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ABSTRACT

Macrophage migration inhibitory factor (MIF) was identified as one of the first cytokines over
half a century ago. In the past 2 decades, MIF has been established as a pivotal player in acute
and chronic inflammation, cancer, as well as atherosclerotic cardiovascular diseases. Our
laboratory previously investigated the importance of MIF in atherogenesis showing that Mif-
deficiency leads to atheroprotection in mouse atherogenic models in an Apoe™ or Ldlr”~
background. Recently, an increasing body of evidence suggests that D-dopachrome
tautomerase (D-DT)/MIF-2, a close MIF homolog, does not always serve as ‘just’ a backup
system of MIF. In fact, some unpublished preliminary work from our laboratory leading up
to the topic of this thesis, indicated that MIF-2 exhibits similar or even more pronounced
chemotactic activities and leukocyte recruitment properties compared to MIF, while the role
of MIF-2 in models of wound healing and adipocyte inflammation turned out to be opposite
to that of MIF. Therefore, this PhD thesis aimed at shedding light on the causal role of MIF-
2 in atherosclerosis and characterizing the molecular mechanisms driven by MIF-2 and its
receptor(s). The in vivo phenotype was studied based on a genetic atherosclerotic mouse
model (the Mif-27"Apoe” mouse line), as well as a MIF-2-specific pharmacological blocking
approach with a recently discovered selective small molecule inhibitor of MIF-2 (i.e. 4-CPPC)

in vivo.

After verifying the systemic knockout of Mif-2 in these mice, by both reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and Western blot (WB), mice were
subjected to a Western-type 0.21% cholesterol-rich high fat diet (HFD) for 4.5 and 12 weeks
to develop the early and advanced atherosclerotic plaques, respectively. Thereafter,
atherosclerotic lesion progression was investigated by analyzing the lesion size and
components in plaques of both aortic root and the whole aortic arch including three branches,
such as lesional macrophage infiltration, necrotic core formation and collagen contents. It
turned out that less lesions, reduced vascular inflammation, and attenuated necrotic core
formation was observed in Mif-2” Apoe”~ mice. Furthermore, the Mif-2-deficiency-elicited
atherosclerotic phenotype we found was also associated with downregulated circulating
inflammatory cytokines/chemokines. For example, the pro-atherogenic cytokines interleukin
(IL)-17 as well as interferon (IFN)-y were decreased in Mif-2-deficient mice. Notably, the
analysis of the atherosclerotic phenotype combined with body weight analysis directly
pointed towards a striking lipid metabolism-related phenotype induced by Mif-2 deficiency,

with detected reduced triglycerides and cholesterol in plasma of Mif-27~Apoe™ mice.



No comparable lipid phenotype was previously observed in Mif”~ atherosclerosis models,
neither in the Apoe” nor Ldlr”’~ background. This suggests that compared to MIF, MIF-2
could distinctively serve as a key regulator in the dynamic process of lipogenesis and lipolysis,
which might dominate lipid metabolism associations between hepatosteatosis and
atherogenesis. To test this hypothesis and study the mechanism further, we employed the
human hepatocyte cell line Huh-7 and evaluated the effects of recombinant MIF-2 and
inhibitors of its receptors on the lipogenic process, capitalizing on RT-qPCR, WB, nuclear
translocation experiments and lipid uptake assays. It turned out that MIF-2 upregulated the
expression of sterol regulatory element binding protein-1 and 2 (SREBP-1, SREBP-2) and
their lipogenic downstream targets. Of interest, the analysis of proteolytic activity and lipid
uptake results together revealed the involvement of receptors for example CXCR4 and CD74.
Consequently, MIF-2 induced-SREBP relevant mechanisms and AMP-activated protein
kinase (AMPK) as well as protein kinase B (PKB/AKT) signaling pathways were further
studied in this thesis. MIF-2 was found to enhance SREBP activation through inhibiting
AMPK phosphorylation whereas promoting AKT phosphorylation. However, there remain
disputable points, such as ‘the temporal relationship’ between cholesterol synthesis and low-
density lipoprotein (LDL) clearance, and whether a well-studied negative regulator of LDL
receptor (LDLR), proprotein convertase subtilisin-like kexin type 9 (PCSK9) is implicated,
which still needs to be explored more deeply. Overall, this thesis could provide a novel clue
regarding the underlying molecular and cellular mechanisms how MIF-2 functions in
atherosclerosis, with a focus on studying the lesion phenotype, systemic inflammation, and
hepatic lipid metabolism in hyperlipidemic mice. Taken together, MIF-2 not only serves as a
novel driver of atherosclerosis through promoting atherogenic leukocyte recruitment and
vascular inflammation, but also acts as a contributor to hepatic lipid accumulation, which
involves CXCR4/CD74-complexes and the AMPK- and AKT-SREBP-mediated signaling
pathways.
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In Brief

This project reveals that Mif-2 deficiency mitigates plaque progression, accompanied by
improved hepatic steatosis in hyperlipidemic mice. These findings together identify MIF-2 as
a novel driver of atherosclerosis that unlike its homolog MIF not only promotes atherogenic
leukocyte recruitment and vascular inflammation, but also acts as a contributor to hepatic
lipid accumulation. The specific mechanism of MIF-2 in hepatocytes involves CXCR4/
CD74-complexes and the AMPK- and AKT-SREBP-mediated signaling pathways.
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1. INTRODUCTION

Macrophage migration inhibitory factor (MIF) has been defined as a pleiotropic yet atypical
chemokine extensively involved in cardiovascular diseases (CVDs) [1], such as
atherosclerosis [2,3], myocardial infarction [4], heart failure [5], and stroke [6,7], etc. MIF
has been implicated in an acceleration of atherosclerosis, as demonstrated in both Apoe™ and
Ldlr”~ mouse models [2,3]. As a unique structural homolog to MIF, MIF-2 also termed D-
dopachrome tautomerase (D-DT), is a second crucial member of the MIF-protein family,
which could exert many overlapping functions as well. Recently, knowledge of MIF-2 and
related signaling pathways in inflammation and CVDs are under active investigation.
However, the significance of MIF-2 in atherosclerosis and vascular inflammation as well as
the mechanisms behind that are still poorly understood, but worth exploring further, based on

those similarities and dissimilarities between MIF-2 and MIF.

Overall, MIF-2 was found to bind with Cluster of differentiation 74 (CD74), a high-affinity
cell membrane receptor of MIF [8,9], and this subsequently mediates similar cell signaling
pathways and effector functions as triggered by MIF [10,11]. On the other hand, both C-X-C
chemokine receptor (CXCR) type 2 (CXCR2) and CXCR4, the non-cognate chemokine
receptors of MIF, have been suggested to form the receptor complexes with CD74 [2,12,13],
providing also potential mechanistic choices for fine-tuning the MIF-2-driven pathways in
atherosclerosis. Nevertheless, given the fact that MIF-2 lacks the pseudo-(E)LR motif of MIF
[12,14], it has been speculated that it may not be able to activate CXCR2, even though
systemic studies addressing this possibility have not been conducted. By comparison,
unpublished biochemical data of our laboratory and sequence similarities in the N-like loop
would at least not contradict the potential that MIF-2 binds to CXCR4. In addition to the
induction of a signaling cascade, the binding of MIF-2 to its receptors can provoke its
internalization as well [10] due to these unique signaling properties of MIF-2. Hence, what
peculiarities MIF-2 possesses when it works with its functional receptors and even the

interplay with MIF in the context of atherosclerosis, are well worth investigating further.

The results of my thesis showed that the genetic deletion of Mif-2 in Apoe” mouse model
significantly ameliorates advanced atherosclerotic progression, vascular inflammation and
hepatic steatosis in vivo in both genders, with the highlight of the functional significance of
MIF-2 in lipid metabolism. Furthermore, it was revealed that MIF-2 together with the receptor

complex CXCR4/CD74 exhibits important functionalities through regulating the AMPK- and
5
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AKT-SREBP-mediated lipogenic pathways. This indirectly explains as well as substantiates
the phenotype we found in vivo. In summary, on the one hand, MIF-2/D-DT alongside MIF
is also characterized as a functional ligand for CXCR4 and CD74 forming a receptor complex,
which controls inflammation and atherogenesis based on its similarities with MIF. On the
other hand, MIF-2 exerts lipogenic properties during the synthetic process of triglycerides
and cholesterol in hepatocytes, which leads to the production of excess circulating
lipoproteins and further exacerbates plaque progression. Based on these data, we do believe

that MIF-2 behaves as a pivotal player in atherosclerosis as well as hepatic steatosis.

In order to have a systemic understanding of the potential of MIF-2 in lipid metabolism and
further obtain some clues from previous findings in different kinds of context, most relevant
knowledge about MIF-2, including its discovery and evolutionary origin, structural and
functional comparisons with MIF, and published experimental and clinical studies, is

summarized in the next chapter.

1.1 Overview of D-DT/MIF-2

1.1.1 The discovery and evolutionary origin of D-DT/MIF-2

Dopachrome tautomerase was a newly discovered protein, partly purified from B16 mouse
melanoma tumor in 1990 and thereby firstly named according to its property of catalyzing the
discoloration of dopachrome through promoting a tautomeric shift on dopachrome [15]. Even
if this enzyme was preferentially associated with melanosomes, it also existed in microsomal
as well as cytosolic fractions of cell homogenates. Given its well-known tautomerization
ability of converting 2-carboxy-2,3-dihydroindole-5,6-quinone (i.e. D-dopachrome) into 5,6-
dihydroxy-indole-2-carboxylic acid (DHICA), putative substrate analogues, stereospecificity
and potential inhibitors were further studied since 1991. Consequently, they found that
dopachrome tautomerase could be suppressed by carboxylated indoles [16]. Extensive
distribution of this protein would prompt the view that it might exert vital functions in

regulating melanization in different organisms.

Thenceforward, D-dopachrome tautomerase/D-dopachrome decarboxylase (D-DT/DOPD)
was unexpectedly detected when the tautomerization property of L-dopachrome was
investigated in cultured melanoma cells, while MIF-2 was used as the control substrate [17].

As a cytoplasmic enzyme with the function of tautomerization, MIF-2 could convert D-
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dopachrome into DHICA. Additionally, it was also termed as MIF-2 recently due to the
homology to MIF. Odh and co-workers in 1993 showed that MIF-2 was detected in almost all
organs examined in their study performed in rats, such as liver, testis, kidney, spleen, brain
and heart, which indicates that MIF-2 may have an influence on different physiological and
pathological conditions [17]. Moreover, they successfully isolated MIF-2 from rat liver and
the gel electrophoresis gave its monomer a molecular weight of about 12 kDa. Later on,
human MIF-2 was isolated from human blood cells [18]. Therefore, this protein was just
provisionally named D-DT, as it was suspected that D-dopachrome might not be the natural

substrate of this protein.

On the way of exploring the real functionality of MIF-2, structural similarities to other
enzymes were scrutinized, which were supposed to provide clues for further study. However,
MIF-2 was identified to either show no similarities to any of enzymes that catalyze the
conversion of L-dopachrome into DHICA in melanin forming, or share rare resemblances to
D-amino acid oxidase, which is specific for D-amino acids [19]. Yokoyama and co-workers
in 1994 demonstrated that MIF-2 just shared negligible sequence similarity with one of the
L-dopachrome tautomerases, such as TRP-1 and TRP-2, through molecular cloning [20].
Afterwards, some researchers found that human MIF-2 displayed 66% identity and 82%
homology with rat MIF-2, and furthermore a pronounced homology of rat MIF-2 and MIF
was initially addressed by Zhang et al. in 1995 during the process of cloning cDNA encoding
rat MIF-2 via a homology research in the EST database [21]. They revealed that rat MIF-2
shared 27% identity and 53% homology with rat MIF [21]. In this sense, this homology is of
high importance in guiding further investigation of MIF-2, since the functions of MIF in
immune responses and inflammatory reactions have been investigated and emphasized during
the last 20 years [2,5,12]. In fact, recent cross-kingdom analysis of MIF protein family also
included plant MIFs, such as Arabidopsis thaliana MDL genes (AtMDLs), with the hint that
MIF/MIF-2 with its orthologs in other phylogenetic branches may date back over 800,000,000
years [22]. It suggests a long evolutionary history of MIFs.

Therefore, interests in the structure-function relationship between MIF-2 and MIF have
increased, especially with respect to inflammatory considerations. Of note, MIF also
displayed an isomerase activity of converting D-dopachrome to DHICA, indicating that its
isomerase activity might also be involved in inflammatory and immunological reactions [23],

although most researchers currently think that the tautomerase site may indirectly influence
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MIF’s inflammatory and immunological activities by inducing a conformational change that
compromises MIF receptor binding activities. It is accordingly speculated that MIF-2 could
act in concert with MIF regarding immunological response, in spite of their different tissue
distributions and existing dissimilarities in crystal structures and physicochemical properties
[24-26]. Then Kuriyama and co-workers in 1998 identified the complete sequence of mouse
MIF-2 gene and relevant properties concerning the structure [27]. In addition, they proposed
a durable idea that the comparative study of both MIF and MIF-2 in response to different
stimuli for example lipopolysaccharides (LPS) may yield further insights into these two kinds
of proteins’ pathophysiological functions. Another study from Esumi and co-workers in 1998
compared the structures of MIF and MIF-2 genes, and they found that MIF and MIF-2 were
both located on mouse Chromosome (Chr.) 10 and human Chr. 22 [28]. Sugimoto H et al.
compared the potential active sites, and the surface charge distribution as well as the
intersubunit contacts of MIF and MIF-2 in 1999, and concluded that these features would be
beneficial to design effective inhibitors to modulate immune-regulatory and hormone-like
effects, which might contribute to clinical investigation further [29]. Of interest, the successful
isolation and purification of mouse and human MIF-2 protein is of importance for preclinical

studies in the next step.

On the other hand, recent several papers demonstrated that the deletion or neutralization of
MIF-2 could induce a similar phenotype to that induced by the genetic deletion or immune-
neutralization of MIF, yet this effect increased around two-fold more significant in receptor
deficient cells [2,30,31], due to the engagement of MIF’s cognate receptor CD74. Therefore,
better characterization of MIF versus MIF-2 dependent responses might be provided by the
application of Mif”"Mif-27~ mouse model in atherosclerosis research, which has been utilized

by Vandenbark et al. to study multiple sclerosis recently [32].
1.1.2 Acknowledged similarities and differences between MIF-2 and MIF

Since the homology between MIF-2 and MIF was initially reported on in 1995 [21], numerous
studies have emerged to clarify their structural similarities and biological relationship. Here,
this chapter aims to give a comprehensive summary regarding the similarities and differences
between MIF-2 and MIF. Generally, MIF and MIF-2 are small proteins. Their monomers are
about 12 kDa, but their active enzymes usually exist as a trimer of 35 kDa. Considering the
gross three-dimensional (3D) structure, MIF-2 shares some stereoscopic homology with MIF

as well (Figure 1). Each monomer of MIF-2 possesses two Baff motifs and comparable
8
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trimeric packing by intersubunit B-sheets compared to MIF. In addition, the entire
homotrimeric folding of MIF-2 and its subunit topology is nearly the same as that of human
MIF. Of special note, MIF-2 does not contain a CALC-motif, which can be found in MIF and
is associated with MIF’s catalytic thiol-protein oxidoreductase (TPOR) activity [33].

A CD74/ICXCR4 CXCR2 CXCR2
3 3 3 CXCR2/CXCR4
MIF 2 PIMF | ¥ P ASVPDGFLSELTOOLAOATaPPOYIA HVVPDQLMAFG PCALC 60
MIF-2 2 |PFLELDENLPINRVPAGLEKRLCAAAAS|ILGEPADRVNMTVRPGL AMAL S PCAQL 60
MIF 61 |GK | GGA B CGLLAERJLRIISP |N-DMNAANVGWN(I\;ITFA-- 115
MIF-2 61 SISSICGVVGTA FEFLTKELALGODRIL IRFFPLESWQIGK IBIVMTFL 118
CXCR4 CD74
B

Human MIF-2 Human MIF

Figure 1: Comparison of the sequence and three-dimensional structures between MIF-2 and
MIF. The structures of the human proteins are shown. (A) Amino acid sequences and different receptor
binding sites of MIF and MIF-2 were highlighted. (B) Comparison of three-dimensional (3D)
structures between MIF-2 and MIF. Left panel of 1B: monomer and trimer of human D-DT/MIF-2,

right panel of 1B: monomer and trimer of human MIF. 3D structures were taken from reference [11].

Earlier literatures mainly investigated and compared MIF and MIF-2 among different species
such as human, rat and mouse. Hence, there are some accepted similarities between MIF-2
and MIF in various species summarized in Table 1 based on current knowledge. (1) Genome
level: both human MIF-2 and MIF are located in the close proximity on Chr. 22 and their
mRNA sequences share 50% identity; whereas mouse MIF and MIF-2 genes are located on
chromosome 10 and their mRNA sequences share almost 40% identity. Additionally, rat MIF-
2 shares 27% identity and 53% homology with rat MIF, and both are located on Chr. 20. (2)
Protein level: MIF-2 and MIF proteins present ~27% sequence identity in mice and ~34% in
humans. (3) Both MIF-2 and MIF belong to the phenylpyruvate tautomerase family despite
of a low level of sequence homology [24]. (4) Similar to MIF, the action of MIF-2 to activate

MAP kinase signaling occurs in a CD74-dependent manner.
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Table 1: The homology of MIF and MIF-2 among different species
Human Rat Mouse
Chr. location | Chr. 22 Chr. 20 Chr. 10
. ) 27% identit d 53% ) .
Genome level | 50% identity horr(l)oli)gi?[;}l]] an | 40% identity
Protein level | 33% sequence identity [25] - 27% sequence identity [27]
M i .
onomerce Each monomer possesses two fafi motifs
structure
rimerie Each trimer has similar trimeric packing
structure
Functionality Their actions are dependent on the receptor CD74

The protein sequence alignments of mouse MIF-2 with human and rat sources suggest that
MIF-2 shares highly homologous sequences among various species. Thus, it is conceivable
that MIF-2 may serve as a crucial player in the organisms beyond species. Of note, in addition
to human and animal MIFs mainly discussed here, the analysis of other organism MIFs such
as plant MIFs suggests their ancient origin that goes back 800,000,000 years [22], and further
an interesting interplay between plant MIFs and human immune system was revealed by our
laboratory recently [34]. Except for these abovementioned similarities between MIF-2 and
MIF, we should also pay special attention to these structural differences, which would provide
additional support to deeply understand different biological functions of MIF-2 and MIF, as
enumerated in Table 2. (1) The expression patterns of MIF-2 and MIF are different in various
kinds of tissues. Human and rat MIF-2 expression is largely limited to liver and kidney,
whereas MIF expression is ubiquitous. (2) Both MIF and MIF-2 have the same substrate, i.e.
D-dopachrome, with regard to their tautomerization activities, but their patterns and products
differ. (3) There are some structural differences between MIF-2 and MIF, including cysteine
residue number, glycosylation sites, substrate-binding amino acids, active sites and their
surrounding area. (4) Binding of MIF to its known receptors, for instance CD74, CXCRA4,
CXCR2 and CXCR7, always triggers a signaling cascade. In addition to that, binding of MIF-
2 to its receptors also leads to its internalization.

Table 2: The structural and functional differences between MIF and MIF-2

Features MIF MIF-2/D-DT
Overall Discovery time ~1966 [35,36] ~1993 [17]
comparisons Tissue distribution MIF is more ubiquitously | Human MIF-2 and rat MIF-
expressed 2 is largely limited to liver
and kidney
Structural Cysteine residue Two residues are located on | Three residues are located on
differences number (Rat) [21] position 23 and 56 position 56, 59 and 80
Glycosylation sites Position 50 and 73 Position 74 and 109
(Rat) [21,26]
Active sites and their | MIF protein is positively | MIF-2 is positively charged

10
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surrounding area charged in the active site as | in the active site, whereas
well as the surrounding area | negatively charged in the
surrounding area
Tautomerase Tautomerization Pure tautomerization With additional decarboxy-
properties pattern lation
Tautomerized product | 5,6-dihydroxyindole-2- 5,6-dihydroxyindole
carboxylic acid
Substrate-binding Pro-1, Lys-32, Ile-64, Tyr- | Pro-1, Lys-32, Ile-64
amino acids 95, Asn-97
Enzymatic efficiency | MIF displays a ~10-times | MIF-2 is 10-fold less active
higher efficiency than MIF-2 | than human MIF protein
Others Binding receptors CXCR2, CXCR4, ACKR3, | CD74, ACKR3 (published),
CD74 and CXCR4 (this thesis)
Biological activity Binding of MIF to its | Binding of MIF-2 to its
receptors always triggers a | receptor(s) may not always
signaling cascade induce a signaling cascade,
but provoke its internaliza-
tion [10]

1.1.3 Preclinical studies: Role of MIF-2 in tumors, inflammation and other

diseases

Although there are not enough original studies regarding MIF-2 to date, this chapter still tries
to summarize most of relevant literatures here, to have a general overview on current
situations of MIF-2 in different disease settings. The majority of researchers has been
interested in the roles of MIF-2 in various kinds of cancers, and other a few scientists
compared the effects of MIF-2 and MIF on adipose tissue, inflammation, etc., which would

be specifically illustrated in the following part.
1.1.3.1 MIF-2 in tumors

Plenty of preclinical studies have shown that MIF-2 is closely associated with several tumors
derived from different organs such as lung [37], colon [38], kidney [39], pancreas [40], etc.
Coleman and co-workers in 2008 demonstrated that the separate or cooperative effects of
MIF-2 and MIF could enhance CXCL8 as well as vascular endothelia growth factor
expression levels in A549 lung cell lines, which are recognized as proangiogenic factors in
non-small cell lung carcinomas (NSCLC) [37]. In fact, several previous studies already
confirmed that MIF was overexpressed in NSCLC tissue and autocrine MIF could promote
cell cycle progression in fibroblasts [41,42]. Furthermore, Coleman et al. pointed out that the
activation of c-Jun N-terminal kinase (JNK), c-Jun phosphorylation as well as activator

protein-1 (AP-1) transcription factor, might also contribute to MIF and MIF-2 co-regulation
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of CXCLS transcription [37]. This is the first functional and experimental study in vitro to
analyze the biological behavior of MIF-2 in the context of pathological conditions, and this
kind of positive cooperative effect of MIF with MIF-2 indicates that combination therapy of
targeting different MIF family proteins may improve the benefits of currently applied anti-

MIF-based strategy.

In addition, some scientists have explored the functional significance of MIF-2 in
cyclooxygenase-2 (COX-2) related disorders especially colorectal cancer (CRC) in the past
decades [43,44]. Xin and colleagues reported that MIF-2-activated COX-2 transcription was
partially reliant on the stabilization and transcriptional regulation of B-catenin, as observed in
colorectal adenocarcinoma cell lines [38]. Given the fact that both B-catenin and COX-2
elicited transcriptional processes and act as crucial drivers to accelerate CRC initiation and
progression [45,46], it has been suggested that MIF-2 contributes to the pathogenesis of CRC
through this pathway. Moreover, they also showed that CD74 expressed at moderately high
levels in HT-29 and HCT-16 cells, which endorsed the results from previous study showing
upregulated CD74 in a large scale of samples from patients with colorectal adenomas [47],

providing a promising candidate regarding the potential binding receptor for MIF-2.

In a similar vein, Pasupuleti and coauthors in 2014 reported that MIF-2 plays a predominant
role in clear cell renal cell carcinomas (ccRCCs) via functioning cooperatively with MIF
through survival signaling [39]. They found that MIF-2 displayed a similar expression pattern
to MIF in ccRCC sections, which was accompanied by a high correlation between MIF and
MIF-2. As for the mechanism, MIF-2 acts as a novel hypoxia-inducible gene as well as a
target of hypoxia-inducible factor (HIF)-1a and HIF-2a. More importantly, dual inhibition of
MIF-2 and MIF can cause a more pronounced phenotype than the single effect, indicating that
the current strategy aimed at targeting MIF needs to be expanded to include MIF-2. Guo and
coworkers in 2016 studied the significance of MIF-2 in the context of pancreatic ductal
adenocarcinoma (PDAC). They utilized PANC-1 cells, and found that knockdown of MIF and
MIF-2 attenuated the phosphorylation of AKT and ERK1/2, and upregulated the expression
of p53. This was paralleled by inhibition of cell proliferation and invasion and led to the
overall inhibition of tumor growth [40]. They also employed a non-selective inhibitor of MIF-
2 and MIF, 4-iodo-6-phenylpyrimidine (4-IPP) in PANC-1 cells, and observed that 4-IPP was

capable of inhibiting cell proliferation and tumor formation. Therefore, they drew the
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conclusion that a combination strategy of targeting both MIF and MIF-2 might provide a
benefit for patients with PDAC.

Additionally, given that MIF exerts an essential role in cervical cancer [48,49], several
researchers utilized HeLa and SiHa cell lines to verify that the knockdown of MIF-2 and MIF
not only inhibited proliferation and migration, as well as invasion of tumor cells, but also
constrained the growth of xenograft tumors [50]. Other data from Gavalli and coworkers
pointed out that MIF and MIF-2 might have overlapping effects on neuroblastoma (NB)
tumorigenesis. They found that the histone deacetylase inhibitor (HDI) vorinostat was capable
of reducing MIF and MIF-2 levels significantly in human NB cells in vitro. Therefore, MIF-

2 and MIF could be regarded as negative prognostic factors for neuroblastoma [51].

In summary, current data from several preclinical studies have consistently displayed the
upregulated expression of MIF-2 and MIF in different kinds of human cancers, even if there
are less data available for MIF-2 than MIF. Along the same lines in NSCLC, pancreatic and
gastric cancer, MIF and MIF-2 have been shown to ‘cooperate’ in regulating melanoma,
hepatocarcinoma, glioma and cervical adenocarcinoma. In the future, more focus should be
placed on combined knockdown/inhibition therapies of MIF-2 and MIF to enhance the

therapeutic potency.
1.1.3.2 MIF-2 in acute inflammation

Some of the experiments for MIF-2 have been motivated by earlier studies on MIF in a certain
disease context. This also holds true for the study of MIF-2 in inflammation. In response to
pro-inflammatory stimuli exemplified by LPS, macrophages can produce MIF as well as MIF-
2. MIF-2 concentration came to a peak at 16 h after LPS stimulation. However, twenty-fold
more MIF than MIF-2 was released by cultured macrophages stimulated with LPS [10]. In
addition, Merk and coworkers successfully produced an anti-MIF-2 antibody, which showed
a protective effect on mice upon lethal endotoxic shock by lowering the levels of pro-
inflammatory cytokines for example interferon (IFN)-y, interleukin (IL)-1B, tumor necrosis
factor (TNF)-a, and IL-12p70. They also demonstrated that MIF-2 could activate signaling
through binding to CD74 with a high affinity, and further exerted some pro-inflammatory
functions similar to MIF, for instance regulating macrophage random migration and
suppressing glucocorticoid-mediated immunoreaction [10]. However, a new study conducted

by Tilstam ef al. in 2021 described that MIF-2 could not contribute to the recruitment of
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inflammatory macrophages as triggered by MIF in a sepsis mouse model. This might be

attributed to the absence of the pseudo-(E)LR motif in MIF-2, which MIF features [52].

More recently, the recruitment of neutrophils has been defined as a new mechanism for the
involvement of MIF-2 in inflammation [53]. One study by Winner ef al. revealed a covalent
modification at the N-terminal proline of both MIF-2 and MIF by 4-IPP [54], which finally
leads to the production of 6-phenylpyrimidine (6-PP) adduct. Despite their different
tautomerase sites, 4-IPP is likely to function with MIF and MIF-2 in a similar pattern. When
Rajasekaran et al. applied modified MIF-2-6-PP or MIF-6-PP separately; the neutrophil
recruitment in lung displayed a moderate reduction by 50% in comparison with the effect
induced by Apo proteins. However, the simultaneous administration of MIF-6-PP and MIF-
2-6-PP did not show a synergistic effect, as expected. Even so, it was already acknowledged
that MIF/MIF-2-mediated intracellular signaling was similarly handled by the binding of
extracellular MIF/MIF-2 with CD74 [2,8-10]. To conclude, MIF-2 has a potent property of

recruiting neutrophils, which is identical to MIF’s CD74-dependent activity overall.

To sum up, taken current applications of MIF inhibitors in inflammatory diseases into account,
it will be worthwhile to further explore whether the MIF neutralization strategies should

encompass combination approaches against MIF and MIF-2 [55,56].
1.1.3.3 MIF-2 in adipocyte lipid metabolism

Adipokines, secreted by white adipose tissue (WAT) due to its endocrine function, exhibit
essential properties in maintaining the homeostasis in the body, and further act as potential
biomarkers for early diagnosis of inflammatory, cardiovascular, metabolic or malignant
diseases [57]. Since 2012, there are four original research papers about MIF-2 in adipose
tissue or adipocytes. One research group from Japan in 2012 identified MIF-2 as a unique
adipokine with the function of regulating lipid metabolism [58]. They used recombinant MIF-
2 (rMIF-2) protein to stimulate a kind of human preadipocyte cell line, SGBS cells, and found
that rMIF-2 could upregulate IL-6 expression and secretion as well as ERKI1/2
phosphorylation in vitro. Moreover, pretreatment with U0126, an ERK inhibitor, reduced IL-
6 expression. Knockdown of CD74 in SGBS cells suppressed rMIF-2-elicited IL-6
upregulation on the mRNA level, which indicates that CD74-ERK signaling pathway
participates in the process of rMIF-2 promoting IL-6 expression whereas inhibiting

adipogenesis [58]. In the same year, another paper from the same team reported that glucose
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intolerance was improved whilst serum free fatty acids were reduced in db/db mice after
administration with rMIF-2 [59]. The AMPK pathway is responsible for the energy balance
in the body. Specifically, its stimulation increases energy production, while its inhibition
induces energy consumption partially through restraining hormone-sensitive lipase (HSL)
activity [60,61]. Iwata and coworkers observed that rMIF-2 administration in vivo upregulated
AMPK phosphorylation-induced HSL expression, whereas downregulated protein kinase A
(PKA) phosphorylation-mediated HSL levels [59]. This suggests that both AMPK and PKA

pathways are involved in MIF-2-regulated lipid metabolism.

Although MIF-2 was regarded as a homolog of MIF, MIF-2 was reported to show distinct
functional properties from MIF in adipose tissue, based on current studies [62-64]. The insulin
sensitivity was improved in Mif”~ mice through inducing glucose uptake [62] and inhibiting
macrophage infiltration [63], implying that MIF plays a unfavorable role in adipose tissue. In
contrast, data from Iwata group reported that MIF-2 had protective effects on adipogenesis
and pointed out that AMPK phosphorylation could promote MIF-2 transcription in SGBS
adipocytes in vitro via modulating mammalian target of rapamycin (mTOR) signaling [64].
Kim and colleagues investigated the potential effects of MIF family proteins including MIF
and MIF-2 on white adipose tissue in a murine endotoxemia model and observed an opposite
regulation of both MIF family proteins in this context [65]. Of note, Mif-2 gene deletion
induced the transition of adipose tissue macrophages (ATM) towards a pro-inflammatory type,
whereas ATMs were found to display an anti-inflammatory type upon Mif gene deficiency.
Additionally, they observed that LPS stimulation could reduce MIF-2 levels in adipocytes,
but did not affect its expression in stromal vascular fraction (SVF), suggesting that adipocytes

may be the main cellular source of MIF-2.

Collectively, due to high expression of MIF-2 in liver and adipose tissue, the roles of MIF-2
in metabolic diseases are worth exploring. However, it is currently unclear whether MIF-2
affects physiological functions of adipocytes or hepatocytes and even pathological
development. With more studies of Mif-2”~ mouse model and Mif”"Mif-2”~ mouse model

emerging, the role of MIF-2 will be clearer in the near future.
1.1.3.4 MIF-2 in heart, lung and liver diseases

In addition to studies concerning the functional roles of MIF-2 in tumors, inflammation and

metabolic diseases, a few studies investigated whether MIF-2 affects the initiation and
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progression of liver damage, chronic obstructive pulmonary disease (COPD), ischemic heart
injury and heart failure. Qi and coworkers demonstrated that murine cardiomyocytes
expressed more MIF-2 after ischemic heart stress [66]. Additionally, they generated
conditional cardiomyocyte-specific Mif-2-deficient (MIF-2-cKO) mice displaying a damaged
response to ischemia-reperfusion, and determined that MIF-2 administration could protect
isolated hearts from contractile dysfunction as well as ischemia-reperfusion injury via the
AMPK signaling pathway in these mice. This suggests that MIF-2 has protective effects
during ischemia heart injury [66]. In comparison, MIF also exerts favorable effects on
ischemia-reperfusion and cardiac necrosis by activating AMPK [67,68], but MIF
administration would accelerate inflammation and suppress cardiac contractility on the other
hand [68,69]. Therefore, it might be preferable to study MIF-2, which hereby could be utilized

to prevent limitations or the side effects induced by MIF in ischemic heart diseases.

Recently, Ma and coworkers from Bucala group reported about MIF-2 in the development of
heart failure, based on the high expression of MIF-2 in cardiomyocytes. To induce cardiac
pressure overload, they performed surgical transverse aortic constriction (TCA) on MIF-2-
cKO mice and control mice in parallel. Following this procedure, pronounced cardiac
contractile dysfunctions, pulmonary edema and cardiac dilatation were observed in MIF-2-
cKO mice [70]. Mechanistically, cardiomyocytes isolated from MIF-2-cKO mice showed
impaired contractility, calcium transients, and downregulated sarcoplasmic reticulum calcium
ATPase after TCA [70]. Additionally, rMIF-2 showed an anti-fibrotic function through
diminishing TGF-B-induced SMAD-2 activation in cardiac fibroblasts, indicating a protective
function for MIF-2 in heart failure. To some extent, there are distinct pharmacological
functions of MIF and MIF-2 in the heart. In contrast to MIF, MIF-2 was incapable of inhibiting
cardiac contractility, which could be because the negative inotropic effect was deficient in the

presence of MIF-2 [12,66].

In addition to heart diseases, one recent study from University of Groningen in Netherlands,
reported that MIF-2 promoted lung epithelial repair in COPD patients through the interaction
with ACKR3/CXCR7 [71]. They observed that MIF-2 enhanced A549 epithelial cell
proliferation and thereby conferred protection against apoptosis. Mechanistically, ERK-
MAPK and PI3K-AKT signaling pathways participated in this MIF-2-regulated process. This
is the first original research to describe the role of MIF-2 in COPD [71], especially
highlighting ACKR3 as the second receptor for MIF-2 [71,72]. By contrast, there are quite a
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lot of papers studying the functions of MIF in COPD. In general, MIF and its receptor CD74
are necessary to maintain normal alveolar structures and protect against endothelial
senescence in COPD mice [73,74]. Apparently, it still requires more evidence to clarify the

potential of MIF-2 and its interplay with MIF in COPD.

The last disease to be mentioned here is liver damage. Hiyoshi and coworkers induced
experimental liver injury with carbon tetrachloride (CCL4), and they observed that there was
a 12-fold upregulation of MIF-2 in damaged liver [75]. Previous researchers demonstrated
that MIF-2 levels significantly increased in the damaged liver infected by hepatitis B virus
(HBV) or after partial hepatectomy [76,77]. The data obtained in my thesis also revealed a
potential association between MIF-2 and hepatic steatosis, the details of which will be

described in the result part.

1.1.4 Clinical studies: Plasma/serum MIF-2 levels in human specimens and

correlations with disease state
1.1.4.1 MIF-2 in inflammation

Sonesson et al. firstly found that MIF-2 was detectable in the skin and also could be associated
with inflammation, and its covariation with MIF further supported this finding [78]. A
previously published study in 1989 showed that several cytokines were secreted from the skin
and released into blood after ultraviolet-B (UVB) radiation [79]. Sonesson and coworkers
utilized UVB light to induce a kind of experimental inflammation in 10 healthy subjects of
human skin and performed immunohistochemistry to confirm that MIF-2 expression was
markedly upregulated after UV irradiation [78]. Merk and coworkers also analyzed the
potential association between serum MIF-2 and MIF in patients, who were diagnosed as sepsis
or ovarian cancer. They found that circulating MIF-2 significantly increased in patients and it
was strongly correlated with the expression of MIF, indicating that both proteins may be
affected coordinately under inflammatory conditions [10]. Except for acute inflammation,
MIF-2 was also reported to participate in adipose tissue inflammation and acute wound

healing [80].

Another study by Kim and coworkers in 2016 investigated the clinical significance of MIF-2
and soluble CD74 (sCD74) in twenty burned patients versus twenty controls [81], based on
earlier data showing that MIF could be a promising biomarker for patients with burn injury

[82]. In this context, they found that MIF-2 and sCD74 levels were obviously elevated in burn
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patients, and MIF-2 had a positive correlation with some indexes of burn in early stages such
as procalcitonin (PCT) levels. This indicates that MIF-2 has a predictive value in response to
burn [81]. Additionally, Pohl et al. evaluated several laboratory parameters and mortality for
72 critically ill patients, and showed that there was a higher mortality for these patients with
elevated MIF-2 in plasma through Kaplan-Meier analysis, supporting MIF-2 as a marker to

assess the prognosis of critically ill patients [83].
1.1.4.2 MIF-2 in autoimmune diseases

This part will mainly summarize several clinical studies of MIF-2 in autoimmune diseases,
especially multiple sclerosis (MS). Some studies have displayed that MIF contributes to the
regulation of immune response of neural cells such as microglia, which is thereby related to
the development of autoimmune diseases in the brain [84-86]. Benedek and colleagues further
demonstrated that both MIF and MIF-2 levels went up in male patients with progressive MS
compared with female MS patients, and reversely Mif or Mif-2 deficient male mice developed
less severe MS signs. These phenotypes together suggest that MIF-2 as well as MIF are
gender-specific co-pathogenic contributors to MS progression, and they may behave
differently among species [87]. Of note, Vandenbark e al. recently applied Mif”~, Mif-27~ as
well as Mif Mif-2 double deficient mice to discern whether MIF-2 and MIF together would
make a greater contribution to disease progression of EAE mice [32]. Surprisingly, a reduction
by ~25% in moderate EAE was observed in either Mif- or Mif-2-deficient mice in comparison
with controlsmice, whereas there were no further reductions of EAE severity detected in Mif
~Mif-2"" mice. Thus, this finding would not support a synergistic manner of MIF-2 and MIF
at least in the context of MS. Besides, one recent study from Turkish patients revealed that
genetic variant rs755622 polymorphism in MIF promoter was strongly associated with the
onset of MS [88]. Given that there are partial common sequences in the promoter shared by
MIF-2 and MIF, Han and coworkers in 2018 confirmed that rs755622 could modulate MIF-2
expression of MS subjects in a sex-specific way by utilizing five large-scale expression
quantitative trait loci (eQTLs), based on two RNA-sequence datasets of blood and brain [89].
More recently, clinical data from Cavalli group showed that both MIF-2 and MIF were
overexpressed in CD4" T cells from patients diagnosed as clinically isolated syndrome (CIS),
which can rapidly develop into clinical defined MS, through a transcriptomic analysis of the

expression of MIF and MIF-2 as well as their common receptors in peripheral blood [90].
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The other autoimmune disease that MIF-2 contributes to is systemic sclerosis (SS). Several
previous studies displayed that circulating MIF levels were obviously elevated in SS patients
[91,92]. Vincent and coworkers showed that serum MIF-2 levels were only significantly
upregulated in 105 cases of SS patients with low expression of FEV 1, and further conversely
had a negative correlation with European Scleroderma Trials and Research group (EUSTAR)
score, compared with 47 cases of healthy controls. Additionally, a comparative study of MIF
and MIF-2 did not show similar expression profiles in SS subjects, indicating functional
differences between these two proteins [93]. However, they stressed that serum MIF-2 levels
in SS patients did not change significantly in comparison with systemic lupus erythematosus
(SLE) patients, implying that upregulated MIF-2 is not associated with specific clinical
phenotypes [93]. Even so, aberrant expressions of MIF-2 in these patients would give some

indications to relevant research in this field.
1.1.4.3 MIF-2 in other diseases

On the other hand, Roger and coworkers in 2017 delineated circulating MIF and MIF-2 levels
in different age groups through a large cohort study, and emphasized the importance of MIF-
2 in early life [94]. In their study, MIF-2 level at birth was around 52.0 ng/mL, increased to
the highest level of 121.6 ng/mL on postnatal day 4, and decreased to 16.8 ng/mL in healthy
adults. Compared with MIF-2, MIF expression also displayed a similar tendency: secretory
MIF went up to 82.6 ng/mL at birth, and also reached the peak of 109.5 ng/mL on postnatal
day 4, and then reduced to 5.7 ng/mL in healthy adults [94]. During the first few months of
life, both MIF and MIF-2 concentrations already decreased to the adult levels. Of special note,
MIF-2 levels were strongly correlated with MIF levels in different age groups included in
their study. Moreover, Baron-Stefaniak et al. measured serum MIF-2 levels in patients after
orthotopic liver transplantation (OLT), and they observed that MIF-2 did not affect acute
kidney injury after OLT through one-year survival analysis [95]. Until now, most of clinical
studies start with plasma or serum MIF-2 measurement. However, some other researchers also
measured tissue MIF-2 changes in diseased organs. MIF-2 levels were dramatically elevated
in human cervical cancer tissue [50] and neuroblastoma tissue [51], whereas they were

significantly decreased in cardiac tissue with advanced heart failure [70].

In summary, since MIF-2 was initially discovered and successfully isolated in 1993, structural
characteristics, relevant comparisons with MIF, functional properties and even clinical
significance in various disease settings were investigated. Figure 2 gives a brief summary
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about current progress based on major studies about MIF-2 in the past three decades. So far,
most of researches showed that MIF-2 and MIF expressed in a similar pattern in diseased
organs, whereas a few papers revealed that there existed contrary changes in particular
diseases due to the potential functional differences between two proteins. Even if there are
already a large amount of preclinical as well as clinical studies concerning different specimens,
the roles of MIF-2 in various pathological conditions have not been mechanistically clarified
yet. For example, elevated MIF-2 levels in the early stage of disease does not really tell us
whether MIF-2 exert protective and/or pathogenic effect(s). With the availability of Mif-2""
mouse model and selective MIF-2 inhibitors, more studies will emerge and clarify these

phenotypes as well as relevant mechanisms.

1990, the discovery and purification of Dopachrome tautomerase

Evolution 1993, the discovery and isolation of D-Dopachrome tautomerase (D-DT)
1995, D-DT/MIF-2, a homolog of macrophage migration inhibitory factor
J 1999, identification of crystal structure of human MIF-2
o 2008-2019, MIF-2 in tumours derived from lung, kidney, colon, ef al.
Prif&'g;ca' 2011-2014, MIF-2 in acute inflammation
2009-2017, MIF-2 in heart and liver diseases, et al.
J 2012-2020, MIF-2 in adipocyte lipid metabolism
2003, MIF-2 in acute inflammation
Clinical 2017, MIF-2 in critically ill patients and early life
study 2016-2017, MIF-2 in adipose tissue, wound repair, and burn
J ............ 2017-2019, MIF-2 in immuno-inflammatory diseases, such as MS, SS
Mif-2 knockout mouse model
Ongoing o
work Mif Mif-2 double knockout mouse model

Figure 2: Summary of the discovery, early studies and recent progress of MIF-2. Since MIF-2
was discovered in 1993, numerous clinical and experimental studies emerged, and gradually covered
different disease settings. The availability of Mif Mif-2 double knockout mice in different fields will
better decipher the interplay between MIF and MIF-2.
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1.2 New insights into associations between atherosclerosis and non-alcoholic

fatty liver disease (NAFLD)

1.2.1 Classical chemokines, atypical chemokines and MIF family proteins in

atherosclerosis
1.2.1.1 Overview of atherosclerosis (AS): AS is an inflammatory disease

As reported, atherosclerosis remains one of the largest causes of mortality in most
industrialized nations, which consequently brings quite high social and economic burdens
[96]. In addition, most cardiovascular diseases occur due to underlying atherosclerosis, which
acts as a main pathological basis, for example ischemic stroke (IS) and myocardial infarction

(MI) [97]. Therefore, it is necessary to study these diseases.

In the mid-19th century, the German pathologist Rudolph Virchow clearly pointed out the role
of inflammation in atherosclerosis, whereas with much less knowledge of the mechanism
details and relevant signaling pathways [98]. With the development over time, there emerged
some predominant theories of atherogenesis mechanisms after heated controversies and
discussions. Nevertheless, enormous strides have been made in atherosclerosis research in the
past century. Basic and clinical research led by atherosclerosis pioneers such as Peter Libby,
Russel Ross, Goran Hansson and others have unraveled the importance of inflammation in
cardiovascular disease in general, especially in atherosclerosis. These pioneer researchers
were able to follow it from the very earliest of preclinical stages with gels, blots and columns,
gradually through pilot clinical studies and even to some large-scale clinical trials that actually
showed it is all worthwhile [99-103]. Overall, experimental advances in the past three decades
support the causal role of inflammation in all phases of the atherosclerotic process. Clinical
studies have shown that this emerging concept that inflammation dominates atherosclerosis
could apply to patients directly as well. Of special note, Dr. Peter Libby instigated and led the
first large-scale CANTOS trial including 10,061 patients, to principally target at IL-18 with
regard to inflammation. This provides the first clinical validation for the role of inflammation

in atherosclerosis, independent of lipid-lowering effects [104].

Even though there has been striking progress in this field, this battle against atherosclerosis
is not yet won [105]. In spite that some highly effective and preventive measures and

substantial LDL lowering therapeutic strategies are commonly applied nowadays, a
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considerable residual burden of atherosclerosis persists. Emerging new genetic methods
might give a more accurate assessment for the individuals at risk, which is accompanied by a
more personalized identification. Of note, these approaches will be available due to
application of informatics technologies. More recently, various cell clusters characterizing
different cell types and populations directly from atherosclerotic plaques were revealed
through single-cell RNA sequencing technique [106], which is promising to provide some
novel therapeutic targets beyond some traditional risk factor control measures. Expansion of
genetic discovery and predictive work presents an important goal for the future. Furthermore,
characterizing different pro-inflammatory chemokines/cytokines as well as identifying unique
immune cell subtypes in plaques would contribute to the development of new preventive

measures and treatments.
1.2.1.2 Classical chemokines in atherosclerosis

In this complicated process of atherosclerotic initiation and progression, chemokines/
cytokines are major drivers of vascular inflammation, mainly through promoting the
recruitment of immune cells such as inflammatory leukocytes. In fact, pro-inflammatory
chemokines are found to participate in all different stages of atherogenesis. So far, there are
around fifty classical chemokines branched into C-, CC-; CXC- and CX3C-type subsets,
together with their multiple correspondingly termed receptors, to form this redundant and
promiscuous interaction network [107,108]. As for the functionality, these chemokines could
influence cell proliferation, apoptosis, gene expression and homeostasis via binding with
different receptors on various cell types, such as monocytes, neutrophils, endothelial cells,
eosinophils, macrophages, basophils and other cells. This is the reason why chemokines are
generally involved in a wide variety of inflammatory diseases. Thereby, the determination of
proper targets is essential to exploring real functions of the individual chemokine and/or

receptor.

Chemokines belong to cytokine family, trafficking the intricately organized and regulated
movements of cells into inflammation sites within the body. More importantly, chemokines
are regarded as vigorous activators of different cells due to their functional properties of
enhancing the migration of leukocytes [109,110]. In fact, there are several well-studied
chemokines involved in the atherogenesis, exemplified by CXCL4/platelet factor 4 (PF4),
CXCLI12/stromal cell-derived factor 1 (SDF-1), and CXCL1/keratinocyte-derived chemokine
(KC) or CCL2/monocyte chemoattractant protein-1 (MCP-1). Among them, the majority of
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chemokines exert pro-atherogenic effects, as confirmed by numerous experimental studies.
However, other a few chemokines for example CXCL5, CXCL16 and CX3CLI1 play a
protective role in atherosclerotic progression. Based on current studies, it is very promising
to handle with several kinds of pathologies through capitalizing on explicit approaches, either
investigating the intracellular mechanisms in chemokine-activated cells or exploring
chemokine receptor antagonists. Therefore, Table 3 gives a comprehensive summary about
functional roles and specific mechanisms of different classical chemokines in atherosclerosis
here.

Table 3: Roles and mechanisms of classical chemokines in atherosclerosis

Classical Mouse Roles in Mechanisms Refs.
Chemokines models atherosclerosis
CCL2/ Apoe” mice | Pro-atherogenic | Blockade of CCL2 altered lesion | [111]
MCP-1 components and downregulated CD40
and ligand levels
CCL3/ Ldlr”~ mice Pro-atherogenic | Leukocyte-secreted CCL3 could traffic | [112]
MIP-1q, neutrophils into plaques
CCLS/ Apoe” mice; | Pro-atherogenic | YB-1-mediated CCLS expression | [113]
RANTES Cer5™" contributed to neointimal hyperplasia
Apoe” mice
CCL17/ Apoe™ mice; | Pro-atherogenic | Dendritic cells-derived CCL17 promoted | [114]
TARC Cerl7”" atherosclerosis through regulating Treg
Apoe”” mice homeostasis
CCL19/ Ldlr”" mice No effects CCL19/CCL21 could not change the | [115]
CCL21 lesion burden in vivo
CXCL1/ Apoe” mice | Pro-atherogenic | Blockade of CXCL1 decreased plaque | [116]
KC formation via inhibiting CXCR2-
modulated endothelial chemotaxis
CXCL2/ P2Ys deficient | Pro-atherogenic | Plaque sizes were increased with the | [117]
MIP-20/ mice upregulation of CXCL2 induced by the
Gro-B/Gro-2 binding of UDP and P2Y5
CXCL4/ Apoe” mice | Pro-atherogenic | Deficiency of Cxcl4 from platelets could | [118]
PF4 attenuate atherosclerotic progression in
vivo through binding to LDLR and
CXCR3
CXCLS/ Apoe” mice | Anti-atherogenic | CXCL5 exerts an atheroprotective effect | [119]
ENA-78 on macrophages through upregulating
ABCALI levels and promoting cholesterol
efflux
CXCL10/ Apoe” mice; | Pro-atherogenic | Cxcll0 deficient mice displayed less | [120]
IP-10/ Cxcll07 lesions due to the balance of Treg and
SCYBI0 Apoe™ mice effector in plaque
CXCL12/ Apoe™” mice; | Pro-atherogenic | CXCLI2 exerts multiple atherogenic | [121-
SDF-1 Ldlr”" mice effects via binding to CXCR4 and | 123]
CXCR7, related to vascular inflamma-
tion, lipid metabolism, angiogenesis
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CXCL16/ Apoe” mice; | Anti-atherogenic | CXCL16-regulated scavenger receptor | [124]
Bonzon/ Cxcll6™ plays a protective role in atherosclerosis
STRL33/ Apoe” mice
TYMSTR
CX3CL1/ Ldlr”’"mice | Anti-atherogenic | CX3CLI could reduce atherosclerosis by | [125]
Fc inhibiting the adhesion of endothelial
cells and monocytes

1.2.1.3 Atypical chemokines in atherosclerosis

In addition to four types of classical chemokines described in the above part, relevant studies
of atypical chemokines (ACKs), also called innate or chemokine-like function (CLF)
chemokines, draw a lot of attention in the field of atherosclerosis research as well. ACKs are
secreted as small intracellular proteins of ~8-25 kDa, which could also be released as
extracellular mediators upon the stimulation of inflammatory factors or stress. Of interest, in
comparison with classical chemokines, ACKs still share the gross architectural similarity and
display chemotactic properties through binding to receptors, whereas they lack the N-terminal
cysteine residue(s) and the classical chemokine-fold [126]. Despite the fact that the structural
homology to classical chemokines is at least partially absent in ACKs, various secreted factors
(cytokines/chemokines) driven by the interaction of ACKs with classical chemokine receptors
(CKRs) or atypical chemokine receptors (ACKRs), carried the load of regulating several
inflammatory processes. In fact, ACKs could act as proteinaceous alarmins or
damage/danger-associated molecular patterns [127]. More recently, Kapurniotu and co-
workers gave a comprehensive summary about well-known ACKs, covering high-mobility
group box protein 1 (HMGBI), MIF family proteins, B-defensins, aminoacyl-tRNA
synthetases (AaRS) and viral chemokine mimics. Furthermore, they also elucidated
multitasking functions of these factors as inflammatory mediators [127]. In this chapter, the
roles of HMGBI, B-defensins (HBDs) and thioredoxin (Trx) in atherosclerosis will be

emphatically discussed.

As the most famous ACK, HMGBI is a nuclear protein, mainly released from necrotic cells
or secreted by damaged and stressed cells. It could function as a multitasking alarmin in
several inflammatory processes. Regarding atherosclerosis, it was initially revealed that
HMGBI1 showed upregulated expression in smooth muscle cells (SMCs) and lesioned
macrophages as well as endothelial cells (ECs) [128-130], which further contributed to the
atherosclerotic progression. Besides, HMGBI1 induced tissue factor (TF) secretion and

hemostatic reactions during the coagulation, thus promoting thrombus formation. This could
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also be a possible mechanism how HMGBI accelerates atherosclerosis [131]. As a late-stage
mediator of inflammation, HMGBI1 could additionally promote SMCs-derived C-reactive
protein (CRP) production, which has been shown to contribute to a pro-atherosclerotic
phenotype of advanced human plaques [132]. In addition, Kake ef al. observed that serum
HMGBI concentrations were negatively correlated with the thrombus formation time in
patients, and furthermore they confirmed this kind of relationship in hyperlipidemia-induced

micro-minipig model [133].

On the other hand, Kanellakis and coworkers explored the detailed mechanisms based on
previous findings that HMGBI contributed to mice plaque development, in order to offer a
propitious therapeutic target against atherogenesis. To this end, they revealed that HMGBI1
could promote macrophage migration, regulate pro-inflammatory mediators and recruit
different immune cells and SMCs [134]. One experimental study from the Bianchi group
mechanistically characterized the heterocomplex formed by HMGBI1 and CXCLI12, as
evidenced through nuclear magnetic and surface plasmon resonance. They next revealed that
HMGBI could recruit inflammatory cells by forming this complex and regulating signaling
via CXCR4 [135]. Additionally, the other receptor of HMGBI, the receptor for advanced
glycation end product (RAGE), was also confirmed to exert a crucial impact on
atherosclerotic progression [136]. Of interest, the activation of the HMGB1-RAGE nexus was
mainly related to endothelial dysfunction and vascular inflammation [137]. In turn,
Simvastatin administration could ameliorate vascular inflammation and atherosclerotic
progression in Apoe”~ mice by suppressing the HMGBI1-RAGE axis [138]. Moreover,
HMGBI was speculated as a potential downstream target of miR-328 through bioinformatics
analysis, and it was implied that miR-328 mitigated endothelial cell injury triggered by
oxidized (ox)-LDL mechanistically through targeting HMGBI1 in atherosclerosis [139]. In

aggregate, HMGBI1 plays a pro-atherogenic role in the vascular wall.

Human B-defensins (HBDs), one class of human host defense peptides, have dual functions
in innate and adaptive immunity. On the one hand, their original antimicrobial properties are
beneficial to combat with microbial invasions through modulating local innate immune
response. On the other hand, in addition to T cells, HBDs could exert chemoattractant
activities for dendritic cells through its interaction with CCR6 [140], or for monocytes,
macrophages and neutrophils via CCR2 [141]. Of note, HBD-2 and HBD-3, in combination

with their mouse orthologues including mBD-4 and mBD-14, serve as essential chemotactic
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chores, and their behaviors of promoting leucocyte chemotaxis are reliant upon CCR6 and/or
CCR2. Subsequently, Li and coworkers in 2016 demonstrated that human p-defensin-3 could
attenuate atherosclerotic progression induced by LPS in Apoe™ mice. They further found that
HBD-3 dramatically downregulated the expression of IL-6 and TNF-a in serum, and the
mRNA and protein levels of ICAM-1, IL-6, and MCP-1 in lesions in the meantime [142].
Mechanistically, HBD-3 inhibited LPS-mediated inflammation though the NF-xB and MAPK
signaling, and further suppressed atherosclerotic progression [142,143]. Another study from
Korea evaluated the effects of HBD-1 on inflammatory macrophages using fenofibrate and
gemfibrozil, which belong to peroxisome proliferator-activated receptor o (PPARa) agonists.
They observed that PPARa agonists held down macrophage activation induced by LPS via
affecting PPARa, and HBD-1 as well as TLR4 signaling [144]. Additionally, Tiszlavicz et al.
found that HBD-2 mRNA and protein levels were significantly increased upon C. pneumoniae
infection, offering potential indications that HBD-2 may be implicated in early immune
reactions in this context, and contribute to atherogenesis further [145]. In summary, due to the
innate antimicrobial characteristic of HBDs, current studies mainly focus on the functional

significance of HBDs in LPS-accelerated atherosclerosis.

In a similar vein, Trx, a ubiquitous small protein of 12 kDa, mainly exists as Trx-1 and Trx-2
in various intracellular components. The well-known function of Trx is to catalyze the
reduction of disulfide bonds in target proteins, whereas this reaction could be reversibly
counteracted by the action of thioredoxin reductase (TrxR) [146]. In this regard, Trx and TrxR
as well as nicotinamide adenine dinucleotide phosphate (NADPH) are together known as the
thioredoxin system. Trx system in macrophages was reported to exert important functions in
both early and advanced stages of atherosclerosis [147], especially associated with lipid
accumulations in macrophages caused by cellular oxidative stress. El Hadri and coauthors
have shown that the differentiation of macrophages into anti-inflammatory phenotype induced
by Trx-1 could be a possible explanation for its atheroprotective effects. In the meanwhile,
Trx-1 was stained to show the colocalization with M2 marker of macrophages but not with
M1 marker of macrophages in human plaques [148]. Additionally, some researchers found
that Puerarin could inhibit SR-1 and Lox-1 expression and thereby suppress lipid uptake in
macrophages via activating Trx-1, which was assumed as a promising target against
atherosclerosis [149]. Moreover, NLR family pyrin domain containing 3 (NLRP3)
inflammasome was demonstrated to be involved in Trx-1-mediated atherogenesis [150], and

this phenotype was observed in macrophages in vitro and HFD-fed Apoe-deficient mice in
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vivo. In addition to these effects of Trx on oxidative stress, Trx-1 was also reported to affect
reverse cholesterol transport (RCT) in vivo and accelerate macrophage cholesterol efflux in
vitro. Mechanistically, they revealed that Trx-1 stimulated LXRa nuclear translocation and
further upregulated the expression of ATP-binding cassette transporter A1 (ABCAT) [151].
Collectively, most of studies suggest that Trx-1 has protective effects on atherosclerosis until

now.

Except for HMGB1, HBDs and Trx, MIF family proteins such as MIF and MIF-2 also serve
as important ACKs and exert chemokine-like and pro-inflammatory properties in both human
and murine atherosclerosis. In hindsight, there is plenty of evidence that MIF could be a pro-

atherogenic factor, which will be addressed in the next part.
1.2.1.4 MIF family proteins in atherosclerosis

Among atypical chemokines, MIF family proteins are very interesting candidates with regard
to atherogenesis. As we have learned from previous studies, MIF is an upstream modulator of
inflammation, and it displays high expression in the inflamed vasculature of various sub-
compartments. Of note, MIF, as a multi-functional cytokine in inflammation, features a
unique structure and chemokine-like characteristics, which cannot be grouped into any class
of classical chemokines. With regard to cardiovascular diseases, it has emerged that MIF acts
as an important player in acute and chronic inflammation for example heart failure and
atherosclerosis. In atherosclerotic lesions, MIF displayed upregulated expression and
functionally promoted atherogenesis by orchestrating the recruitment of leukocytes based on
its interactions with CXCR2 and CXCR4 [2,152]. Conversely, a MIF/CD74 axis-elicited
cardio-protective effect mediated through an AMPK-dependent intracellular signaling

pathway has been found in the ischemic heart [153].

In the context of atherosclerosis, MIF exhibits pro-inflammatory and pro-atherogenic
properties overall. In 2002, Burger-Kentischer and coworkers systemically described the
immunoreactivities and mRNA expressions of MIF in human plaques at different stages. They
emphasized that c-Jun activation domain-binding protein-1 (Jab1), being one potent activator
of MIF’s actions in blood vessels, could form a functional complex with MIF and further
exert critical regulatory functions in plaque evolution, as confirmed by
immunohistochemistry and immunoprecipitation [152]. Additionally, MIF levels showed a

tight correlation with signs of instability in advanced atherosclerotic lesions from human
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carotid endarterectomy (CEA) samples [ 154]. Moreover, the expression of MIF in angiotensin
[I-producing mononuclear cells and CD40L positive cells in plaques indicates the causal role
of MIF in modulating atherosclerotic plaque stability. Recently, Kontos and coworkers indeed
detected highly expressed MIF in unstable and stable CEA plaques in comparison with
adjacent healthy tissue [155]. However, MIF mRNA expression did not show any significant
changes between stable and unstable plaques, as reflected through quantitative PCR and RNA
sequencing. Especially, they designed a novel CXCR4 mimic msR4M-L1, the MIF-
specificity of which was proved not only by a competition assay, but also by less staining
signals in stable plaques. Of interest, another previously published study indicated that
unstable plaques expressed more pronounced CXCL12, an important ligand of CXCR4,
compared to stable plaques [123].

In addition to plenty of explorations from human specimens, substantial amounts of evidence
for the in vivo relevance of MIF in disease progression has been obtained until now. MIF has
been broadly implicated in atherogenesis in both Apoe™ and Ldlr~’~ mouse models, as
confirmed by strategies of Mif gene knockout or antagonist blocking [2,14,156,157]. In
general, the global depletion or short-term inhibition of MIF could attenuate atherosclerotic
plaque burdens and lesion progression. As for the cellular contribution, MIF was reported to
display different levels of upregulations in various cells such as SMCs, ECs, infiltrated
leukocytes and platelets in plaques among several species including humans, mice, and rabbits
[152,158-160]. This upregulation of MIF was induced by pro-atherogenic mediators such as
ox-LDL after arterial injury, leading to plaque instability finally. Given that MIF acts as a non-
cognate CXCR ligand, its pro-atherogenic functions are mainly attributed to its interactions
with CXCR4 and CXCR2, respectively [2,12]. Regarding functional activities, MIF promoted
the recruitment of atherogenic monocytes and neutrophils, and the arrest of B/T lymphocytes
on aortic endothelium [161]. In addition to CXCR4 and CXCR2 addressed above, MIF-
triggered atherogenic leukocyte recruitment was also reliant on the MIF-binding protein
CD74, which showed the colocalization with CXCR2 and formed the receptor complex
eventually [2,162,163]. Similarly, CXCR4/CD74 complex formation has been described in B
cell migration driven by MIF [161,163]. Except for CD74, the involvement of CXCR2 and
CXCR4 in MIF-mediated immune cell recruitment sheds light on the interplay between
ligands and receptors in atherogenesis and vascular remodeling [126]. Specific functions of
MIF in atherosclerosis were illustrated in Figure 3, which was modified from one published

literature [164].
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Considering the pivotal role of MIF in atherogenesis and given the close structural similarity
between MIF and its homolog MIF-2, the question arose if MIF-2 would also play a role in
atherosclerosis. To this end, our laboratory firstly generated Mif-2 knockout mouse line under
the background of Apoe™~, and my PhD project aimed to figure out the significance of MIF-
2 in atherogenesis and specific mechanisms behind the phenotype. Recently, 4-CPPC, a novel
and reversible inhibitor of 287.23 Da was identified for MIF-2 [165,166], and it has been
tested to competitively bind to MIF-2 with a 13-fold selectivity compared to MIF. This would
provide us more approaches for MIF-2-related study.
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Figure 3: The role of MIF in atherosclerosis development. As an atypical and pro-inflammatory
chemokine, MIF contributes to vascular inflammation and atherogenesis through multiple
mechanisms. The figure was modified from reference [164].

1.2.2 Chemokines in NAFLD
1.2.2.1 Overview of NAFLD, a class of chronic liver disease

NAFLD, the most prevalent pattern of chronic liver disease, mainly exists in two predominant
histological subtypes: non-alcoholic fatty liver and non-alcoholic steatohepatitis (NASH)
[167]. Cirrhosis, the late stage of NAFLD, remains a growing cause of mortality in Western
nations, ranking 4th in central Europe and 14th worldwide [168]. Abnormal neutral lipid
aggradations, chiefly triacylglycerol, in liver are the classical hallmark of NAFLD, especially
in the absence of viral infection, excessive alcohol consumption and other external etiologies.

There should be a dynamic balance between lipogenesis/lipid uptake and lipid clearance in
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the body, whereas its imbalance finally leads to lipoperoxidative cellular stress and hepatic
inflammatory injury [169]. The inflammation-fibrosis-cancer axis eventually results in
clinical cirrhosis, which leads to death invariably, unless liver transplantation is done.
Therefore, taking preventive measures and therapies in time is vitally important to control or

prevent the progression of NAFLD to the end stage.

Therefore, a brief overview of well-known risk factors for NAFLD was given here. Without
doubt, high fat diet, cigarette smoking and an unhealthy lifestyle have been definitely
recognized as independent risk factors for NAFLD progression. A Westernized pattern of diet
containing high red meat consumption, high sugar beverages and pastries, and refined grains,
has been closely related to the development of NAFLD and metabolic syndrome [170].
Additionally, cigarette smoking seems to be independently related to the onset of NAFLD
through one retrospective study including 2029 participants [171], and also associated with
insulin resistance [172]. Consistent with these findings, passive smoke exposure is also
considered as a strong independent predictor for the metabolic syndrome from a study in the
United States [173]. Speaking of the life style, less physical activities and long-term sedentary
behavior would aggravate the severity of NAFLD [170]. By contrast, weight loss through a
balanced diet or physical exercise could obviously ameliorate NAFLD markers, for example
hepatic enzymes [174]. Undoubtedly, ethnic differences [175], gender and age [176] more or
less would affect the progression of NAFLD, but these internal factors are unchangeable.
Except for their different natural history, metabolic syndrome encompassing hyperlipidemia,
and obesity as well as diabetes mellitus is also one type of relatively common risk factors for
patients with NAFLD. Furthermore, the rising incidences of NAFLD are consistent with the
increasing rates of metabolic syndrome [177]. Moreover, polycystic ovarian syndrome (PCOS)
[178] and obstructive sleep apnea (OSA) [179] were confirmed to endanger those patients
who developed NAFLD. In summary, there are plenty of recognized risk factors for NAFLD
patients. Even if it is difficult to avoid all the potential dangerous sources, it is preferable to

minimize their negative effects.
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1.2.2.2 Chemokines in NAFLD

Inflammatory injuries virtually exist in all kinds of liver diseases. During the hepatic
inflammatory process, chemokines derived from liver resident cells including hepatocytes,
biliary epithelial cells, activated stellate cells, and endothelial cells as well as infiltrating
immune cells mainly monocytes and leukocytes are pivotal drivers in recruiting relevant
immune cells into the injured or diseased sites and inducing corresponding immune reactions
in response to specific stimuli [180-183]. Most of important chemokines and involving
pathways in liver diseases are summarized in Figure 4. In the context of liver fibrosis, different
chemokine-mediated actions based on recruitment of various subsets of immune cells were
systemically classified here. In this scheme, CCL1/CCL25, CCL2, CCL3, CCLS, CXCL9,
CXCL10, CX3CLI1 and CXCL16 exert pro-inflammatory and pro-fibrogenic functions and
further promote liver fibrosis progression. In contrast, CX3CL1, CCL2, CCL20 and CXCL9
could serve as anti-fibrogenic factors and be beneficial to the regression of liver fibrosis [ 180].
However, as we noticed here, CCL2, CXCL9 and CX3CLI1 have dual roles in this process

regarding different conditions.

Among these chemokines involved in the hepatic pathogenesis, one extensively studied
chemokine is CCL2. Remarkably, Kupffer cells could produce high levels of CCL2, which in
turn attracted bone marrow-derived CCR2-monocyte to accumulate in liver and thereby
enlarged the macrophage pool [184,185]. In this regard, CCL2 could also be released by other
cell types, such as hepatocytes [186], hematopoietic stem cells (HSCs) [187], and biliary
epithelial cells [188]. In addition to NAFLD, CCL2 was also related to the onset of alcoholic
liver disease (ALD). Another large cohort study about ALD patients in 2012 showed that
hepatic expression of CCL2 had a close correlation with IL-8 levels and neutrophil
infiltration, indicating an important role of CCL2 in ALD pathogenesis [189]. Given that there
were still some controversial results about CCL2/CCR?2, different genetic mouse models were
applied [190,191]. Besides, Wehr and coworkers confirmed the functional roles of CXCL16
and its receptor CXCRG6 in regulating chemotaxis and other activities of natural killer T (NKT)
cells, by utilizing both human hepatic specimens and murine liver damage models [182]. They
found that hepatic NKT cells showed significantly upregulated pro-inflammatory mediator
expression for example IFN-y and IL-4, once liver damage occurred. Additionally, liver-
resident macrophages, also termed as ‘Kupffer cells’, together with infiltrating monocytes

were described as main pathogenic factors of hepatic inflammation due to these essential
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released pro-inflammatory cytokines, which could in turn activate hepatocellular stress, and

lipogenesis as well as lipid accumulation [185,192].

In regards of anti-fibrotic chemokines, we mainly talked about CCL20 here. CCL20 mainly
targets at y0 T cells and HSCs to play a pro-inflammatory role. Mechanistically, damaged
hepatocytes and cholangiocytes strongly secreted CCL20 and further attracted CCR-6-
expressing T helper (Th) cells [193] and y6 T cells [194]. Oo and coworkers have
demonstrated that Th17 cells recruitment from blood to liver can be enhanced by CXCR3
upon hepatic damage in both mice and humans. And cholangiocyte-released CCL20 directly
guided their following positioning near bile ducts [193]. Furthermore, they found that high
levels of IL-17 released by Th17 could upregulate CCL20 levels in cholangiocytes. In turn,
Th17 cells indeed recruited more IL-17-secreting cells, which formed a positive feedback
system to enhance this effect. Hammerich and coworkers initially detected highly expressed
CCR6 and CCL20 in patients diagnosed as chronic liver disease, and they observed a similar
expression pattern in murine damaged livers [194]. Subsequently, they used Ccr6~~ mouse
model to confirm this finding further, and clarified that CCR6-mediated recruitment of yo6 T
cells into liver could protect against hepatic inflammation and fibrosis through constraining
HSCs. Other functional activities of pro-fibrogenic and anti-fibrogenic chemokines were

illustrated in Figure 4.
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Figure 4: Crucial chemokines and related signaling pathways contribute to the progression and
regression of liver fibrosis. Chemokines orchestrate inflammatory reactions through regulating the
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recruitment of different immune cell subsets such as monocytes, NK cells and T cell as well as their
interactions with liver cells. The scheme was taken from [180].

1.2.3 The interplay of NAFLD and atherosclerosis coupled by inflammation and

lipogenesis

Atherosclerosis, characterized by lipid-driven inflammation, is a chronic disease in the artery,
which also connects with pathologies of other organs in the body, such as liver, kidney,
pancreas, adipose tissue and gut. Among these associations, the lipogenic interplay between
atherogenesis and hepatosteatosis has been extensively studied. Following several important
hints from our previous data, we checked relevant literatures and found that NAFLD plays an
important part in promoting atherosclerotic progression based on numerous clinical data, as
shown in Figure 5. In fact, the relationship between NAFLD and CVD seems to be
independent of cardio-metabolic risk factors, for example obesity, dyslipidemia, diabetes and
hypertension, etc. [195]. Of note, CVDs are currently considered as the leading cause of
mortality in patients with NAFLD worldwide through long-term follow-up studies, which
especially drew our attention concerning clinical contributions [196-198]. Actually, most
relevant evidence about this association came from clinical studies, which will be elucidated

and summarized in the following part.

More specifically, NAFLD has been reported to be related to different pathological patterns
of atherosclerosis. Mishra and coworkers utilized ultrasonographic scanning to evaluate fatty
liver and carotid intima-media thickness (IMT) respectively, and they found that 68.5%
NAFLD patients suffered from metabolic syndrome along with high levels of blood pressure,
triglycerides and reduced HDL cholesterol per se [199]. Especially compared to subjects
without NAFLD, NAFLD patients showed significantly greater carotid IMT, which was
accompanied by wider plaque prevalence. Therefore, NAFLD was believed to have a close
association with the carotid IMT [199]. Of interest, except for carotid IMT, some other studies
additionally measured epicardial fat thickness (EFT) and showed that NAFLD patients
usually had increased EFT, which could be a possible predictor for arterial stiffness [200,201].

Meanwhile, Ampuero and coworkers performed a meta-analysis including fourteen clinical
studies and concluded that NAFLD could multiply the risks of atherosclerosis and coronary
artery disease [202]. Furthermore, they proposed that the right management of these patients
with NAFLD and atherosclerosis should include improvements in both cardiovascular and

hepatic diseases. In addition, there were several interesting studies reporting that NAFLD was
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associated with decreased brachial artery flow-mediated vasodilation [203-205], and reduced
coronary flow reserve [206]. In a study from 2005, Villanova ef al. applied brachial artery
flow-mediated dilation to evaluate endothelial dysfunction and confirmed the association
between liver disease and altered endothelial function [204]. Overall, most literatures
associated the index of carotid IMT with NAFLD severity in these patients. Without doubt,
this index is very important in clinical practice. The other possible explanation is that this
index is easy to measure, and further available in the relevant quantitative analysis especially

in outpatients.
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Figure 5: Potential associations among NAFLD, cardiovascular diseases and other metabolic
syndrome. As the biggest metabolic organ in the body, liver also interacts with other relevant organs
via inflammation- and lipid-dominated signaling pathways. NAFLD can lead to other metabolic
syndrome, which in turn can be the cause of NAFLD. The figure was taken from [207].

Mechanistically, the dominant act of liver in lipid and/or glucose metabolism might determine
the tight connections between NAFLD and atherosclerotic progression to some extent.
Initially, expanded production and secretion of particles such as large triglyceride-laden very
low-density lipoprotein (VLDL) is closely linked with progression of NAFLD. Hepatic
VLDL particles enter into blood circulation, which are gradually metabolized, and later
involved in an exchange proceeding between liver and artery. During this process, cholesteryl
ester was removed from the central core of VLDL, and replaced with triacylglycerol. This
transformation finally accelerated the production of low-density lipoprotein (LDL) in blood,

which possesses a highly atherogenic property and further leads to the formation of plaques
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[208]. Specific interaction mechanisms were vividly illustrated in Figure 6. In addition to the
involvement of major lipoproteins, some other important pro-inflammatory regulators,
vasoactive factors, and thrombogenic molecules together set a stage for CVD progression in
these NAFLD patients. As addressed in the above section, these factors can lead to endothelial
function disorder and unstable plaque changeover, etc. More importantly, these pathogenic
components are also associated with several cardiovascular clinical outcomes, for example
stroke, myocardial infarction and cardiovascular death [209], which thereby attract lots of

attention from clinicians.
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Figure 6: Specific functional mechanisms of how NAFLD promotes atherosclerosis. Excessive
production of VLDL was linked with progression of NAFLD. Hepatic VLDL particles entered into
blood circulation and metabolized forms were involved in an exchange between liver and artery. This
transformation accelerated the production of LDL in blood, which further led to plaque formation.
Structures were taken from [210].

In 2015, the PIVENS clinical trial including 222 patients revealed that the treatment of NASH
with pioglitazone could significantly ameliorate TG and HDL levels, whereas had no effects
on LDL and non-HDL-C levels, which were also regarded as risk factors for cardiovascular
events [211]. Therefore, it is hard to draw a conclusion that the improvement of NAFLD could
decrease substantial risks of CVD based on the results from this study. In other words, clinical
outcomes of CVD patients could be partially improved along with the treatment of NASH,
but the remaining lipid risk factors still exist. In addition, lowering TG and HDL levels
clinically does not mean the improvement of NASH. The other pilot clinical trial from the
United States about clofibrate against NASH showed an obvious TG downregulation, but
there was no any hepatic damage recovery through histological analysis [212]. Thus, it is
necessary to elucidate this question thoroughly via basic laboratory techniques and figure out
the underlying mechanisms linking NAFLD and CVD clearly. Moreover, Siddiqui and

coworkers also pointed out the stronger activation of sterol regulatory element binding protein
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(SREBP)-1 and more TG synthesis in their phenomenon [208], which gave us some useful

clues and more inspirations for further study.

Therefore, this well-known transcription factor (TF), SREBP, can orchestrate lipotoxicity in
different organs, which could be a potential linker between NAFLD and atherosclerosis
induced by MIF-2. It has been acknowledged that SREBPs participate in the synthesis of
triglycerides and cholesterol, and thereby play a pivotal role in lipid metabolism. Furthermore,
SREBPs have been extensively studied in various metabolic disorders. In terms of specific
mechanisms, there were already some scientific papers displaying that phosphorylation-
related regulation of SREBP-1c and -2 by AMPK in the liver, and stressing the role of
SREBPs in potential therapeutic implications in hepatic steatosis, insulin resistance and

atherosclerosis as well [213,214], which will be comprehensively discussed in the next part.

1.3 SREBPs: pivotal transcription factors linking atherogenesis and

hepatosteatosis

1.3.1 SREBPs and downstream targets: structures and functions

SREBPs, a well-known family of transcription factors including two genes (Srebp-1, Srebp-
2) and three proteins (SREBP-la, SREBP-1c, SREBP-2), have been reported to exert
important functions in regulating endogenous triglyceride and cholesterol synthesis in the past
3 decades [215]. Initially synthesized SREBP precursors are inactive forms, which exist in
the endoplasmic reticulum (ER). In general, each precursor, containing around 1,150 amino
acids, could be structurally divided into three major domains according to different functions
of each part. The most important domain of ~480 amino acids is the functional NH2-terminal
domain, including the bHLH-Zip region, which is the main DNA binding site. The connective
part is two hydrophobic transmembrane-spanning segments, interrupted by a short 30-amino
acid loop and projected into the ER lumen. The third part is the regulatory COOH-terminal
domain of ~590 amino acids, performing several essential regulatory functions [216]. To
achieve transcriptional activities in nuclei, SREBP precursors (i.e. pPSREBPs) have to remove
the NH2-terminal domain after twice proteolytic cleavages in hepatocytes and then the
cleaved SREBPs (i.e. cCSREBPs/nSREBPs) translocate into nuclei [216,217] to upregulate
themselves and multiple pivotal downstream targets via binding to sterol response elements
(SREs). During this process, any factors affecting phosphorylation, the transport from ER to
Golgi or the proteolytic cleavage of SREBPs would finally influence the expression of their
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downstream target genes and thereby affect energy states in the organism via the feedback

system.

Of interest, it is broadly accepted that SREBPs can directly regulate more than thirty essential
downstream targets implicated in both cholesterol and triglyceride synthesis, respectively
[217,218]. In general, three isoforms of SREBP have distinctive functions due to different
target promoters. SREBP-1 is mainly in charge of the biosynthesis of triglycerides, thus
SREBP-1 largely promotes the activation of several genes encoding rate-limiting lipogenic
enzymes, exemplified by fatty acid synthase (FASN), stearoyl-CoA desaturase 1 (SCD 1),
acetyl-CoA carboxylase 1 (ACC 1), etc. [219,220]. By contrast, the target genes of SREBP-2
are chiefly implicated in cholesterol biosynthesis, encompassing HMG-CoA reductase
(HMGCR), LDLR and other rate-limiting cholesterogenic genes [214,221]. Furthermore,
different from SREBP-2, the cleavage of SREBP-1c is initially triggered by insulin [222].
Particularly, there are distinct expression patterns between SREBP-la and SREBP-lc.
SREBP-1a displayed more expression in proliferative cells for example tumor cells, whereas
SREBP-1c highly expressed in normal cells such as hepatocytes [223]. Here, an important
activator of SREBP-1c, liver X receptor (LXR), which contributes to SREBP activation and
cholesterol efflux, must be mentioned. Nevertheless, regarding multiple regulatory features
and functional characteristics of SREBPs, it would be also very interesting to discover novel
modulators of SREBPs from upstream, which might offer vigorous therapeutic targets for

metabolic disorders.

Back to 1997, Brown and Goldstein first showed different expression levels of SREBP-2 in
contrasting energy-state serum conditions using staining. In addition to 10% fetal bovine
serum (FBS), they also cultured human fibroblasts with 10% lipoprotein-deficient serum, and
demonstrated that SREBP-2 was mostly detected in cytoplasm when cultured in the whole
serum, whereas SREBP-2 expressed more in nuclei if cultured with lipoprotein-deficient
serum [224]. Afterwards, more studies revealed that this kind of SREBP-regulated metabolic
process exhibits energy-dependent [213,214,225,226]. Overall, SREBPs would be suppressed
in the energy-sufficient condition whilst correspondingly activated in the energy-insufficient
case, and further participate in the lipid synthesis. In the energy-insufficient state, functional
activities of SREBP-1 were partially mediated by mTOR, whereas SREBP-2 regulation
belongs to an autonomous feedback loop. Especially, protein synthesis induced by SREBP-1

activation would lead to ER stress, and then adaptive unfolded protein response (UPR) restarts
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to keep cellular balance. However, a vicious circle of continuous ER stress along with lengthy
UPR results in chronic SREBP-1c¢ activation, and further promotes lipid-mediated
hepatosteatosis and cellular inflammation (Figure 7). As a result, chronic hepatic
inflammation could also raise the risks of liver fibrosis and hepatic carcinoma [225], which

are regarded as the terminal stages of NAFLD.

Indeed, this steatosis-inflammation-fibrosis axis has emerged as an ultimate common pathway
for different organ pathologies. Roles of SREBPs in liver and adipose tissue, two important
metabolic organs in the body, have been widely studied until now [227,228]. Unlike
hepatocytes, upregulation of cleaved SREBP-1c did not induce the transactivation of
downstream lipogenic genes in adipocytes [228]. Interestingly, some researchers even found
that there was fat redistribution between liver and adipose tissue induced by decreased hepatic
SREBP-1 levels in type 2 diabetic rats [229]. Here, this comprehensive scheme aims to
illustrate that the activation of SREBPs leads to lipid-driven stress, which in turn contributes
to metabolic disorders, exemplified by dyslipidemia, obesity, especially atherosclerosis and
hepatosteatosis, etc. These SREBP-triggered pathologies are eventually extended to different
organs (Figure 7) [225]. My PhD project mainly focusses on intimate associations mediated

by SREBP-inducing lipid phenotypes in NAFLD and atherosclerotic progression.
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Figure 7: SREBP-mediated lipotoxicity is involved in various metabolic diseases. The scheme
illustrates the specific mechanisms of how SREBP-1c and SREBP-2 regulate and/or link different
metabolic conditions. SREBP-1c¢ activation was associated with mTOR, whereas SREBP-2 served as
a part of autonomous system. The scheme was taken from [225].

1.3.2 Preclinical studies of SREBPs in lipid metabolism

As discussed in the above subchapter, SREBP-modulated metabolic mechanisms have
broadly expanded cellular lipogenesis-mediated inflammation to various organ pathologies,
such as liver, adipose tissue, brain, pancreatic 3 cells and kidney. Accordingly, SREBPs and
downstream targets have been reported to contribute to relevant diseases such as NAFLD
[213,214], alcohol-induced fatty liver disease [230], lipodystrophy [231,232], type 2 diabetes
mellitus [233,234], Alzheimer disease [235] and diabetic nephropathy [236]. In 2011, two
original research papers from USA and China respectively came out to elucidate the central
role of SREBPs in both atherosclerosis and NAFLD connected by lipid metabolism [213,214].
Li and colleagues firstly showed the administration of S17834, a synthetic polyphenol,
inhibited plaque formation and hepatic steatosis in high-fat high-sucrose (HFHS) food-fed
Ldlr-deficient mice in vivo. In terms of mechanisms, direct phosphorylation of SREBP-1c
and/or interaction of SREBPs with AMPK were important to regulate SREBPs’
transcriptional activities [214]. Moreover, this inhibition of SREBPs by AMPK was a SRE-
dependent manner via impeding the feed-forward control of Srebps and their target genes in
hepatocytes. How the AMPK-SREBP works in the context of lipid metabolism was illustrated

in Figure 8.
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Figure 8: Prospective scheme summarizes detailed mechanisms of how AMPK interacts with
SREBPs in hepatocytes and possible therapeutic effects on hepatic steatosis and atherosclerosis.
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AMPK activation by polyphenols or metformin suppressed the cleavage and expression of SREBPs,
and inhibited triglyceride and cholesterol synthesis. The scheme was taken from [214].

Mechanistically, AMPK can phosphorylate Ser372, which is the residue of SREBP-1c¢ that
represses SREBP cleavage and nuclear translocation, and subsequently downregulates the
expression of SREBPs and their target genes. As Figure 8 shows, AMPK activation in
hepatocytes by metformin or polyphenol could keep the body from atherogenic dyslipidemia,
hepatic steatosis and atherosclerosis in Ldl¥ /"~ mice through this pathway. In the same year,
Tang and coworkers screened a novel small molecular inhibitor betulin and found that it could
inhibit the interaction of SREBPs and SREBP-cleavage activating protein (SCAP), and
further keep SREBPs from cleaving and releasing from ER [213]. In their study, betulin
treatment attenuated SREBP-2 mRNA expression by ~30% observed in C57BL/6J mice. In
the meanwhile, fat/body-weight ratios showed an obvious drop by 35%-40% in betulin-
treated mice via metabolic analysis. Moreover, they also applied lovastatin, a kind of HMGCR
inhibitor as a positive control in vivo, and betulin treatment displayed similar or even better
effects on reducing lipid levels in liver as well as adipose tissue, and improving insulin
sensitivity compared with lovastatin. However, one limitation in this study was that they
mainly focused on the SREBP-SCAP pathway using RNA interference technique, but they
did not check the AMPK-SREBP axis.

On the other hand, AKT signaling pathway was also identified as a crucial player in the
regulation of SREBPs [237,238]. Porstmann and coworkers demonstrated that SREBP
silencing in RPE myrAKT-ER cells could hinder the lipogenic process in vitro and suppress
the increasing cell size induced by the activation of AKT. Additionally, in vivo studies on
Drosophila showed that flies expressing dSSREBP RNAI had smaller body size, lighter body
weight and reduced wing area compared to controls [237]. These results indicated that
AKT/mTORCI-mediated signaling was involved in SREBP activation and further regulated
lipid metabolism. In aggregate, current studies together support the view that AKT
phosphorylation enhances the transcriptional activities of SREBPs. There are four kinds of
noted possible mechanisms to explain how AKT affects SREBP/SCAP pathway. Firstly, AKT
could directly enhance ER-to-Golgi transport of SREBP-2. Du and colleagues showed that
stimulation of AKT by IGF-1 enhanced the GFP-SCAP transport from ER to Golgi, in the
meanwhile the suppression of AKT by LY294002 disturbed this transport of GFP-SCAP, as
evidenced by fluorescence microscopy [239]. Secondly, SREBP-1c could be phosphorylated
by AKT, which thereby displayed enhanced transport. One preclinical study from Yellaturu
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group demonstrated that insulin promoted AKT-mediated phosphorylation of SREBP-1c, and
then accelerated subsequent transport as well as its proteolytic cleavage in rat hepatocytes
[240]. Thirdly, AKT could activate mTORCI1 through different mechanisms, and further
expedited SREBP processing [237,241], which was addressed in the above part as well. Lastly,
AKT-mediated phosphorylation negatively regulated a kind of kinase, glycogen synthase
kinase-3 (GSK-3), which could promote SREBP-1 proteasomal degradation [218,242]. For
sure, more studies are still warranted to clarify some special effectors or targets in AKT-
modulated SREBP/SCAP pathway. Overall, the AMPK- and AKT-mediated SREBP-
pathways could provide additional insights for promising therapeutic strategies against

hepatic steatosis as well as atherosclerosis.

Another question is whether this MIF-2-SREBP-mediated lipogenic process also involves
proprotein convertase subtilisin-like kexin type 9 (PCSK9). Because LDLR is one of the most
common downstream targets of SREBP-2, while PCSK9 behaves as a recognized negative
regulator of LDLR. Some researchers even identified SREBP-2 as an upstream regulator of
PCSK9 [243,244]. Akin to SREBPs, originally synthesized PCSK9 exists as a precursor of
~72 kDa, whereas the small prodomain still binds to its mature part when the secretory
pathway works [245]. In the functional sense, the first experimental evidence in vivo of
PCSK9 came from Maxwell and Breslow using a type of adenovirus expressing murine Pcsk9
in 2004 [246]. They injected this constitutive adenovirus into wild type (WT) mice and Ldlr "
mice respectively, and then found that WT mice overexpressing Pcsk9 had increasing
cholesterol levels in plasma especially LDL cholesterol, due to the absent expression of LDLR
at the protein level yet with normal mRNA expression of Ldlr. In contrast to WT mice,
infected Ldlr”~ mice did not show any changes in total cholesterol. Thus, these effects
together suggest the behavior that PCSK9 overexpression upregulates LDL cholesterol levels
is dependent on LDLR. Moreover, McA-RH7777 rat hepatoma cells transfected with Pcsk9
in vitro showed reduced LDLR protein expression and corresponding less LDL binding,
which also substantiates their findings in vivo [246]. Of note, there were no relevant Ldlr
mRNA level changes observed in their study. Therefore, PCSK9 overexpression modulates
intracellular LDLR degradation mainly through a post-transcriptional mechanism [246,247].
Yet, a few questionable effects have emerged in preclinical trials of SREBP-targeted therapy.
Considering coordinative regulation of PCSK9 and LDLR in lipid metabolism, it definitely
will be an alternative choice to bring PCSK?9 into the complex therapeutics for atherosclerosis

rather than classical SREBP-targeted cholesterol inhibition [248].
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Based on the acknowledged therapeutic effects of statins and PCSK9 inhibitors on lowering
cholesterol, it is also preferable to think about SREBP-dominated microRNA-based strategy
in order to reduce cardiovascular risks further. MiR-33 is regarded as the most well studied
miRNA in the lipid metabolism because of its special location within the intron of SREBPs.
Horie and colleagues generated miR-33""Srebpl™~ mouse line and showed that the knockout
of mir-33 could aggravate obesity and hepatic steatosis induced by HFD [249], which reveals
a novel miR-33-mediated interaction between SREBPs in vivo. However, they also pointed
out that the phenotype observed in their study was in part different from that in WT mice,
which could be attributed to other target genes of miR-33. One year later, the same research
group reestablished humanized miR-33 knock-in mice and emphasized that miR-33 may exert
more essential effects on humans than mice regarding the function of lowering HDL
cholesterol levels [250]. Because miR-33b locates in SREBP-1 intron in humans and other
mammals but not mice, the knock-in technique was utilized in their study to evaluate the
significance of miR-33b among different species. In addition to a short-term effect,
Karunakaran and partners also applied anti-miR-33 to evaluate the long-term effect via a
pharmacological mouse model. After 20-week administration with anti-miR-33, there were
no obvious changes in hepatic metabolic parameters, such as body, liver or adipose tissue
weight, LDL cholesterol levels, and insulin resistance, etc. [251]. However, there were
significant downregulations of several miR-33 target genes, such as Abcal and Ampk, in the
adipose tissue from anti-miR-33-injected mice compared to control mice, indicating that miR-
33 is effectively suppressed at this dose [251]. Except for miR-33, there are many other
miRNAs, for example miR-182, miR-96, miR-185, miR-29 and miR-122, reported to
participate in SREBP-mediated sterol regulation. In conclusion, this brief sketch of SREBP-
associated miRNAs shows the complex regulatory pattern orchestrated by a single
transcription factor, and more importantly, these miRNAs may give a clearer explanation for

controversial or even unknown phenomena.
1.3.3 Clinical trials of SREBPs in lipid metabolism

To date, there are several inhibitors of SREBPs, for instance botulin and fatostatin, which
have been well applied in experimental studies to exhibit their inhibitory effects on SREBPs
activation and hepatic lipid synthesis and accumulations [213,252]. As for clinical aspects,
the most widely used drugs associated with SREBPs regulation are statins, a class of HMGCR
inhibitor, which could upregulate SREBP-2 and LDLR levels via the feedback loop of sterol
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regulation [253]. Then reduced LDL cholesterol levels in plasma were closely associated with
less plaque formation and improved stability in humans. From the very earliest of preclinical
stages with gels, blots and columns, through pilot clinical studies and finally to large-scale
clinical trials, Lovastatin was the first statin, which was patented in 1979 and approved for
patients, to lower cholesterol levels in 1987 [254,255]. Afterwards, simvastatin, the second
generation of statin, was confirmed to alleviate risks of heart attacks as well as prolong
lifespans of those patients after 5-year treatment through a large-scale clinical trial including
4444 patients in 1994 [256]. Follow-up results showed that simvastatin could effectively
downregulate total cholesterol by 25% and LDL cholesterol by 35%, whereas upregulate HDL
cholesterol by 8%, with less side effects [256]. Later on, the elucidation of SREBP pathway
gave a convincing explanation to the molecular mechanism of feedback regulation of LDLR
in statin studies. The largest clinical trial of 20536 patients, which was carried out by Heart
Protection Study Collaborative Group, consistently confirmed the beneficial effects of
simvastatin, even in subgroups with certain risk factors, such as smoking, hypertension,

dyslipidemia, etc. [257].

Even though results from many clinical trials substantiate the dominant role of statins in
lowering LDL cholesterol levels, statins still have drawbacks. Except for their positive effects
on SREBP-2 and LDLR, long-term treatment with statins upregulates PCSK9 levels. Elevated
PCSKD9 in turn accelerates LDLR degradation. Sahebkar and colleagues used meta-analysis
covering 15 clinical trials to assess how statins affected plasma PCSK9 and LDL cholesterol
levels. Statins were found to downregulate LDL cholesterol but upregulate PCSK9
concentrations in plasma [258]. In order to achieve better synergistic clinical outcomes, the
treatment with anti-PCSK9 antibodies could downregulate SREBP-2 and LDLR gene
expression, which was another successful example involved in sterol regulation in clinical
practice [259]. In addition to combinative treatment with statins, the approval of alirocumab
and evolocumab in medical use also brought two other advantages. Firstable, humanized anti-
PCSKD9 antibodies, which are given by parenteral injection, could significantly decrease LDL
cholesterol levels, with the reduction of ~39%-62% by alirocumab and ~47%-56% by
evolocumab, respectively [259]. Secondly, the application of PCSK9 inhibitors provides an
additional opportunity to those patients who are unable to take statins because of statin
intolerance. Moreover, one long-term clinical trial published in 2015 also demonstrated that
the additional use of evolocumab on the basis of standard therapy, fairly downregulated LDL

cholesterol levels and incidences of other cardiovascular events [260]. Therefore, the
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favorable clinical application of anti-PCSK9 antibodies stresses the importance of targeting

post-translational regulation of LDLR.

In summary, considering clinical importance of SREBP/PCSKO in lipid metabolism, it is
essential to clarify upstream sensors and associated receptors in this lipogenic process. Even
though there are still many controversial questions about SREBPs to be answered in the future,
steady progress has been made and also brings us some novel strategies to combat
atherosclerosis and hepatosteatosis, which calls for more studies. For this reason, my PhD
project mainly focusses on MIF-2/CXCR4/CD74-AMPK- and AKT-SREBP-mediated
lipogenic processes, and aims to clarify the role of MIF-2 in atherosclerosis and

hepatosteatosis as well as specific molecular mechanisms behind this phenotype.
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MATERIALS AND METHODS

2. MATERIALS AND METHODS

Parts of this materials and methods chapter are also contained in my co-first-author

manuscript preprint published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

All these passages and chapters are marked by a ‘#’ icon.

2.1 Materials”

2.1.1 Reagents

2.1.1.1 Key chemicals, proteins, peptides, and medium

Key reagents

Identifier

Supplier

4-(3-Carboxyphenyl)-2,5-
pyridinedicarboxylic acid (4-CPPC)

Cat# K00.223.811

AMD3100 octahydrochloride hydrate Cat# A5602
Low density lipoprotein from human Cat# L3482
plasma, Dil complex (Dil LDL)

Low density lipoprotein from human Cat# L3486

plasma (LDL)
Paraformaldehyd (PFA) 4% in PBS
TRIzol™ reagent

Cat# 1176201000
Cat# 15596018

CountBright™ absolute counting beads ~ Cat# C36950
PolyFect transfection reagent Cat# 301107
Recombinant human M-CSF Cat# 300-25
RBC lysis buffer (10X) Cat# 420301
Oil Red O solution 0.5% in propylene Cat# O1516
glycol

Ficoll® paque plus Cat# GE171440-02
Albumin fraction V Cat# 8076.4
Methanol Cat# 0082.2
CozyHi™ prestained protein ladder Caty PRL0202
TWEEN® 20 viscous liquid Cat# P2287
Donkey serum Cat# D9663
Goat serum Cat# ab7481
30% acrylamide/bis solution Cat# 1610156
Hematoxylin solution, Mayer’s Cat# MHS80
Eosin Y solution, aqueous Cat# HT110232
DL-Dithiothreitol >98% (HPLC) Cat# D0632
2-Propanol ROTISOLV® >99.95 % Cat# AE73.2
NuPAGE transfer buffer (20X) Cat# NP00061
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Aurora Fine Chemicals

Sigma-Aldrich
Thermo Fisher Scientific

Thermo Fisher Scientific

Morphisto GmbH
Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN

PeproTech GmbH
BioLegend
Sigma-Aldrich

GE Healthcare
Carl Roth
Carl Roth
HighQu GmbH

Sigma-Aldrich
Sigma-Aldrich

Abcam

Bio-Rad Laboratories
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Carl Roth

Thermo Fisher Scientific
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Xylol Isomergemisch Cat# 28976.294 VWR International
Recombinant human SDF-1a Cat# 300-28A PeproTech GmbH
Water nuclease-free Cat# 436912C VWR International
Bouin’s solution Cat# HT10132 Sigma-Aldrich
Sulphuric acid Cat# KK74.1 Carl Roth
TEMED Cat# 1610801 Bio-Rad Laboratories

Penicillin-streptomycin (5,000 U/mL)
Fetal bovine serum, qualified

Pierce protease inhibition tablets
Dulbecco’s phosphate buffered saline
modified, without calcium chloride and
magnesium chloride

Dulbecco’s phosphate buffered saline
RPMI 1640 medium GlutaMax +
supplements

DMEM/F-12, GlutaMAX™ supplement
Fluoromount™ aqueous mounting
medium

Kaiser's glycerol gelatine phenol-free
Eukitt® quick-hardening mounting
medium

Cat# 15140-122
Cat# 10091148
Cat# A32963
Cat# D8537

Cat# D8662

Cat# 61870-044

Cat# 31331-093
Cat# F4680

Cat# 6474.1
Cat# 25608-33-7

Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Sigma-Aldrich
Invitrogen

Invitrogen
Sigma-Aldrich

Carl Roth
Sigma-Aldrich

Vectashield antifade mounting medium  Cat# H-1200 Vector Laboratories
with DAPI

2.1.1.2 Critical commercial assays
Commercial Kits Identifier Supplier
Proteome profiler mouse cytokine array =~ Cat# ARY006 R&D systems
kit, panel A
First strand cDNA synthesis kit Cat# K1612 Thermo Fisher Scientific
ORA™ SEE qPCR green ROX L Mix Cat# QPDO0150 HighQu GmbH
Triglyceride colorimetric assay kit Cat# 10010303 Cayman Chemical
Cholesterol fluorometric assay kit Cat# 10007640 Cayman Chemical
Trichrome stain (Masson) kit Cat# HT15-1KT Sigma-Aldrich
Qiaxcel DNA screening Kit (2400) Cat# 929004 QIAGEN
RNA/Protein purification plus kit Cat# 48200 Norgen Biotek Corp.
Pan monocyte isolation kit, human Cat# 130096537 Miltenyi Biotec
Pierce™ TMB substrate kit Cat# 34021 Thermo Fisher Scientific
SuperSignal West Femto maximum Cat# 34095 Thermo Fisher Scientific
sensitivity substrate
Weigert’s iron hematoxylin set Cat# 537864 Sigma-Aldrich
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SuperSignal West Dura extended Cat# 34076 Thermo Fisher Scientific
duration substrate
QIAfilter plasmid midi kit Cat# 12245 QIAGEN
2.1.2 Antibodies
2.1.2.1 Primary antibodies
. Host . . ..
Antigen species Identifier Supplier Application
Anti-mouse CD45 Rat Cat# 560501 BD Biosciences  Flow
V450 cytometry
Anti-mouse CD3 FITC Human Cat# 130-119-758 Miltenyi Biotec ~ Flow
cytometry
Anti-mouse CD19 Rat Cat# 115530 BioLegend Flow
APC/Cy7 cytometry
Anti-mouse CD11c PE Armenian Cat# 117308 BioLegend Flow
hamster cytometry
Anti-mouse/human Rat Cat# 101216 BioLegend Flow
CD11b PE/Cy7 cytometry
Anti-mouse Ly-6C Rat Cat# 128016 BioLegend Flow
APC cytometry
Anti-mouse Ly-6G Rat Cat# 127654 BioLegend Flow
PerCP cytometry
Anti-human CD74 Mouse Cat# 555540 BD Biosciences  Flow
FITC cytometry
Anti-human CD184 Mouse Cat# 306528 BioLegend Flow
(CXCR4) APC/Cy7 cytometry
Anti-SREBP-1 Mouse Cat# sc-17755 Santa Cruz WB/IP/THC
monoclonal antibody Biotechnology = /ELISA
Anti-SREBP-2 Mouse Cat# 557037 BD Biosciences WB/IP/IHC
monoclonal antibody /ELISA
Anti-FASN monoclonal Mouse Cat# sc-55580 Santa Cruz WB/IP/IHC
antibody Biotechnology =~ /ELISA
Anti-LDLR Mouse Cat# sc-18823 Santa Cruz WB/IP/IHC
monoclonal antibody Biotechnology ~ /ELISA
Anti-CD68 monoclonal Rat Cat# MCA1957 Bio-Rad WB/IP/IHC
antibody GA Laboratories
Anti-AMPKa Rabbit Cat# 58328 Cell Signaling WB/IP
monoclonal antibody Technology
Anti-phospho-AMPKa  Rabbit Cat# 2535 Cell Signaling WB/IP
monoclonal antibody Technology

47



Chunfang Zan MATERIALS AND METHODS

Anti-AKT monoclonal  Rabbit Cat# 9272S Cell Signaling WB/IP
antibody Technology
Anti-phospho-AKT Rabbit Cat# 9271S Cell Signaling WB/IP
monoclonal antibody Technology

Anti-ERK monoclonal ~ Mouse Cat# sc-514302 Santa Cruz WB/IP
antibody Biotechnology
Anti-phospho-ERK Mouse Cat# sc-7383 Santa Cruz WB/IP/IHC
monoclonal antibody Biotechnology  /ELISA
Anti-B-Actin Mouse Cat# sc-47778 Santa Cruz WB/IP/IHC
monoclonal antibody Biotechnology ~ /ELISA
Anti-CXCR4 Rabbit Cat# PA3-305 Invitrogen WB/IHC/IF
polyclonal antibody

Anti-CD74 monoclonal Mouse Cat# sc-6262 Santa Cruz WB/IP/THC
antibody Biotechnology ~ /ELISA
Anti-MIF monoclonal ~ Mouse Cat# MAB289 R&D Systems ELISA
antibody

Anti-MIF biotinylated ~ Goat Cat# BAF289 R&D Systems ELISA
antibody

Anti-MIF-2 polyclonal  Rabbit Not applicable Bucala lab (Yale WB/ELISA/
antibody University) IF

2.1.2.2 Secondary antibodies

Antigen HOSt, Identifier Supplier Application
species

Alexa Fluor 647-conjugated ~ Donkey Cat# 712- Jackson Immuno- IF

donkey anti-rat IgG (H+L) 606-153 Research

Alexa Fluor 488-conjugated  Goat Cat# A- Invitrogen IF

goat anti-mouse IgG (H+L) 11001

Alexa Fluor 555-conjugated  Goat Cat# A- Invitrogen IF

goat anti-rabbit IgG (H+L) 21429

Goat anti-mouse HRP-conju-  Goat Cat# Abcam WB

gated secondary antibody ab6789

Goat anti-rabbit HRP-conju-  Goat Cat# GE Healthcare WB

gated secondary antibody NA934V

2.1.3 Quantitative PCR primers

2.1.3.1 Human primer sequences

Gene
symbol
SREBP-1 ACGGCAGCCCCTGTAACGACC TGCCAAGATGGTTCCGCCACTC

Forward primer (5°— 3°) Reverse primer (5°— 3’)
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ACTGTGA ACCAGG
SREBP-2  AGCTGGTCTGTGAAG CGCAATGGGGTCAGC
FASN GAAACTGCAGGAGCTGTC CACGGAGTTGAGGCGCAT
LDLR GTGTCACAGCGGCG CGCACTCTTTGATG
PCSK9 AGGGGAGGACATCATTGGTG CAGGTTGGGGGTCAGTACC
CD36 AGTCACTGCGACATGATTAATG CTGCAATACCTGGCTTTTCTCA
GT A
GLUTI1 CAGCAGCCCTAAGGATCTCTCA CCGGCTCGGCTGACATC
GLUT4 GCTACCTCTACATCATCCAGAAT CCAGAAACATCGGCCCA
CTC
HMGCR  CTTGTGTGTCCTTGGTATTAGA  GCTGAGCTGCCAAATTGGA
GCTT
MIF AGAACCGCTCCTACAGCAAGCT GGAGTTGTTCCAGCCCACATTG
MIF-2 CCCTGACCCAGAAACGACTG GCAAATTCGTGTCCAGCTCC
CD74 GATGACCAGCGCGACCTATC GTGACTGTCAGTTTGTCCAGC
CXCR4 TGACGGACAAGTACAGGCTGC CCAGAAGGGAAGCGTGATGA
B-Actin AGAGCTACGAGCTGCCTGAC CGTGGATGCCACAGGACT
2.1.3.2 Murine primer sequences
Gene Forward primer (5°— 3’) Reverse primer (5°— 3’)
symbol
SREBP-1 GGCAAAGGAGGCACTACAG AGATAGCAGGATGCCAACAG
SREBP-2 CCAAAGAAGGAGAGAGGCGG CGCCAGACTTGTGCATCTTG
FASN CTGAAGAGCCTGGAAGATCG  GTCACACACCTGGGAGAGGT
LDLR ACCTGCCGACCTGATGAATTC GCAGTCATGTTCACGGTCACA
PCSK9 TGCAAAATCAAGGAGCATGGG CAGGGAGCACATTGCATCC
CD36 GATGACGTGGCAAAGAACAG CAGTGAAGGCTCAAAGATGG
GLUTI1 TCAACACGGCCTTCACTG CACGATGCTCAGATAGGACATC
GLUT4 GTAACTTCATTGTCGGCATGG  AGCTGAGATCTGGTCAAACG
HMGCR  CTTTCAGAAACGAACTGTAGC CTAGTGGAAGATTGGACATGAT
TCAC
MIF ACAGCATCGGCAAGATCG AGGCCACACAGCAGCTTAC
MIF-2 CCAGCTTCTTCAAGTTCCTCA GGGAAGAAGCGGATAACGAT
CD74 CCCCATTTCTGACCCATTAGT  TGTCCAGCCTAGGTTAAGGGT
CXCR4 TGGAACCGATCAGTGTGAGT  GGGCAGGAAGATCCTATTGA
B-Actin GGAGGGGGTTGAGGTGTT GTGTGCACTTTTATTGGTCTCAA

2.1.4 Equipment

Equipment Manufacturer Identifier
BD FACSVerse™ flow cytometer ~ BD Biosciences Cat# 651155
Mini gel tank Invitrogen Cat# A25977
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Mini blot module Invitrogen Cat# B1000
Power supply EV3020 Carl Roth Cat# EV3020
Odyssey Fc imaging system LI-COR Biosciences Cat# OFC-0976
Heraeus™ Megafuge™ 16R Thermo Fisher Scientific Cat# 75004270
centrifuge
EnSpire multimode plate reader Perkin Elmer LAS Cat# 23001395
NanoDrop one microvolume UV- Thermo Fisher Scientific Cat#t AZY 1602185
Vis spectrophotometer
Biometra TRIO 48 touch Analytik jena Cat# 2070723
thermocycler
Horizontal gel electrophoresis Life Technologies Cat# 41060
system
Centrifuge 5424 R Eppendorf Cat# 5404000210
Vortex shaker, VV3 VWR International Cat# 444-0007
Thermal shake lite VWR International Cat# 460-0249P

Leica DMi8 fluorescent microscope

Confocal microscope

Leica TCS SP8 DIVE multiphoton

microscope

Biosafety cabinet

Heracell ™ VIOS 160i CO;
incubator

TC20™ automated cell counter
Zeiss Axio imager M2

Cryotome Leica CM 1950 platform

Leica dissection microscope
Embedding machine STP 120
Rotor-gene Q

Tissue lyser LT

Leica Microsystems
Carl Zeiss
Leica Microsystems

Kojair Tech Oy
Thermo Fisher Scientific

Bio-Rad Laboratories
Carl Zeiss

Leica Microsystems
Leica Microsystems
Leica Microsystems
QIAGEN

QIAGEN

Cat# S/N 425074
Cat# LSM 880
Cat# Leica TCS SPS

Blue series
Cat# 51030285

Cat# 1450102

Cat#t M2

Cat# Leica CM1950
Cat# Leica M125C
Cat# STP-120

Cat# R0915111
Cat# 23.1001/07538

2.1.5 Software

GraphPad Prism 8 software (Version 8.4.3)
Rotor-Gene 6000 series 1.7 software (Version 2.3.1)
BD FACS Diva software (Version 1.0.6.5230)
FlowJo V10 software (Version 17.0.2.0)

Image Studio™ software (Version 5.2.5)

Imagel software/Fiji software (Version 64-bit Java 1.8.0 172)

Leica application suite X (Version 3.0.15878.1)
Carl Zeiss ZEN 2010 (Version 2.3.64.0)

BioRender (BioRender.com)
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2.2 Main methods

2.2.1 Murine experimental techniques in vivo*

2.2.1.1 Atherosclerotic mouse models and treatment

All in vivo experiments in this thesis were approved by the Animal Care and Use Committee
of the local authorities, and performed in accordance with the animal protection representative
at the Center for Stroke and Dementia Research (CSD), Munich, Germany. Hyperlipidemic
Apoe”” mice with C57BL/6 background were originally obtained from Charles River
Laboratories, and generally backcrossed at the CSD when the experiment was planned.
Additionally, there were no methods of statistics utilized to predetermine the sample size.
However, G power analysis was applied to different mouse cohorts to verify that the number

of mice is enough in this study.

Genetic mouse model: Mif-2”"Apoe” mouse line was firstly generated and housed at the
CSD. Genetically deficient mouse experiments were performed on eight-week-old female and
male Mif-2""Apoe” mice and Apoe” mice in parallel. The distribution of these mice was not
random and the researcher in this study was not blinded during experiments and outcome

assessment.

Pharmacological mouse model induced by 4-CPPC: 8-weck-old male Apoe”™ mice were
separated into two groups at random, with 11 mice in each group. The experimental group
was intraperitoneally (i.p.) administrated with 50 pg 4-CPPC solubilized in 400 pL
physiological saline (i.e. 0.9% NaCl) per mouse every two days for 4.5 weeks (in total 14
times), and the other group (control group) was injected with 400 puL 0.9% NacCl solution at
the same time intervals. The 4-CPPC injection did not show any toxicity and other side effects

on mice in this study.

These mice were housed under a 12-hour light/dark cycle with ad libitum access to water and
food. At the age of eight weeks, mice are challenged with a Western-type food including
0.21% cholesterol (Ref. E15721-347; ssniff Spezialdidten GmbH, Soest, Germany) for 4.5
weeks or 12 weeks. Early-to-intermediate atherosclerotic lesion develops in this mouse model
[261]. At the endpoint of these planned experiments, mice were subject to isoflurane and
midazolam/medetomidine/fentanyl (MMF) administration until deeply anesthetized, body
and liver weight was measured, blood was collected through cardiac puncture and intended
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for routine blood cell counts and lipoprotein analysis further. After blood samples were
obtained, mice were transcardially perfused with saline, half of hearts including the aortic root
and proximal aortas were isolated, trimmed and sectioned for plaque morphometry and
quantitative measurements. Other organs such as spleen, liver and adipose tissue were isolated

and stored in -80°C for future use.
2.2.1.2 RNA extraction and gene expression analysis by RT-qPCR

Half of heart tissue was collected, fresh-frozen on powered dry ice and then transferred to 40
pum cell strainer (Corning, NY, USA), and the other half of heart was used to analyze plaques.
This part of tissue for mRNA isolation was cut into small pieces and ground thoroughly using
a pipette tip. Genomic DNA was removed from lysate, and total RNA was purified through
wash and elusion using the RNA/Protein Purification Plus kit, in keeping with the
constructor’s instructions. The concentrations of RNA samples were measured by Nanodrop
spectrophotometer and 1000 ng RNA was prepared for reverse transcription. cDNA was
subsequently synthesized using First strand cDNA synthesis kit and then diluted in a 1:5 ratio
using nuclease-free water. Afterwards, real-time quantitative PCR process was carried out by
employing 2x SensiMix PLUS SYBR No-ROX kit in a Rotor-Gene 6000 machine. Specific
mouse Mif-2 primer pair was indicated here: forward: 5’>-CCAGCTTCTTCAAGTTCCTCA-
3’; reverse: 5’-GGGAAGAAGCGGATAACGAT-3’ (Eurofins BioPharma Product Testing
Munich, Planegg, Germany). All raw data were obtained from the Rotor-Gene 6000 series 1.7
software (QIAGEN), and relative mRNA levels were calculated by using the AAC; method

with S-actin as the housekeeping gene. The same RNA isolation and quantification procedures

were applied to murine liver tissue as well.

2.2.1.3 Blood leukocyte counts by flow cytometry, triglyceride and cholesterol level

measurement, and lipoprotein analysis

Fresh mouse whole blood was collected by 30 G needles into EDTA tubes, placed at room
temperature (RT) for 10 min before keeping on the ice, and blood cells and plasma were
separated by centrifugation at the speed of 300 g for 12 min at 4°C. To estimate percentages
of different types of white blood cells (WBC), RBC lysis buffer at RT was used to lyse red
blood cells (RBC) for 3 min, and filtered phosphate-buffered saline (PBS) dissolving 0.5%
BSA (i.e. FACS buffer) was utilized to wash and suspend WBC pellets. Then, an antibody
cocktail panel (1:100) encompassing V450-conjugated anti-CD45, FITC-conjugated anti-
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CD3, APC-Cy7-conjugated anti-CD19, PE-Cy7-conjugated anti-CD11b, PE-conjugated anti-
CDl11c, APC-conjugated anti-Ly6C and PerCP-conjugated anti-Ly6G, was applied to stain
leukocyte subsets. After 45 min of antibody incubation and three times of washing, these
stained cells were sorted in a FACSVerse™ flow cytometer, compensations and special gating
strategies were set using isotype controls and fluorescence minus one (FMO) antibody
combinations. These raw data were obtained by FACSiva software, and analysis was carried

out via FlowJo software (Treestar).

The concentrations of total triglyceride and total cholesterol in plasma from different mouse
cohorts were enzymatically determined capitalizing on triglyceride colorimetric assay kit (1:2)
and cholesterol fluorometric assay kit (1:2000) following the manufacturer’s guidance,
respectively. Especially, proper dilution ratios of plasma are critical factors taken into account

in both two assays.

As for the visualization of lipoprotein profiles, plasma samples were subjected to FPLC using
Superose 6 column (GE Healthcare) for gel filtration. Different lipoprotein fractions were
separated and collected according to their retention (flow-through) times as follows: VLDL
between 40 and 50 min, LDL between 50 and 70 min, and HDL between 70 and 90 min.
Separated lipoproteins were evaluated and results were presented as Optical Density (OD)

492 measurements by a plate reader with a 492 nm filter.
2.2.1.4 Plaque size and component analysis (ORO, HE, CD68 and Masson staining)

To analyze plaque sizes and components for different mouse cohorts, samples were prepared
and staining was performed. In brief, the heart tissues were embedded in Tissue-Tek optimum
cutting temperature (O.C.T.) compound and directly fresh-frozen on dry ice for sectioning in
the next step. After the block was trimmed, serial eight-um thick frozen sections were
arranged for Oil Red O (ORO), hematoxylin and eosin (HE) staining, and subsequent
quantification of other plaque components, such as immune cells, collagen and necrotic core.
The lipid content in aortic root was stained with 0.5% ORO solution in propylene glycol at
37°C for 45 min and nuclei were lightly stained with hematoxylin at RT for 1 min. The lesion
area was alternatively stained with hematoxylin for 10 min and eosin for 30 sec. The
macrophage content in plaques of the aortic root was visualized by a rat anti-CD68 antibody
(1:100) in combination with a Cy5-conjugated secondary antibody (1:300). In the meanwhile,

nuclei were stained with DAPIL. Previously isolated and trimmed aortic arch was fixed in 1%
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paraformaldehyde (PFA) overnight and transferred into PBS on the day before dehydration.
After immersed completely, samples were embedded in paraffin. Molded blocks can be stored
at RT or for direct section. Four-um paraffin sections including three main branches were cut
and HE-stained for plaque measurement. In addition, collagen and necrotic core were stained
in consonance with the manufacturer’s procedures of trichrome stain (Masson) kit. Nuclei
stains black, cytoplasm and muscle fibers stain red, whereas collagen displays blue coloration.
Images were acquired with a Leica DMi8 fluorescence microscope, and signals were

quantified using computer-assisted image analysis software (Imagel).
2.2.1.5 Mouse cytokine array analysis

Differently expressed cytokines or chemokines were detected in plasma from Mif-2""Apoe™~
mice and Apoe”’” mice using proteome profiler through mouse cytokine array panel A
following the standard protocol. Commercial membranes were blocked at RT in the blocking
buffer provided by this kit for 1 h. At the same time, samples were constituted by mouse
plasma in a 1:10 dilution of array buffer, mixed with a detection antibody cocktail (1:100),
and incubated at RT for 1 h. Then pre-blocked membranes were covered with reconstituted
samples at 4°C overnight. The second day, membranes were rinsed followed by 30 min of
incubation with the diluted streptavidin-horseradish peroxidase (HRP) (1:2000) solution, and
then visualized with chemi-reagent mix and developed by an Odyssey® Fc imager for 2 min,
10 min and 1 h, respectively. All measurements in this assay were conducted in duplicates.
The mean pixel density of the pair of duplicate spots was quantified by Image] and is

represented as the level of corresponding cytokine.
2.2.1.6 Hepatic immunochemistry

ORO staining and HE staining for OCT-embedded mouse liver tissue were carried out using
8 um thick frozen sections and 4 um paraffin sections. After placed at RT for 30 min, frozen
sections were immersed in propylene glycol for 2 min and stained with pre-warmed ORO
solution for 10 min. Following the staining procedure, tissues were differentiated in 85%
propylene glycol for 1 min, and then counterstained using modified Mayer’s hematoxylin and
mounted using an aqueous mounting medium. Given the fact that lipids are dissolved by
organic solvents during the sample preparation, ORO staining is not appropriate to perform
on paraffin sections. In addition, hepatic HE staining procedures on either paraffin or frozen

sections are same as the general HE staining procedures described above in 2.2.1.4.
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2.2.1.7 Hepatic SREBP protein analysis by immunoblotting

40 mg liver tissue was collected from each mouse and lysed in 150 pL 1x RIPA lysis buffer
added with protease inhibitor (each tablet was dissolved in 50 mL RIPA buffer). Samples were
disrupted at the speed of 30-50 Hz for 2 min to release protein, and the concentrations were
measured by bicinchoninic acid (BCA) assay. 200 pg protein was calculated, diluted to a
volume of 100 uL by 1x RIPA buffer, and added with 100 uL 2x LDS sample buffer. Proteins
were denatured at 95°C for 10 min, and stored at -20°C for future use. For immunoblot
analysis, 10 pL protein/lane (around 10 pg protein) was loaded onto 11% SDS-PAGE gel with
15 wells, electrophoresis was carried out, and proteins were electro-transfer to PVDF
membrane. After blocked with 5% BSA-TBST, membranes were incubated with primary
antibodies diluted in 3% BSA-TBST. Antibodies used were targeted against mouse SREBP-
1 (E-4) (1:500) and mouse SREBP-2 (1:1000). After overnight incubation with primary
antibodies, the membranes were rinsed in 1x TBST for three times and incubated with goat
anti-mouse HRP-linked secondary antibody (1:10,000). Following thorough washing, the

immunoblot was eventually visualized by an Odyssey® Fc imager.
2.2.2 Functional methods in vitro

2.2.2.1 Cell lines and cell culture”

Human hepatocellular carcinoma cell line (Huh)-7 cells were epithelial-like and cultured in
DMEM-GlutaMAX supplemented with 10% FCS and 1% penicillin/streptomycin (P/S), and

cells were subcultivated for 2-3 times every week with a 1:3-1:5 split ratio.

Human embryonic kidney (HEK)-293 cells were purchased from German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany). They were kept
in DMEM-GlutaMAX supplemented with 10% FCS and 1% P/S, and split in a ratio of 1:3-
1:5 generally.

Primary human monocytes and differentiated macrophages were maintained in full growth
medium (RPMI 1640 medium with 10% FCS, 1% P/S, 2 mM L-glutamine and 1% non-
essential amino acids (NEAA)). Additionally, detailed isolation procedures of monocytes

were described in the following part.
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2.2.2.2 Purification and differentiation of peripheral blood monocytes”

Peripheral blood mononuclear cells (PBMCs) were isolated as illustrated in the previous study
[2]. In brief, peripheral blood was obtained from healthy volunteers and gently mixed with
the equal volume of pre-warmed PBS, and the layer of PBMCs were separated by density
gradient centrifugation (i.e. at 2000 rpm for 30 min with deceleration of 0) using Ficoll-Paque
Plus density gradient media. After centrifugation, cells in the interphase were carefully sucked
out using a plastic pipette, and RBCs were lysed using 1x RBC lysis buffer subsequently. The
pellet of PBMCs was washed with pre-warmed PBS, then resuspended in full RPMI 1640
medium, and maintained at 37°C in a humidified atmosphere of 5% CO,. Human Pan
Monocyte Isolation Kit was then used to purify primary human monocytes from PBMCs
based on negative depletion, in accordance with the producer’s instructions. Flow cytometry
was applied to assess the purity of isolated monocytes by using an anti-CD14 antibody. All
the isolation procedures were approved by the local ethics committee of the LMU Munich
University and all experiments were carried out in line with the guidelines of the LMU
Munich University. These purified monocytes are intended for Transwell migration assay and
3D chemotaxis assay (data not shown). Macrophage colony-stimulating factor (M-CSF) was
additionally used to accelerate the differentiation of monocytes into macrophages. After
monocytes were purified, they were seeded in full growth medium with 100 ng/mL M-CSF,
and the half of medium was regularly replaced every two days until they were differentiated
into macrophages after about 7 days. These differentiated macrophages were subjected to Dil-

LDL uptake assay.
2.2.2.3 Transwell migration assay in primary monocytes”

The transwell migration ability of primary human monocytes was assessed using the Boyden
chamber as reported previously [161]. Briefly, monocytes were isolated from PBMCs using
magnetic beads and subsequently maintained in full RPMI 1640 medium overnight. The
second day, 600 pL/well of different treatments was prepared and loaded in 24-well plate.
Transwell culture inserts (i.e. 5 um filters) were then transferred into the wells containing 4
nM MIF-2 with or without different concentrations of 4-CPPC, and together placed at the
incubator for 30 min. In the upper chamber, 1x 10° cells in a total of 100 pL suspension were
loaded. The inhibitory effect on MIF-2-mediated cell migration was assessed by prior
incubation of inhibitors with MIF-2 at 37°C for 45 min. For chemotaxis, these chambers were
kept at 37°C incubator for 4 h. Afterwards, inserts were cleaned by ethanol and PBS for reuse,
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while migrated cells were washed by 500 uL PBS, collected and counted by flow cytometer
utilizing CountBright™ Absolute Counting Beads.

2.2.2.4 Dil-LDL uptake assay in primary macrophages”

The uptake assay of Dil complex-labeled low density lipoprotein (Dil-LDL) in primary
human monocyte-derived macrophages was performed following the well-established
procedures, as formerly illustrated [262]. In short, macrophages were kept in the full RPMI
1640 medium at 37°C, and then changed to MEM medium containing 0.2% BSA for 2-4 h to
get starvation. Later, cells were pre-incubated with inhibitors (10 pM AMD3100, 4-IPP and
4-CPPC) for 30 min along with 1 pg/mL MIF-2 overnight. The second day, cells were cultured
in the same medium added with 1% 2-Hydroxypropyl-B-cyclodextrin (HPCD) at 37°C for 45
min. After rinsed with PBS for three times, macrophages were first maintained in 25 pg/mL
Dil-LDL solution at 4°C for 30 min (i.e. the binding process), and subsequently removed to
37°C for 20 min (i.e. the uptake process). Treated macrophages were washed with PBS, fixed
with 4% PFA, permeabilized with 0.1% Triton X in PBS, and finally stained with DAPI
(1:100,000). Representative images were acquired with a Leica DMi8 fluorescence
microscope and the uptake effect was characterized as the index of relative corrected total cell

fluorescence (CTCF) via Image].
2.2.2.5 Huh-7 stimulation, Srebp and target gene detection by RT-qPCR*

4 x 10° Huh-7 cells were seeded in the 12-well plate on the day before starting the experiment
and then starved with DMEM medium containing 2% FCS overnight. On the third day, Huh-
7 cells were stimulated with different concentrations of MIF-2 protein (0 nM, 4 nM, 8§ nM, 16
nM, 32 nM, 48 nM) for 24 h. Supernatant was discarded, monocellular layers were lysed by
TRIzol™ reagent, and total RNA was isolated following the standard protocol. The
concentrations of RNA samples were measured by Nanodrop spectrophotometer and 1000 ng
RNA was prepared for reverse transcription. cDNA was subsequently synthesized using First
trand cDNA synthesis kit and then diluted in a 1:5 ratio. Afterwards, real-time quantitative
PCR process was carried out by employing specific human S-Actin, Fasn, Psck9, Cd36, Glutl,
Glut4, Srebp-1, Srebp-2, Ldlr, Hmgcr, Lxra, Cxcr4 and Cd74 primer pairs (Eurofins
BioPharma Product Testing Munich, Planegg, Germany) and 2x SensiMix PLUS SYBR No-
ROX Kit in a Rotor-Gene 6000 machine. All the primer sequences were attached in the section

2.1.3. All the raw data were obtained from the Rotor-Gene 6000 series 1.7 software
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(QIAGEN), and relative mRNA levels were calculated by using the AACt method with f-

actin as the housekeeping gene.
2.2.2.6 Analysis of SREBPs and signaling pathways in Huh-7 cells by immunoblotting”

1 x 10° Huh-7 cells were seeded in 24-well plate on the day before starting the experiment
and then starved with 2% FCS DMEM medium overnight. On the third day, Huh-7 cells were
stimulated with different concentrations of MIF-2 (0 nM, 4 nM, 8 nM, 16 nM, 32 nM, 48 nM)
or in the presence IgG control, AMD3100 and LN-2, dissolved in 2% FCS DMEM medium
for 24 h, in terms of SREBPs detection. Huh-7 cells were washed with pre-warmed PBS, and
lysed in 100 pL 1x LDS lysis buffer with dithiothreitol (DTT). Proteins were collected and
denatured at 95°C for 10 min, and stored at -20°C for use. 20 pL protein per lane was loaded
onto 7.5% SDS-PAGE and immunoblot analysis were carried out using primary antibodies
diluted in 3% BSA-TBS-T. Antibodies used were targeted at mouse anti-SREBP-1 (E-4)
(1:500), mouse anti-SREBP-2 (1:1000), mouse anti-FASN (A-5) (1:500) and mouse anti-
LDLR (C7) (1:500). After incubation, these membranes were rinsed in 1x TBS + 0.1% Tween
and incubated with a goat anti-mouse HRP-conjugated secondary antibody (1:10,000).

As for signaling pathway analysis, Huh-7 cells were starved with DMEM medium containing
0.05% FCS overnight, stimulated with different concentrations of MIF-2 in 0.05% FCS
DMEM medium for 30 min, and other experimental settings were the same as described above.
After treatment, cells were lysed and subjected to 11% SDS-PAGE gel, for Western blotting.
AMPK activation was revealed with rabbit antibodies against phosphorylated AMPK (1:1000)
and total AMPKa (1:1000) as well as B-Actin detected for standardization. Similarly, AKT
phosphorylation was detected with rabbit antibodies against phosphorylated AKT (1:1000)
and total AKT (1:1000), and ERK phosphorylation was revealed with mouse antibodies
against phosphorylated ERK (1:500) and total ERK (1:500). Goat anti-rabbit HRP-conjugated
secondary antibody (1:10,000) was used for visualization and protein bands were developed

as chemiluminescence using an Odyssey® Fc imager. Quantifications were made by ImageJ.

2.2.2.7 Detection of SREBP-2 nuclear translocation in Huh-7 cells by immuno-

fluorescence staining”

1 x 10* Huh-7 cells were seeded in 24-well plate on the day before starting the experiment
and then starved with DMEM medium including 2% FCS overnight. On the third day, Huh-7
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cells were stimulated with two concentrations of MIF-2 (8 nM and 16 nM) in 2% FCS DMEM
medium for 24 h. After stimulation, Huh-7 cells were fixed with 4% PFA and permeabilized
with 0.02% Triton X-100 in PBS. Cells were washed with PBS, blocked with 1% BSA and
5% goat serum in PBS and then incubated with mouse anti-SREBP-2 (1:300) at 4°C overnight.
Cells were washed with PBS for three times and incubated with goat anti-mouse Alexa Fluor
488 (1:500) at RT for 1 h. After three times of washing, the cover glasses were incubated with
Vectashield Antifade Mounting medium with DAPI, placed in the slides, and fixed using the
nail polish. Then images displaying nuclear SREBP-2 expression were acquired using a Leica

DMi8 microscope.

2.2.2.8 Analysis of CXCR4 and CD74 receptor expression in Huh-7 cells by

immunostaining and flow cytometry”

Cell fluorescence staining procedures were specifically described in 2.2.2.7. After blocking,
hepatocytes were incubated with mouse anti-CD74 (1:100) and rabbit anti-CXCR4 (1:100)
overnight. The second day, cells were washed with PBS for three times and incubated with
goat anti-mouse Alexa Fluor 488 (1:200) and goat anti-rabbit Alexa Fluor 555 (1:200) at RT
for 1 h. After three times of washing, the cover glasses were incubated with Vectashield
Antifade Mounting medium with DAPI, placed in the slides, and fixed using the nail polish.
Then images displaying CXCR4/CD74 receptor expression were acquired using a Zeiss

confocal microscope.

To analyze the surface expression of receptors in hepatocytes, 1 x 10° Huh-7 cells were
collected and stained with FITC-conjugated anti-CD74 and APC-Cy7-conjugated anti-
CXCR4 for 45 min. After three times of washing by FACS buffer, these stained cells were
sorted in a FACSVerse™ flow cytometer, compensations and special gating strategies were
set using isotype controls and fluorescence minus one (FMO) antibody combinations. Raw

data were obtained by FACSiva software, and analysis was carried out via FlowJo software.
2.2.2.9 Native LDL uptake assay in Huh-7 cells by ORO staining”

1 x 10* Huh-7 cells were seeded in 24-well plate on the day before starting the experiment
and then starved with 2% FCS DMEM medium overnight. On the third day, Huh-7 cells were
stimulated with § nM MIF-2 with or without IgG, AMD3100 and LN-2, dissolved in 2% FCS
DMEM medium for 24 h. After treatment, hepatocytes were subsequently incubated with 10

pg/mL human plasma LDL at 37°C for 4 h, followed by 3 times of washing in PBS. Later
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on, cells were fixed in 4% PFA and subsequently stained with ORO solution for 5 min. Stained
cells were then washed and counterstained with DAPI (1:10,000) and then mounted on a glass
slide. Images showing positive uptake LDL signals under different treatments were captured

using a Leica DMi8 microscope.
2.2.2.10 FLIM-FRET analysis including transformation and transfection

The interest DNA (i.e. YFP-CD74 and CFP-CXCR4) was transformed into competent E. coli
cells (i.e. DH5a cells) using heat shock at 42°C for 60 sec. Recovered competent cells were
plated and incubated at 37°C overnight. Then bacterial cells were harvested and plasmid DNA
of YFP-CD74 and CFP-CXCR4 was purified through the QIAfilter Plasmid Midi Kit, and the
DNA concentrations were determined by the absorbance at 260 nm via UV spectrophotometry.
On the day before transfection, HEK-293 cells were split and suspended in 100 mm dish
meanwhile. When the confluence of HEK cells was up to 70%-90%, a total of 8 pg DNA was
introduced into HEK-293 cells using polyfectamine transfection reagent following the
producer’s protocol. The receptor complex CXCR4/CD74 in HEK-293 cell transfectants
with/without MIF or MIF-2 stimulation was visualized by multi-photon laser scanning
microscopy (MPLSM), and the histograms of FRET-efficiency and FRET-binding were
acquired by applying fluorescence lifetime imaging microscope-fluorescence resonance
energy transfer (FLIM-FRET) methodology. After stimulation of MIF (8 nM) and MIF-2 (4
nM), the life time decay of the donor (CFP-CXCR4) arguing for the CXCR4/CD74 complex

formation was measured by FLIM-FRET analysis ex vivo.
2.2.3 Statistical analysis

Statistical analysis was performed capitalizing on GraphPad Prism version 8 software. Data
are represented as means + standard deviation (SD) from more than three independent
experiments. After testing for normality, data were analyzed by Student’s t-test, Mann-
Whitney test, one-way ANOVA with multiple comparison test or Kruskal-Wallis test as
appropriate. P < 0.05 were considered statistically significant. In this thesis, statistically
significant differences are indicated by asterisks: * P <0.05; ** P<0.01; *** P<(.001; ****

P <0.0001.
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3. RESULTS

3.1 Genetic knockout and pharmacological targeting of MIF-2 attenuate

early and advanced atheroprogression in vivo

3.1.1 Genetic knockout of Mif-2 attenuates atherogenesis in an early model of

atherosclerosis in female Apoe” mice

In order to assess the role of MIF-2 in early atherosclerotic progression, we applied a well-
established in vivo mouse model, in which Apoe knockout mice are fed a short-term HFD for
4 to 5 weeks to develop early-stage plaques in the aortic root and aortic arch. To start this
project, we generated a genetic Mif-2 and Apoe double knockout mouse line using the
crossbreeding strategy outlined in Figure 9A at the animal facility of the Institute for Stroke
and Dementia (ISD). To obtain homozygous Mif-2" Apoe”" mice, RT-qPCR analysis of
mouse heart tissue along with Western blot (WB) and immunofluorescence staining
employing mouse liver tissue was performed to verify the complete global knockout of Mif-
2 in these mice at both mRNA and protein level (Figures 9B-9D). These results together

indicated that the Mif-27"Apoe” mouse line was successfully generated in our laboratory.
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Figure 9: The breeding strategy and genotype results of Mif-2”"Apoe”™ mouse line. (A) Scheme
of the crossbreeding strategy to generate Mif-2” Apoe”™ mouse line. All genetic mouse experiments
were performed in Apoe’/’ and Mif-Z’/’Apoe’/’ mice. (B) The complete deficiency of Mif-2 on gene
level was checked on heart tissue by RT-qPCR from the above two groups of female mice. n = 4 for
each group. (C) The complete deficiency of Mif-2 on protein level was analyzed on liver tissue by WB
from the above two groups of female mice. n = 5 for each group. (D) Fluorescence staining was
performed on liver tissue from the above two groups of female mice. Scale bar, 50 um. This figure is
part of a preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.
28.474328).

In general, eight-week-old female Apoe-deficient mice as well as Mif-2-deficient atherogenic
mice were subjected to a Western-type cholesterol-rich (0.21%) high-fat diet (HFD) for 4.5
weeks (Figure 10A) to develop early-stage lesions. After 4.5-week HFD exposure, both
groups of mice were sacrificed and organs were harvested for following experiments. Body
weight was regularly measured, circulating triglyceride and cholesterol levels were
determined by commercial kits, and blood immune cell percentages counted using flow
cytometry (Supplemental Table 1). Analysis of atherosclerotic lesions was confined to frozen
sections of the aortic root as well as sections of the aortic arch embedded in paraffin. Oil Red
O (ORO) staining demonstrated fatty streak lesions in the aortic root, as observed in
atherogenic Apoe™ mice, suggesting early development of atherosclerotic plaques (Figure
10B). There was markedly less plaque formation in the aortic root as well as arch from Mif-
2-deficient atherogenic mice in comparison to control Apoe "~ mice (Figures 10B and 10E),
indicating that Mif-2 deficiency is protective in early stage atherogenesis. This result was
surprising as Mif-deficient Apoe™~ mice exhibit a protective phenotype only in the abdominal
aorta as well as brachiocephalic artery, but not in aortic root and arch. In addition,
quantification results of HE-stained plaques underscored the robustness of this phenotype
upon Mif-2 deletion (Figure 10C). The lesion area in aortic root showed a ~50% reduction
after Mif-2 deletion, as confirmed via both ORO and HE staining. Of note, protection from
lesion progression in Mif-2-deficient atherogenic mice was accompanied by dramatically
diminished lesional macrophages in comparison with control mice, as determined by anti-

CD68 staining (Figure 10D), indicating a role in vascular inflammation.
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Figure 10: Genetic deletion of Mif-2 mitigates atherogenesis in an early model of atherosclerosis
in female Apoe” mice. All genetic mouse experiments were performed in Apoe” and Mif-2" Apoe
"~ mice. (A) Scheme of describing that the above two groups of female mice were exposed to 4.5-week
HFD to develop early atherosclerosis. (B) Representative ORO-stained images of aortic roots in frozen
sections from the above two groups of female mice and corresponding quantification results. (C)
Representative HE-stained images of aortic roots in frozen sections from the above two groups of
female mice and corresponding quantification results. (D) Representative anti-CD68-stained images
(CD68, red; DAPI, blue) from the above two groups of female mice and quantification results of
macrophage area. (E) Representative HE-stained images of aortic arch in paraffin sections from the
above two groups of female mice and quantification results. n = 12 for each group; each mouse is
represented as one data point; scale bar, 250 um. This figure is part of a preprint manuscript version
published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Subsequently, a cytokine/chemokine array was performed using mouse plasma from the same
experiment, in order to determine inflammatory cytokine levels in the circulatory system
between the two groups. This proteome profiler array measures 40 cytokines/chemokines.
Confirming the lesional CD68+ macrophage staining data, there was a marked reduction of

several circulating inflammatory cytokines in Mif-2-deficient atherogenic mice in comparison

with Apoe-deficient mice (Figure 11A). In addition to decreased IL-2 and IL-17, significant
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reductions in IFN-y and IL-16 (Figures 11A and 11B), CXCL13/BLC as well as IL-1a
(Figures 11A and 11C) were detected in Mif-2-deficient atherogenic mice, with trends for IL-
27, CCL2 and CXCL12, implying that Mif-2 knockout leads to a broad downregulation of the
inflammatory response associated with atherogenesis. Additionally, the inflammatory
cytokine levels were just briefly evaluated here, and this project did not study them further

regarding the special cytokines/chemokines.
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Figure 11: Mif-2 deletion is associated with decreased inflammatory cytokine expression in Apoe-
deficient mice. (A-C) The cytokine array using mouse plasma from both Apoe” and Mif-2-deficient
atherogenic Apoe” mice fed 4.5-week HFD was performed to detect forty cytokines/chemokines. (A)
Representative dot blots from four times of independent experiments. (B, C) Quantification results to
select key inflammatory cytokines involved in atherogenesis. (B) Relatively low expressed
chemokines/cytokines: Mif-2”"Apoe” mice displayed significantly reduced circulating IFN-y, IL-2,
IL-16 and IL-17. (C) Relatively high expressed chemokines/cytokines: Mif-2""Apoe™ mice displayed
significantly downregulated CXCL12 and CXCL13. All the measurements were performed in
duplicate; n = 4 for each group. This figure is part of a preprint manuscript version published on
bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).
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3.1.2 Genetic knockout of Mif-2 attenuates atherogenesis in an early model of

atherosclerosis in male Apoe” mice

In addition to female mice, early atherosclerotic progression was also studied in male mice
under the same experimental settings (Figure 12A). Compared with female mice, male mice
usually developed less pronounced lesions in the aortic root. ORO and HE staining for plaque
size assessment and CD68 staining for lesional macrophage area evaluation (Figures 12B-D)
in aortic root as well as HE staining in aortic arch (Figure 12E) were performed as before in
female mice, and plaques and lesional macrophages were found to be decreased in Mif-2-

deficient atherogenic mice compared with controls.
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Figure 12: Genetic deletion of Mif-2 attenuates atherogenesis in an early model of atherosclerosis
in male Apoe-deficient mice. All genetic mouse experiments were performed in Apoe” and Mif-2""
Apoe” mice. (A) Scheme of describing that the above two groups of male mice were exposed to 4.5-
week HFD to develop early atherosclerosis. (B) Representative ORO-stained images of aortic roots in

frozen sections from the above two groups of male mice and corresponding quantification results. (C)
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Representative HE-stained images of aortic roots in frozen sections from the above two group male
mice and corresponding quantification results. (D) Representative anti-CD68-stained images (CD68,
red; DAPI blue) from the above two groups of male mice and quantification results of macrophage
area. (E) Representative HE-stained images of aortic arch in paraffin sections from the above two
groups of male mice. n = 8-10 for each group; each mouse is represented as one data point; scale bar,
250 pm. This figure is part of a preprint manuscript version published on bioRxiv (doi:
https://doi.org/10.1101/2021.12.28.474328).

It is worth noting that sex differences of plaque progression in mice are contrary to those
features in humans. Humans usually develop more pronounced plaques in men, whereas mice
always grow larger lesions in females with less weight in general. This tendency is associated
with characteristics of the circulation in mice, as exemplified by extremely high heart rates.
Of note, not all male mice in this cohort develop visible plaques in the aortic tree, as detected
by HE staining (Figure 12E). Therefore, it is impracticable to quantify total plaque area in the

aortic arch of male mice. To conclude, the above data indicate that genetic deletion of Mif-2

attenuates early-stage plaque formation in mice of both genders.

3.1.3 Pharmacological blockade of MIF-2 by the selective inhibitor 4-CPPC

attenuates early atherosclerosis in male atherogenic Apoe™ mice

Next the inhibitory or therapeutic capacity of 4-(3-carboxyphenyl)-2,5-pyridinedicarboxylic
acid (4-CPPC) on vascular lesions in Apoe”™ mice was determined. 4-CPPC was recently
developed as the first small molecular inhibitor, showing a 13-fold higher selectivity for MIF-
2 compared to MIF. Given that there has been no functional data about 4-CPPC in atherogenic
disease models yet, we first tested whether 4-CPPC has an inhibitory impact on MIF-2
atherogenic effects on monocytes or macrophages in vitro. A Transwell migration assay using
primary human monocytes and a Dil-labeled native LDL uptake assay utilizing human
monocyte-derived macrophages were applied to evaluate the functionality of 4-CPPC in the
context of atherosclerosis. These results provided some fundamental data and useful

indications for the subsequent in vivo experiment.

As shown in Figure 13A, MIF-2 at a concentration of 4 nM significantly promoted the
chemotaxis of monocytes compared with the control. Different concentrations of 4-CPPC
could inhibit the effect induced by MIF-2, and 20 nM of 4-CPPC showed the strongest
inhibitory ability. After confirming the effects of MIF-2 and 4-CPPC on monocytes, a native
LDL uptake assay in human macrophages was additionally performed. These macrophages

treated with MIF-2 displayed upregulated LDL uptake, and 4-CPPC inhibited LDL uptake
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induced by MIF-2 (Figure 13B). In addition to 4-CPPC, this assay utilized a CXCR4
antagonist AMD3100 and an MIF inhibitor 4-IPP as well. Quantification results demonstrated
that AMD3100 (10 uM) and 4-IPP (10 uM) could considerably diminish LDL uptake induced
by MIF-2, and 4-CPPC showed a similar inhibitory property to AMD3100 and 4-IPP.
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Figure 13: MIF-2 promotes primary monocyte migration and macrophage LDL uptake in vitro,
and 4-CPPC inhibits this effect. (A) Transwell migration assay performed on primary human
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monocytes showed that recombinant MIF-2 significantly enhanced the chemotaxis of monocytes and
that 20 nM 4-CPPC could counteract the effect induced by MIF-2. n = 4 biological replicates. (B)
Native LDL uptake assay performed on human macrophages displayed a similar picture. MIF-2
promoted LDL uptake in vitro and 4-CPPC had an inhibitory property, comparable to that of
AMD3100 and 4-IPP. n = 4 biological replicates. This figure is part of a preprint manuscript version
published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

After verifying the functionality of MIF-2 and 4-CPPC in vitro, an in vivo experiment using
4-CPPC was then performed. Atherogenic Apoe-deficient mice were exposed to 4.5-week
HFD and in parallel administrated with 4-CPPC (50 pg/mouse, 3x/week) or vehicle treatment
(Figure 14A). After 4.5-week HFD along with treatment, the mice were then sacrificed, and
the lesion size and macrophage content were analyzed. Notably, 4-CPPC-injected atherogenic
mice showed significantly decreased lesions, i.e. by ~60%, in the aortic root compared to
controls, as demonstrated by both ORO- and HE-stained images (Figures 14B and 14C).
Moreover, it is well acknowledged that macrophages are not only major components of early-
stage plaques, but also responsible for regulation of inflammatory process and reverse
cholesterol transport (RCT). Consistently, the 4-CPPC-injected group was found to show a
striking decrease of lesional macrophages, as visualized by anti-CD68 staining (Figure 14D)
as well. However, atherosclerotic plaques in the aortic arch could be hardly detected and
further quantified here, because male mice develop less lesions as outlined above (Figure

14E). In addition, no significant impact of 4-CPPC treatment on body weight and blood
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leukocyte counts were detected in this study within the observed 4.5-week time frame. Taken
together, these results not only confirmed the phenotype observed in the genetic mouse model

previously, but also suggested the therapeutic potency of 4-CPPC in early stage atherogenesis.
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Figure 14: Pharmacological blockade of MIF-2 by the selective inhibitor 4-CPPC attenuates
early atherosclerosis in male atherogenic Apoe”™ mice. (A) Scheme of describing in vivo-injection
regimen for 4-CPPC in atherogenic Apoe” mice during the 4.5-week HFD period. (B) Representative
ORO-stained images of aortic roots in frozen sections from 4-CPPC- versus vehicle-treated mice and
corresponding quantification results. (C) Representative HE staining images of aortic roots in frozen
sections from 4-CPPC- versus vehicle-treated mice and corresponding quantification results. (D)
Representative anti-CD68-stained images (CD68, red; DAPI, blue) from 4-CPPC- versus vehicle-
treated mice and quantification results of macrophage area. (E) Representative HE-stained images of
aortic arch in paraffin sections from 4-CPPC- versus vehicle-treated mice. n = 11 for each group; each
mouse is represented as one data point; scale bar, 250 um. This figure is part of a preprint manuscript
version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).
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3.1.4 Genetic knockout of Mif-2 attenuates atherogenesis in an advanced model

of atherosclerosis in female Apoe™ mice

In light of previous data showing pro-atherogenic properties of MIF-2 in vivo and in vitro, we
next tested the significance of MIF-2 in a model of advanced atherosclerosis. This condition
would also better physiologically mimic plaque progression in human beings according to the
mouse-to-human age map. Female Apoe-deficient mice and Mif-2-deficient atherogenic mice
were exposed to 12 weeks of HFD to develop advanced plaques (Figure 15A). Compared to
the early stage model which previous chapter presented, Apoe-deficient mice developed ~3
fold more plaques in the aortic root after 12-week HFD (Figure 15B), which was in accord
with atherosclerotic development in a prior study [263]. Even so, Mif-2-deficient atherogenic
mice were found to show a significant reduction of measurable plaques by ~40% in the aortic
root (Figures 15B and 15C) and by ~80% in the aortic arch (Figure 15E) compared to controls,
as showed in ORO- and HE-stained images. The CD68 positive macrophage content only
decreased slightly (Figure 15D). In fact, the differences of macrophage contents from early
stage to advanced stage became smaller (Figures 10D and 15D). Collectively, these data are

suggestive of a detrimental impact of MIF-2 on advanced atherosclerosis.
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Figure 15: Genetic knockout of Mif-2 attenuates atherogenesis in an advanced model of
atherosclerosis in female Apoe” mice. All genetic mouse experiments were performed in Apoe””
and Mif-2" Apoe” mice. (A) Scheme of describing that the above two group female mice were
exposed to 12-week HFD to develop advanced atherosclerosis. (B) Representative ORO-stained
images of aortic roots in frozen sections from the above two group female mice and corresponding
quantification results. (C) Representative HE-stained images of aortic roots in frozen sections from
the above two group female mice and corresponding quantification results. (D) Representative anti-
CD68-stained images (CD68, red; DAPI, blue) from the above two group female mice and
quantification results of macrophage area. (E) Representative HE-stained images of aortic arch in
paraffin sections from the above two groups of female mice and quantification results. n = 8-10 for
each group; each mouse is represented as one data point; scale bar, 250 um. This figure is part of a
preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Of note, Mif-2-deficient mice generally developed a bigger necrotic core, as showed by
Masson staining (Figure 16B). In contrast, Mif-2 deficiency did not affect collagen content in
plaques (Figure 16A). Combined with Figure 15, some cells displayed a positive DAPI signal,
whilst CD68 negativity was noticed.
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Figure 16: Mif-2 gene deletion mitigates necrotic core formation. (A) Representative Masson-
stained images and quantification results of collagen content from female Apoe-deficient mice and
Mif-2-deficient atherogenic mice after 12-week HFD. (B) Representative structure of a necrotic core
indicated by the red star and quantification results of lesional necrotic core percentages. n = 8-10 for
each group; each mouse is represented as one data point; scale bar, 250 um. This figure is part of a
preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

In summary, this chapter applied a genetic as well as a pharmacological mouse model under
both short- and long-term HFD to study MIF-2’s pro-atherogenic property in vivo. We found
that Mif-2 deficiency attenuated plaque formation and lesional macrophage content, as shown
by ORO, HE and CD68 staining. These in vivo results obtained from two types of mouse
models together indicated that MIF-2 exerted a detrimental property in early and advanced

atherosclerosis and there were no gender differences.
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3.2 Genetic knockout of Mif-2 in atherogenic mice ameliorates hepatic

steatosis and lowers plasma lipids

3.2.1 Mif-2-deficient atherogenic Apoe” mice display a reduction in body weight

and liver size

After establishing a role of MIF-2 in early and advanced plaque formation, we further
explored the mechanisms behind this phenotype. We noticed that attenuated lesion formation
induced by Mif-2 deficiency was not only accompanied by diminished inflammation but also
by a profound reduction in hepatic lipid accumulation and steatosis. The latter was a surprising
observation, because Mif”"Apoe” mice did not show a hepatic phenotype. In line with this
observation, Mif-2-deficient atherogenic mice exhibited reduced circulating triglyceride as
well as cholesterol levels and a drop in body and liver weight, together pointing towards a

pronounced hepatic lipid metabolism phenotype of Mif-2 knockout mice.

Of note, female Mif-2-deficient atherogenic mice exposed to 12-week HFD had smaller body
size and less body weight compared with 4poe™ mice (Figures 17A and 17B). Consistently,
it was noticed that Mif-2-deficient atherogenic mice had smaller liver size and less liver

weight compared to Apoe™ mice in most cases (Figures 17C and 17D).
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Figure 17: Mif-2-deficient atherogenic Apoe” mice exhibit a drop in body weight and liver size
compared with control mice. (A, C) Gross morphology of mouse body and liver was acquired from
indicated female Apoe-deficient mice and Mif-2-deficient atherogenic mice exposed to HFD for 12
weeks. (B, D) Quantification results of body and liver weight data from the same cohorts. n = 5-12 for
each group; each mouse is represented as one data point. This figure is part of a preprint manuscript
version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

In addition, it was apparent that mouse livers from other mice cohorts, such as female mice
under 12-week chow diet (Figure 18A) and male mice under 12-week HFD (Figure 18C),
showed a similar phenotype that Mif-2-deficient atherogenic 4poe” mice had smaller livers
compared with control Apoe” mice. Overall, livers from Apoe”~ mice were bigger than livers

from Mif-27"Apoe” mice under the same experimental setting (Figures 18A-18C), and this
phenotype may be independent of diet.
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Figure 18: Mif-2-deficient Apoe” mice have smaller livers compared with control mice in both
genders. (A-C) Representative liver images were acquired from randomly selected Apoe-deficient and
Mif-2-deficient atherogenic mice under the same experiment setting. (A) Female mice exposed to 12-
week chow diet. (B) Female mice exposed to 12-week HFD. (C) Male mice exposed to 12-week HFD.
Scale bar, 1 cm. This figure is part of a preprint manuscript version published on bioRxiv (doi: https://
doi.org/10.1101/2021.12.28.474328).

In fact, the proportion of liver in mice commonly falls in the 3-5% range of body weight
(around 2-3 g), even if this index varies with different species and strains. We also collected
liver weight data from male mice on a 12-week HFD. Livers from Apoe-deficient mice were
bigger as well as heavier than those from Mif-2-deficient atherogenic mice for both females

and males (Figures 17D and 19A), which was in accordance with the observed changes in

body weight in both genders (Figures 17B and 19B).

We next collected systematic weight data from mice at different time points during diet. There
was a continuous increase in body weight among different HFD points of 0, 4.5 and 12 weeks
(Figure 19C). Additionally, a similar phenotype to female mice was also observed in male

cohorts using the same feeding strategy (Figure 19B), indicating there were no gender
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differences in body weight reduction upon Mif-2 deletion. Intriguingly, there was no or less
significant differences in body weight before the exposure to HFD. Gradually, body weight
of Mif-2""Apoe”~ mice increased slower than Apoe”” mice (Figure 19C). Together, Mif-
27" Apoe™” mice had evident body weight loss on either chow diet or HFD, suggesting this
phenotype could be independent of the HFD (Figure 19C).
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Figure 19: Male Mif-2-deficient atherogenic mice show a significant drop in body and liver
weight compared with control mice. (A) Male Mif-2-deficient atherogenic mice exposed to 12-week
HFD showed a significant drop in liver weight compared with control mice. (B) Male Mif-2-deficient
atherogenic mice exposed to both 4.5-week and 12-week HFD showed a reduction in body weight
compared with controls. (C) The weight progression curve displayed that body weight of female Apoe-
deficient and Mif-2-deficient atherogenic mice gradually increased with a longer period of standard
chow diet and HFD, but body weight of Mif-:2" Apoe”™ mice increased slower than that of Apoe™
mice. n = 5-12 for each group; each mouse is represented as one data point. This figure is part of a
preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

3.2.2 Mif-2 deletion in atherogenic mice downregulates plasma triglycerides and

cholesterol

In line with these findings of decreased necrotic core formation and weight loss in Mif-2~""
Apoe™” mice, circulating triglyceride as well as cholesterol levels were significantly reduced
by ~10%-25% in Mif-2-deficient atherogenic mice. This phenotype was observed in both
mouse cohorts, which were exposed to either 4.5- or 12-week HFD respectively (Figures 20A
and 20B), indicating a possible link between MIF-2 expression and lipid levels. These data
together supported that the atheroprotective effect of Mif-2 deficiency was associated with

diminished circulating lipoproteins.
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Figure 20: Mif-2 deletion downregulates plasma triglycerides and cholesterol in both early and
advanced models of atherosclerosis in female Apoe™ mice. Total triglyceride and total cholesterol
levels in plasma from Apoe” mice and Mif-2-deficient atherogenic mice under either 4.5- or 12-week
HFD were measured by commercial triglyceride and cholesterol assay kit. (A, B) Mif-2-deficient
atherogenic mice showed a significant reduction in both triglycerides and cholesterol compared to
control mice. (A) Plasma triglyceride levels. (B) Plasma cholesterol levels. n = 8-12 for each group;
each mouse is represented as one data point. This figure is part of a preprint manuscript version
published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Given that triglycerides and cholesterol were significantly downregulated in Mif-2 deficient
atherogenic mice in our study, we next asked how the lipoprotein profile was affected. Then
the lipoprotein fractions such as high-density lipoprotein (HDL), low-density lipoprotein
(LDL) and very-low-density lipoprotein (VLDL) were analyzed by HPLC chromatography.
We noted striking reductions in the LDL as well as VLDL fractions in Mif-2-deficient
atherogenic mice under either 4.5- or 12-week HFD compared with control mice, whereas
HDL levels did not change (Figures 21A and 21B). In addition, there was a slight increase in
VLDL and LDL levels of mice under 12-week HFD compared with mice under 4.5-week
HFD, suggesting more circulating atherogenic lipoproteins along with a longer period of HFD.
Of note, the lipoprotein levels measured in this experiment were apparently in accordance
with the common mouse lipoprotein profile, with VLDL and LDL being the predominant
lipoproteins in plasma of atherogenic mice, a profile that is different from that seen for the

lipoprotein profile in humans, with LDL and HDL representing the major classes of

lipoproteins.
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Figure 21: Mif-2 deletion is associated with downregulated VLDL and LDL levels in both early
and advanced models of atherosclerosis in female Apoe”™ mice. (A, B) Representative HPLC
chromatograms of lipoprotein fractions in plasma from female Apoe-deficient and Mif-2-deficient
atherogenic mice. (A) The above two group female mice under 4.5-week HFD. (B) The above two
group female mice under 12-week HFD. Representative chromatograms shown are from one of three
different mice in each cohort. This figure is part of a preprint manuscript version published on bioRxiv
(doi: https://doi.org/10.1101/2021.12.28.474328).

Consistent with the body and liver weight data, comparisons of lipids and lipoprotein fractions
in early and advanced atherogenic models indicate that the lipogenic property of MIF-2 also
contributes to early atherosclerosis in addition to its involvement in advanced atherogenesis,
revealing a potential regulatory function in lipid homeostasis. Of note, MIF-2 exerts an
essential impact on the regulation of triglycerides as well as cholesterol, as confirmed by the

above findings that Mif-2""Apoe” mice had downregulated triglycerides and cholesterol as

well as lipoproteins compared with control mice.

3.2.3 Mif-2 deletion attenuates hepatosteatosis in Apoe-deficient atherogenic mice

Based on the differences of triglycerides and cholesterol between Mif-2”"Apoe”~ mice and
Apoe”~ mice, we further focused on studying the role of MIF-2 in lipid metabolism. To this
end, the liver was a prime organ to focus on. We analyzed the lipid content on liver frozen
and paraffin sections, which was visualized by HE-stained (Figures 22 and 23) as well as
ORO-stained images, respectively (Figure 24). Because HE staining and ORO staining are
two basic methods equally applied to visualize lipids in liver tissues, both techniques were
applied here in order to determine potential lipid deposit changes in mouse livers between the

two groups.
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Under normal physiological conditions, lipids accumulate to some extent in the wild type
(WT) liver. Lipid accumulation is markedly enhanced upon HFD [264]. Accordingly, there
was evident hepatosteatosis in livers from both Mif-2” Apoe” mice and Apoe” mice in
comparison with WT mice. Of note, representative HE-stained images of frozen liver sections
from Apoe-deficient mice and Mif-2-deficient atherogenic mice showed that Mif-2 deletion
led to attenuated hepatic lipid accumulation (Figure 22). Also, detailed inspection of the
images from hepatic tissue specimens, we could recognize some classical steatosis structures
on these liver sections, such as microvesicular steatosis that is indicated in Figure 22 by dotted
line arrow, and macrovesicular steatosis that is labeled by bold arrow. Besides, we could
observe some clusters of immune cells in Apoe-deficient mice, indicated by circles (Figure

22).
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Figure 22: Mif-2-deficient atherogenic mice show less hepatic lipid content compared with Apoe-
deficient mice, as investigated by HE staining on frozen sections. Livers from Apoe-deficient mice
and Mif-2-deficient atherogenic mice under 12-week HFD as well as age-matched WT mice on chow
diet were sectioned and stained. Representative HE-stained images of frozen liver sections from Mif-
2-deficient atherogenic mice showed attenuated lipid accumulation in comparison with Apoe-deficient
mice. Several typical steatosis structures could be observed, exemplified by macrovesicular steatosis
(large lipid droplets are present in cells) indicated by bold arrow, microvesicular steatosis (small lipid
droplets are present in cells) indicated by dotted line arrow, and clusters of immune cells indicated by
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circle. This figure is part of a preprint manuscript version published on bioRxiv (doi:
https://doi.org/10.1101/2021.12.28.474328).

Specifically, Apoe”’~ mice undergoing 12-week HFD usually had uniformly fatty livers and
hepatomegaly according to histological characteristics, as evidenced by HE-stained paraffin
sections (Figure 23). Representative views from paraffin sections gave us additional insight
into the morphology of fatty hepatocytes and the pronounced phenotype. Importantly, Mif-2
deficiency surprisingly counteracted these pathological changes in the same liver area from
different mice, suggesting a causal role of MIF-2 in regulating hepatic lipogenesis and

implicating MIF-2 as a novel linker between atherogenesis and hepatosteatosis.
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Figure 23: Mif-2-deficient atherogenic mice show less hepatic lipid content compared with Apoe-
deficient mice, as investigated by HE staining on paraffin sections. The same parts of livers from
female Apoe-deficient mice and Mif-2-deficient atherogenic mice under 12-week HFD above were
sectioned and stained. Representative HE-stained images from Mif-2-deficient atherogenic mice
displayed attenuated hepatic lipid content in comparison with Apoe-deficient mice. Representative
images shown are from three different mice randomly selected from each cohort. Scale bar, 200 pm.
This figure is part of a preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/
2021.12.28.474328).

These lipogenesis differences between Mif-2-deficient atherogenic mice and control Apoe-
deficient mice were quite clear even by eye, as demonstrated in Figures 22 and 23. Because
the lipid distribution in the liver section was relatively even, this phenotype was very robust.
In the next step, ORO staining, the other method to display lipid accumulation, was performed

using serial frozen liver sections to verify this phenotype further (Figure 24).

77



Chunfang Zan RESULTS

Apoe~-

Figure 24: Mif-2-deficient atherogenic mice show less hepatic lipid content compared with Apoe-
deficient mice, as investigated by ORO staining on frozen sections. Livers from Apoe-deficient
mice and Mif-2-deficient atherogenic mice under 12-week HFD were sectioned and ORO-stained.
Mif-2-deficient atherogenic mice displayed attenuated lipid content in comparison with Apoe-deficient
mice. Enlarged images showed more lipids in 4poe” mice. This figure is part of a preprint manuscript
version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

3.3 MIF-2 stimulates lipogenesis through activating SREBPs and its
lipogenic targets via regulating AMPK as well as AKT phosphorylation in

human hepatocytes in vitro

After the association between hepatosteatosis and atherogenesis in Mif-2-deficient
atherogenic mice and control Apoe-deficient mice was confirmed, lipid metabolism related
research definitely is the following direction of this project. Mechanistically, the dominant act
of liver in lipid and/or glucose metabolism determines the tight connections between non-
alcoholic fatty liver and atherosclerotic progression to some extent [210]. Then whether lipid
metabolism related genes were involved in this regulatory process was further asked. To test
the hypothesis that MIF-2-mediated lipogenic effects on Apoe”” mice might be due to the
control of downstream lipogenic genes in mouse livers, we utilized the hepatocyte cell line
Huh-7, which is derived from a human hepatic carcinoma, to screen for differentially

expressed genes by real-time qPCR after 24 h MIF-2 stimulation. Based on numerous
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background information and relevant knowledge from literatures, the following lipogenic
genes were initially included in this study: Srebp-1, Fasn, Psck9, Glutl, Glut4, Hmgcr, Srebp-
2, Ldlr and Cd36. Additionally, potential receptors of MIF-2, for example Cxcr4 and Cd74

were included.

3.3.1 Stimulation of Huh-7 hepatocytes with MIF-2 upregulates the expression of
SREBPs and their downstream targets on both mRNA and protein level

To test the hypothesis, the Huh-7 human hepatocytes were primarily applied to figure out the
specific molecular mechanism how MIF-2 regulates lipogenesis through the SREBP pathway.
Recombinant MIF-2 was used to stimulate Huh-7 cells and RT-qPCR was performed to check
and further select some relative genes involved in the lipogenesis process. Interestingly, the
mRNA levels of hepatic Srebp-1 and Srebp-2 as well as their corresponding key targets Fasn
and Ldlr were significantly upregulated after incubation with MIF-2 for 24 h, as showed by

the quantitative results in Figure 25, with three to six repeats of independent experiments.
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Figure 25: Srebps and their target genes are upregulated in Huh-7 cells after MIF-2 stimulation.
After starvation, recombinant MIF-2 was used to stimulate Huh-7 cells for 24 h. Subsequently, mRNA
was isolated, synthesized into cDNA and RT-qPCR was performed. (A, C) Srebp-1 and its main target
Fasn were significantly increased with stimulation of MIF-2. (B, D) Srebp-and its main target Ldlr
levels were upregulated after incubation with MIF-2. n = 3-6 biological replicates. This figure is part
of a preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.
474328).

Furthermore, it was checked whether MIF-2 affected SREBP-1 as well as SREBP-2
proteolytic cleavage, as reflected by expression levels of the precursor form of SREBP (the
~125 kDa pSREBP) and active nuclear form (the ~65 kDa nSREBP) via Western blot. We
measured cleaved SREBP-1 proteins at two time points: 6 h and 24 h. With regard to pSREBP-
1 expression, there were clear and equal protein bands. Additionally, it was noticed that there
was an obvious upregulation of nuclear SREBP-1 after 24 h stimulation with MIF-2, whereas
there was little nSREBP-1 detected after 6 h incubation (Figure 26). It implied that the
expression of nSREBP-1 promoted by recombinant MIF-2 could be visualized after 24 h
stimulation but not 6 h. Therefore, 24 h incubation was chosen to be the stimulation time point
in the following experiments.
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Figure 26: Activated nSREBP-1 is dose-dependently upregulated in Huh-7 hepatocytes after 24
h incubation with recombinant MIF-2. After starvation with medium containing reduced FCS
overnight, recombinant MIF-2 protein was used to stimulate Huh-7 hepatocytes for 24 h or 6 h,
respectively. Different samples were collected and protein expression was detected by WB. SREBP-1
precursor was obviously cleaved to produce nSREBP-1 after 24 h MIF-2 stimulation. nSREBP,
nuclear SREBP representing the activated processed form of SREBP. Representative images shown
are from one of three independent experiments.

Here, nSREBP-1 and FASN protein levels displayed a ~2-fold increase when MIF-2 was
applied at 8~16 nM (Figures 27A-27C), which was quite consistent with their changes on the
mRNA level (Figures 25A and 25C). In combination with RT-qPCR data (Figures 25A and

25C), these results revealed the involvement of MIF-2 in triglyceride synthesis.
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Figure 27: Recombinant MIF-2 promotes the expression of nSREBP-1 and its main lipogenic
target FASN. (A) The expression of pSREBP-1, nSREBP-1, FASN and B-Actin was visualized by
representative blots. (B, C) Quantitative results showed nSREBP-1 and FASN were upregulated after
MIF-2 stimulation for 24 h, and their levels came to a peak when MIF-2 was applied at 8~16 nM. n =
3-4 biological replicates. This figure is part of a preprint manuscript version published on bioRxiv
(doi: https://doi.org/10.1101/2021.12.28.474328).

In line with these changes of nSREBP-1 and FASN in Huh-7 cells stimulated with MIF-2, it
was observed that there was also a significant increase of nSREBP-2 and LDLR, as detected
in the same samples (Figures 28A-28C). Similarly, nSREBP-2 and LDLR protein levels
showed a ~2-fold increase when MIF-2 was applied at ~8 nM. In combination with RT-qPCR
data (Figures 25B and 25D), these results indicated the involvement of MIF-2 in cholesterol

synthesis, in addition to its impact on hepatic triglyceride synthesis.
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Figure 28: Recombinant MIF-2 enhances the expression of SREBP-2 and its main lipogenic
target LDLR. (A) The expression of pSREBP-2, nSREBP-2, LDLR and -Actin was visualized by
representative blots. (B, C) Quantitative results showed that nSREBP-2 and LDLR displayed a dose
upregulation after MIF-2 stimulation, and the expression of SREBP-2 and LDLR came to a peak when
MIF-2 was ~8 nM. n = 3-4 biological replicates. This figure is part of a preprint manuscript version
published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

As mentioned before, we primarily focused on genes related to lipid metabolism, with evident
upregulations observed for Srebp-1, Srebp-2, Fasn and Ldlr upon MIF-2 stimulation (Figure
25). Additional genes of potential relevance such as Glutl, Glut4 and Cd36 did not change
(Figures 29A-29C) upon MIF-2 stimulation, at least as analyzed by mRNA analysis. Similarly,
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the gene expression of potential receptors of MIF-2, i.e. Cxcr4 and Cd74 were not altered in
hepatocytes with different treatments of MIF-2 (Figures 29D and 29E), indicating the

possibility of receptor involvement.
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Figure 29: The expression of other relevant genes is not altered by recombinant MIF-2 in Huh-
7 hepatocytes. (A-C) MIF-2 did not induce any changes in several lipid related genes on gene level,
for example Glutl and Glut4 as well as Cd36. (D, E) MIF-2 did not alter the mRNA levels of potential
receptors of MIF-2, Cxcr4 and Cd74. n = 3 biological replicates each. This figure is part of a preprint
manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

3.3.2 Stimulation with MIF-2 enhances the nuclear translocation of SREBP-2 in
Huh-7 hepatocytes

Since subcellular localization of SREBPs determines their functional activities, the effects of
MIF-2 on translocation behavior of SREBP-2 in hepatocytes were further evaluated via
immunofluorescence microscopy. According to the above results from RT-qPCR and WB,
two different concentrations of recombinant MIF-2 were applied for this experiment, i.e. 8
nM and 16 nM. Huh-7 human hepatocytes were similarly cultured with recombinant MIF-2
or vehicle for 24 h, and SREBP-2 expression was visualized by fluorescent staining. Visible
fluorescent signals for SREBP-2 were mostly located in both the ER/Golgi and the nucleus
of untreated cells. In line with elevated nSREBP-2 mRNA and protein levels, hepatocytes
stimulated with MIF-2 demonstrated more positive SREBP-2 signals in nuclei than cytoplasm
compared to untreated cells (Figure 30), indicating that MIF-2 promotes SREBP-2’s nuclear

translocation.
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SREBP-2

Compared to control, hepatocytes stimulated with 8 nM and 16 nM of MIF-2 displayed strong nuclear
SREBP-2 signals (SREBP-2: green; DAPI: blue). Enlarged images showed cleaved SREBP-2 in the
nucleus. Scale bar, 40 um. This figure is part of a preprint manuscript version published on bioRxiv
(doi: https://doi.org/10.1101/2021.12.28.474328).

It is well known that the translocation from ER/Golgi to nucleus is an important and necessary
step for SREBP-2 to exert transcriptional functions, as shown in previous studies [214].
Therefore, this data gives a plausible explanation of how MIF-2 regulates SREBPs’ activities
in the context of lipid metabolism. Alongside this notion, LDL uptake assay using hepatocytes
was applied later to check for an effect of MIF-2 on the functionality of LDLR (see chapter
3.4.2), which functions as a key downstream target of SREBP-2. To conclude, recombinant

MIF-2 promoted SREBP-2 nuclear translocation in Huh-7 cells in vifro and induced

transcriptional regulation mediated by SREBP-2.

3.3.3 Mif-2-deficient mice shows a downregulation of activated SREBPs in

hepatic tissue

As shown in the above chapter 3.3.1, activated nSREBPs in huh-7 human hepatocytes were
dramatically upregulated after MIF-2 stimulation. To confirm this finding and address the in

vivo relevance, we focused on SREBPs and detected their expression in mouse liver from two
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mouse cohorts on 12-week HFD (five mice each group). There was a significant decrease of
nSREBP-1 and nSREBP-2 in Mif-2-deficient atherogenic mice compared to Apoe-deficient
mice (Figure 31), indicating this phenotype is likely to hold true in vivo. This finding further
confirmed the hypothesis in this study that Mif-2 deficiency might suppress SREBP cleavage
and nuclear translocation, and then repress triglyceride and cholesterol synthesis in the liver.
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Figure 31: Activated nSREBP-1 and nSREBP-2 are decreased in Mif-2-deficient atherogenic
Apoe™” mice. Hepatic nNSREBP-1 and nSREBP-2 were downregulated in Mif-2-deficient atherogenic
mice in comparison with Apoe-deficient mice. n = 5 for each group. This figure is part of a preprint
manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

3.3.4 Stimulation of Huh-7 hepatocytes with MIF-2 reduces AMPK and enhances
PI3K/AKT and MAPK/ERK signaling

As a cellular energy sensor as well as a master switch, AMPK exerts an essential impact on
the control of lipid metabolism, which better explains some complex regulatory processes. It
is worth noting that the suppression of hepatic SREBP functions in regulating hepatosteatosis
and atherogenesis was found to be dependent on the AMPK signaling pathway [214]. Whether
MIF-2 affects the AMPK pathway was examined in this thesis. As shown in Figures 32A and
32B, MIF-2 dose-dependently inhibited AMPK phosphorylation with a ~20% reduction in the
pAMPK/AMPK ratio observed, when MIF-2 was applied at ~16 nM.

A B
N pAMPK/AMPK
-2 |n
[oM] 1.4+
- 4 8 16 32 48 kDa = ]
3
_. 1.04 65 * * %
PAMPK — | (A S S | < 62 2 e e
E 0.8+ &)
<§E 0.6
AVMPK — | - - < o % 04]
=
< 0.2
B-Actin — | D S . - 42 0.04— . - - . -
- 4 8 16 32 48
Huh-7 MIF-2 [nM]

84



Chunfang Zan RESULTS

Figure 32: Recombinant MIF-2 inhibits AMPK phosphorylation in Huh-7 cells. MIF-2 repressed
AMPK phosphorylation in a dose dependent manner, and phosphorylated AMPK decreased to the
lowest level when MIF-2 was ~16 nM. Quantification results were presented as the ratio of phopho-
AMPK to total AMPK. n = 3 biological replicates each. This figure is part of a preprint manuscript
version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Besides, the AKT-SREBP nexus has been identified as another predominant cell signaling to
be involved in lipid metabolism through activating SREBPs [225]. Notably, pAKT levels
were upregulated by stimulation with MIF-2, and came to a peak of ~75% increase when
MIF-2 was applied at ~16 nM (Figures 33A, 33B). Additionally, the MAPK/ERK pathway
was checked. The results showed that recombinant MIF-2 also promoted the phosphorylation
of ERK in Huh-7 hepatocytes (Figures 33C, 33D). Even though an upregulation of the
MAPK/ERK pathway was detected here, AMPK and AKT are likely the major signaling
pathways involved in MIF-2-SREBP-mediated processes based on current literatures.
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Figure 33: Recombinant MIF-2 promotes AKT and ERK phosphorylation in Huh-7 cells. (A-D)
Recombinant MIF-2 upregulated AKT and ERK phosphorylation in a dose-dependent manner, and
phosphorylated AKT and ERK increased to the highest levels when MIF-2 was ~16 nM. (A, B)
Detection and quantification of phosphorylated AKT after MIF-2 stimulation. (C, D) Detection and
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quantification of phosphorylated ERK after MIF-2 stimulation. Quantification results are presented as
the ratio of phopho-AKT to total AKT and phopho-ERK to total ERK, respectively. n = 3-4 biological
replicates.

Taken together, these results reveal an engagement of MIF-2 in critical cellular signaling
pathways in human hepatocytes that control cell metabolism. This finding together with the
previous in vitro data on SREBPs in hepatocytes suggest that MIF-2 may enhance SREBP

proteolytic cleavage and nuclear translocation in an AMPK- and/or AKT-dependent manner.

3.4 CXCR4 and CD74 mediate MIF-2-elicited proteolytic processing of

SREBPs and evidence for a role of receptor complex formation

3.4.1 CXCR4 and CD74 colocalize in Huh-7 hepatocytes and participate in MIF-
2-elicited activation of SREBPs and their lipogenic target genes

After validating the effects of MIF-2 on SREBPs by Huh-7 human hepatocytes as well as
atherogenic mice, we next wished to further explore the underlying mechanisms and a
potential participation of its receptors CXCR4 and CD74. To investigate the involvement of
CXCR4/CD74 in MIF-2-mediated processes, it was first necessary to confirm the expression
of CXCR4 and CD74 in human hepatocytes. The expression was analyzed by immuno-
fluorescence staining and confocal laser-scanning microscopy (CLSM) in Huh-7 hepatocyte
cultures and specific mouse anti-CD74 and rabbit anti-CXCR4 antibodies. Confocal images
showed that both CXCR4 and CD74 are expressed and that they are substantially colocalized
in Huh-7 cells (Figure 34).

Co-staining

Secondary antibody
control

Figure 34: CXCR4 and CD74 receptors display colocalization in Huh-7 hepatocytes. Rabbit anti-
CXCR4 and/or mouse anti-CD74 were utilized to stain unstimulated Huh-7 hepatocytes, and the
colocalization was displayed by confocal microscopy. Upper panel: stained hepatocytes; lower panel:
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secondary antibody control. Scale bar, 50 um. Representative pictures shown are from one of three
independent experiments. This figure is part of a preprint manuscript version published on bioRxiv
(doi: https://doi.org/10.1101/2021.12.28.474328).

In addition to immunofluorescence staining, flow cytometry, another common method, was
applied to analyze the expression of CXCR4 as well as CD74 on hepatocyte surface. Analysis
showed that CXCR4 and CD74 were detected on cell surface of Huh-7 human hepatocytes.
Of note, CXCR4 showed a more pronounced expression pattern than CD74 (Figure 35).
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Figure 35: CXCR4 and CD74 are expressed on cell surface of Huh-7 hepatocytes. Rabbit anti-
CXCR4 as well as mouse anti-CD74 were utilized to stain unstimulated Huh-7 human hepatocytes,
and their expression was displayed by flow cytometry. Histograms depict relative receptor expression
of specifically labeled cells (dark blue) and isotype control cells (light grey). Representative
histograms shown are from one of three independent experiments. This figure is part of a preprint
manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Based on strong expression and colocalization of CXCR4 and CD74 in hepatocytes,
functional experiments were performed next in order to figure out the potential interaction of
MIF-2 and its receptors and their roles in MIF-2-triggered SREBP activation. To test this
hypothesis, we utilized an anti-CD74 antibody LN-2 as well as a small molecule CXCR4
inhibitor AMD3100 to block effects through the MIF-2/CD74 or MIF-2/CXCR4 axis in the
SREBP activation pathway. As shown in Figures 36A and 36B, the combinative use of LN-2
and AMD3100 fully abrogated the proteolytic cleavage of SREBPs as well as the expression
levels of their main downstream targets FASN and LDLR induced by MIF-2. The
neutralization of CD74 alone seemed to exert a more pronounced inhibitory effects than the
blockade of the CXCR4 axis alone, highlighting the significance of CD74 in MIF-2-mediated
SREBP proteolytic processing. Together with the findings from Figures 27 and 28, these

results suggested that MIF-2 promoted the generation of nSREBP-1, nSREBP-2, FASN, and
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LDLR through both CXCR4 and CD74. Importantly, in conjunction with data performed by
others in our laboratory (data not shown), these results also identified CXCR4 as a novel

receptor of MIF-2, in addition to CD74.
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Figure 36: LN-2 antibody and/or AMD3100 inhibitor suppresses SREBP upregulation induced
by MIF-2. Hepatocytes stimulated with MIF-2 showed increased expression of nSREBP-1, FASN,
nSREBP-2 and LDLR. In addition, LN-2 seemed to exert stronger function than AMD3100. Blocking
with both AMD3100 and LN-2 displayed the strongest inhibitory effect. (A) The expression of
pSREBP-1 and nSREBP-1 as well as FASN was visualized by representative blots. (B) The expression
of pPSREBP-2 and nSREBP-2 as well as LDLR was visualized by representative blots. Representative
blots shown are from one of two independent experiments. This figure is part of a preprint manuscript
version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

3.4.2 Both CD74 and CXCR4 participate in MIF-2-elicited native LDL uptake in
Huh-7 hepatocytes

LDL uptake is an important function of the SREBP-2 pathway in hepatocytes associated with
regulation of lipid homeostasis. To further determine the functional consequences of
interactions of MIF-2 with the above mentioned CD74 and/or CXCR4 in hepatocytes, a native
LDL uptake assay was designed and performed in Huh-7 human hepatocytes and lipid uptake
was visualized by ORO staining. Huh-7 cells were exposed to IgG control or MIF-2 with or
without inhibitors, and then incubated with LDL particles. Acquired images showed that
hepatocytes following MIF-2 stimulation took in more native LDL compared with untreated
cells (Figure 37). This suggested that MIF-2 increased LDLR expression in hepatocytes to
lead to more LDL uptake. Of note, LN-2 and AMD3100 strongly blocked the effect induced
by MIF-2, as indicated by ORO staining of hepatocytes treated with AMD3100 and LN-2,
together with MIF-2, had less native LDL uptake (Figure 37) compared with the MIF-2-alone
treated group. This implies that CXCR4 and CD74 may be involved in MIF-2-mediated LDL
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uptake in hepatocytes. Of interest, the LDL uptake assay was previously carried out in human
macrophages (Figure 13B) in this project, and CXCR4 was found to be involved in that
process as well. This suggests that MIF-2 exerts similar enhanced effects on native LDL

uptake of both hepatocytes and macrophages, with CXCR4 and/or CD74 being involved.
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Figure 37: Recombinant MIF-2 enhances LDL uptake in Huh-7 human hepatocytes. Huh-7
human hepatocytes with stimulation of 16 nM MIF-2 showed increased native LDL uptake. 10 pg/mL
AMD3100 and/or 10 pg/mL LN-2 reversed these effects induced by MIF-2. Scale bar, 25 pm.
Representative images shown are from one of three independent experiments. This figure is part of a
preprint manuscript version published on bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

To conclude, these observations declare that CXCR4 and/or CD74 are essential to the process
of LDL uptake through promoting MIF-2-mediated proteolytic processing of SREBP-2 in

hepatocytes.

3.4.3 FLIM-FRET microscopy suggests CXCR4/CD74 heterodimer formation
and its ligand-mediated enhancement by MIF-2

We next took advantage of a well-developed method, FLIM-FRET to visualize the formation
of potential receptor complexes between CXCR4 and CD74, using an in vitro HEK293 cell
model. FLIM-FRET methodology was applied using HEK-293 cells transfected with both

CFP-tagged CXCR4 as a FRET donor and YFP-CD74 as the FRET acceptor, and the
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fluorescence lifetime of the donor was read-out by multiphoton laser-scanning microscopy
(MPM) (Figure 38). CFP together with YFP is a well-established FRET pair in cell biological
applications. Robust co-localization of CFP-CXCR4 and YFP-CD74 in fixed cells was
revealed by the FLIM-FRET measurements (Figure 38A). Additionally, the excitation of
CFP-CXCR4 had a close association with a high FRET efficiency (Figure 38B) and an
effective FRET binding (Figure 38C), confirming robust interactions between both receptors.

CXCR4 and CD74 form heterodimers
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Figure 38: FLIM-FRET methodology shows the formation of a receptor complex between
CXCR4 and CD74. HEK-293 cells were transfected with CFP-tagged CXCR4 as a donor and YFP-
CD74 as the acceptor, and this interaction was measured by MPM. (A) Evident co-localization of
CXCR4 and CD74 in fixed cells was displayed. (B, C) The excitation of CFP-CXCR4 was associated
with a high FRET efficiency and an effective FRET binding. This experiment was performed together
with and under the supervision of Dr. Omar El Bounkari.

After the visualization of CXCR4/CD74 receptor complex on the HEK293 cell surface, we
next asked whether CXCR4/CD74 complex formation was dependent on or could be
enhanced by MIF-2 stimulation. To answer this question, we compared the fluorescence

lifetime of the donor CFP-CXCR4 within an interval of 1 min under MIF or MIF-2
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stimulation, utilizing a time-correlated single photon counting (TCSPC) system, which
technically provides a higher sensitivity and a better accuracy to multi-exponential decay
analysis. Co-localization signals consistent with heterodimer formation were seen in living
cells after MIF-2 stimulation (Figure 39A). Apparently, MIF and MIF-2 stimulation was
associated with a reduced lifetime, arguing for an enhancement of complex formation between
CXCR4 and CD74 (Figures 39B and 39C). Of interest, a more significant reduction was
observed when recombinant MIF-2 was applied in comparison with that elicited by MIF,
indicating that MIF-2 has a stronger ability to enhance the complex assembly between

CXCR4 and CD74 than MIF.

A
CXCR4/CD74 complex formation after MIF-2 stimulation
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Figure 39: Multi-exponential decay analysis indicates that MIF-2 enhances complex assembly
of CXCR4 and CD74 and that this stimulatory effect is stronger than that induced by MIF. (A)
Co-localization signals of CXCR4/CD74 complexes were showed in living cells after MIF-2
stimulation. (B, C) Both MIF and MIF-2 were associated with a reduced lifetime arguing for an
enhancement of complex formation between CXCR4 and CD74. MIF-2 had a stronger effect than MIF.
This experiment was performed together with and under the supervision of Dr. Omar El Bounkari.
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Collectively, these results provided evidence that a receptor complex functionally forms
between CXCR4 and CD74 and that complex formation is potently elicited by MIF-2. In
conjunction with our functional data as described above, it may be concluded that receptor
complex formation might also occur on hepatocytes and might participate in the molecular

mechanisms of MIF-2 in hepatosteatosis.
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4. DISCUSSION

In this thesis, the pro-atherogenic role of the MIF-2, the homolog of MIF, is firstly identified
based on experimental evidence achieved from in vivo atherogenic mouse model as well as in
vitro cell line. The in vivo studies showed that genetic knockout as well as pharmacological
inhibition of MIF-2 not only mitigates early and advanced atherosclerotic progression, but
also attenuates hepatic steatosis. Furthermore, the in vitro studies revealed that in addition to
the pro-inflammatory effect on macrophages, recombinant MIF-2 also enhances lipogenesis
through activating SREBP signaling pathway in Huh-7 hepatocytes, which mechanistically
explained how MIF-2 promotes atherogenesis and hepatosteatosis. In brief, MIF-2 serves as
a pathogenic linker between atherosclerosis and hepatic steatosis, by not only exacerbating
inflammation but also affecting lipogenesis. To have a deeper understanding of the potential
value of MIF-2 in atherosclerosis, its homolog MIF in this context will be referred and
discussed. Additionally, two important functional properties of MIF-2 observed in this study,
pro-inflammatory and pro-lipogenic activities, will be also emphatically addressed. Next
specific molecular mechanisms, mainly involving the AMPK-SREBP pathway and
CXCR4/CD74 receptor complexes, will be discussed. Lastly, several limitations in our study
and potential follow-up experiments will be outlined, which aims to provide some interesting

research directions for the future.

4.1 The significance of MIF-2 in atheroprogression and relevant

comparisons with MIF

When studying the specific property of MIF-2 in atheroprogression, the significance of the
MIF-2 homolog MIF in the context of cardiovascular diseases needs to be considered. MIF,
as a pro-inflammatory atypical chemokine, has been identified as a causal factor in
atherosclerotic vascular diseases, showing upregulated expression in human plaques [152]
and a correlation with the disease severity in these patients with coronary artery disease
[1,265]. Experimental evidence from different mouse models including Apoe™” and Ldlr"
mice showed that MIF accelerates atherogenic progression as well as affects plaque stability
[2,157,266]. A recent study from our laboratory revealed that Mif deficiency induced an
atheroprotective phenotype that was not only related to T-cell and monocyte recruitment, but
also associated with complex B-cell regulation [3]. Of interest, there was a reduced circulating

B cell population along with a developmental deficiency of decreased splenic B cells and
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elevated myeloid immature and premature B cells observed in Mif-deficient atherogenic
Apoe” mice [3]. Mechanistically, this phenotype was closely associated with downregulation
of B-cell-activating factor receptor (BAFF-R) in immature B cells, which was accompanied
by diminished differentiation-driving transcription factors, suggesting that this inhibitory
effect is mainly targeted at immature B cells. A study recently performed in Apoe” mice using
msR4M-L1, a novel CXCR4-derived peptide-based inhibitor of MIF [155], confirmed the
important place of the MIF/CXCR4 interaction in atheroprogression that had been suggested
earlier [2], at the same time distinguishing the MIF-blocking effects from those potentially
co-addressing the MIF/CD74 or CXCL12/CXCR4 pathways [155].

In contrast, no studies referring to the significance of MIF-2 in the context of atherosclerosis
are available and to my knowledge, so far this thesis provides the first systematic study to
address this question. Genetic as well as pharmacological mouse models were utilized to
clarify how MIF-2 affects and regulates atherosclerosis. MIF-2 was found to be pro-
atherogenic, but the precise phenotype differed substantially from that of MIF in a number of
characteristics. While for MIF, Schmitz et al. demonstrated that Mif”~Apoe” mice developed
less plaques only in abdominal aorta and brachiocephalic artery (BCA), but not in the aortic
root or arch in comparison with Apoe” mice [3], Mif-2”"Apoe” mice as examined in this

thesis had fewer plaques all across the aortic bed.

In addition to the site-specific effect of MIF but not MIF-2, potential differences caused by
various model applications will be addressed as well. Considering different physiological

~~ mouse model

characteristics and pathological features between humans and mice, the Apoe
can be applied in preclinical studies of atherosclerosis, which was also used in our study.
However, particular attention needs to be given to the diversity. Mice generally develop
plaques from the aortic sinus to the aortic arch while not in the coronary artery, which is quite
different from humans, and probably due to the rapid heartbeats (~500-700 beats/min) in mice
[267]. In consideration of murine diversity, researchers now always examine more than the
aortic root and also expand the experimental endpoints to several time points of HFD, giving
insights into how genetic modifications and/or inhibitor applications affect atherosclerosis in
different stages and whether there exists the potential site-specificity. In addition, it is not
suitable to study unstable plaque features in WT mice, which is of great significance for

clinical outcomes of patients. However, Dr. Karlheinz Peter’s group developed a novel mouse

model by applying a tandem stenosis to Apoe” mice upon HFD, representing plaque
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instability features that are only in humans [268], which provides a new choice. Except for
the conservative concept of plaque rupture, some researchers put more attention to superficial
plaque erosion, giving a new mechanism for acute coronary syndrome [269]. Even so, the
mouse is still regarded as the most preferred model in the atherosclerosis research. The aortic
root and aortic arch with lesser curvature are the most frequently analyzed atheroprone
regions during lesion development. Of note, the region-specific effect of Mif deficiency was
only seen in Apoe” mice but not Ldlr”~ mice [2,3], which could be due to the rapid plaque
progression in Apoe” mice compared with Ldl»”~ mice, amplifying this site-specific impact

somehow.

In line with the site-specific effect induced by MIF, there were some other studies reporting
this kind of vascular site-dependent impact, as exemplified by platelet endothelial cell
adhesion molecule-1 (PECAM-1/CD31) deficiency-, CX3CL1 knockout- and a non-
activatable IKKa kinase-related phonotype [270-272]. More specifically, Teupser and
coworkers found that the deficiency of Cx3cll/fractalkine, an important adhesion molecule,
attenuated plaque formation in the BCA but not the aortic root based on the detected
fractalkine-background interaction [270]. Interestingly, fractalkine deficiency did not affect
plaque area in the aortic root, whereas remarkably reduced lesions in the BCA by 85% in
female and male mice. They did not perform any further mechanistic experiments, although
they speculated that different expression of fractalkine under different flow conditions and/or
its potential interactions with other regulatory genes could be a reason why CX3CLI-
regulated site-dependent phenotypes occur. Similarly, Goel and colleagues demonstrated that
PECAM-1 exerted the totally opposite functions at different vascular sites in Ldl#”~ mice,
with atheroprotective effects in the aortic sinus and several other positions, whereas pro-
atherosclerotic effects were observed at the inner curvature of arch [271]. Possible
explanations would be that the detrimental effect of PECAM-1 was attributed to its mechano-
stimulatory functions, while the beneficial side of PECAM-1 was dependent on its expression
on endothelial cells and bone marrow-derived cells. One recent study from Tilstam and
coworkers revealed that IKKa kinase regulated atherogenesis in a site-specific manner.
Higher IKKa protein expression in the aortic root and elevated IKKa phosphorylation could
be associated with this vascular site-specific effect of IKKa on atherosclerosis in aortic root
versus aortic arch/BCA [272]. In this thesis, MIF-2 did not show a site-specific phenotype in
atherogenic mice, which behaves differently from MIF. Interestingly, Mif deficiency-induced

region-specific effect was only observed in Apoe” but not Ldlr”~ mice [2,3], as mentioned
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above. However, the specific mechanism of site-specificity upon Mif deletion still needs more

scrutiny.

In addition to these differences in atheroprone sites, MIF and MIF-2 are involved in at least
partially different regulatory mechanisms when exerting their pro-atherogenic properties. It
has been acknowledged that immune reactions in atheroma and inflammatory mediators
contribute to atheroscleroprogression [273]. Indeed, both MIF- and MIF-2-mediated
atherogenesis was related to inflammatory regulation. Some in vitro functional data about
MIF-2 generated by my colleagues showed that MIF-2 has a strong potency in promoting
chemotactic migration and monocyte adhesion [274]. Of note, murine splenic B lymphocytes
displayed a more pronounced effect towards MIF-2 in comparison to MIF [274]. In addition,
genetic Mif-2 deficiency and MIF blockade by msR4M-L1 seemingly showed at least partially
different inflammatory cytokine/chemokine changes in atherogenic Apoe™, as revealed by a
cytokine array [155,274]. Reductions in Mif-27~Apoe”~ mice were seen for IFNy, IL-2, IL-
16, IL-17, CXCL12 as well as CXCL13, whereas downregulations in mice treated with
msR4M-L1 were observed for TNF-a, IL-1a, IL-16 and CXCL13, suggesting that different
types of cytokines may be involved in inflammatory regulation of MIF and MIF-2 in different
mouse models [155,274]. Additionally, genetic Mif deletion or neutralization of MIF in vivo
was generally accompanied with decreased immune cells in the intima and downregulated
inflammatory cytokine levels in blood [2,3,157,159]. In a hypercholesterolemic mouse model
of wire-induced vascular injury, blockade of MIF with a monoclonal antibody reduced the
infiltration of neointimal monocytes and foam cell formation. But increased SMCs and
collagen content reversely led to a shift of plaque to a more stable type [159]. Two years later,
another study revealed that neutralization of MIF not only results in a significant reduction of
intimal macrophages, but also leads to a noticeable downregulation of circulating
inflammatory cytokines for example IL-6 as well as aortic mediators such as ICAM-1,
indicating a causal role of MIF in promoting atherosclerosis through modulating intimal
inflammation [157]. In a similar vein, Mif-2-deficient atherogenic Apoe” mice in our study
also showed a downregulation of inflammatory cytokines/chemokines, exemplified by IL-2,

IFNy, IL-16, CXCL12, and IL-17, as well as CXCL13, as addressed above.

Of note, Bernhagen et al. in 2007 identified CXCR4 and CXCR?2 as functional receptors of
MIF, interacting with MIF to regulate inflammatory cell recruitment and atherogenesis [2].

Specifically, MIF elicited monocyte- and T cell-arrest and chemotaxis via binding with its
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cognate ligands CXCR2 and CXCR4, which was Gai- and integrin-dependent as well. In
addition, monocyte arrest triggered by MIF in atherosclerotic arteries was associated with the
receptor complex formation of CXCR2 and CD74. As mentioned above, the study from our
laboratory in 2018 submitted a new association between B-cell response and MIF in
atherogenesis. They pointed out that Mif deficiency was against atherosclerosis through
improving the hypersensitivity of B cells and inducing protective B-cell responses. Taken
together, these studies demonstrate that MIF promotes atherogenesis though multiple
regulatory mechanisms of various immune cells with the involvement of immune reactions.
In contrast, there are no studies to report the role of MIF-2 in atherosclerosis until now.
Interestingly, the data of this thesis indicated that Mif-2 deficiency downregulated the general
inflammatory levels in the whole body through affecting immune cells and cytokine levels.
On the one hand, macrophage content significantly decreased in Mif-27"Apoe™ mice in early
and advanced stages in comparison with control mice. On the other hand, several
inflammatory cytokines for example IL-2, IFN-y, and IL-16 as well as IL-17 remarkably
reduced in Mif-2”"Apoe” mice, and most of them were associated with T-cell regulation.
Collectively, these data reveal that both MIF and MIF-2 participate in regulating
inflammatory processes in the context of atherosclerosis, yet through targeting different
immune cells, interacting with particular receptors and involving various signaling pathways.
In fact, these points are in line with my thesis topic and provide insights for the future study.
Overall, consistent with the effects of MIF, Mif-2 deficiency mitigates vascular inflammation
through downregulating inflammatory cytokine/chemokine levels and reducing macrophage
content. This process involves two common receptors (CXCR4, CD74) of MIF and several
pathways (MAPK, AKT). However, the inflammatory regulation of MIF and MIF-2 may be
associated with different types of cytokines, as described above. Receptors and signaling

pathways of MIF-2 involved in this context also need to be explored further.

Except for inflammatory regulation, MIF family proteins are additionally implicated in
hepatic lipid metabolism, indicating the potential connection with atherosclerosis, primarily
as a lipid storage disease. Increasing evidence in vivo suggests that Mif deficiency accelerates
adipogenesis and hepatic lipogenesis [275-277]. Predominantly, Gligorovska and coworkers
found Mif knockout impaired insulin sensitivity, which was independent of the diet. Mif”"
mice fed with an energy-rich fructose diet displayed more energy intake, increased visceral
adiposity as well as enlarged adipocytes, as mechanistically associated with the activation of

glucocorticoid receptor (GR)-regulated lipogenic genes, such as PPARG and SREBP-1¢ [275].
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Later on, the same group showed that Mif” mice fed a fructose diet for 9 weeks had dramatic
lipid accumulation in the liver, similarly through enhanced inflammation and activation of
GR signaling pathway [276]. In a similar vein, Heinrichs et al. revealed the hepatoprotective
effect of MIF on both Hepa 1-6 cells and primary hepatocytes, which was associated with the
AMPK pathway [277]. These findings together identified a protective role of MIF in hepatic
steatosis and lipid metabolism. Inversely, the results of this thesis surprisingly indicated that
MIF-2 promotes lipogenesis via activating the maturation of SREBPs. Of note, Mif-2-
deficient atherogenic mice showed less steatosis in hepatic tissue and a reduction in liver
weight, plasma triglycerides and cholesterol. Mechanistically, MIF-2 enhanced the synthesis
of triglyceride and cholesterol through the AMPK-SREBP signaling. Combined with these
findings in my thesis, it is very interesting to think about the roles of MIF family proteins in
lipid metabolism. It may be speculated that MIF and MIF-2 are antagonists regarding their
functions in lipid metabolism, and maintain the homeostatic balance in the organic body in

normal conditions, which would give a plausible explanation for current data.

To sum up, MIF and MIF-2 display similar pro-atherogenic properties based on published
data and the findings of this thesis. However, they behave at least partially differently,
affecting particular vascular sites and functioning in special molecular mechanisms. Mif
deficiency mainly decreased plaque formation in BCA, while Mif-2 knockout largely
exacerbated atherosclerotic lesion area in aortic root in addition to arch. Considering major
pathological processes, both MIF and MIF-2 are involved in inflammatory regulation and
lipid homeostasis, whereas they possess evidently distinct functions to modulate lipogenesis.
MIF seems to reduce lipogenesis, whilst MIF-2 is likely to promote lipogenesis. If the
responsibilities of MIF and MIF-2 in lipid metabolism are further elucidated and confirmed,
it would be very promising to target MIFs. Of note, 4-CPPC, a selective inhibitor of MIF-2,
was used in our study recently, showing a therapeutic capacity in atherogenic 4poe” mice.
Therefore, the application of MIF-2 inhibitors will for sure provide more approaches to clarify
the significance of MIF-2 in atherosclerosis as well as hepatosteatosis, and even offer

encouraging therapeutic strategies in the future.
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4.2 MIF-2-triggered inflammation and lipogenesis orchestrate athero-

sclerosis and hepatosteatosis

As discussed in the previous chapter, MIF and MIF-2 are both involved in the regulation of
inflammation and lipogenesis based on reported literatures and our data. Additionally,
considering the observation in my thesis that Mif-2-deficient mice showed reduced plaques
as well as less hepatic steatosis meantime, it is intelligible to speculate that MIF-2 acts as a
pathogenic linker between atherosclerosis and hepatosteatosis by affecting both inflammatory
and lipogenic processes. Therefore, this chapter will discuss the potential association between
atherosclerosis and hepatosteatosis, summarize some relevant targets already reported, and

highlight the role of MIF-2 in this context.

In fact, it has been acknowledged that the tight connections between atherosclerosis and
hepatosteatosis encompass mechanisms of lipid metabolism and inflammation. Regarding the
pronounced effects of MIF-2 on plaque formation and fatty liver, the roles and probable
linkers inducing or regulating inflammation and lipogenesis in these two disease settings need
to be also considered here, especially the significance and potential therapeutic value of MIF-

2 in this relationship.

The potential association will be discussed, which starts with the significance of inflammation
and lipids in atherosclerosis. Atherosclerosis is a main underlying cause for cardiovascular
diseases, mainly driven by inflammation and lipid disorders. At the cellular level, foam cell
formation could be a functional mediator, and macrophages and hepatocytes are involved in
the interactions. In fact, hepatocytes can coordinate with macrophages in the regulation of
lipid metabolism [278]. For example, Schuster et al. reported liver X receptors (LXRs) as one
important type of factors linking potential communications between foam cells and
hepatocytes [279]. At the molecular level, NF-xB in macrophages, SREBPs in hepatocytes
and other factors such as miR-33 participate in this regulatory process. Volzke and coworkers
in 2005 firstly revealed an independent association between carotid atherosclerotic plaques
and hepatic steatosis through a clinical cross-sectional study including 4222 patients.
Additionally, it has been speculated that this relationship might be attributed to metabolic
changes induced by non-alcoholic fatty liver disease. This means that atherosclerosis may be
considered as a pathological cause of hepatosteatosis in this intercommunication. Further
insights into how these two pathological conditions affected each other are provided by

studies that applied inhibitors or antagonists in mouse or rat models, for example urantide, 5-
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HT synthesis inhibitor, flavone, salusin-a, etc., the detailed mechanisms of which will be

discussed subsequently [280-283].

Salusin-a, a peptide from prosalusin, could improve atherosclerosis and hepatic steatosis in
Ldlr”~ mice after 12-week HFD though several beneficial effects, including amelioration of
hyperlipidemia, anti-inflammatory regulation of some mediators for example TNF-a and IL-
6, regulation of some lipid metabolism genes such as Fasn and acetyl coenzyme A

carboxylase-o. (ACC) in the liver, and anti-oxidative effect in both liver and aorta [280].

Another in vivo study in Apoe”™ mice after 16-week HFD showed that flavone, a kind of
metabolite from plants, on the one hand inhibited atherosclerotic lesions by reducing
monocyte adhesion, downregulating inflammatory cytokine levels, ameliorating lipid
dysfunction, and suppressing miR-33 and NF-«kB pathways. On the other hand, flavone
improved hepatic steatosis mainly through reducing lipid metabolism related genes
expression. This in turn affects atherosclerosis, indicating that lipid disorders and
inflammation are the main mechanisms leading to the acceleration of both pathological
conditions [281]. In addition, the synthesis and degradation of 5-HT are also responsible for
lipid-induced hepatic steatosis as well as atherosclerosis. Mechanistically, both the 5-HT2AR
antagonist and the 5-HT synthesis inhibitor could suppress macrophage infiltration, foam cell
formation and improve dyslipidemia and insulin resistance as well as hepatic steatosis
partially through the NF-xB pathway [283]. Moreover, the protective effects of urantide, an
urotensin-II receptor (UT-II-R) antagonist, on atheosclerosis and hepatosteatosis were mainly
regulated via the MAPK pathway. The injection of urantide not only improved clinical
conditions of atherosclerosis and hepatosteatosis, but also reduced the binding of GPR14 to
UIl, and further decreased ERK and JNK activation [282]. In brief, there are quite a lot of
studies investigating the inhibitory effects of various interventions on atherosclerosis and
hepatic steatosis, and most of studies show a close association with inflammatory regulation
and lipoprotein homeostasis, specifically covering the MAPK, AMPK, NF-xB signaling
pathways, etc. Besides, a few studies mentioned other regulatory mechanisms, such as anti-
autophagy dysfunction, anti-oxidative effects and anti-ER stress (Table 4). Among these
specific mechanisms, the AMPK-SREBP-mediated lipogenic process is an extensively
investigated target, which is also the major pathogenic mechanism investigated in this thesis
and will be broadly discussed in the next chapter. Even though not all the details are addressed

here, main messages of some representative preclinical studies are summarized in Table 4.
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Table 4: Preclinical studies of different targets affecting atherosclerosis and hepatosteatosis

diet or HFD

Interventions Model Diet Main mechanisms Ref.

Salusin-a Ldlr”~ mice 12-week HFD | Anti-inflammation (IL-6, TNF- [280]
a), anti-lipid dysfunction, anti-
oxidative stress

Flavone Apoe” mice 16-week HFD | Anti-inflammation (NF-xB), [281]
anti-lipid dysfunction

5-HT2AR antagonist, Apoe” mice 16-week HFD | Anti-inflammation (NF-xB), [283]

5-HT synthesis inhibitor anti-lipid dysfunction

Urantide Rat 6-week HFD | Anti-inflammation [282]
(MAPK/ERK/INK pathway)

Liver-selective y- WT mice 16-week Anti-dyslipidemia (LDLR [284]

secretase Apoe” mice | HFD/chow diet | cleavage and degradation)

Trehalose Apoe” mice 16-week Anti-autophagy dysfunction [285]

HFD/chow diet
Viola mandshurica Apoe” mice 16-week Anti-lipid dysfunction (AMPK- | [286]
HFD/chow diet | SREBP), anti-inflammation

Apple polyphenol Apoe” mice 12-week HFD | Anti-inflammation (ROS/ [287]
MAPK/NF-kB pathway)

Alda-1 Apoe” mice | 16-week chow | Anti-mitochondrial dysfunction | [288]

diet (ALDH?2)
Polyphenol S17834 Ldlr”" mice 16-week chow | Anti-dyslipidemia (AMPK- [214]
or HFHS diet | SREBP pathway)
Valproate Apoe” mice | 16-week chow | Anti-inflammation, anti-lipid [289]
diet dysfunction (ER stress, GSK-3)
Deficiency of Atg7 in Mice with rA- | 22-week HFD | Anti-inflammation (IFNy, IL- [290]
T cells AV2/8-D377 - 17, T cells, NK cells), anti-lipid
Y-mPCSK9 dysfunction
Mast cell deficiency Apoe™ mice 12- and 24- Anti-inflammation (IL-6, IL- [291]
week HFD 10), anti-dyslipidemia
GSK 3a deficiency Ldlr”" mice 10-week chow | Anti-ER stress [292]

The data of my thesis suggest that Mif-2 deficiency attenuates atherosclerosis and

hepatosteatosis at the same time based on experimental evidence obtained from Apoe” mouse

model. Mechanistically, Mif-2"~Apoe”~ mice displayed less inflammation characterized by

reduced cytokine secretion and decreased plaque macrophage counts, as well as less lipid

accumulation in the liver regulated by the AMPK-SREBP-signaling pathway. SREBPs are

pivotal regulators in this process, controlling triglyceride and cholesterol synthesis, and

maintaining the balance of lipogenesis and lipolysis. On the other hand, SREBP-modulated

lipogenesis also aggravates cellular stress, which further exacerbates the inflammatory status.

Therefore, inflammation and lipid metabolism actually function as interactive parts, through

promoting their effects on each other to some extent.
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In addition to liver, the biggest metabolic organ in the body, is the white adipose tissue. It is
well acknowledged that SREBPs strongly contribute to metabolic remodeling especially in
white adipose tissue [293]. It would be very interesting to investigate how metabolic organs
liver and adipose tissue interact or function congenially to modulate the dynamic balance of
lipids. Apparently, MIF-2 is a good candidate in this context due to its high expression in
adipose tissue and involvement in SREBP regulation, which is worth to explore further in the

future.
4.3 AMPK-regulated SREBP activity and lipogenesis

AMPK, a vital energy sensor as well as a master switch, exerts pivotal functional properties
to regulate lipid and/or glucose metabolism, and is broadly applied in therapeutics in relevant
metabolic disorders, for example metformin/phenformin in diabetes. Once AMPK signaling
pathway is activated, there is a concomitant upregulation in glucose and fatty acid uptake and
oxidation, and a reduction in triglyceride and cholesterol biosynthesis. As a result, the
activation of AMPK suppresses energy-consuming biosynthetic pathways, for example
glucose and fatty acid synthesis [294]. Here, the phosphorylated regulation of AMPK in lipid
metabolism is a prime focus. Earlier studies from Indiana in 1973 demonstrated that the
activities of ACC as well as HMGCR, essential regulators in cholesterol and fatty acid
biosynthesis, were strongly associated with phosphorylation and dephosphorylation of AMPK
[295,296]. Partially purified ACC was activated by magnesium ions while inactivated by ATP
in a temperature- and time-dependent manner [295]. Similarly, with the pre-incubation of
cAMP, HMGCR activity was abated in some hepatic systems, whilst it could be at least
partially restored in inactivated microsomes [296]. Additionally, these genes encoding
HMGCR, ACC, FASN, and other lipid metabolism-related genes, are together targeted by one

transcription factor, i.e. SREBP, which was studied in my thesis.

In fact, the process that AMPK downregulates SREBPs, both SREBP-1 and SREBP-2, to
suppress lipogenesis serves as an acknowledged mechanism of AMPK involved in lipid
metabolism. Negative regulation of SREBP-1c by AMPK was systemically revealed by Li
and colleagues in 2011 [214]. They used S17834, a synthetic polyphenol, to verify the
interaction between AMPK and SREBP-Ic, and showed that AMPK can directly
phosphorylate SREBP-1c to regulate its transcriptional activities in hepatocytes. Specifically,
AMPK phosphorylates Ser372, which is the residue of SREBP-1c, represses the cleavage as

well as nuclear translocation of SREBPs, and subsequently downregulates the expression of
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SREBPs and their downstream targets. Of interest, S17834 attenuated atherosclerosis and
hepatic steatosis in high fat/high sucrose (HFHS) food-fed Ldlr’~ mice in vivo. Considering
therapeutics, AMPK activation in hepatocytes by metformin or polyphenol could keep the
body from atherogenic dyslipidemia, hepatic steatosis and atherosclerosis in Ldl¥ " mice
through this pathway. In addition to polyphenol, there have emerged some other studies
including inhibitors, antagonists or Chinese herbs, to block the AMPK pathway as well as
target SREBPs. As mentioned in the above part, viola mandshurica ameliorated
atherosclerosis and hepatosteatosis mainly through downregulating SREBP-1c¢ and FASN
expression under the activation of the AMPK signaling pathway [286]. Of note, suppression
of SREBP-1c and FASN modulated by AMPK was also confirmed in the liver of

atherosclerotic mice treated with viola mandshurica, giving evidence for its validity in vivo.

Moreover, sauchinone, as an antioxidant to activate AMPK, was used to investigate its
therapeutic effect on SREBP-1c-modulated lipogenesis and AMPK-related molecular
mechanisms. Mechanistically, sauchinone treatment not only prevented hepatic injury
induced by oxidative stress directly, but also suppressed LXRa-mediated SREBP-Ic
expression and further inhibited SREBP-1c-dependent hepatosteatosis [297]. Besides,
betulinic acid (BA) was another candidate in the inhibition of AMPK-SREBP-mediated
lipogenic process. They used both insulin-resistant HepG2 cells and ICR mice to verify the
phenotype that BA reduced lipid accumulation, and that BA suppressed lipogenesis via the
AMPK-mTOR-SREBP-1 pathway [298]. Interestingly, Nammi and Roufogalis found that a
small amount of ethanol diminished hepatic SCAP and SREBP-1 levels, as observed in rats,
whereas there were no food-intake differences among these groups. Specially, light to
moderate ethanol was able to upregulate the expression of phosphorylated AMPK-a in the
liver, suggesting the involvement of the AMPK-SREBP pathway [299]. Additionally, there
are emerging quite a lot of relevant studies talking about other factors or substances involved
in the AMPK-SREBP signaling pathway [300-303], such as a-lipoic acid, 5-aminoimidazole-
4-carboxyamide ribonucleoside (AICAR), curcumin, phenylpropanoid glycosides,
isoquercetin, etc., which are summarized in Table 5. Together, these studies suggest that the
AMPK-SREBP pathway is of great importance in regulating lipogenesis in the liver and that
it may be advisable to develop therapies targeted at this pathway for patients with NAFLD

and other metabolic disorders.
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Table S: Summary of preclinical studies focusing on negative regulation of SREBPs by AMPK in

lipogenesis
Interventions Model Diet Main mechanisms Ref.
S17834 Ldlr”" mice 16-week chow | AMPK directly phosphorylated SREBP- | [214]
or HFHS diet | 1c and suppressed SREBPs cleavage
Viola Apoe” mice | 16-week chow | AMPK inhibited de novo lipogenesis by | [286]
mandshurica diet or HFD | suppressing SREBP-1¢ and FASN
Sauchinone C57BL/6 mice | 11-week chow | Sauchinone activated AMPK and further | [297]
diet or HFD | repressed LXRa-elicited SREBP-1
Curcumin Diabetic rats 8-week Curcumin activated AMPK and inhibited | [300]
chow diet SREBP-Ic¢ in the kidney
Betulinic acid ICR mice 3-week RD or | BA inhibited SREBP-1 through the | [298]
(BA) HFD AMPK-mTOR-SREBP pathway
Light-to- Sprague- 3-week Low consumption of ethanol activated | [299]
moderate Dawley (SD) | standard pellet | AMPK and downregulated SREBP-1 and
ethanol rats diet SCAP in the liver
Alpha-lipoic C57BL/6 mice | 24-week chow | Alpha-lipoic acid reduced SREBP-1 | [301]
acid diet or HFD | expression via SIRT1/LKB1/AMPK axis
AICAR Tshr”~ mice 5~7-week diet | AICAR activated AMPK through TSH/ | [302]
(thyroid SREBP-2/HMGCR pathway.
powder)
Antrodia C57BL/6 mice | 10-week chow | Antrodia cinnamomea activated AMPK | [303]
cinnamomea diet or HFD | and suppressed SREBPs, FASN, HMGCR,
etc.
Phenylpropan- Hamsters 4-week chow | Phenylpropanoid glycosides reduced lipid | [304]
oid glycosides diet or HFD | via AMPK-SREBP-1c¢ pathway
Scutellaria KK-AY Mice 8-week chow | Scutellaria baicalensis suppressed free | [305]
baicalensis C57BL/6 mice diet fatty acid-induced lipotoxicity via
SD rats regulating AMPK-SREBP
Mangiferin KK-AYMice | 4-week chow | Mangiferin improved hepatosteatosis by | [306]
C57BL/6 mice diet SIRT-1-AMPK-SREBP-1¢ signaling
SD rats
Kanglexin SD rats S5-week HFD | Kanglexin attenuated lipid accumulation | [244]
via AMPK/SREBP-2/PCSK/LDLR axis
Chlorella SD rats 8-week chow | Chlorella pyrenoidosa improved | [307]
pyrenoidosa diet or HFD | hyperlipidemia by AMPK-HMGCR/
SREBP-I1c signaling
Dibutyl SD rats 6-week chow | DPB affected lipid metabolism based on | [308]
phthalate diet or HFD | PPARa/SREBP-1¢/FAS/GPAT/AMPK
(DPB) pathway

As shown in Table 5, there were slightly different mechanisms when referring to particular
inhibitors or targets. Most of these preclinical studies focus on the AMPK-SREBP pathway
and some well-investigated downstream target genes of SREBP-1 and SREBP-2 such as
FASN, HMGCR, ACC, and LDLR, etc. In addition, several other researchers also pointed out
the involvement of SCAP-1 and mTOR. Another interesting point is that the lipogenic process

induced by the AMPK-SREBP pathway occurs not only in the liver, but also in the kidney,
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which is associated with obesity-related kidney disease [226]. Curcumin, another type of
polyphenol, has been studied in the type 1 diabetic rat model and showed its inhibitory
property to induce renal lipogenesis through activating AMPK phosphorylation and
repressing SREBP-1¢ expression in the kidney [300]. Reversely, nifedipine, a calcium
channel blocker has been found to accelerate renal lipogenesis through suppressing pAMPK
activity and inducing SREBPs and target genes expression in vitro [226]. In this project, Mif-
2 deficiency activated AMPK phosphorylation and downregulated SREBPs and downstream
target gene expression, further to suppress the lipogenic process induced by HFD. As a result,
Mif-2 knockout mice with Apoe™”~ background displayed less plaque formation and attenuated
hepatosteatosis. Furthermore, in vifro experiments in hepatocytes mimic and confirm the
findings in vivo. Collectively, these preclinical studies might provide some auspicious hints

or suggest potential strategies to prevent or combat lipogenesis in the liver and kidney.

4.4 CXCR4 and CD74 complex formation and involvement in MIF-2-
SREBP-modulated lipogenesis

Both CXCR4 and CD74 are well characterized as functional receptors for MIF during MIF-
induced leukocyte migration [2], and afterwards this receptor complex formation was firstly
observed and confirmed to be involved in MIF-specific signaling pathway in 2009 [163].
Schwartz et al. showed fused CXCR4 and CD74 colocalization in HEK-293 cells as well as
endogenous complex formation in monocytes. More interestingly, this receptor complex also
participated in AKT phosphorylation in T cells induced by MIF, but not in the case of CXCL12,
which could be the specific difference between MIF’s and CXCLI12’s actions [163].
Furthermore, Lue ef al. revealed that MIF-activated JNK pathway in fibroblasts and T cells,
not only implicated its upstream kinases for example PI3K and SRC, but also relied on the
existence of the CD74 and CXCR4 complex [309]. It is noteworthy that the clathrin/dynamin-
dependent endocytosis pathway has been identified as the major track for MIF internalization,
and this type of MIF-related endosomal signaling mechanism is dependent on the heteromeric
receptor complex of CXCR4 and CD74 [310]. In addition to monocytes, T cells and
fibroblasts, the cooperative involvement of CXCR4 and CD74 was also verified in the
functional migration assay of primary splenic B cells elicited by MIF through the Zeta-chain-
associated protein kinase 70 (ZAP-70) pathway [161]. Blockade of CXCR4 or CD74 in vitro
completely abolished chemotactic effects of splenic B cells induced by MIF, indicating the

cooperative engagement of both receptors. Moreover, a recent study in cardiac myofibroblasts
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demonstrated that soluble CD74 suppressed MIF-elicited survival pathway through the
CXCR4/AKT axis [311]. Additionally, a previous study demonstrated the expression of
CXCR4 and CD74 in Hepa 1-6 cells and primary mouse hepatocytes, as confirmed by
Western blot analysis [31,312]. In the same study, flow cytometry only showed the surface
expression of CD74, whereas no visible fluorescence intensity for CXCR4, which was at least
partially inconsistent with our results that high fluorescence intensity was observed for
CXCR4 and low fluorescence intensity was seen for CD74. This can be attributed to the
diversity of different cells. Taken together, these findings imply both the colocalized
expression and functional formation of the CXCR4 and CD74 complex in different cells,

encompassing T and B cells, monocytes, hepatocytes and fibroblasts.

However, all of these findings mentioned in the above part were associated with the
functionality of MIF, and there are no related publications regarding MIF-2 yet. This thesis
for the first time identified CXCR4 as a novel receptor of MIF-2 in addition to CD74, and
further displayed the engagement of CXCR4/CD74 receptor complex in MIF-2-SREBP-
mediated lipogenic process. First of all, our laboratory had some in vitro data of MIF-2
released in bioRxiv recently, showing that blockade of CXCR4 inhibited MIF-2-elicited
chemotaxis of B cells, T cells and monocytes [274]. Secondly, in vitro data from this thesis
demonstrated that neutralization of CXCR4/CD74 diminished MIF-2-mediated lipogenic
effect. Intriguingly, the combinative use of LN-2 and AMD3100 fully abrogated the
proteolytic cleavage of SREBPs, which further diminished the expression of their
corresponding targets induced by MIF-2 respectively, as shown via Western blot analysis. Of
note, the neutralization of CD74 alone seems exert more pronounced inhibitory effects than
the blockade of CXCR4 in this study, emphasizing the significance of CD74 in MIF-2-
mediated SREBP processing. Thirdly, hepatocytes treated with AMD3100 and LN-2, together
with MIF-2, demonstrated less native LDL uptake compared with the MIF-2-stimulated group,
implying that CXCR4 and CD74 might be involved in MIF-2-mediated LDL uptake in
hepatocytes. Accordingly, these observations together suggest that CXCR4/CD74 complex
formation and/or synergistic signaling contributes to MIF-2-facilitated activation of SREBPs

in Huh-7 cells.

As discussed in the above part, CXCR4/CD74 complexes may participate in a MIF- and MIF-
2-elicited functional process. Next potential differences as to how MIF and MIF-2 may

interact with these receptors were studied. It was necessary to compare the binding
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efficiencies of ligand-receptor affected by MIF and MIF-2 stimulation. To answer this
question, a powerful technique, FLIM-FRET in vitro/in situ was utilized to demonstrate the
formation of this receptor complex CXCR4/CD74 with or without stimulation in this study.
One of the advantages of FRET is that small donor-acceptor distance changes are easy to
detect in this assay. Based on this property, FLIM-FRET assay is also applied to catch subtle
shifts in the complex conformation in addition to detect the entire complex disassembly [313].
In combination with equilibrium time-resolved FRET, the information can be further
enhanced, which is acquired from mean FRET efficiency kinetics [314]. Given the fact that
CFP and YFP are popular FRET pairs in biological applications, CFP-tagged CXCR4 was
used as a donor and YFP-CD74 as an acceptor here. A clear and robust co-localization of
CFP-CXCR4 and YFP-CD74 was observed in fixed as well as living cells using FLIM-FRET.
In line with this finding, the excitation of CFP-CXCR4 was closely associated with a high
FRET efficiency and an effective FRET binding, implying there exists a higher likelihood of
this interaction between both receptors. Moreover, the distance between two adjacent
molecules was around 0.6 to 2.4 nm when excitation energy exchanged, which was in accord
with reported values ranging from 2 to 10 nm [315]. To decipher whether CXCR4/CD74
heterodimer formation relied on the existence of MIF-2 and its functional differences with
MIF, the fluorescence lifetime of the donor CFP-CXCR4 within an interval of 1 min under
MIF or MIF-2 stimulation was compared. The above results were achieved by utilizing a time-
correlated single photon counting (TCSPC) system, giving multi-exponential decay analysis
a higher sensitivity and a better accuracy. Both MIF and MIF-2 enhanced CXCR4 and CD74
complex formation, as shown by a reduced lifetime. However, of interest, the lifetime was
found to show a more pronounced decrease when MIF-2 was present, suggesting that MIF-2
may have a stronger ability to promote the complex assembly of CXCR4 and CD74 than MIF.
In aggregate, this study is the first to define a novel heterodimer formation of CXCR4/CD74
by FLIM-FRET and demonstrate a greater potential of interaction with MIF-2 compared to
MIF.
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4.5 Limitations and potential follow-up studies of this project

This study has several limitations and further experimental evidence needs to be obtained to
substantiate some of the notions and conclusions. To this end, some mechanistic follow-up
experiments are already ongoing. Several seemingly controversial questions are under

consideration and require more evidence to support.
4.5.1 Atherosclerotic mouse model used

One limitation is that so far only Apoe’~ mouse model has been used in this study. Especially,
the metabolic phenotype should be further explored in another mouse model, such as Ldlr""
mouse model or the PCSK9-adenoassociated virus (AAV) mouse model, which is able to
develop plaques under HFD within 3 months with normal ApoE and LDLR levels [316]. Ldlr
knockout mice are somewhat preferred in the field of metabolism research [317]. Compared
to Ldlr~~ mice, atherosclerosis-prone Apoe’~ mice exhibit higher circulating cholesterol
levels as well as develop more plaques in the aortic root and arch with larger necrotic cores
after 3-month HFD along with more chondrocytes and bone formation, and more smooth
muscle cells and matrix [318]. Mechanistically, Apoe~ mice generally have a poor property
of clearing lipoproteins. As a result, circulating lipoproteins were abnormally elevated, which
leads to atheroscleroprogression eventually. Even though the functions of ApoE and LDLR
are partially different, they are essential players and responsible for clearing extra circulating
lipoproteins. In fact, the biggest difference is that ApoE functions as a ligand for all LDLR
family members, and is not limited to LDLR. In addition, synthesized ApoE exerts an anti-
atherogenic effect on macrophages, which is not affected by plasma cholesterol levels. As a
consequence, cholesterol-rich VLDL as well as intermediate-density lipoprotein aggregates
in blood of atherogenic Apoe™’~ mice, by contrast, LDL mainly accumulates in Ldlr '~ mice.
Regarding previous metabolic studies, actually most of researchers utilized Apoe™ mice, as
shown and summarized in Table 4. This was consistent with the mouse model used in our
project. Additionally, in collaboration with the laboratory of Prof. Christian Schulz
(Department of Cardiology, LMU University Hospital), we are currently performing bone
marrow transplantation (BMT) experiments, in which BM from Mif-2~~ mice versus WT
mice is adoptively transferred into Ldlr /"~ recipient mice on HFD, to ask or verify the effects
of Mif-2 deficiency on bone marrow-derived monocytes and macrophages and clarify the
significance of a vascular versus systemic source of MIF-2 for the observed metabolic

phenotype.
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Therefore, the phenotype in our study should be verified in a second mouse model, for
example using Ldlr”’~ mice in combination with the MIF-2-specific pharmacological
inhibitor 4-CPPC or using Mif-2~/~ mice in conjunction with an induction of atherosclerosis
and hyperlipidemia by the PCSK9-AAV approach. Of interest, the latter could help to
enunciate the metabolic mechanisms further. As described above, BMT mouse model
additionally tells whether this phenotype involves a hematopoietic effect. Consequently, the
confirmation of this phenotype in multiple mouse models in the future would be beneficial to

deeply understand the significance of MIF-2 in lipid metabolism.
4.5.2 SREBP-2 autoloop regulation: LDLR versus PCSK9

An interesting question is whether PCSK9 is also involved in MIF-2-mediated functional
processes. In this project, there were no significant changes of Pcsk9 observed in the mRNA
level, so we did not go further and checked PCSK9 protein levels. However, some other
researchers proposed that altered PSCK9 functions could be due to the post-transcriptional
modifications [319]. In other words, PCSK9 could exert functions through protein level
changes that would not be apparent on mRNA expression level. In normal conditions, there
exists a certain kind of dynamic balance between cholesterol synthesis, LDL release and LDL
clearance to maintain the homeostasis. In this project, MIF-2 was found to enhance
cholesterol synthesis based on my current data. Through endogenous pathway, VLDL and
more pro-atherogenic LDL were produced afterwards. Extra LDL particles were released into
plasma to form more plaques in arteries. Nevertheless, due to self-protection mechanism or
the feedback regulation, LDLR expression would be also upregulated to remove extra LDL
from plasma. Here, one reason why PCSK9 engrosses our attention is that SREBP-2 behaves
as an upstream regulator of LDLR, whereas PCSKO9 acts as a negative regulator of LDLR.
Some researchers even pointed out that SREBP-2 could transcriptionally activate PCSK9 as
well as LDLR simultaneously [245]. PCSK9 functions as a ‘brake’ to inhibit the cholesterol
uptake through its degradation of LDLR. Not surprisingly, combined targeting of SREBPs
and PCSK9 would achieve an improved outcome. Nevertheless, how LDLR and PCSK9
affect or restrain each other, and whether MIF-2 influences this interaction will be an

intriguing direction, which can be definitely followed in the future.
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4.5.3 Complementary effects or restriction of MIF and MIF-2 in lipid metabolism

Even if MIF-2 shares high homology with MIF, how MIF and MIF-2 function in different
disease settings seems not always similar. Positive cooperative effects of MIF with MIF-2
indicate that a better outcome might be achieved through a combination approach in some
disease settings, as exemplified by consistent functionalities of MIF-2 and MIF in NSCLC
[37]. Similarly, both MIF and MIF-2 exert a pro-atherogenic impact based on the results of
my thesis in combination with previous publications [2,3,14]. By contrast, MIF and MIF-2
were found to show opposite properties in the context of adipose tissue inflammation and
wound healing [65], as well as in discoid lupus erythematosus (DLE) [320]. Concerning
lipogenesis, there are controversial views about the roles of MIF and MIF-2 [59,64,275,276].
Recently, accumulating evidence in vivo suggested that Mif deficiency exacerbated
adipogenesis and hepatic lipogenesis capitalizing on Mif” mice fed an energy-rich fructose
diet [275,276]. This phenotype is likely to hold true in vitro, as shown by Heinrichs ef al. in
2014 [277]. Interestingly, our study revealed that Mif-2 deficiency attenuated hepatic steatosis
via inhibiting the maturation of SREBPs. Combined with our findings in this project, it is very
interesting to think about the roles of MIF family proteins in lipid metabolism. MIF and MIF-
2 might be antagonists for each other regarding their functions in lipid metabolism, and
maintain the balance in the organic body in normal conditions, which would give a better
explanation for my current data. Therefore, it would be attractive to generate a Mif Mif-2
double knockout (DKO) mouse line and explore whether the joint knockout of MIF and MIF-
2 could produce synergistic or complementary effects overall. Collectively, targeting MIF
protein family, thoroughly evaluating the comprehensive mechanisms and even focusing on
the internal interactions and/or differences would be beneficial to understand the contributions
of MIF family proteins to different disease settings, which definitely warrants more evidence

to confirm.
4.5.4 Potential impact of MIF-2 on SREBPs in adipose tissue

In addition to liver, the biggest metabolic organ in the body, the adipose tissue is the second
organ to focus on. The main function of WAT is to store energy and being a backup of BAT.
Additionally, it has the endocrine function to secrete different types of adipokines. Whereas
BAT mainly exert thermogenic property to keep body temperature. Fujii and coworkers
demonstrated that SREBP-1c promoted mitochondrial biogenesis and enhanced metabolic

remodeling within WAT under caloric restriction (CR) conditions [232]. In addition, the
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involvement of MIF-2 in adipocyte lipid metabolism has been reported by several research
groups [58,59,64,65,80], as discussed in chapter 1.1.3.3. Even though current literatures argue
a controversial role of MIF-2 in adipose tissue, it is still an interesting topic to follow in the
future. Investigating the metabolic role of MIF-2 in adipose tissue and connecting SREBPs

targets to MIF-2-mediated lipid regulation are beneficial to produce more anti-obesity

approaches.
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5. SUMMARY AND OUTLOOK

5.1 English summary

This thesis sheds light on a novel and important property of MIF-2 in atherosclerosis and
hepatic steatosis linked by lipid metabolism, and unravels the underlying molecular and
cellular mechanisms, with a focus on studying the systemic and hepatic cholesterol
metabolism in atherosclerotic mice. Integrated evaluation on plaque progression through
genetic as well as pharmacological mouse models revealed that the pro-atherogenic and pro-
inflammatory properties of MIF-2 in early and advanced stages of atherosclerosis was
intriguingly accompanied by a tight association with hepatic lipid accumulation. Reduced
triglyceride and cholesterol levels in the plasma of Mif-2~~Apoe™ mice along with consistent
decreased body and liver weight pointed towards a conspicuous phenotype displaying that
Mif-2 deficiency improved lipid metabolism. However, there was no similar phenotype
previously observed in any kind of Mif deficiency atherosclerotic models. This implies that
MIF-2 behaves at least partially differently from MIF in the context of hepatosteatosis and
atherogenesis.

Indeed, inflammation and lipids are essential to the pathophysiology of atherosclerosis
and hepatic steatosis, which in turn is of clinical significance to define the association between
these two diseases. Preliminary explorations gave me some clues to target SREBPs and plenty
ofin vitro experiments were performed to test and further clarify my original hypothesis. Here,
SREBPs were employed to decipher and validate the role of MIF-2 in lipid metabolism, and
further connect the phenotypes in the artery and liver. AMPK, as a master switch for energy,
is responsible for the balance of lipogenesis and lipolysis, and determines the energy
homeostasis. The hepatocyte cell line Huh-7 was used to analyze the impact of MIF-2 on the
lipogenic process, and the data demonstrated that the interaction of MIF-2 with CXCR4/CD74
complexes inhibited AMPK phosphorylation, enhanced SREBP cleavage and expression,
upregulated their target gene expression, and herein promoted lipogenesis. Of note, an
Apoe”~ mouse model was utilized in this study, whilst additional evidence will have to be
obtained by confirmation in other mouse models, such as Ldlr”’~ or PCSK9-AAV mice.
Collectively, this project demonstrated MIF-2 has a pro-atherogenic role, as well as a
pronounced property to promote lipid accumulation in liver, particularly with new insights
into the specific mechanism related to the AMPK- and AKT-SREBP-mediated signaling
pathways and CXCR4/CD74 receptor complexes.
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5.2 Zusammenfassung

Dieses Projekt beleuchtet eine neuartige und wichtige Rolle von MIF-2 in der Atherosklerose
und hepatischer Steatose, verbunden mit Prozessen des Lipidstoffwechsels. Zusitzlich
werden die zugrundeliegenden molekularen und zelluliren Mechanismen, mit einem Fokus
auf die Analyse systemischer Entziindung und hepatischer Cholesterinwerte, im athero-
sklerotischen Mausmodell aufgekldrt. Eine umfassende Analyse der Plaqueprogression
mittels genetischer und pharmakologischer Mausmodelle zeigte die entzlindungsférdernden
Eigenschaften von MIF-2, begleitet von hepatischer Lipidakkumulation, in frithen und
fortgeschrittenen Stadien der Atherosklerose. Reduzierte Triglycerid- und Cholesterinwerte
im Plasma von Mif-2~~Apoe™~ Miusen, in Ubereinstimmung mit vermindertem Kdrper- und
Lebergewicht, deuten auf einen auffdlligen Phénotyp mit einem durch die Mif-2 Gendefizienz
bedingten, gesteigerten Lipidstoffwechsel hin. Ein &hnlicher Phénotyp wurde allerdings
bisher in keinem anderen Mausmodell unter Mif Gendefizienz nachgewiesen. Dies deutet
darauf hin, dass sich MIF-2 verglichen mit MIF im Kontext der hepatischen Steatose und
Entwicklung von Atherosklerose zumindest teilweise unterschiedlich verhilt.

Tatsédchlich sind entziindliche Prozesse und Lipide essentiell fiir die Pathophysiologie
der Atherosklerose und hepatischen Steatose, was hinsichtlich der Assoziation der beiden
Erkrankungen auch klinisch bedeutsam ist. Vorldufige Untersuchungen haben Hinweise auf
die Beteiligung von SREBPs geliefert und eine Vielzahl von in vitro Experimenten wurde zur
Aufklidrung und weiteren Bestitigung meiner urspriinglichen Hypothese durchgefiihrt. In
diesem Rahmen dienten SREBPs dazu, die Rolle von MIF-2 im Lipidstoffwechsel zu erkldren
und zu validieren, sowie die arteriellen und hepatischen Erscheinungsbilder weiter
miteinander zu verkniipfen. AMPK, ein Hauptregulator im Energiestoffwechsel, ist
verantwortlich fiir das Gelichgewicht zwischen Lipogenese und Lipolyse, und bestimmt die
Energichomoostase. Die humane Hepatozyten-Zelllinie Huh-7 wurde verwendet, um die
Rolle von MIF-2 in lipogenen Prozessen in vitro zu bestimmen. Derzeitige Ergebnisse lassen
darauf schlief3en, dass die Interaktion von MIF-2 mit CXCR4/CD74 zur Inhibition der AMPK
Phosphorylierung, verstirkter SREBP-Spaltung und zur erhdhten Expression von Zielgenen
fiihrt, was wiederum die Lipogenese fordert. Hervorzuheben ist, dass das Apoe
Mausmodell in meinem Projekt verwendet wurde, wobei ein verlédsslicher Nachweis durch
Bestiitigung in anderen Mausmodellen, einschlieBlich Ldlr’~ oder PCSK9-AAV Miusen
zukiinftig noch erfolgen muss. Insgesamt wurde im Rahmen dieses Projektes die pro-
atherogene Rolle von MIF-2 und die Eigenschaften zur Forderung der Lipidakkumulation in
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der Leber erarbeitet. Dabei wurden neue Einblicke in spezifische Mechanismen mit Bezug zu

MIF-2-CXCR4/CD74-AMPK- und AKT-SREBP-vermittelten Signalwegen identifiziert.
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6. SUPPLEMENTAL TABLES

This supplemental table is contained in my co-first-author manuscript preprint published on

bioRxiv (doi: https://doi.org/10.1101/2021.12.28.474328).

Supplemental Table 1: Blood cell count, body weight and serum lipid levels from female
Apoe™” mice Mif-27"Apoe” mice under 4.5-week and 12-week HFD.

Female, 4.5-week HFD Apoe™” Mif-2""Apoe™" P value
Serum lipid levels
Triglyceride (mg/dL) 188.135 +12.244 160.297 +36.357 0.0197
Cholesterol (mg/dL) 887.799 + 104.492 703.902 + 138.302 0.0013
Blood cell percentages (%)
Lymphocytes (%) 59.107 +£1.929 63.339 +2.334 0.0313
T-lymphocytes (%) 17.713 £4.350 26.363 +5.052 0.0409
B-lymphocytes (%) 41.387 £5.159 36.943 £ 4.546 0.2437
Neutrophils (%) 22.283 +£4.952 24.212 +£4.296 0.5777
Monocytes (%) 3. 711+ 1.131 1.493 +0.519 0.0118
Body weight

Weight (g) 24.420 + 3.487 20.886 +1.254 0.0222
Female, 12-week HFD Apoe™” Mif-2""Apoe™ P value
Serum lipid levels

Triglyceride (mg/dL) 189.344 £ 8.910 180.375 £7.116 0.0343

Cholesterol (mg/dL) 1002.305 +113.935 850.557 +£92.842 0.0077
Blood cell percentages (%)

Lymphocytes (%) 69.461 + 8.879 73.228 +7.893 0.3618
T-lymphocytes (%) 24.519 +10.904 25.970 + 3.704 0.7248
B-lymphocytes (%) 44,765 £ 5.474 47.168 £ 6.488 0.4061

Neutrophils (%) 13.189 + 6.990 17.682 + 6.487 0.1811

Monocytes (%) 3.482 £2.347 2.627 £0.700 0.3368

Body weight
Weight (g) 29.750 £2.914 25.775 £3.199 0.0140

Table legend. Data are presented as means + SD. P values were calculated by Student’s t-
test. Leukocytes were identified as CD45"; T lymphocytes as CD45"CD3"; B lymphocytes as
CD45"CD19"; neutrophils as CD45"CD11b"Ly6G"; monocytes as CD45"'CD11b 'Ly6C".
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