic carbon tetrachloride treatment [27,28]. These
divergent functions might partly be attributed to a distinct predominance of a certain
NKT subset. NKT cells have recently been classified into two major subsets, i.e., type I
and type II NKT cells. Type I NKT cells can recognize cognate lipids and mostly exert
inflammatory functions. The pro-fibrogenic responses of type I NKT cells have been linked
to the activation of hepatic stellate cells via the Hedgehog (Hh) pathway, osteopontin
expression and interferon-γ dependent recruitment of neutrophils and monocytes [29].
Additionally, type I NKT cells induce apoptosis of hepatocytes via FAS ligand (FASL),
further aggravating liver injury [30]. In contrast, type II NKT cells protect the liver from
injury and reverse the pro-inflammatory effect of type I NKT cells [30]. To distinguish
between the two NKT subsets, the glycolipid α-GalCer can be used. α-GalCer strongly
binds to CD1d on type I NKT cells specifically activating this subset [31].
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Here, we studied the role of MIF during chronic metabolic liver injury and fibrosis in
patients and mice and uncovered a previously unknown link between MIF and intrahep-
atic NKT subset polarization, shaping the fibrogenic response during the progression of
NAFLD.

2. Materials and Methods

We confirm that all animal experiments and experimental protocols were performed
and approved in accordance with the guidelines of the animal welfare review board
(LANUV) of the federal government of North-Rhine Westfalia. All mouse strains and
feedings were approved by the animal welfare review board (LANUV) of the federal
government of North-Rhine Westfalia.

The human studies and methods we performed were approved by the local ethics
committee of the University of Aachen. All experiments were conducted in accordance
with the Declaration of Helsinki and the International Ethical Guidelines for Biomedical
Research Involving Human Subjects. All participants provided a written informed consent.
Liver tissue was collected from resected liver tissue of these patients between March 2014
and May 2017 at the Department of Internal Medicine III, University of Aachen, Germany.

2.1. Murine In Vivo Experiments and Determination of Hepatic Fibrosis

C57BL/6 Mif−/− mice [32] were previously established in our laboratory [10]. Male
C57BL/6J wild-type (8–10 weeks) mice were purchased from Charles River Laboratories
and served as controls for the C57BL/6 Mif−/− mice. For the generation of Mif ∆hep mice,
the hepatocyte-specific Cre-recombinase (Alfp-cre) deleter line was crossed with Mifflox/flox

mice (>10 backcrosses) [33]. Alfp-cre negative Mifflox/flox littermates served as controls
for all Mif ∆hep mice experiments and were housed together during the experiments. All
strains (n = 6–10 per group) were fed a methionine and choline-deficient diet (MCD, Ssniff
Spezialdiäten GmbH, Soest, Germany) for eight weeks, representing a mouse model of
diet-induced NASH. Liver fibrosis was histologically assessed by quantification of a Sirius
red-positive area in 10 low-power fields (magnification: 200×) per slide using the software
Image J/NIH. Intrahepatic levels of hydroxyproline were photometrically measured as
described previously [34].

2.2. Hepatic Immune Cell Isolation and Flow Cytometry Analysis

Single-cell suspensions were isolated from freshly harvested murine livers by me-
chanical and enzymatic digestion as previously described [6]. For flow cytometry analysis,
cell suspensions were stained with fluorochrome-conjugated antibodies for CD45, Ly6G,
CD103, Ly6C, B220, NK1.1, Counting beads (BD Bioscience, Heidelberg, Germany), CD11b,
F4/80, CD11c, MHCII, CD3, CD4, CD8, CD25, CD62L, FoxP3, viability dye (eBioscience,
San Diego, CA, USA), α-GalCer (NIH) and analyzed using a LSR Fortessa flow cytometer
system (BD Bioscience, Heidelberg, Germany). NKT cells were gated as singlets, viable,
CD45+, CD3+ and NK1.1+ signals. For detailed gating strategy of all immune subsets see
Supplementary Table S2. Data were analyzed using FlowJo software (Tree Star, Ashland,
OR, USA).

2.3. Isolation and Cultivation of Murine NKT Cells

Murine NKT cells were isolated from the spleen of 10 weeks old Mif−/− mice accord-
ing to the protocol of a NK1.1 iNKT cell isolation kit (Miltenyi Biotec; Bergisch Gladbach;
Germany) with magnetic beads mediated cell separation. After isolation, cells were re-
suspended in RPMI supplemented with 10% FCS, penicillin-streptomycin (100 U/mL),
15 mM Hepes, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate and 50 µM
2-mercaptoethanol (Invitrogen, Carlsbad, CA, USA) and plated on plastic dishes.

Cells were stimulated with 50 ng/mL recombinant murine MIF prepared as described
previously [35] or recombinant murine IL-12 (PeproTech, Rocky Hill, NJ, USA) for 24 h.
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2.4. NAFLD Patient Cohort

Overall, 22 Caucasian patients with defined, distinct stages of NAFLD were included
in the study cohort. Resection was performed for hepatocellular carcinoma, cholangiocel-
lular carcinoma or metastasis to the liver of other tumor entities. Only liver tissue with
maximal distance to the tumorous tissue was included in the analysis. Patients’ characteris-
tics are depicted in Supplementary Table S1. Fibrosis was scored according to Kleiner et al.
(0–4 score, [36]).

Total hepatic mRNA was isolated from liver tissue of included patients as previously
described [37]. Gene expression analysis of liver fibrosis markers, NKT cell marker and
MIF family members was performed via qRT-PCR using an ABI PRISM 7300 sequence
detection system (Applied Biosystems, Foster City, CA, USA). For primer sequences see
Supplementary Table S3.

2.5. Statistical Analysis

Data are represented as means ± SEM. Continuous variables were compared by
two-sided T-test with Welch’s correction in case of unequal variances. Values of p < 0.05
were considered significant. The correlation studies were analyzed with Pearson corre-
lation/linear regression between two variables. R-values indicated the goodness of fit.
The p-value depicts on whether the correlation coefficient is significantly different from
0. p-values < 0.05 were considered significant. Statistical analyses were performed with
GraphPad Prism 5.0 (GraphPad, San Diego, CA, USA).

3. Results
3.1. Intrahepatic Expression of MIF and Its Receptors Is Associated with NASH in Mice and Men

To get an insight into the potential role of MIF during NASH progression, we first
analyzed intrahepatic MIF levels in a murine diet-induced model of NASH. MIF expression
in whole liver tissue at both the mRNA and protein level was compared between C57BL/6J
WT mice subjected to a methionine- and choline-deficient diet (MCD) for eight weeks
and mice on standard chow (SC). Quantitative RT-PCR analysis revealed that Mif mRNA
expression was substantially elevated (10-fold) after the MCD diet (Figure 1A). This notion
was mirrored by a 1.3-fold increase in MIF protein in the livers of MCD diet-treated animals
(Figure 1B). To verify if MIF induction during NASH progression is conserved across
species, we analyzed intrahepatic MIF expression in a cohort of 22 patients comprising the
broad spectrum of NASH from simple steatosis to advanced NASH-associated fibrosis. In
NAFLD patients, MIF is up-regulated in higher fibrosis grades (2 and higher) compared
to no or only mild fibrosis (grade 0 and 1) (Figure 1C). We also analyzed intrahepatic
expression levels of the MIF receptors (CD74, CXCR2 and CXCR4) in NASH patients, but
could not detect a significant alteration, when stratifying patients according to fibrosis
grade (Figure 1D–F). When correlating intrahepatic mRNA expression of the receptors with
expression of surrogate markers for fibrogenesis in this cohort, we observed a positive for
CD74 (Figure S1B,C) and CXCR2 (Figure S1D,E) with markers such as ACTA2 (Figure S1B,D)
and TGF-β (Figure S1C,E), while MIF expression positively correlated with intrahepatic
expression of COL1a1 (Figure S1A, for further correlation also see Supplementary Table S4).
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which were fed with the methionine- and choline-deficient diet (MCD) diet for 8 weeks compared 
to standard chow-fed mice was measured by qRT-PCR (n = 6 per group). (B) Expression of MIF on 
protein levels was measured by ELISA between the two groups (n = 6 per group). (C–F) Expression 
of MIF, CD74, CXCR2 and CXCR4 mRNA in different fibrosis grades in patients. Asterisks indicate 
statistical significance: * p < 0.05. 
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associated liver fibrogenesis, WT mice were compared with constitutive Mif-deficient 
mice (Mif−/− mice) in the MCD diet-feeding NASH model. Unexpectedly, Mif−/− mice 
displayed substantially less fibrogenesis than WT mice over 8 weeks on diet as evidenced 
by diminished Sirius red-positive areas (Figure 2A,B) and decreased intrahepatic contents 
of the collagen-specific amino acid hydroxyproline (Figure 2C). WT and Mif−/− mice after 
8 weeks of normal diet feeding displayed no spontaneous phenotype with regard to 
fibrosis (Figure S2). 

Figure 1. Intrahepatic migration inhibitory factor (MIF) expression is associated with progression of
NASH in mice and human. (A) Expression of Mif mRNA in total liver tissue of wild-type (WT) mice
which were fed with the methionine- and choline-deficient diet (MCD) diet for 8 weeks compared
to standard chow-fed mice was measured by qRT-PCR (n = 6 per group). (B) Expression of MIF on
protein levels was measured by ELISA between the two groups (n = 6 per group). (C–F) Expression
of MIF, CD74, CXCR2 and CXCR4 mRNA in different fibrosis grades in patients. Asterisks indicate
statistical significance: * p < 0.05.

3.2. Mif−/− Mice Display Reduced Liver Fibrogenesis after Eight Weeks of MCD Diet

To address the functional implications of enhanced MIF expression in NASH-associated
liver fibrogenesis, WT mice were compared with constitutive Mif -deficient mice (Mif−/−

mice) in the MCD diet-feeding NASH model. Unexpectedly, Mif−/− mice displayed
substantially less fibrogenesis than WT mice over 8 weeks on diet as evidenced by di-
minished Sirius red-positive areas (Figure 2A,B) and decreased intrahepatic contents of
the collagen-specific amino acid hydroxyproline (Figure 2C). WT and Mif−/− mice after
8 weeks of normal diet feeding displayed no spontaneous phenotype with regard to fibrosis
(Figure S2).
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Figure 2. Decreased liver fibrosis progression in Mif -deficient mice in an experimental NASH model.
(A) Quantification and (B) representative images of sirius red staining of WT and Mif−/− mice
after 8 weeks of MCD feeding. (C) Decreased fibrosis in Mif−/− mice compared to WT (n = 10
per group) was confirmed by significantly decreased concentrations of hydroxyproline within the
liver. (D) Immunhistochemical stainings for α-SMA in liver samples of WT and Mif−/− mice after
8 weeks of MCD feeding. (E) Immunoblot analysis on whole liver tissue of WT and Mif−/− mice
after 8 weeks of MCD feeding using antibodies against α-SMA, tubulin served as loading control.
(F) Relative α-SMA protein level. (G) Relative Acta2 mRNA expression in total liver tissue of WT
and Mif−/− mice after 8 weeks of MCD feeding (n = 10 per group) quantitated using qRT-PCR
(fold induction normalized to control animals). (H) Expression patterns of fibrosis-related genes,
e.g., Col1a1, Timp1, Mmp2, Mmp9, and Tgf-β1, were measured by qRT-PCR between Mif+/+ mice
and Mif−/− mice (n = 10 per group). Asterisks indicate statistical significance: * p < 0.05; ** p < 0.01;
*** p < 0.001.

3.3. Reduced Liver Fibrosis in Mif−/− Mice Is Associated with Reduced Expression of Pro-Fibrotic
Genes and a Reduction of Activated Hepatic Stellate Cells

We next assessed the activation state of HSCs after MCD diet-induced NASH in the
Mif -deficient setting. Immunohistochemical staining for α-SMA, a characteristic marker for
activated stellate cells, was markedly reduced in liver sections of Mif−/− mice as compared
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to control mice (Figure 2D). This finding was confirmed by quantification of Acta2/α-SMA
content (Figure 2E–G). We next compared the expression levels of prototypical fibrosis-
related genes implicated in the deposition and turnover of extracellular matrix proteins
(Col1a1, Timp1, Mmp2, Mmp9 and Tgf-β1) in the livers of WT and Mif−/− mice. Figure 2H
shows that the expression of all genes was markedly decreased in Mif−/− mice when
compared to MCD-fed WT mice, confirming the ameliorated fibrotic phenotype observed
in MCD-fed Mif−/− mice.

3.4. Hepatocytes Are the Main Source of MIF within the Liver

To define the main source of MIF in the liver during NASH progression, we stained
liver sections from WT mice on standard chow and after eight weeks of MCD diet-induced
NASH for MIF. Liver tissue of constitutively Mif -deficient mice and mice lacking Mif
specifically in hepatocytes (Mif ∆hep) fed 8 weeks of MCD diet served as controls. We
found that strongly induced MIF protein expression in WT mice after MCD diet is mainly
localized in hepatocytes (Figure 3A). To confirm the data from our immunofluorescence
stainings, we performed qRT-PCR analysis. These data corroborated evidence on the
induction of Mif during NASH, which was nearly completely abolished in the livers of
mice specifically lacking Mif in hepatocytes (Figure 3B).
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Figure 3. Hepatocytes are the main source of MIF in the liver. (A) Representative immunofluorescence
stainings of WT mice after standard chow and after 8 weeks of MCD diet-induced NASH. IgG serves
as antibody control and tissue from Mif−/− and Mif∆hep mice after 8 weeks of MCD diet serves as
negative control (Scale bar 50 µm). (B) Mif mRNA expression in Alfp-cre negative Mifflox/flox mice
after MCD diet in contrast to standard chow fed WT mice and mRNA level of Mif in Mif ∆hep mice
of total liver lysates after 8 weeks of MCD diet compared to Mifflox/flox mice were determined via
qRT-PCR (n = 6 per group). Asterisks indicate statistical significance: * p < 0.05.

3.5. Specific Deletion of Mif in Hepatocytes Results in Reduced NASH-Mediated Liver
Fibrogenesis Similar to Effects Observed in Constitutive Mif-Deficient Mice

After identifying hepatocytes as a major source of MIF during MCD-induced NASH
in mice, we aimed to assess if hepatocyte-derived MIF is also a major functional contributor
to liver fibrosis progression. For this, we treated Mif ∆hep mice and control littermates (Alfp
cre negative) for eight weeks with MCD diet. Mif ∆hep mice exerted a similar phenotype as
the mice with a global Mif deficiency with reduced levels of Sirius red-positive areas of
stained liver sections (Figure 4A,B) and intrahepatic hydroxyproline levels (Figure 4C). In
line with results obtained in Mif−/− mice, activation of hepatic stellate cells was markedly
ameliorated in the Mif ∆hep mice compared to control mice (Figure 4D–G, Figure S3). These
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findings were supported by altered gene expression of fibrosis-related genes such as Col1a1,
Mmp2 and Tnf-α (Figure 4H).
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Figure 4. Decreased liver fibrosis progression in Mif ∆hep mice after experimental NASH model. (A) Quantification and
(B) representative Sirius red stainings of Mif ∆hep and control littermates mice after 8 weeks of MCD feeding. Sirius-red
stainings were quantitated using ImageJ software. (C) Biochemical measurement of amino acid hydroxyproline from
snap-frozen liver tissue confirmed the decreased fibrosis level within the liver. (D) Representative immunohistochemical
α-SMA stainings of Mif ∆hep mice and control littermates after 8 weeks of MCD feeding and (E,F) Western blot analysis
on whole liver tissue using antibodies against α-SMA, ß-Actin served as loading control. (F) Relative α-SMA protein
level. (G) Hepatic stellate cells (HSC) activation is determined by mRNA expression level via qRT-PCR (n = 6 per group).
(H) Expression patterns of fibrosis-related genes, e.g., Col1a1, Mmp2, Tnf-α, and Tgf-β were measured by qRT-PCR between
Mif ∆hep mice and control littermates (n = 6 per group). Asterisks indicate statistical significance: * p < 0.05.
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3.6. Hepatocyte-Specific Mif Deletion Leads to an Altered Pattern of Hepatic NKT Cell
Polarization in MCD-Induced Liver Fibrogenesis

Progression of liver fibrosis is paralleled by the recruitment of various immune cells
and subsequent alterations of the intrahepatic immune cell repertoire contributing to
fibrosis progression. Hence, we evaluated potential differences in the immune cell content
in the liver of Mif ∆hep mice and controls after MCD diet-induced NASH. Performing a
comprehensive analysis of the intrahepatic immune cell repertoire by flow cytometry
analysis, we were unable to observe significant changes between the two groups of mice
after MCD diet (Figure 5A,B), which is in line with our previously published data on
immune cell alterations in global Mif -deficient mice in different models of toxin-induced
liver injury [23].
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Figure 5. Mif ∆hep mice show reduced type I natural killer T (NKT) cell infiltration. (A) Analysis of myeloid cells in the
liver and (B) lymphoid populations in the liver after 8 weeks of MCD diet-induced NASH in Mif ∆hep mice compared to
control littermates in flow cytometry analysis. (C) MIF receptors analysis was performed by qRT-PCR after 8 weeks of MCD
feeding compared to 6 weeks of CCl4 treatment from snap-frozen whole liver tissue. (D) Representative multicolor flow
cytometry blots of type I NKT cell population. (E) Analysis of type I NKT cells in liver after 8 weeks MCD treatment in
Mif ∆hep mice compared to control littermates. Type I NKT cells were gated as viable cells, single cells, CD45+, CD3+, NK1.1+
and α-GalCer/CD1d Tetramer+ signals. (F) Expression pattern of type I NKT related gene Vα14Jα18 was measured by
qRT-PCR between Mif ∆hep mice and control littermates. All analyses were performed with n = 6 mice per group. Asterisks
indicate statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001.
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However, interestingly, when we compared the injury-dependent induction of the
expression of the MIF receptors Cd74, Cxcr2, and Cxcr4 during toxin-induced liver injury
and MCD-induced NASH, we identified a more than 15-fold induction of Cxcr2 selectively
in the NASH model, whereas Cxcr4 and Cd74 were only slightly induced in the liver in both
models (Figure 5C). Furthermore, in isolated NKT cells from Mif−/− mice, the expression
level of Cxcr2 and Cxcr4 is increased after 24 h of stimulation with recombinant, murine
MIF (Figure S4A,B). Of note, CXCR2 has been shown to mediate NKT cell accumulation
by MIF to the tissue in a model of skin inflammation [38]. With regard to these findings
and the established functional role of NKT subsets in liver fibrosis, we proceeded to
further characterize the NKT subset repertoire in our NASH model. Using multicolor flow
cytometry analysis, we detected a significantly decreased accumulation of the type I NKT
cell subset in the Mif ∆hep mice compared to control mice (Figure 5D,E). This observation
could also be extended to global Mif−/− mice by assessing mRNA expression levels of
type I NKT specific marker Vα14Jα18 in Mif−/− mice and corresponding controls after
MCD diet feeding (Figure 5F). In line with these data, the functionality of type I NKT cells
might be impaired in Mif ∆hep mice, which is implicated by diminished mRNA expression
levels of T-bet, Cxcr3 and Il-17 (Figure S5A–C).

3.7. Intrahepatic Expression of Fibrosis-Related Genes Is Linked to NKT Cell Subset Marker
Expression in Human NASH

Furthermore, in samples of NASH patients, we could observe strong correlations
between the expression of NKT cell markers and fibrosis markers. In this correlation
analysis, we observed a strong positive association between the expression of NKT type I
markers like FASL (Figure 6A), OPN (Figure 6B), and Interferon-γ (Figure 6C) and fibrosis
and inflammatory markers such as ACTA2 and TGF-β [39]. These data and the correlations
determined by Pearson correlation/linear regression analysis displayed in Figure 1C–F
indicate a conserved association of MIF, fibrosis progression and NKT cell in human
NASH. A summary of correlation analysis of intrahepatic mRNA expression level of MIF,
its receptors CXCR2/CXCR4/CD74, NKT cell marker and fibrosis-associated genes in
NAFLD patients samples are shown in Table S4. Moreover, we have assessed the mRNA
expression of the NKT type I specific marker Vα14Jα18, the human homolog of Vα24Jα18,
in the patient cohort. Figure 6D depicts the expression of this marker stratified by ACTA2
expression. Furthermore, we could evidence a trend towards higher levels in the ≥F2
group (Figure 6E).
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Figure 6. Expression of NKT cell marker correlates with fibrosis markers of patients with non-
alcoholic steatohepatitis. Correlation analyses of mRNA expression level in NASH patient samples
were performed by qRT-PCR analysis. There were 22 human samples from liver resections with
different stages of steatosis and fibrosis analyzed. (A) NKT-associated FASL expression was correlated
with ACTA2 (left panel) and TGF-β (right panel) expression. (B) Fibrosis-related expression of ACTA2
(left panel) and TGF-β (right panel) were correlated with OPN expression. (C) Correlation analysis
between ACTA2 (left panel) and TGF-β (right panel) with inflammatory marker IFN-γ (D) Expression
of ACTA2 were correlated with the type I NKT related gene Vα24Jα18 via qRT-PCR. (E) Expression
pattern of Vα24Jα18 was measured by qRT-PCR in different fibrosis grades in patients.

3.8. MIF Directly Modulates NKT Cell Polarization

As Mif ∆hep mice show decreased type I NKT cells, we finally asked whether MIF
might directly influence NKT cell polarization and thereby modulate the intrahepatic
microenvironment during NASH. To address this hypothesis, we isolated NKT cells from
Mif−/− mice to exclude bias from intrinsic MIF expression by the cells and incubated
them with recombinant murine MIF for 24 h. As a positive control, we stimulated the
NKT cells with recombinant murine IL-12, a known activator of type I differentiation.
After MIF stimulation of NKT cells, we observed an increase in mRNA expression of Fasl
and Opn (Figure 7A,B); two factors linked to the pro-fibrotic function of type I NKT cells.
Furthermore, specific interleukins, e.g., Il-2, Il-4 and Il-13, which are associated with type
I NKT subset were up-regulated in the same manner as after the stimulation with IL-12
(Figure 7C–E) as well as the pro-fibrotic cytokine and HSC stimulator Tgf-β (Figure 7F). Of
note, TGF-β secretion is also a hallmark of type I NKT differentiation [39].
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Figure 7. NKT cells are skewed to pro-fibrotic type I subpopulation by MIF. NKT cells were isolated
from the spleen from untreated, 10 weeks old, male Mif−/− mice. NKT cells were isolated via one
negative and one positive selection with the MACS separator. Isolated cells were stimulated in vitro
with 50 ng/mL of recombinant, murine MIF and as positive control with 20 pg/mL IL-12 for 24 h.
After stimulation, mRNA analysis was performed to determine the expression levels of type I NKT
cell marker (A) Fasl and (B) Opn. The expression levels of (C–E) Interleukins and Tgf-β (F), which is
expressed by type I NKT cells, are also determined by qRT-PCR after MIF stimulation. Experiments
were performed two times with four technical replicates. Asterisks indicate statistical significance:
* p < 0.05.

Taken together, these data suggest that the pro-fibrotic effect of the cytokine MIF in
NASH-induced fibrosis progression may—at least in part—be due to a direct effect on NKT
cell polarization and perpetuation of the fibrogenic response (Figure 8).
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Figure 8. Graphical abstract summarizing the pro-fibrotic role of MIF in NASH and proposed under-
lying mechanisms. During NASH pathogenesis, MIF expression is strongly induced in hepatocytes.
These increased intrahepatic MIF levels promote the differentiation of type I intrahepatic NKT cells,
while differentiation towards type II NKT subpopulation is inhibited. Type I NKT cells exert pro-
fibrotic properties, e.g., by secretion of OPN, activating hepatic stellate cells and consecutive collagen
synthesis. Moreover, type I NKT cells perpetuate liver damage by FASL-mediated direct killing
of hepatocytes, and orchestrate a pro-inflammatory and pro-fibrotic environment by expression of
cytokines, e.g., IL-2, IL-13 and TGF-β resulting in progression of hepatic fibrosis in NASH. This figure
was created using Servier Medical Art templates, which are licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com.

4. Discussion

Intrahepatic expression of MIF was found to be strongly induced in an experimental
model of NASH in mice and correlates with disease severity in patients with NAFLD.
These results implicate a functional, conserved role of MIF in the progression of NAFLD.
In contrast to the hepatoprotective role that this cytokine exhibits in hepatotoxin-induced
liver fibrosis and high fat diet-induced fatty liver degeneration [23,24], the current study
unexpectedly demonstrated a clear-cut pro-fibrogenic effect of MIF in the MCD model
of NASH. The ameliorated fibrosis phenotype could also be observed in mice selectively
lacking MIF in hepatocytes identifying the hepatocyte as the main, functionally relevant
source of MIF during NASH. Our study thereby complements earlier in vitro studies from
Marin et al. as well as bone marrow chimera experiments in a model of ethanol-induced
liver injury identifying liver resident cells as a pivotal source of MIF in the liver [40].
Interestingly, while the reduction of fibrogenesis in globally Mif -deficient mice was quite
accurately replicated in Mif ∆hep mice after MCD diet-induced NASH, intrahepatic mRNA
expression levels of the potent HSC-activating cytokine Tgf-β were only decreased in global
Mif−/− mice. Hence, MIF expression by non-hepatocytic sources seems to be sufficient
to account for the increase of Tgf-β in the mouse model of MCD diet-induced NASH as
compared to normal chow feed mice without affecting liver fibrogenesis per se to the same
extent. These findings might implicate different thresholds for MIF-mediated effects in the
liver or could be a result of local niche-specific effects.

In previous studies, we could show that MIF exerts direct inhibitory effects on HSC
activation via the CD74/AMP kinase signaling pathway and that this function is a pivotal
driver of its hepatoprotective effects in the hepatotoxin-induced fibrosis models [23]. More-
over, activation of the CD74/AMP kinase signaling in hepatocytes by MIF ameliorates
high fat diet-induced fatty liver degeneration [24]. In addition to signaling via CD74, MIF

https://smart.servier.com
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also mediates effects via the chemokine receptors CXCR2 and CXCR4. Of note, when we
compared the intrahepatic MIF receptor repertoire between the hepatotoxin- and MCD
diet-induced injury models, we identified marked differences between the models. While
the induction of the receptors CD74 and CXCR4 is comparable between the models, there is
a marked up-regulation of chemokine receptor CXCR2 in MCD-treated mice compared to
the CCl4-induced liver fibrosis model. CXCR2 mediates the recruitment of various leuko-
cytes, e.g., granulocytes, NK cells, T cells and monocytes to the tissue able to modulate
the fibrogenic response in non-alcoholic steatohepatitis [4]. We therefore analyzed the
infiltration of various leukocyte subtypes into the liver. Unlike for a shifting in NKT subsets
however, we observed no differences in the overall intrahepatic immune cell repertoire
after MCD-induced NASH.

In MCD induced NASH, NKT depletion led to attenuated liver fibrosis compared to
wild-type mice [29]. In contrast, in an acute model of acetaminophen-induced liver injury,
NKT-deficient mice showed an increased susceptibility for liver injury [41]. However,
both studies did not analyze the prevalence of NKT subsets in the specific model, which
might substantially alter the outcome of NKT depletion strategies in these settings as
NKT subsets convey opposing roles during liver injury [42]. In our study using the MCD
diet-based NASH model, Mif gene deficiency led to strongly reduced levels of intrahepatic
type I NKT cells as evidenced by flow cytometry analysis and lower expression of type
I specific Vα14Jα18, indicating that MIF skews NKT cells polarization toward the more
pro-inflammatory and pro-fibrotic type I phenotype. These findings were accompanied
by reduced levels of T-bet, Cxcr3 and Il-17, which might further implicate a decreased
functionality of type I NKT cells [43], although these markers are not specific to type
I NKT cells. Furthermore, in a translational correlation study, we identified a strong
correlation between type I NKT-related gene expression and fibrosis markers in NASH
patients, implicating that the regulatory mechanisms of MIF during NASH-induced fibrosis
evidenced in our murine model are also present and relevant in human NASH.

In order to determine if MIF has a direct effect on NKT subset polarization, we
stimulated primary NKT cells with recombinant murine MIF. mRNA expression analysis
in these cells demonstrated a marked increase in the expression of genes that are associated
with the type I NKT cells phenotype, which was similar to that induced by IL-12, an
established inducer of type 1 NKT polarization.

Taken together, our findings demonstrated a pro-fibrotic effect of MIF in the model
of MCD diet-induced NASH. Moreover, MIF was found to induce hepatic type I NKT
cell skewing. However, if these two effects were directly and causally linked further
experimental proof such as restoration of NKT subset polarization in Mif -deficient mice
would be needed. Our results highlight the complex, in part even dichotomic role of MIF
during chronic liver disease, which is of specific importance when considering MIF as a
target of therapeutic interventions in patients with chronic liver disease. To this end, it is
especially intriguing to note that during NAFLD, MIF protects from high fat diet as well
as MCD diet-induced steatosis [24], but exacerbates liver fibrogenesis that ensues MCD-
related NASH. Therefore, even within the same injury system, the effects of MIF seem to
be context-dependent. This is in line with earlier observations in experimental models of
ethanol-induced liver injury. While MIF exacerbates liver injury during chronic ethanol
feeding [20,40], it mediates protective effects following chronic-binge ethanol feeding [44].

So what might mediate the overall impact of MIF in the various settings then? One
possible explanation might be a distinct predominance of MIF-mediated immune cell
recruitment/polarization versus its direct effects on liver resident cells (e.g., steatotic
hepatocytes, HSC) inherent in the specific settings. Based on our observation, the specific
intrahepatic MIF receptor expression pattern at a given setting might be a key determinant
of MIF-mediated outcome in the different disease models. However, this will require further
investigations and will be a prerequisite to guide MIF-directed therapeutic interventions.
Additional studies are needed to determine efficient, valid, and stable parameters to
predict the outcome of MIF targeting strategies (agonistic or antagonistic) for treatment
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of individual patients with chronic liver injury of distinct etiology and stages in clinical
practice.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
409/10/2/252/s1, Figure S1: Human correlation studies in a patient cohort comprising the broad
spectrum of fibrosis-associated NASH, Figure S2: Sirius-Red staining of liver tissue from normal diet
feed WT and Mif−/− mice, Figure S3: Quantification of a-SMA stainings from Mif ∆hep, Figure S4:
Expression patterns of MIF receptors in vitro, Figure S5: Expression patterns after eight weeks of
MCD diet induced NASH. Table S1: Clinical parameters of all patients (n = 22) at admission, Table S2:
Gating strategy, Table S3: Murine Primer used in this publication. Table S4: Summary of correlation
analysis of intrahepatic mRNA expression level of MIF, its receptors CXCR2/CXCR4/CD74, NKT cell
marker and fibrosis-associated genes in NAFLD patients’ samples as assessed by qRT-PCR analysis.
22 human samples with different stages of steatosis and fibrosis were analyzed.
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MIF Macrophage migration inhibitory factor
NAFLD Non-alcoholic fatty liver disease
HSC Hepatic stellate cells
NK cells Natural killer cells
NKT cells Natural killer T cells
AMPK AMP-activated protein kinase
CCl4 Carbon tetrachloride
Hh Hedgehog
FASL FAS ligand
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pDCs Plasmacytoid DCs
MCD Methionine- and choline-deficient
NASH Non-alcoholic steatohepatitis
α-GalCer α-Galactosylceramide
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