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Introduction

1 Introduction

1.1 Macrophage migration inhibitory factor (MIF)

First described in 1966, Macrophage migration inhibitory factor (MIF) was initially
described as a soluble T leukocyte derived factor that was able to inhibit macrophage
migration (1,2). Later on, the expression and purification of recombinant MIF in
E.coli (3) enabled a deeper understanding of the structure, molecular characteristics and

biological functions of the protein.

MIF is a highly conserved chemokine-like protein with a molecular weight of
12.345 kDa, that contains 114 amino acids residues (4). Three oligomerization states of
MIF have been discussed in the literature. X-ray analysis revealed a trimeric form in the
crystal, whereas another study applying cross-linking analysis indicated a balance
between monomer, dimer and trimer at physiological concentrations with a majority of
monomers and dimers (4-9). Nevertheless, the structure of MIF is unique compared to
other proteins, as it shows chemokine-like functions and binds to the chemokine
receptors, but is missing a N-terminal cysteine motif (4,5). Consequentially does not
belong to one of the typical cytokine and chemokine families and is therefore termed an

atypical chemokine.

Within the MIF family, two catalytic activities were characterized: an oxidoreductase and
a tautomerase activity. Through its TPOR (thiol-protein oxidoreductase) activity MIF is
able to catalyze the reduction of insulin disulfides and 2-hydroxylethyl disulfide (HED)
with the use of the co-substrates glutathione (GSH) and dihydrolipoamide (10,11). It is
assumed that MIF’s well conserved CALC (Cys57-Ala-Leu-Cys60) motif is involved in
the oxidoreductase activity. Similarities were shown in the residues between the CXXC
cysteines of MIF compared to other TPOR family members such as thioredoxin and
glutaredoxin (10). Therefore, it was shown that this catalytic activity plays an important
role in the protective effect of MIF in redox provoked cell damage (10-12). The second
enzymatic activity of MIF, a tautomerase activity, involves the N-terminal proline, that
was shown to have a pK, of 5.6, which is much lower than the normal pK, of a proline
amine (pK, of around 9) (13,14). Under physiological pH this proline act as a catalytic

nucleophile and can convert substrates such as D-dopachrome and 4-hydroxphenyl

-1-
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pyruvate (13,15,16). Until now, there is no physiological substrate known for MIF’s
tautomerase activity. Interestingly, this N-terminal region is a typical target for small

molecule inhibitors, that can inhibit biological and enzymatic activities of MIF (17-22).

1.1.1 MIF - biological activity and role in disease

Under normal conditions, basal MIF levels have been shown to be around 2-6 ng/ml and
contrary to other cytokines, it is semi-constitutively expressed, continuously released into
circulation following a circadian rhythm (23) and stored in extracellular pools. However,
MIF levels differ between human individuals. There are four genotypes being describe
differing in there CATT repeats (5, 6, 7, or 8-CATT repeats). It was shown that the 5-
CATT allele results in lower concentrations of basal MIF (“low MIF expressors”)
compared to the other genotypes, which was accompanied by a decreased severeness of
rheumatoid arthritis disease in patients (24), that could indicate a concentration dependent

disease progression.

MIFs biological and immunological activities have been reviewed intensively for
decades. Due to its ability to recruit immune cells (19,25) and trigger the production of
other cytokines (26-29), MIF is known as pro-inflammatory mediator. This is supported
by MIF’s ability to prolong macrophage survival (30) and counter-regulate the anti-

inflammatory activities of steroids (31-33).

Following inflammatory stimuli as well as atherogenic and ischemic stress, it was shown
that MIF is highly expressed by numerous cell types such as monocytes, macrophages, T
cells, and neutrophils, but also endothelial cells, leading to an increased MIF
concentration in circulation (34-38). Due to its pro-inflammatory activities, MIF is
involved in regulating several acute and chronic inflammatory diseases, including cystic
fibrosis, rheumatoid arthritis, cancer, atherosclerosis and other cardiovascular
diseases (24,25,39-48). Although most of MIF’s activities have been reported to be
disease-exacerbating, there are also studies that show a protective effect on cells and

tissue, as shown in myocardial ischemia/reperfusion (I/R) injury (49,50).

MIFs inflammatory actions and disease progression are triggered through binding to its

receptors CD74, CXCR2, CXCR4 and potentially also CXCR7 (25,51-55).
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1.1.2 MIF receptors

The first identified MIF receptor CD74, is a cell membrane receptor, known as the HLA
class II histocompatibility antigen gamma chain lacking an intracellular signal
transduction domain. Binding of MIF leads to a complex formation with CD44 which
results in the activation of several signaling pathways including the ERK1/2-MAPK
pathway, Src and NF-xB pathway (55,56). In a myocardial ischemia, it was shown that
MIF can induce the activation of CD74 and thereby initiate AMPK signaling, that was

accompanied by an uptake of glucose and cardiac protection (57).

MIF also binds to the CXC chemokine receptors CXCR2 and CXCR4, which triggers the
recruitment of monocytes, T cells and neutrophils (25). Studies have shown that a
CXCR2-ligand such as CXCLS8 involves an N-terminal Glu-Leu-Arg (ELR) motif in
order to facilitate receptor binding (58). A similar motive was also found in MIF and was
characterized as a pseudo-(E)LR motif (52,59). Alike to CXCR2, CXCR4 is a G protein-
coupled chemokine receptor with high ligand specificity. CXCL12, stromal cell-derived
factor-la (SDF-1a), and MIF are known chemokine ligands of CXCR4 (25,60). The
MIF/CXCR4 interaction involves an N-like-loop and the N-terminal proline residue of
MIF, as well as the Arg-Leu-Arg (RLR) motif (61,62). Recently published data also
suggests the receptor CXCR7 as a potential MIF receptor, with a functional role in B-
lymphocyte migration (51).

Different studies showed that two or three of the MIF receptors can form complexes,
which can be required for triggering a particular signaling cascade. Especially the
CXCR/CD74 is involved in the initiation of MIF-mediated signaling. Examples are the
functional CXCR2/CD74 complex, which was found to have a profound role in MIF-
driven atherogenic leukocyte recruitment (25) and the CXCR4/CD74 complex, that was
shown to be part of MIF-mediated B cell migration through a ZAP-70-involving
pathway (63,64).

1.2 MIF superfamily

MIF-2 or D-dopachrome Tautomerase (D-DT) was first specified in 1993 (65).
Crystallographic analysis of MIF (4,5) and later MIF-2 (66) enabled the classification
into a MIF superfamily and identified a shared homotrimeric structure (Fig. 1-1). MIF-2

_3-
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was shown to have significant three-dimensional homology with MIF (66) and the
mRNA of both proteins is almost 50% identical (14). Interestingly, MIF and MIF-2 also
share an evolutionarily conserved tautomerase activity, which involves the N-terminal
proline that both proteins share (15). Nevertheless, there are also crucial differences
between the proteins. For example, MIF-2 deficits the for MIF typical CXXC and the
pseudo-(E)LR motif (14), which has been shown to be involved in interactions with the

MIF receptors such as CXCR2.

Compared to MIF, the biological function and expression pattern of MIF-2 are still poorly
investigated. Merk et al. showed that MIF-2 can bind to the MIF receptor CD74 and
thereby activates ERK1/2 MAP kinase and other inflammatory signaling pathways (14).
As MIF-2 lacks the pseudo-ELR motif, it is likely that it might not bind to CXCR2.
However, this still remains speculative and the interaction with other MIF receptors have
not been explored yet. MIF-2 is expressed in various tissues, as well as in immune cells,
and circulating levels of MIF-2 have been shown to be upregulated in sepsis and
cancer (14). Like MIF, MIF-2 showed cardioprotective potential by activating the CD74
mediated AMPK signaling pathway (67).

D-DT/MIF-2

Figure 1-1 Homotrimeric structure of human MIF and MIF-2. MIF superfamily members MIF and
MIF-2 share a homotrimeric structure and 3D similarities represented by X-ray crystallographic analysis.
Figure taken from Merk et al. (68).
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Interestingly, other MIF-superfamily members were also found in non-mammalian
species such as bacteria, plants, vertebrates and invertebrates (69,70). As an example, in
Arabidopsis thaliana, a well-studied model plant, three different MIF-like proteins were
characterized (4tMDL1-3) (71). Compared to human MIF, all three AfMDLs have similar
molecular weights and number of residues, including an N-terminal proline (71). More
recently published data also provided evidence of similarities in biological functions,
such as interaction with the known MIF receptors CD74 and CXCR4, as well as the
triggering of chemotactic migration of monocytes and T-cells (72). AtMDLs have also
been shown to activate CXCR4-dependent activation of PI3K/Akt-signaling pathway in
HEK293 cells (72).

1.3 Post-translational modifications of MIF

Numerous studies implicate that MIF undergoes several post-translational modifications
(PTM), which can impact the biological actions of MIF (73). Whether this is the case for
MIF-2 is still not fully understood.

Figure 1-2 is summarizing the known PTMs and indicates that mostly Cysteines and
Serines within the MIF sequence are prone to get modified. Cysteinylation at Cys-60 is
supposed to be involved in regulating B and T cell functions (74,75), whereas S-
Nitrosation at Cys-81 has been shown to increase oxidoreductase activity and was shown
to be involved in cardioprotection (76,77). Additionally, when Ser-91 is additionally
phosphorylated, it is supposed to have an impact on the biological activity of
cysteinylated MIF (74).



Introduction

Met-1: Methionine processing

Pro-2: Oxidation at N-terminus .
Electrophile binding Ser-91: Phosphorylation

10 20 30 40 50
Ml iF1vNTNV PRASVPDGFL SELTQQLAQA TGKPPQYIAV HVVPDQLMAF

60 70 80 90| 100
GGSSENEME SLHSIGKIGG AQNRSYSKLL|JGLLAERLRISPDRVYINYY

| 110
DMNAANVGWN NSTFA

Cys-57/Cys-60: Oxidation at thiol group
Cysteinylation
- conformational change of the B-sheet

Figure 1-2 Post-translational modifications of MIF. Amino acid sequence of MIF, including different
post-translational modifications that are well-defined and highlighted in different colours. Adapted from
Schindler et al. (73).

1.3.1 Modifications of the /N-terminal proline

In almost every cell type, MIF’s N-terminal methionine is post-translationally removed
by methionine aminopeptidase (MetAP) which results in an N-terminal proline (Pro-2)
(3,4). As mentioned before, this proline residue is critical for MIF’s tautomerase activity
(15) and can be involved in receptor binding (61,78). The N-terminal proline can be target
for several modifications, including carbamylation, oxidation and modification by dietary
electrophiles (73). Likewise, the N-terminal site is a preferential domain for

pharmaceutical inhibition of MIF’s biological and enzymatic activities (20,79).

Covalent binding of isothiocyanates at the N-terminal proline inhibited MIF’s
tautomerase activity and to a certain extend also results in structural changes which affect
the binding of MIF to CD74 (80-84). Another study demonstrated that epicatechins, that
are oxidized by neutrophil derived myeloperoxidase (MPO), can also suppress the

tautomerase activity of MIF (85).

A novel modification of the N-terminal proline was described by Dickerhof et al. (2015).

They were able to show that MPO driven hypochlorous acid oxidizes this proline to a
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proline-imine which was correlated with an impairment of MIF’s tautomerase
activity (86). Although this oxidation suppresses the enzymatic activity, the bioactivity
of MIF seems to remain intact. Whether the oxidative modification of the proline results
in changes of bioactivity compared to unmodified MIF is still unclear. Nevertheless, the
oxidation protected the protein from functional inactivation by small molecule inhibitors

such as 4-iodo-6-phenylpyrimidine (4-1PP) (86).

1.4 Granulocytes and their role in the human body

Polymorphonuclear leukocytes (PML), also known as granulocytes, are produced in the
bone marrow and form the most abundant white blood cell population in the human body.
Their name is derived from their segmented shaped nucleus and is characterized by the
presence of granules in the cytoplasm (87). There are three different types of
granulocytes: eosinophils, basophils and neutrophils, which develop from stem cells in
the bone marrow into myeloblasts and further differentiate into a fully functional
granulocytes (Figure 1-3) within 10-14 days (88). While some neutrophils are steadily
released into circulation, the bone marrow holds back a large number of immature
granulocytes, which can be rapidly mobilized in response to inflammation or infection.
Within the granulocytes, the neutrophil population is the most abundant cell type
representing about 50-70% of all blood leukocytes (89). The different polymorphonuclear
leukocytes differ in structure and function. Both, eosinophils and basophiles are involved
regulation of allergic reactions and are also involved in the defense against parasites and
viruses (90-92). Nevertheless, both cell types make up only a very small part of the
granulocyte population (1-5%). Neutrophils are the largest group of PMLs and display a
essential role in the first site defense against invading pathogens such as bacteria.

Likewise, it was shown that they are also involved in sterile inflammation and disease.
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Figure 1-3 Haematopoiesis — development of blood cells. All cellular blood components are derived from
a haematopoietic stem cell. While lymphocytes further originate from a lymphoid stem cell, monocytes,
platelets and erythrocytes, as well as basophils, eosinophils and neutrophils develop from myeloid stem
cells. Adapted from Jagannathan-Bogdan et al. (93). Images were designed using BioRender software.

1.4.1 Neutrophils

A healthy human body is producing 10'! polymorphonuclear neutrophils (PMN) that are
released into the blood stream per day (94). During infection and several inflammatory
diseases, the number of circulating neutrophils can dramatically increase (up to 10-fold),
followed by a rapid infiltration of neutrophils towards the center of inflammation and

infection within the first hour (95).

Circulating mature neutrophils are characterized by a typically segmented nucleus and
have a size of approximately 10 um. Within their cytoplasm different granules and
secretory vesicles can be found, which contain several pro-inflammatory proteins.
Neutrophils are produced in the bone marrow from hematopoietic stem cells, which
further develop into granulocyte—-monocyte progenitors (GMPs). The granulocyte
colony-stimulating factor (G-CSF) controls the further differentiation from GMPs into
myeloblasts (96), which is followed by a maturation process that includes the

differentiation into a metamyelocyte, a banded neutrophil, and finally into a



Introduction

mature neutrophil (97).

Neutrophils that are circulating in the blood stream have been shown to undergo aging
processes, characterized by downregulation of CXCR2 and CD62L expression, as well
as upregulation of CXCR4 expression (98). It is believed that neutrophils are removed
through the infiltration into the liver, spleen or back into the bone marrow if there is no
infection or other inflammatory challenge in order to guaranty the homeostasis between

neutrophil clearance and production (99-101).

Neutrophils are characterized as short-lived phagocytes and their half-life time has been
controversially discussed in literature in the past decades varying from 7-12 h (94) up to
5 days (102). Depending on their prior function and role in the immune system, neutrophil
cell death can proceed via apoptosis, necrosis, NETosis, followed by phagocytosis
through macrophages and dendritic cells (103), but also via autophagy (104,105). In
addition, during inflammatory processes, the neutrophil lifespan can be extended by
different factors. Nevertheless, studying the mechanism of neutrophil survival and death
in vivo and in vitro is very difficult due to their short lifespan and sensitivity to get

activated.

1.5 Neutrophils in inflammation

Neutrophils are the earliest cells that infiltrate the center of inflammation and infection,
whereas other immune cells such as monocytes and macrophages are recruited in a later
immune response (106-109). They are not only playing a key role in the “first-line
defense” against invading pathogens such as bacteria and fungi (110), but also in
inflammatory diseases such as myocardial infarction (111). The understanding and
knowledge of neutrophil function and their role in our immune system has essentially
enlarged over the past years. Since new techniques have been developed to detect and
screen for neutrophils in different biological setting and in in vivo studies, new functions

and properties of neutrophils have been found.

Neutrophils are recruited from the bone marrow during infection following a chemotactic
gradient towards the invading pathogens. For several years it was, without doubt, believed
that the only functions of neutrophils are to fight against invading microbial pathogens

through three different killing mechanisms: degranulation, phagocytosis and NETosis
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(Fig. 1-4). But several recent studies showed that the way how neutrophils combat against

microbes is much more complex and involves multiple other processes (110).

Phagocytosis 'Degranulaﬁon NETosis

Figure 1-4 Pathogen killing mechanisms of neutrophils. Neutrophils can eliminate pathogens through
different mechanisms. Neutrophils can phagocyte microbes, followed by the formation of phagosomes and
killing through reactive oxygen species. The release of anti-microbial granules (azurophilic granules,
specific granules, tertiary granules) is called degranulation. Neutrophil extracellular traps consist of DNA,
histones, proteins and enzymes that trap and kill microbes. Adapted from Kolaczkowska et al. (112) Images
were designed using BioRender software.

1.5.1 Neutrophils and their crosstalk with other immune cells

Neutrophils are able to modulate the immune response by a multifaceted cross talk with
several other cells of the immune system. This can be mediated by the secretion of
chemotactic proteins which results in the rapid recruitment of dendritic cells (113,114)
and macrophages (115,116) towards the site of infection, and can also result in a direct
activation of immune cell function (117,118). Neutrophils have been shown to also

produce cytokines that play a role in B cell survival and activation (119).

Just like neutrophils can modulate other immune cells, those immune cells inversely can
also act on neutrophils. Cytokines such as GM-CSF, G-CSF, IFN-y, TNF-alpha and
CXCL-8 can be produced by e.g. natural killer cells or macrophages which results in
neutrophil priming or prolonged survival (120-123). The understanding of this cytokine-
mediated crosstalk between different cells of the immune system is a prerequisite to give

a deeper understanding of the process of neutrophil-derived inflammation. Not only in
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pathogenic inflammation but also in sterile inflammation the interaction between

different immune cells can be essential.

1.5.2 Neutrophils in cardiovascular inflammation

In contrast to macrophages and monocytes, the role of neutrophils in cardiovascular
inflammation is not fully understood and is controversially discussed. Myocardial
infarction is characterized by an accelerated and increased neutrophil infiltration, based
on studies that have been illustrating the pro-inflammatory and tissue damaging role of
neutrophils in myocardial ischemia (124,125). Neutrophils can contribute to tissue
damage by a number of mechanisms such as the release of reactive oxygen species,
activation of endothelial cells and release of mediators such as CXCLS8 or myeloperoxidase
(MPO) to activate and further recruit additional neutrophils and other immune cells (126-
130). However, recent data shows that depletion of neutrophils in myocardial infarction (MI)
animal models led to increased heart failure and fibrosis (131). Supporting a potentially
protective function, it was described that in myocardial infarction neutrophils are the major
source of the protein annexin Al, which is involved in the generation of a reparative

macrophage phenotype (132).

1.6 Neutrophil apoptosis and its regulation

When neutrophils undergo apoptosis, characteristic morphological and cellular changes
are happening, such as condensation of organelles, shrinking of the cell body, round shape
formation of the nucleus, chromatin cleavage and phosphatidylserine (PS) is appearing
on the outer cell membrane (133,134). Interestingly and in contrast to necrosis, the cell
membrane stays intact and protects the surrounding area from damaging neutrophilic
intracellular contents. In addition, apoptotic neutrophils, also downregulate their cellular
functions, which can result in declined chemotactic and phagocytic ability, as well as
reduced cell adhesion molecule expression (135,136). There are two main pathways of
apoptosis in neutrophils: the extrinsic and the intrinsic pathway (137). The extrinsic
pathway is dependent on a so-called “death receptor” such as the Fas receptor and
TNFRI1, that can be activated by structurally related ligands such as CD85L or TNF-a.

The death-inducing signaling complex (DISC) initiates the formation of a FAS-associated

-11 -
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death domain (FADD), that leads to caspase 8 activation, which than initiate downstream
effector caspases, resulting in apoptosis (138). The intrinsic pathway involves
mitochondria and can be initiated by various inducers such as UV radiation, growth
factors or ischemia. This pathway is regulated by the Bcl-2 protein family, presented by
pro-apoptotic proteins (Bax, Bad, Bak), as well as anti-apoptotic proteins (Mcl-1,
A1) (139). These proteins regulate the mitochondrial outer membrane permeabilization

(MOMP), through which pro-apoptotic proteins can be released into the cell (140).

During inflammatory processes neutrophils get activated and increase their longevity, to
ensure their presence at sites of inflammation (95,122). However, neutrophil apoptosis
can be a critical determining state in inflammation, as it turns out to be either promoting
ongoing inflammation or its attenuation (141-143). Delayed neutrophil apoptosis can
result in a non-resolving inflammation, which can be associated with the development of
several human diseases such as cystic fibrosis, sepsis, coronary artery disease and
rheumatoid arthritis (144-148). To terminate neutrophil-mediated inflammation,
mechanisms are necessary that reduce the expression of inflammatory mediators, that are
responsible for neutrophil recruitment, activation and survival. Apoptotic neutrophils can
be recognized and phagocytized by macrophages through typical “find me” and “eat me”
signals, a process called efferocytosis, and thereby promoting the resolution of

inflammation (149).

1.6.1 Regulation of apoptosis by external mediators

Neutrophil homeostasis is a sensitive balance and needs to be controlled precisely. Every
neutrophil that is leaving the bone marrow needs to die after a certain time to ensure this
balance under physiological conditions. When neutrophils die without an extracellular
stimulus, this process is called spontaneous apoptosis. It has been shown that neutrophils
are the perfect cells to study programmed cell death, because it is easy to mimic apoptosis
in vitro by culturing the cells, after isolation from blood, in normal tissue cell media such
as RPMI at 37 °C (134). In the past, several studies showed that neutrophil apoptosis can
be modulated by several factors such as hypoxia (150), pathogens (151) and several
proteins (123,152-154).

In an inflammatory environment, especially macrophages are secreting large amounts of

pro-inflammatory cytokines, which have been shown to prolongate neutrophil lifespan
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such as IL-1B, G-CSF (121,152) and GM-CSF (153). Another cytokine that has been well
reviewed in the past years was TNF-a and its effect on neutrophil apoptosis and survival.
However, there is evidence that this cytokine can have pro and anti-apoptotic effects on
neutrophils depending on various conditions, such as protein concentration, length of
stimulation time and the initial state and genetic background of the stimulated
neutrophil (154,155). Likewise, the interleukin 8 (CXCLS), a well-known
chemoattractant for neutrophils, was found to play a role in neutrophil
apoptosis (156,157). However, these performed studies deliver conflicting results, that

need to be further investigated.

1.7 Neutrophil oxidative activity and NET formation

As neutrophils are the first cells of the immune system that respond to infection and
injury, they developed special pro-inflammatory and potential anti-inflammatory

functions to support the resolution of inflammation.

1.7.1 Role of neutrophil derived oxidants and neutrophil priming

A key role of neutrophils is the defense against invading microorganisms through the
release of reactive oxygen species (ROS) (158). This process is also known as oxidative
burst and a major component involved in this is the NADPH oxidase (159,160) (Fig. 1-
5). Upon activation, neutrophils generate hydrogen peroxide (H>O») and superoxide
(O2")in a NADPH catalyzed reaction (161). The typical neutrophilic enzyme
myeloperoxidase (MPO) can react with hydrogen peroxide to form hypochlorous acid
(HOC) (162-164). HOCI can either have direct antimicrobial effect on pathogens but it
is also prone to react with host proteins (165), which can result in protein modification

and change of bioactivity.
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Figure 1-5 Reaction scheme: generation of HOCI and other ROS. NADPH catalyses the generation of
superoxide (O2) and hydrogen peroxide (H202). Hypochlorous acid is formed by myeloperoxidase (MPO),
H>0: and chloride (CI).

Neutrophil effector function can be prominently boosted by chemokines, cytokines and
other stimuli, in a process called neutrophil priming, which can lead to increased ROS
production and also phenotypical changes (166). Pro-inflammatory cytokines such as
TNF-a and GM-CSF have been shown to enhance the release of ROS after exposure to
a stimulus such as PMA or N-formyl peptides (167-170). Also, CXCLS8 has been shown
to prime neutrophils by activation of NADPH oxidase and enhanced release of superoxide
anions (171). Nevertheless, the term “priming” does not only define enhanced respiratory
burst activity, but also other phenotypic changes. Primed neutrophils also show enhanced
chemotaxis, adhesion and transmigration into tissues, as well as increased phagocytic

capacity and NET formation (166).

1.7.2 Neutrophil extracellular traps (NETSs)

Neutrophil extracellular traps (NETs) were described as characteristic structures, that are
released from activated neutrophils into the ambient environment, composed of
chromatin and granule proteins that were first shown to mainly bind and kill
microorganisms (170,172,173). The release of NETs is generally known as NETosis and

is unlike apoptosis or necrosis, defined by the expansion of neutrophil nuclear material,
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chromatin decondensation, granular membrane disintegration, plasma membrane rupture
and the final release of neutrophil extracellular traps (174). NETosis process mainly
requires the activation of NADPH oxidase and MPO, which results in production of
reactive oxygen and nitrogen species (ROS/RNS) (170,175). However, other studies also
showed NADPH/MPO-independent pathways that induce NET formation (176).

Several inducers (e.g. bacteria (172), IL-8 (177), hydrogen peroxide (170) and
PMA (172)) are known for their potential to induce NETosis. Another prominent and
controversially discussed example is the bacterial membrane molecule lipo-
polysaccharide (LPS). Some studies observed NET formation when neutrophils were
stimulated with low concentrations of LPS (178,179), whereas in other studies, even
higher concentrations of LPS failed to induce NET formation (180,181). Clark et al.
demonstrated that neutrophil-related NET formation and trapping of bacteria by LPS is
highly dependent on the presence of platelets and can be significantly decreased when

they were depleted (181).

A vast number of studies has contributed NETs to several diseases such as sepsis, cystic
fibrosis, but also atherosclerosis and other cardiovascular diseases (174,182). This also
highlights the importance of NETs in disease and its potential as a biomarker in clinical
studies (182). In contrast to the overall pro-inflammatory action of NETs, it was also
shown that aggregated NETs promote the degradation of cytokines and chemokines and

thereby support the resolution of neutrophil inflammation (183).

In an infectious and pathogenic inflammatory scenario, bacteria have the ability to
degrade NETs by the secretion of DNases (184-186) to avoid being killed. In sterile
inflammation NETs might play a more complex role. On the one hand, NETs promote
and initiate inflammation, but can also support its resolution (174,183). However,
impaired degradation of NETs plays a critical role in autoimmune diseases (187) and can

promote ongoing inflammation.

1.8 MIF isoforms and neutrophils

The role of MIF in the immune homeostasis, as well as in inflammation and in disease

has been studied since decades (26,188). However, there is only little known about the
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role between neutrophils and MIF. Figure 1-6 shows a few direct and indirect effects of

MIF on neutrophils and vice versa.

‘Apoptosis 4 o

Figure 1-6 MIF affect neutrophil function. Different effects of MIF on neutrophil functions have been
demonstrated. (1+2) MIF can induce neutrophil chemotaxis and transmigration (19,25,189,190). (3) In
infections, MIF can promote MAPK pathway activation and stimulates ROS production (191). (4)
Extracellular MIF can delay neutrophil apoptosis (86,192). Images were designed using BioRender
software.

MIF is expressed by many different immune cells, including neutrophils and was shown
to be released upon apoptosis induction through TNF-a stimulation (193). Apoptotic
neutrophils can undergo secondary necrosis, which was linked to a passive release of
MIF (194). MIF was shown to trigger neutrophil migration, depending on activation of
the chemokine receptor CXCR2 (25) and MIF depletion exhibited reduced neutrophil
trafficking and transmigration in inflammatory conditions (19,189,190). It was also
previously reported that MIF can delay neutrophil apoptosis (192), whereat this effect
might be triggered through the presence of Peripheral blood mononuclear cell
(PBMC:s) (86). In in vitro models of simulated infections, MIF was shown to promote
MAPK pathway activation and stimulates ROS production (191). Until now, there is
literally nothing known about the role of MIF-2 on neutrophil function.
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1.9 Aim of this study

The atypical cytokine macrophage migration inhibitory factor (MIF) has an essential
function in acute and chronic inflammatory diseases such as rheumatoid arthritis, cystic
fibrosis, asthma, sepsis, atherosclerosis and myocardial infarction, as well as cancer. MIF
is known as a pro-inflammatory mediator and has been shown to be involved in the
recruitment of immune cells, as well as the prolongation of macrophage survival and
counter-regulation the anti-inflammatory activities of steroids. The MIF homolog D-
dopachrome tautomerase (D-DT, or MIF-2) was shown to have similar pro-inflammatory
characteristics compared to MIF. However, much less is known about MIF-2 and its role

in the immune system.

Neutrophils are the most abundant white blood cell population in the human body and a
critical component of our ‘first-line-of defense’ innate immune response.
Correspondingly, they exhibit a key role in the fight against invading pathogens.
Moreover, in the last years it has been shown that neutrophils are also involved in sterile
inflammatory disease progression. The regulation of neutrophil function such as
chemotaxis, myeloperoxidase (MPO) and other oxidative activities as well as apoptosis
needs to be controlled precisely, as it can be a critical turnover point in inflammation by
either promoting ongoing inflammation or its attenuation. We found that MIF and MIF-
2 can be oxidized at the N-terminal proline by MPO-driven hypochlorous acid (HOCI)
leading to the MIF species oxMIF and oxMIF-2, but their role in MIF bioactivity and

inflammation is still unclear.

The aim of my PhD thesis was to characterize the role of MIF isoforms (both unmodified
MIF and MIF-2 as well as oxMIF and oxMIF-2) on major neutrophil functions, such as
apoptosis, superoxide and HOCI production, as well as phagocytosis and NETosis. I
sought to address, how MIF is involved in the delay of neutrophil apoptosis and which
parameters promote this anti-apoptotic effect including the characterization of involved
survival mediators and receptors. Furthermore, | wanted to clarify the effect of MIF-2
and that of the oxidized isoforms (oxMIF, oxMIF-2) on neutrophil survival compared to
MIF. Additionally, I questioned the role of MIF on neutrophil oxidative activities such as
the production of superoxide and HOCI and the potential of MIF as a priming agent for
the oxidative activity of neutrophils. Furthermore, I aimed at analyzing the direct effect

of MIF on promoting induced NETosis and its role on neutrophil phagocytosis.
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2 Materials

2.1 Chemicals, reagents and media

Following general chemicals, reagents and media were used in the various experiments

and obtained from the manufacturers indicated:

Chemicals and reagents

Manufacturer

Acetonitrile

Sigma, Merck, Darmstadt, Germany

Albumin bovine serum (BSA) > 98 %

Carl Roth, Karlsruhe, Germany

Ampicillin

Invitrogen, Karlsruhe, Germany

Ammonium persulfate (APS)

Sigma, Merck, Darmstadt, Germany

AnnexinV

Invitrogen, Karlsruhe, Germany

AnnexinV binding buffer

Invitrogen, Karlsruhe, Germany

Biotin Labelling Kit

Roche, Mannheim, Germany

BetaGlo Kit

Promega, Walldorf, Germany

Catalase from bovine liver

Sigma, Merck, Darmstadt, Germany

Cytochrome C from equine heart

Sigma, Merck, Darmstadt, Germany

DAPI

Sigma, Merck, Darmstadt, Germany

D-dopachrome tautomerase, human

(D-DT; MIF-2)

Bernhagen Laboratory, Munich,
Germany; Hampton Laboratory,
Christchurch, New Zealand

Dextran

Sigma, Merck, Darmstadt, Germany

Dimethylsulfoxid (DMSO)

Sigma, Merck, Darmstadt, Germany

Diphenyleneiodonium chloride (DPI)

Sigma, Merck, Darmstadt, Germany

Disodium hydrogen phosphate (Na,HPOs)

Sigma, Merck, Darmstadt, Germany
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Chemicals and reagents Manufacturer

Dithiothreitol (DTT) Sigma, Merck, Darmstadt, Germany
Ethanol Carl Roth, Karlsruhe

Fetal calf serum (FCS) Sigma, Merck, Darmstadt, Germany
N-formyl-Met-Leu-Pheu (fMLP) Sigma, Merck, Darmstadt, Germany
Ficoll GE Healthcare, Uppsala, Sweden
Fluorescein-5-isothiocyanate (FITC) Sigma, Merck, Darmstadt, Germany
Glycine Fluka Chemie, Buchs, Switzerland

Hanks Buffered Saline Solution (HBSS) Sigma, Merck, Darmstadt, Germany

Heparin Ratiopharm, Ulm, Germany
Hydrochloric acid (HCI) Fluka Chemie, Buchs, Switzerland
Isopropanol KMF Laborchemie, Lohmar, Germany
Lipopolysaccharide (LPS) Sigma, Merck, Darmstadt, Germany

Macrophage migration inhibitory factor, Bernhagen Laboratory, Munich,
human (MIF) Germany; Hampton Laboratory,
Christchurch, New Zealand

Methanol Carl Roth, Karlsruhe, Germany

Phorbol 12-myristate 13-acetate (PMA) Sigma, Merck, Darmstadt, Germany

Polymyxin B sulfate salt Sigma, Merck, Darmstadt, Germany

Potassium chloride (KCI) Sigma, Merck, Darmstadt, Germany

Potassium dihydrogen phosphate Sigma, Merck, Darmstadt, Germany

Propidium iodide (PI) Invitrogen, Karlsruhe, Germany

R19-S Hampton Laboratory, Christchurch,
New Zealand
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Chemicals and reagents

Manufacturer

RPMI 1640 media

Gibco, Thermo Fisher Scientific,

Watham, MA, USA

Sodium chloride (NaCl)

Sigma, Merck, Darmstadt, Germany

Sodium hydroxide (NaOH)

Sigma, Merck, Darmstadt, Germany

Sodium dodecylsulfate (SDS)

Sigma, Merck, Darmstadt, Germany

Superoxide Dismutase (SOD) from bovine

erythrocytes

Sigma, Merck, Darmstadt, Germany

SYTOX green

Invitrogen, Karlsruhe, Germany

TMB substrate

Thermo Fisher Scientific, Watham, MA,
USA

Tris-HCI

Carl Roth, Karlsruhe, Germany

Triton X-100

Fluka Chemie, Buchs, Switzerland

Tween 20

Fluka Chemie, Buchs, Switzerland

Yeast Nitrogen Base selective medium

Formedium, Norfolk, United Kingdom

Yeast Extract-Peptone-Dextrose (YPD)

medium

Formedium, Norfolk, United Kingdom

Zymosan from Saccharomyces cerevisiae

Sigma, Merck, Darmstadt, Germany
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2.2 ELISA Kits

Following ELISA kits were used in indicated experiments and obtained from the

manufacturers indicated:

ELISA kit

Manufacturer

Human CXCL12/SDF-1 DuoSet ELISA

R&D Systems, Minneapolis, USA

Human G-CSF DuoSet ELISA

R&D Systems, Minneapolis, USA

Human GM-CSF DuoSet ELISA

R&D Systems, Minneapolis, USA

Human IL-16/IL-F2 DuoSet ELISA

R&D Systems, Minneapolis, USA

Human IL-6 DuoSet ELISA

R&D Systems, Minneapolis, USA

Human IL-8/CXCL8 DuoSet ELISA

R&D Systems, Minneapolis, USA

2.3 Buffers and solutions

2.3.1 Common buffers and solutions

Buffer

Compositions

PBS (pH 7.2)

137 mM NacCl
2.7 mM KCI

1.5 mM KH>PO4
8.1 mM KCl

in ddH>O

PBS-T

0.05 % Tween 20
in PBS

TBS (pH 7.3)

20 mM Tris-HCI1
150 mM NacCl
in ddH,O
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Buffer

Compositions

TBS-T

0.05 % Tween 20
in TBS

2.3.2 Buffers and solutions for protein expression and purification

Buffer Compositions
LB-media 1 % (w/v) NaCl
1 % (w/v) Bacto-Trypton
2 % (v/w) yeast extract
LB-agar LB-media

+ 1,5 % (w/v) Bacto-agar

Low salt buffer, pH 7.5 [for MIF]

50 mM Tris-HCL, pH 7.5
150 mM NacCl

High salt buffer, pH 7.5 [for MIF]

50 mM Tris-HCL, pH 7.5
2 M Na(Cl

Low salt buffer, pH 7.4 [for MIF-2]

50 mM Tris-HCL, pH 7.4
50 mM NaCl

High salt buffer, pH 7.4 [for MIF-2]

50 mM Tris-HCL, pH 7.4

1 M NaCl
Dialysis buffer 1 20 mM NaH>POg4

5mM DTT
Dialysis buffer 1 20 mM NaH>POg4

2.3.3 Buffers and solutions for HPP-assay

Buffer/Solution

Compositions

50 mM ammonium acetate buffer, pH 6.0

0.3854 g ammonium acetate
+ 100 ml ddH,O

incubate at RT over night; store at 4 °C
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Buffer/Solution

Compositions

& mM HPP solution

14.3 mg HPP

pH 6.0

+ 10ml 50mM ammonium acetate buffer,

0.5 M boric acid, pH 6.2

47.2 mg boric acid
+ 10 ml ddH,O

2.3.4 Buffers and solutions for leukocyte isolation

Buffer/Solution

Compositions

5% (w/v) dextran

25 g dextran
+4.5 g NaCl
+ 500 ml ddH,O

2.7% (w/v) NaCl saline

27 g NaCl
+ 1000 ml ddH»0

5% (v/v) FBS/PBS

2.5 ml FBS
+47.5 ml PBS

2.3.5 Buffers and solutions for ELISA DuoSet® assay

Buffer/Solution Compositions

Wash buffer 0.05 % Tween® 20
in PBS (pH 7.2-7.4)

Reagent diluent 1.0 % BSA

in PBS (pH 7.2-7.4)

Substrate solution

1:1 mixture of Color Reagent A (H20>) and Color

Reagent B (Tetramethylbenzidine)

Stop solution

2 M H,>SOq4
in ddH»0
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2.4 Antibodies and inhibitors

2.4.1 Antibodies

Fluor 647

Dilution/
Antibody Use Manufacturer
Concentration
. Miltenyi Biotec
1:4 Isolation of ’
CDl14 7 monocytes/lymphocytes Bergisch Gladbach,
per 1x107 cells ytes/lymphocy Germany
Miltenyi Biotec
1:4 Isolation of ’
CDe61 ; monocvtes/lvmphocytes Bergisch Gladbach,
per 1x107 cells ytes/lymphocy Germany
. Miltenyi Biotec
1:4 Isolation of ’
CD235a ; nslonoc tes/Ivmbhocvies Bergisch Gladbach,
per 1x107 cells ytes/lymphocy Germany
Lv6G 1:200 Immunofluorescence Abcam, Cambridge,
Y ' microscopy United Kingdom
MIF 3D9 1:200 Immunofluorescence Bernhagen Laboratory,
' microscopy Munich, Germany
Neutrophil 1:200 Immunofluorescence R&D Systems,
elastase ' microscopy Minneapolis, USA
Rabbit anti-
mouse; Alexa 1:500 In?munoﬂuorescence Pierce, USA
Fluor 555 microscopy
Mouse anti-rat; Immunofluorescence
1 1:500 . Pierce, USA
Alexa Fluor 488 microscopy feree
Goat anti- Immunofluorescence
mouse; Alexa 1:500 ) unot Pierce, USA
microscopy
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2.4.2 Inhibitors

Inhibitor Description Use Manufacturer
Aiodo-6- Small molecule Block‘ enzy@atlc- Se.mta Cruz
henvipvrimidin . and bioactivity of Biotechnology
phenylpy ¢ | Inhibitor (4-1PP) MIF (Dallas, TX)
CXCR?2 antagonist; Block CXCRZ on Sigma Aldrich
SB225002 o i neutrophils and (St. Louis, MO)
anti-CXCR2 PBMCs . )
Block CXCR4 on
locki ide; N Biological
NBP1-76867PEP | ° zfl ?ié’;‘ffde’ neutrophils and (L(;tvt‘ll;o;o g%;;a ;
ant PBMCs ’
N2 anti-CD74 antibody; | Block CD74 on Abcam
‘anti-CD74° PBMCs (Cambridge, UK)
2.5 Consumables
Consumables Manufacturer
Microtube Eppendorf, Hamburg, Germany
Cryotubes Nalgene, Rochester, USA

Parafilm “M” — Laboratory Film

American National Can, USA

Pipette tips 1000 pl

Sarstedt, Niimbrecht, Germany

Pipette tips 200 pl

Sarstedt, Niimbrecht, Germany

Pipette tips 10 pl

Sarstedt, Niimbrecht, Germany

Plastic vials

Sarstedt, Niimbrecht, Germany

Syringes (2 ml, 10 ml, 50 ml)

Dispomed, Gelnhausen, Germany

VACUETTE Blood Collection Tubes

Greiner BioOne, Frickenhausen, Germany

96-Well Optical Btm Plt PolymerBase
Black w/Lid Cell Culture Sterile PS

Thermo Scientific, Asheville, USA
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Consumables

Manufacturer

Whatman filter paper

Greiner BioOne, Frickenhausen, Germany

Centrifuge tube (15 ml, 50 ml)

Thermo Scientific, Asheville, USA

Microtiter plates (24 well, 96 well)

Greiner Bio-One, Kremsmiinster, Austria

2.6 Devices

Device

Manufacturer

-20 °C Freezer Premium NoFrost

Liebherr, Bulle, Switzerland

-80 °C Freezer HeraFreeze HFU T

Thermo Scientific, Asheville, USA

-152 °C Freezer ULT

Thermo Scientific, Asheville, USA

4 °C Fridge Premium BioFresh

Liebherr, Bulle, Switzerland

AKTApure

GE Heathcare, Chicago, USA

Analytic balance PCB

Kern&Sohn, Balingen, Germany

Analytic balance Analytical

Mettler Toledo, Columbus, USA

Centrifuge accuSpin Micro 17

Thermo Scientific, Asheville, USA

Centrifuge Avanti JCN-26

Beckman Coulter, Brea, USA

Centrifuge Megafuge 16R

Thermo Scientific, Asheville, USA

Clean bench Biowizard Silverline

Kojair, Mintti-Vilppula, Finland

Clean bench HERAsafe Heraeus, Hanau, Germany
FC500 MPL flow cytometer Beckman Coulter, Brea, USA
FACSVerse™ BD Bioscience, Franklin Lakes, USA

Fraction collector F9-R

GE Heathcare, Chicago, USA

French Press, EmulsiFlex-C5

Avestin, Ottawa, Canada
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Device

Manufacturer

Heating magnetic stirrer

VELP Scientifica, Usmate, Italy

Spectrophotometer U3900/3900H

Hitachi, Tokyo, Japan

Homogenisator EmulsiFlex C-5

ATA Scientific, Taren Point, Australia

Incubator shacking, for bacteria

GFL, Burgwedel, Germany

Incubator HER Acell VIOS 1601

Thermo Scientific, Asheville, USA

Ice machine

Manitowoc, Manitowoc, USA

LEICA DMi8

Leica, Wetzlar, Germany

Olympus IX81 (fluorescent microscope)

Olympus, Tokyo, Japan

Ph meter FiveEasy Mettler Toledo, Columbus, USA
Pipettes Gilson, Middleton, USA
Pipettor accu-jet® pro Brand, Wertheim, Germany

PolarStar fluorescence plate reader

BMG Labtech, Ortenberg, Germany

Rocking shaker VIBRAX VXR basic

Janke&Kunkel, Staufen, Germany

Schott flask

Schott, Mainz, Germany

Vortex VV3

VWR, Radnor, USA

Water bath type 1004

GFL, Burgwedel, Germany

2.7 Software

Software Use

Manufacturer

GraphPad 6

analyses

Data and statistical

Generate graphs for

publication and dissertation

GraphPad Software, La
Jolla, Ca, USA
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Software Use Manufacturer

Imagel Counting cells (Migration | Schneider C. et al. (2012),
Assay) Nature methods (9)7 (195)

Fiji quantify the fluorescence Schindelin, J. ef al. (2012),
signal Nature methods 9(7) (196)

FlowlJo Data analysis of FACS FlowJo, Becton, Dickinson
samples & Company, Franklin

Lakes, USA
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3 Methods

3.1 Protein chemistry techniques

3.1.1 Purification of human MIF

Recombinant MIF protein was overexpressed in E. coli BL-21(DE3) and a FPLC was

used for the purification process using an established protocol (3).

In the beginning, the bacterial pellet was carefully resuspended in Buffer A (50 mM Tris-
HCL, pH 7.5, 150 mM NaCl) and cells were lysed using a French Press. Cell lysate was
centrifuged at 30,000 x g for 30 min at 4 °C using a Beckman ultra-centrifuge. The lysate
was filtered (0.2 um filter), before applying to an equilibrated MonoQ column using the
AKTA purifier FPLC system at a flow rate of 1 ml/min. MIF is not binding the column
and is eluted directly. Individual fractions were collected, pooled and protein
concentrations were measured using Bradford assay (chapter 3.1.3). Subsequently, a
reverse phase chromatography technique was used to further purify the MonoQ MIF
factions. A C8 SepPak RP column was equilibrated with 10 ml of methanol and washed
with 10 ml of water at a flow rate of 5 ml/min. A maximum of 2 mg of protein solution
was loaded onto the column and was pressed through the column a flow rate of 0.6-
0.8 ml/min. Afterwards, the column was washed with water and 20% acetonitrile, to
remove low- and non-binding proteins. The bound MIF was eluted from the column using
60% acetonitrile. The eluted protein was lyophilized and stored at -20 °C until further

use.

After lyophilization, the protein was renatured. Therefore, 1 mg lyophilized MIF protein
was dissolved in 3300 pul GuaHCI/NaPP and 33.3 ul DTT (1 M) and incubated at RT for
approximately 2 h. The protein solution was transferred into a dialysis tube and dialyzed
for 5 h against dialysis buffer 1. Afterwards, the protein was dialyzed another three times
against dialysis buffer 2. The protein concentration was measured using Bradford Assay.
Containing LPS concentrations were measured by using the limulus amoebocyte assay
(LAL, Lonza, Cologne, Germany) following the manufacturer’s instructions and has been

determined to be below 0.02-0.1 ng/ug protein.

-29.



Methods

3.1.2 Purification of human MIF-2

Similar to MIF proteins, MIF-2 was overexpressed in transfected E. coli BL-21(DE3) and
purified using a FPLC technique. The following established protocol was used (14).

The bacterial pellet was resuspended in Buffer A (50 mM Tris-HCL, pH 7.4, 50 mM
NaCl) and cells were lysed as described above (chapter 3.1.1). The filtered lysate was
subjected to an equilibrated Q Sepharose anion exchange column and the protein was
purified by using the AKTApurifier FPLC system at a flow rate of 1 ml/min Buffer A.
MIF-2 was eluted from the column by using the following buffer gradient protocol,
reaching 100% Buffer B (50 mM Tris-HCL, pH 7.4, 1 M NaCl) in 100 min. MIF-2
containing fractions were collected and pooled for further purifications. The protein

concentration was measured using Bradford Assay (chapter 3.1.3).

A hydrophobic chromatography system was used to increase the purity of the protein. In
contrast to MIF, a C18 column is used. The preparation of the column and protein
purification was performed as described before (chapter 3.1.1). Containing LPS

concentrations were obtained to be <0.02-0.1 ng/ug protein.

3.1.3 Measurement of protein concentration — Bradford assay

Protein concentrations were measured by the Braford assay (197) wusing a
spectrophotometer. First, the reaction solution concentrate (BioRad (Munich) 5x
Bradford solution) was diluted 1:5 with ddH>O. Subsequently, 980 ul Bradford solution
and 20 pl sample were mixed in a cuvette and incubated for 5 min at RT in the dark. The
absorbance was measured at 595 nm against the corresponding reference solution and the

protein concentration was calculated using a calibration standard curve.

3.1.4 HPP keto-enol activity assay

Both MIF and MIF-2 share an evolutionary conserved intrinsic hydroxyphenyl pyruvate
(HPP) keto-enol activity which is supposed to be facilitated by the N-terminal proline,
that both proteins hold (14). In order to measure the enzymatic activity of MIF and its
1soforms MIF-2, oxMIF and oxMIF-2 this HPP Keto-enol Activity Assay was performed.

The assay measures spectrophotometrically a complex between borate and the enol form

-30 -



Methods

of HPP at an absorbance of 306 nm (198). Assay was performed for each preparation of

MIF and MIF-2, to verify enzymatic activity.

In preparation, the HPP buffer was prepared one day before the assay was performed by
dissolving 8 mM of HPP in 50 mM ammonium acetate buffer (pH 6.0) and was
equilibrated at RT overnight. Just before the assay was performed, HPP buffer was diluted
to a final concentration of 0.8 mM in 0.44 M boric (pH 6.2). Subsequently, the protein
was added at a final concentration of 250 nM. The complex formation of borate and HPP
was estimated by an increasing absorbance at 306 nm for 240 sec in 5 sec intervals.

Sodium phosphate buffer was used as a reference control.

3.2 Cell isolation and cell activity assays

3.2.1 Neutrophil and PBMC isolation

Human neutrophils and PBMCs were isolated from fresh drawn blood of healthy donors
through an established detran sedimentation and Ficoll separation protocol (86). Heparin
was used as an anticoagulant at a concentration of 10 units per 1 ml of blood. For the
following cell isolation process, all solutions were warmed to room temperature before
use. Heparinized blood was diluted 1:3 in a 50 ml Falcon tube with PBS and mixed gently
by inversion. Afterwards, 5% dextran was added to the blood/PBS solution to a final
concentration of 1% dextran and was kept at RT approximately 15 min after gentle
inversion. Dextran sedimentation is used for the separation of the majority of the red
blood cell population, which settle down first and leave a leukocyte-enriched upper layer.
To gain an optimal neutrophil yield, a longer sedimentation time should be avoided as
neutrophils might sediment as well. Subsequently, the upper layer, containing PBMCs
and neutrophils, was removed by using a Pasteur pipette and was gently transferred to a
15 ml Falcon tube. To separate neutrophils and PBMCs, a Ficoll separation was
performed. Therefore, 3 ml of Ficoll was carefully underlaid the leukocyte solution. This
was followed by a centrifugation step in a swing out rotor at 1000 x g for 20 min at RT
with no brake. After centrifugation two major cell layers were visible — the upper PBMC
containing layer and the lower neutrophil and red blood cell containing layer. First, the

PBMC layer was removed by using a sterile Pasteur pipette without touching the tube
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walls. Following, each neutrophil containing pellet was resuspended in 500 pul PBS and
transferred to a new 50 ml Falcon. To purify the neutrophils from contaminating red
blood cells a water lysis was performed by adding 20 ml of water and gently mixing by
inversion. After 2 minutes, 10 ml of 2.7% NaCl solution was added to reach physiological
saline conditions and to reduce osmotic pressure. Shortly after, neutrophils were pelleted
by centrifugation in a swing out rotor for 5 min at 450 x g at RT. The supernatant was
aspirated carefully, and the cell pellet was resuspended in RPMI media supplemented
with 5% FCS. Cells were counted by using a hemocytometer and neutrophil purity was
determined by FACS analysis using an established protocol. The neutrophil culture
showed a purity between 97-99%. To avoid activation, cells should be kept on RT and

used as soon as possible for following experiments.

3.2.2 Monocyte and lymphocyte isolation

Human monocytes and lymphocytes were isolated using an antibody coupled
MicroBeads system from Miltenyi Biotec containing a LS Column and a MidiMACS
separator. The purification of monocytes is based on a positive selection with a CD14
antibody, whereas lymphocytes are purified by negative depleting using CD14, CD61
and CD235a antibodies. Using the manufactures protocol, PBMCs were collected as
described above (chapter 3.2.1) and counted by using a hemocytometer. Cells were first
incubated with CD14 antibody in a ratio of 5:1 for 15 min at 4 °C. Afterwards, cells were
pelleted by centrifugation and washed twice with 5% FCS/PBS and resuspended in 5%
FCS/PBS at an appropriate volume. For the isolation of CD14" cells (monocytes), the
column was positioned in a magnetic MidiMACS separator and cells were applied to the
column. Unlabeled cells (lymphocytes and CD14" monocytes) were washed from the
column by applying 3x3 ml of 5% FCS/PBS and were used for further purification.
Subsequently the column was detached from the MidiMACS separator and CD14" cells
were eluted by adding 5 ml of 5% FCS/PBS. Eluted cells were pelleted by centrifugation
and resuspended in 1 ml RPMI media supplemented with 5% FCS. The remaining cell
solution containing CD14" cells was incubated with a CD61 and CD235a antibody
solution in a ratio of 5:1 for 15 min at 4 °C. Next, cells were washed twice with 5%
FCS/PBS and resuspended in 5% FCS/PBS. Lymphocytes were isolated by negative

selection. As described above, a LC column was positioned in a magnetic MidiMACS
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separator and the cell suspension was applied. While CD617/CD235a" cells attach to the
column, CD61/CD235a" cells (lymphocytes) with pass through. The lymphocyte cell
suspension was centrifuged, and the cell pellet was resuspended in 1 ml RPMI media
supplemented with 5% FCS. Cells were counted by using a hemocytometer and cell purity
was determined by FACS analysis using an established protocol (86). The lymphocyte

and monocyte cultures showed a purity between 95-99%.

3.2.3 Processing of human serum

For autologous serum processing, blood from individual donors was collected in tubes
coated with microscopic silica particles, that activate the coagulation process (Greiner
Bio-One). The serum tube was incubated at 37 °C for approximately 1 h. To collect the
serum, tube was centrifuged at 1,200 x g and the clear supernatant was transferred into a
sterile 1.5 ml microtiter tube. To remove any contaminating red blood cells, tube was
again centrifuged at 12,000 x g for 30 s and supernatant was transferred to a new sterile

microtiter tube. Serum was kept on ice until further use or stored at -20 °C.

3.2.4 Annexin V-FITC labelling

Annexin V-FITC/PI labelling was performed using the following established
protocol (86). First, 500 ul of cells were centrifuged for 5 min at 450 x g at RT. The cell
pellet was resuspended in 50 pul Annexin-V binding buffer (1x) containing 1 pl of
Annexin V-FITC and incubated in the dark for 10 min at RT. After the incubation, 5 pul
Propidium Iodide (PI) (1 mg/ml) and 200 pl of Annexin-V binding buffer was added and
transferred to a 96-well plate for FACS analysis. Counted neutrophils
(10,000 cells/measurement) were gated for positive and negative staining of FITC labeled
Annexin-V and PI. Gating strategies considered Annexin-V and PI negative cells to be
“viable”, Annexin-V positive and PI negative to be “apoptotic” (Fig. 3-1) and Annexin V

positive and PI positive cells to be “necrotic”.
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Figure 3-1 Gating strategies neutrophil apoptosis assay. Representative FACS data showing viable and
apoptotic neutrophils after 21 h incubation with and without MIF (10 ng/ml). Gating strategies considered
Annexin-V and PI negative cells to be “viable”, Annexin-V positive and PI negative to be “apoptotic”
(Schindler et al. (2020), J Leukoc Biol, in revision).

3.2.5 Neutrophil apoptosis assays

To verify whether MIF or MIF-2 and their oxidized isoforms are able to affect neutrophil
apoptosis, neutrophil apoptosis was measured using Annexin V/Propidium iodide (PI)
staining, followed by FACS analysis. The methods/treatments explained in this chapter
are submitted for publication as part of the following manuscript: Schindler, L. ef al.

(2020), J Leuko Biol.

Neutrophils and PBMCs were isolated as described before (chapter 3.2.1). Next, human
neutrophils were either cultured alone or co-cultured with PBMCs with increasing
concentrations of MIF and MIF-2 (0, 0.5, 2.5, 5, 7.5 and 10 pg/ml) in RPMI 1640 media
supplemented with 10% heat-inactivated FCS (v/v) and 20 pg/ml polymyxin B. The
effect of LPS and the ability of polymyxin B to block LPS-mediated effects were tested
in a separate experiment. A controls LPS (1 ng/ml) and LPS plus polymyxin B (20 pg/ml)
were added to a neutrophil/PBMC 1:1 co-culture. Every apoptosis assay was performed
in a 24-well plate and cells were incubated at 37 °C/ 5% CO; in a humidified incubator
for 21 h. In a separate experiment, MIF and MIF-2 were also pre-treated with 5-fold molar
excess of hypochlorous acid (oxMIF, oxMIF-2) for 15 min at RT before adding to the
cells using the same concentrations as described before for non-treated MIF and MIF-2.
Cell viability was analyzed using AnnexinV/PI staining as described before (chapter

3.2.4).
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In another experiment, PBMCs alone were incubated with MIF and MIF-2 (10.0 pg/ml),
as well as LPS (1 ng/ml) with or without polymyxin B (20 pg/ml) in RPMI 1640 media
supplemented with 10% heat-inactivated FCS (v/v) for 21 h. Afterwards, conditioned
supernatants were collected by centrifugation and stored at -80 °C for further
experiments. Later, PBMC-conditioned supernatants (600 pl/well) were added to freshly
isolated neutrophils (5x10°/ml) and were incubated for 21 h as described above followed

by Annexin V-FITC/PI labelling and FACS analysis.

To investigate the ideal ratio of PBMCs to neutrophils and the population, that is mainly
responsible for the anti-apoptotic effect of MIF, neutrophils were also incubated with
different ratios of total PBMC cultures or isolated monocytes and lymphocytes with
10 pg/ml MIF in RPMI 1640 media supplemented with 10% heat-inactivated FCS (v/v)
and 20 pg/ml polymyxin B. After 21 h neutrophils were analyzed for their viability using

Annexin-V/PI staining.

The small molecule inhibitor 4-iodo-6-phenylpyrimidine (4-IPP) has been shown to block
MIF’s enzymatic and bioactivity through binding the N-terminal proline (79,199,200).
Previously published data showed that oxidation of MIF led to failed binding of 4-
IPP (86). In order to verify whether 4-IPP can also block MIF’s biological activities in
the delay of neutrophil apoptosis, MIF and oxMIF were pre-treated with 10-fold molar
excess of 4-IPP for 15 min at RT before adding them to a neutrophil-PBMC co-culture
system. As a control, non-treated MIF was used. Neutrophils and PBMCs were incubated

with the different treatments for 21 h before viability was measured using FACS analysis.

For receptor-blocking experiments, neutrophils and PBMCs were pre-treated with
different agents to block the MIF surface receptors CXCR2 (SB225002), CXCR4 (NBP1-
76867PEP) and CD74 (LN2). Cells (1x107/ml) were pre-treated with SB225002
(25 pg/ml), NBP1-76867PEP (25 pg/ml) or LN2 (10 pg/ml) for 30 min at RT.
Afterwards, neutrophils (5x10°/ml) and PBMCs (5x10°/ml) were incubated in the
presence or absence of MIF (10 pug/ml) in RPMI 1640 media supplemented with 10%
heat-inactivated FCS (v/v) and 20 pg/ml polymyxin B. Cell viability was analyzed by
Annexin V-FITC/PI labelling and FACS analysis.

To verify the effect of Interleukin-8 (CXCLS) in the system, PBMCs were pre-treated
with MIF and MIF-2 (10 pg/ml) for 21 h at 37 °C. Afterwards, cells were pelleted by
centrifugation and supernatants were collected. Anti-hCXCLS8/IL-8 (0.4 ug/ml) was
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added to the conditioned supernatants and incubated for 15 min at RT. Monoclonal 1gG1
antibody was used as negative control and recombinant human IL-8 (20 ng/ml) served as
a positive control sample. Neutrophils (5x10%/ml) were added to the differently treated
conditioned supernatants and incubated for 21 h at 37 °C/5% CO> in a humidified

incubator and neutrophil apoptosis was measured as described below.

3.2.6 Continuous neutrophil cytochrome c assay

Neutrophils have been shown to get stimulated by various stimuli which results in the
production of superoxide (175). The cytochrome ¢ assay is the easiest way to determine
the respiratory burst activity of intact neutrophils. This established assay measures the
superoxide-mediated reduction of cytochrome ¢ which can be detected in a change of
absorbance at 550 nm. To activate neutrophils, Phorbol 12-myristate 13-acetate (PMA)
and N-Formylmethionyl-leucyl-phenylalanine (fMLP) were used, which both are known
as a stimulators of the NADPH oxidase and the respiratory burst in neutrophils (175). The
method explained in this chapter will be submitted for publication as part of the following
manuscript: Schindler, L. ef al. (2020), Macrophage migration inhibitory factor (MIF)

enhances neutrophil phagocytic and oxidative activity.

Neutrophils were isolated as described above (chapter 3.2.1) and pre-incubated with
increasing concentrations of MIF and oxMIF (0, 0.1, 0.25, 0.5, 1 and 10 pg/ml) in HBSS
buffer supplemented with 1% heat-inactivated FCS (v/v) and 20 pg/ml polymyxin B for
10 min up to 4 hours on a rotator at 37 °C. Afterwards, cells were centrifuged at 450 x g
and the pellet was resuspended in pre-warmed HBSS buffer. PMA (100 ng/ml) or fMLP
(100 nM) were used to induce the production of superoxide. The assay was performed in
the presence of Catalase (20 pug/ml) to scavenge hydrogen peroxide production, which
can also oxidize the reduced cytochrome ¢ leading to a false positive result. The reduction
of cytochrome ¢ (40 uM) by superoxide production was measured at 550 nm every 18 s
for 5 min using the Hitachi spectrophotometer. Superoxide dismutase (SOD) is able to
inhibit the reduction of cytochrome ¢ and was therefore used as a control treatment. The
assay was performed in a plastic cuvette with a slit width of 0.5 nm at 37 °C. The rate of
superoxide production was calculated (nmoles superoxide/min/10° cells) using the

following formula: e=21.1 x10° M-'em™!.
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In separate experiments, MIF and oxMIF were incubated with a ten-fold molar excess of
the small molecule inhibitor 4-IPP for 15 min at RT before adding neutrophils as

described before.

To determine relevant neutrophil surface receptors, mediating MIF affected superoxide
production, receptor blocking experiments were performed by pre-treatment of
neutrophils with SB225002 (‘anti-CXCR2, 25 pg/ml) or the CXCR4 blocking peptide
NBP1-76867PEP (‘anti-CXCR4’, 25 pg/ml) for 30 min at RT before MIF or oxMIF were

added and assay procedure was performed as described.

3.2.7 Preparation of zymosan particles for R19-S assays

Zymosan A (from S. cerevisiae) 1s a glycan derived from the yeast cell wall and was used
as a phagocytosable particle in the following assays. Zymosan A (5 mg/ml 2 3x10%
particles/ml) was resuspended in PBS and sonicated for 5 min. Afterwards, zymosan was
placed into boiling water for 10 min and washed twice before it was resuspended in PBS
(20 mg/ml 2 1.2x10° particles/ml). The zymosan stock was stored in aliquots at -20 °C
until further use.

For FITC labelling, zymosan particles were pelleted by centrifugation and resuspended
in 0.1 M sodium carbonate buffer (pH 9), before sonification in a waterbath for 2 min.
FITC (1 mg/ml in DMSO) was added at a final concentration of 30 pg/ml and incubated
at 37 °C in the dark for 30 min. After labelling, zymosan was washed twice with HBSS

and store on ice in the dark until further use (used within 1 h).

Prior phagocytosis by neutrophils, zymosan particles needed to be opsonized. Therefore,
labelled and non-labelled zymosan was incubated with 50% autologous human serum for
30 min at 37 °C and was washed twice and resuspended in Hanks buffer, before stored

on ice until further use (used within 3 h).

3.2.8 R19-S assay

R19-S is a non-fluorescent rhodamine-based dye which can get converted into a highly
fluorescent rhodamine structure (R19) through oxidation by HOCI. This switch is unique

for the reaction with HOCI and cannot be seen within other oxidants (201-203). It has
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been shown to react with HOCI produced by activated neutrophils (202) and can be used
to monitor HOCI production in neutrophils using live cell imaging or FACS analysis. To
activate neutrophils in this assay, opsonized zymosan was used. The method explained in
this chapter will be submitted for publication as part of the following manuscript:
Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF) enhances

neutrophil phagocytic and oxidative activity.

For FACS analysis, neutrophils were isolated as described above (chapter 3.2.1) and
1x10% cells were pre-incubated in the presence or absence of 10 ng/ml MIF or oxMIF for
30 min or 60 min in HBSS buffer supplemented with 1% heat-inactivated FCS (v/v) and
20 pg/ml polymyxin B at 37 °C. In the meantime, opsonized zymosan (see chapter 3.2.7)
and R19-S samples were prepared. R19-S was dissolved in acetonitrile at 50 °C and
concentration was measured at 308 nm using a spectrophotometer. Neutrophils were
centrifuged and the pellet was resuspended in HBSS buffer to a final density of 1x10%/ml
neutrophils. Before adding the opsonized zymosan, R19-S (10 uM final concentration)
was added to each sample and incubated for 5 min at 37 °C in the waterbath.
Subsequently, the opsonized zymosan was added to each sample at a concentration of
5x10 particles/ml and incubated at 37 °C for 5, 10, 15 and 30 min. Diphenyleneiodonium
chloride (DPI), a scavenger of NADPH oxidase (10 uM final) was added as a negative
control to suppress the response on zymosan. Red fluorescence intensity of R19
(Exags/Ems7s) in the neutrophil population was measured at the indicated timepoints using
a flow cytometer. FITC-labeled zymosan (5x10%ml) was used to measure the rate of
zymosan phagocytosis by measuring green fluorescence intensity (Exsso/Emsio) at

indicated timepoints via FACS.

3.2.9 NETosis assay — SYTOX® green

SYTOX® green is a fluorescent dye that only binds to extracellular DNA, as it cannot
permeate the plasma membrane. Formation of NETs is one of the neutrophil key functions
to combat different invading pathogens (172). One characteristic is release of DNA in
response to antimicrobial components (174). The method explained in this chapter will
be submitted for publication as part of the following manuscript: Schindler, L. ef al.
(2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic

and oxidative activity.
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NET formation by neutrophils was measured using the SYTOX green plate assay as
described before (204). Briefly, neutrophils were isolated as described above (chapter
3.2.1) and 1x10° cells/ml were pre-incubated in the presence or absence of 10 pg/ml MIF
or oxMIF for 60 min in HBSS buffer supplemented with 1% heat-inactivated FCS (v/v)
and 20 pg/ml polymyxin B at 37 °C. Cells were pelleted and resuspended in HBSS before
inducing NET formation by 20 nM PMA in a 96-well plate format. SYTOX green
(30nM) was added at various time points (30, 60, 120, 180 and 240 min) and
fluorescence emission was measured using a PolarStar fluorescence plate reader (Exass,
Emsao). Background signal from a sample containing MIF alone was subtracted. To test
whether MIF itself could induce NET formation, neutrophils were -incubated with MIF
(10 pg/ml) without adding PMA and fluorescent signal was measured after adding
SYTOX green (30 nM) at 30, 60, 120, 180 and 240 min.

In a separate experiment, we wanted to investigate the role of MIF as a potential
nuclease (205). For this, neutrophils (1x10%ml) were incubated with PMA (100 ng/ml)
in a 96-well plate for 4 h at 37 °C to preform NETs. Supernatants were removed and each
well was carefully washed with HBSS before adding 10 pg/ml MIF for 24 h at 37 °C.
SYTOX green (30 nM) was used to measure remaining DNA. HBSS or HBSS containing

DNAse (0.01, 0.1, 10 Units) served as negative and positive controls, respectively.

3.3 Immunocytochemistry and immunohistochemistry

3.3.1 R19-S assay and FITC-zymosan phagocytosis

To verify the effect of MIF and oxMIF on the production of HOCI in neutrophils, the
R19-S assay (chapter 3.2.8) was performed using immunocytochemistry. The method
explained in this chapter will be submitted for publication as part of the following
manuscript: Schindler, L. ef al. (2020), Macrophage migration inhibitory factor (MIF)

enhances neutrophil phagocytic and oxidative activity.

Neutrophils were isolated as described above (chapter 3.2.1) and were pre-incubated
(1x10%/ml) with 10 ug/ml MIF or oxMIF for 60 min in HBSS buffer supplemented with
1% heat-inactivated FCS (v/v) and 20 pg/ml polymyxin B at 37 °C. R19-S and opsonized

zymosan were prepared as described above (chapter 3.2.7). After the incubation time,
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cells were pelleted and resuspend in 500 pul HBSS buffer and kept on ice for about 20 min.
R19-S (10 uM final concentration) and methionine (1 mM final concentration), that was
used so scavenge extracellular HOCI, were added to the ice-cold cell suspension. Finally,
zymosan (1.2x107 particles/ml) was added and immediately 100 pl were transferred into
a 96-well microscopy plate and centrifuged for 1 min at 1000 rpm. The fluorescent
microscope chamber was set to 37 °C. The plate was placed into the fluorescent
microscope and time lapse images (frames) of DIC, Cy3 (for R19) and FITC (for
zymosan) channels were taken every 18 s over 60 min with a 20x magnification. Fiji by
Image J software was used to quantify the fluorescence signal of single phagosomes and

intensity over time.

3.3.2 NET formation

Immunocytochemistry analysis of NETs released by human neutrophils was applied to
visualize the effect of MIF on neutrophil DNA and its potential role in NET
degradation (206). The method explained in this chapter will be submitted for publication
as part of the following manuscript: Schindler, L. et al. (2020), Macrophage migration
inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative activity.

NET formation was measured using fluorescent signal of extracellular SYTOX green and
neutrophil elastase. Therefore, neutrophils (3x10°/ml) were pre-incubated (1x10%/ml) in
the presence or absence of 10 pug/ml MIF or oxMIF for 60 min in HBSS buffer
supplemented with 1% heat-inactivated FCS (v/v) and 20 pg/ml polymyxin B at 37 °C,
before NETosis was induced by adding 100 ng/ml PMA in a 24-well plate on a coverslip
for 4 h at 37 °C. To prepare coverslips for staining, paraformaldehyde was carefully
added into each well at a final concentration of 4% PFA and incubated for 20 min at RT.
Afterwards, each sample was washed with PBS four times and 0.5% Triton X-100 in PBS
was added to permeabilize the cells for 10 min, followed by another three washing steps.
Each sample was blocked with 10% BSA/PBS for 1 h at 37 °C, before the primary
antibody (hNE) was added at a concentration of 1:500 in 3% BSA/PBS for 1 h at 37 °C.
Next, samples were washed and the secondary antibody (goat anti-mouse AF647) was
added at a concentration of 1:500 in 3% BSA/PBS for 1 h at 37 °C, followed by another
washing step. In addition, SYTOX green was added to each sample at a final

concentration of 200 nM and was incubated in the dark for 5 min at RT. At the end, each
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coverslip was placed face down on a small drop of Fluormount G and left to dry.
Neutrophil elastase and SYTOX green signals were analyzed using a fluorescent
microscope and images of Cy5 (NE), DIC and FITC (SYTOX green) channels were taken

with a 40x magnification.

3.3.3 Cardiac ischaemia reperfusion injury — cryo sections

Myocardial infarct tissue from mice was kindly provided by Ulrike Hendgen-Cotta and
the Department of Cardiology and Angiology from the University Hospital Essen at the
Westdeutsches Herz- und Gefal3zentrum Essen in Germany. The in vivo myocardial I/R
injury (30 min ischemia/ 24 h reperfusion) was performed as described and cryosections

were prepared (76).

Immunofluorescent microscopy was performed to identify the potential co-localization
of neutrophils and MIF in myocardial I/R injury. Therefore, frozen cryosections were
airdried for 10-15 min at RT, before adding acetonitrile for 10 min to fix the tissue
samples. The samples were washed twice and blocked wit 5% horse serum/PBS for
60 min at RT. Afterwards, each sample was incubated with primary antibodies
(Ly6G/ MIF 3D9) over night at 4 °C, followed by four washing steps. The secondary
antibodies (Alexa Fluor 555/488) were added for 60 min at RT and samples were washed
with PBS. Nuclear counterstain was performed using DAPI for 10 min at RT. Finally,
each sample was washed again, and the stained tissue was covered with mounting anti-
fate media and left to dry. Co-localization was analyzed using a fluorescent microscope

and images of Cy3 (MIF), DIC and FITC (Ly6G) channels were taken.

3.4 Molecular biological and immunological assays

3.4.1 Enzyme-linked immunosorbent assay (ELISA)

The ELISA assay is an antibody-based technique to quantitatively and qualitatively
identify proteins, peptides or hormones in solutions (207,208). This assay was used to
screen supernatants of stimulated PBMCs for six different proteins: Interleukin-1f3 (IL-

1B), Interleukin-6 (IL-6), Interleukin 8 (CXCLS8), stromal cell-derived factor 1 (SDF-1),
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Granulocyte-colony stimulating factor (G-CSF) and Granulocyte macrophage colony-
stimulating factor (GM-CSF). Assays were purchased from R&D Systems and were
performed using the manufactures protocol. Capture and Detection antibody were both
provided in every kit for each individual ELISA. The assay procedure was identical for
each test kit and is described below. The methods/treatments explained in this chapter are
submitted and under revision for publication in the following paper: Schindler, L. et al.

(2020), J Leukoc Biol.

Human PBMCs were isolated as described above (chapter 3.2.1) and were incubated with
increasing concentrations of MIF, MIF-2, oxMIF and oxMIF-2 for 21 h at 37 °C/5% CO»
in a humidified incubator. Afterwards, cells were pelleted by centrifugation and
supernatants were collected. Supernatants were stored at -20 °C until the ELISA assay

was performed.

To start the ELISA assay, a 96-well plate was coated with 100 ul/well of the capture
antibody diluted in PBS over night at RT. Afterwards, the plate was washed 3 times with
wash buffer (400 pl/well) and 300 pl/well of reagent diluent was added to block the plate
for a minimum of 1 hour. In the meantime, samples were diluted 1:10 in reagent diluent
and a standard curve with provided recombinant protein for each individual assay was
prepared. Afterwards, 100 pl/well of sample and standard was added to the plate and
incubated for at least 2 h at RT. The Plate was washed another three times (400 ul/well)
with wash buffer, followed by adding 100 ul/well of detection antibody solution into each
well. After an incubation time of 2 hours at RT, the plate was washed again 3 times.
Before adding the substrate solution, each well was incubated with 100 ul of a
Streptavidin-HRP conjugate for 20 min at RT in the dark. The plate was washed again 3
times and 100 pl/well of substrate solution was added. After 5-10 min, depending on the
respective ELISA kit, 50 pl/well stop solution was added, and optical density of each

sample was measured using a microplate reader set to a wavelength of 450 nm.
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3.5 Microbiological assays

3.5.1 Yeast assay

Receptor binding of MIF and oxMIF to CXCR2 was determined using a yeast based
signaling activity assay. The genetically modified yeast strain Saccharomyces cerevisiae
(CY12946) expressing a functional human receptor (CXCR4) was previously
described (61,209). Here we used the same protocol and tools to generate a human
CXCR?2 yeast transformant. Agonist (MIF or oxMIF) mediated activation of CXCR2
signaling was measured through [-galactosidase activity assay described
previously (62,72). Therefore, yeast cells expressing the human receptor CXCR2 were
grown overnight at 30 °C, in Yeast Nitrogen Base selective medium (Formedium, UK).
Following, the cells were diluted to an OD600 of 0.2 in Yeast Extract-Peptone-Dextrose
(YPD) medium and were further grown until cell solution reached an OD600 of 0.5 — 0.6.
Next, the cells were incubated with different concentrations of MIF and oxMIF (5, 10 and
20 uM) for 90 min. Finally, for each individual sample the OD600 was measured again
and the CXCR2 mediated signaling cascade activation was quantified by -galactosidase
activity using the commercial BetaGlo Kit (Promega, Germany) and a standard

microplate reader.

3.6 Statistics

Graphs were plotted and statistical analysis was performed using GraphPad Prism 6. Each
dot represents the mean of duplicate measurements for each independent experiment from
individual donors. Differences between groups were determined by either one-way

ANOVA or unpaired student’s t-test. A p-value <0.05 was considered significant.
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4 Results

This thesis addresses the role of MIF proteins and their oxidized isoforms on main
neutrophil functions, such as apoptosis, superoxide production, HOCI production and
NET formation. Therefore, I characterized the potential of MIF as a priming agent on
neutrophil activity. It was further tested, whether MIF and neutrophils are co-localized in

an in vivo myocardial I/R injury model.

Results have been submitted and are under revision in part in the following papers:

Schindler, L., Zwissler, L., Krammer, C., Hendgen-Cotta, U., Rassaf, T., Hampton,
M.B., Dickerhof, N., and Bernhagen, J. (2020) Macrophage migration inhibitory factor
inhibits neutrophil apoptosis by inducing cytokine release from mononuclear cells.

J Leukoc Biol, in revision.

Results will be shortly submitted in the following papers:

Schindler, L., Hampton, M.B., Bernhagen J. and Dickerhof, N. (2020) Macrophage
migration inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative

activity, to be submitted.

In each chapter, published/submitted data will be individually indicated by referring to

the corresponding paper.

4.1 MIF isoforms delay neutrophil apoptosis

Modified neutrophil apoptosis can have a significant impact on the progression of
inflammation. For example, delayed neutrophil apoptosis can result in non-resolving
inflammation, a driver of many diseases such as atherosclerosis, rheumatoid arthritis and
cancer (143). Previous studies indicated that MIF can attenuate neutrophil
apoptosis (86,192). The results illustrated in this chapter have been submitted and are
under revision for publication in the following manuscript: Schindler, L. ef al. (2020),

J Leukoc Biol.
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This part of my dissertation describes the role of MIF protein isoforms on neutrophil
survival and its potential in delaying neutrophil apoptosis. Our group recently published
the effect of MIF on delaying neutrophil apoptosis (86), however, there is no evidence so
far of MIF-2 having the same effect. Therefore, neutrophils and PBMCs were cultured
alone or co-cultured with MIF and MIF-2, followed by neutrophil viability measurement
using FACS. Surprisingly, there was no effect of MIF and MIF-2 on neutrophil survival,
when neutrophils were cultured alone in the absence of PBMCs (Fig. 4-1A). By adding
peripheral blood mononuclear cells, the effect of MIF and MIF-2 mediated delay of
neutrophil survival increased significantly and peaked at a concentration of 10 pg/ml for
both proteins (Fig. 4-1A, B). When comparing both proteins and their effect on

neutrophils survival, no significant differences could be observed (Fig. 4-1A, B).

The recombinantly produced proteins (MIF and MIF-2), that were used in this study,
contained low concentrations of LPS (<0.02-0.1 ng/ug protein). However, as
lipopolysaccharide (LPS) has been proposed as a neutrophil survival mediator (123), each
individual experiment was performed with of the well-known LPS-neutralizing agent
polymyxin B, to exclude false positive results of MIF proteins on neutrophil survival.
Therefore, I additionally used LPS as a positive control treatment and was able to
effectively block the anti-apoptotic effect of LPS on neutrophils by adding polymyxin B
(Fig. 4-1A). Nevertheless, when polymyxin B was added to the MIF and MIF-2 treatment

groups, there was no significant reduction of the pro-survival effect (Fig. 4-1A).
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Figure 4-1 MIF and MIF-2 prolong neutrophil survival. Neutrophil viability was measured after 21 h.
(A) Neutrophils (5x10°/ml, black bars) or NeutrophilstPBMCs (both at 5x10%/ml, grey bars) were
incubated with or without LPS (1 ng/ml), MIF (10 pug/ml), MIF-2 (10 pg/ml) and polymyxin B (20 pg/ml).
(B) Neutrophils and PBMCs (both at 5x10°/ml) were incubated with increasing concentrations of MIF and
MIF-2 (0-10 pg/ml). Each data point shows individual donors and the mean +SEM of duplicated
measurements from at least four independent experiments. Statistical differences were determined within
each group to control (containing no MIF) using one-way ANOVA and are indicated by *p<0.05, **p<0.01,
**%p<0.001 (under revision: Schindler, L. et al. (2020), J Leukoc Biol).

Hypochlorous acid (HOCI) was shown to oxidize the N-terminal proline of MIF and MIF-
2, which results in a loss of enzymatic activity (86). Whether this has an impact on MIF’s
ability to promote neutrophil survival was still unclear. MIF and MIF-2 were pre-treated
with HOCI (oxMIF, oxMIF-2) before neutrophil survival assay was performed. Similar
to MIF and MIF-2, both oxidized isoforms were still able to delay neutrophil apoptosis
in the presence of PBMCs in a concentration dependent manner (Fig. 4-2 B), which was
not affected by polymyxin B (Fig. 4-2A). However, similar to non-oxidized MIF and
MIF-2, there was no effect seen when neutrophils alone were incubated with oxMIF and

oxMIF-2 (Fig. 4-2 A).
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Figure 4-2 oxMIF and oxMIF-2 prolong neutrophil survival. Neutrophil viability was measured after
21 h. (A) Neutrophils (5x10°/ml, black bars) or Neutrophils+PBMCs (both at 5x10%/ml, grey bars) were
incubated with oxMIF and oxMIF-2 (10 pg/ml), with or without polymyxin B (20 pg/ml). (B) Neutrophils
and PBMCs (both 5x10%/ml) were incubated with increasing concentrations of oxMIF and oxMIF-2 (0-
10 pg/ml). Each data point shows individual donors and the mean £SEM of duplicated measurements from
at least three independent experiments. Statistical differences were determined within each group to control
(containing no MIF) using one-way ANOVA and are indicated by *p<0.05 (under revision: Schindler, L.
et al. (2020), J Leukoc Biol)

4.1.1 PBMC:s support MIF-triggered neutrophil survival

To further investigate the role of PBMCs in MIF-mediated neutrophil survival, 1 used
different ratios of PBMCs to neutrophils, to verify the minimum number that is needed
to have a significant effect of MIF on promoting neutrophil survival. The results
illustrated in this chapter have been submitted and are under revision for publication in

the following manuscript: Schindler, L. et al. (2020), J Leukoc Biol.

In the following experiment, where neutrophils were cultured in the presence of different
numbers of PBMCs, I was able to show that a ratio of 0.05:1 PBMCs : neutrophils was
sufficient for MIF to have a significant effect on neutrophil survival (Fig. 4-3A). With an
increasing number of PBMCs, the pro-survival effect of MIF reached a maximum of
around 80% survival compared to control where only 20% viable cells were detected after

21 h (Fig. 4-3A).
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Figure 4-3 PBMCs are required for the MIF-mediated effect on neutrophil survival. Neutrophil
viability was measured after 21 h. (A) Different ratios of PBMCs (up to 5x10°/ml) and neutrophils
(5x10°/ml) were incubated in the presence (grey bars) or absence (black bars) of MIF (10 pg/ml) and
polymyxin B (20 pg/ml). (B) Different ratios of lymphocytes (black bars) and monocytes (grey bars) were
incubated with MIF (10 pg/ml) and polymyxin B (20 ng/ml). Each data point shows individual donors and
the mean +SEM of duplicated measurements from at least four independent experiments. Statistical
differences were shown to control of each group using one-way ANOVA and are indicated by *p<0.05,
**p<0.01, ***p<0.001. Statistical differences between monocytes and lymphocytes when present at the
same ratio to neutrophils were determined using unpaired student’s t-test and are indicated by ##p<0.01
and ###p<0.001 (under revision: Schindler, L. et al. (2020), J Leukoc Biol).

The isolated PBMC culture consist of a mixture of approximately 80% lymphocytes and
20% monocytes which was verified by FACS analysis. To prove which cell population is
mainly responsible for mediating the MIF effect, the PBMC sub-populations were
fractionated by using an antibody-based isolation method and incubated with MIF at
different cell ratios. Both cell types were able to promote the MIF-triggered survival
effect, showing a positive correlation between viable neutrophils and number of
monocytes or lymphocytes (Fig. 4-3B). However, monocytes showed a significantly
higher effect on neutrophil survival at any given ratio of mononuclear cells to neutrophils
(Fig. 4-3B) compared to the lymphocyte co-culture. Due to these findings, all following
co-culture experiments were performed at a 1:1 cell ratio of PBMCs and neutrophils to

simplify the procedure.

Supporting, the hypothesis that MIF and MIF-2 treatment of PBMC cultures is initializing
the release of soluble survival factors, an experiment was performed where PBMCs were
separately incubated with MIF and MIF-2 (10 ug/ml). The conditioned supernatants were
further used to incubate neutrophils alone. MIF and MIF-2 conditioned PBMC
supernatants prolong neutrophil survival to the same extent as the co-culture system (Fig.

4-4).
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Figure 4-4 Supernatants of MIF and MIF-2 treated PBMCs prolong neutrophil survival. Neutrophil
survival was measured after 21 h. PBMC-conditioned supernatants (LPS (1 ng/ml), MIF (10 pg/ml), MIF-
2 (10 pg/ml) and polymyxin B (20 pg/ml)) were incubated with neutrophils (5x10%/ml) for 21 h. Each data
point shows individual donors and the mean £SEM of duplicated measurements from at least three
independent experiments. Statistical differences between treated samples (grey bars) and control (black
bar) were determined using one-way ANOVA and are indicated by ***p<0.001 (under revision: Schindler,
L. et al. (2020), J Leukoc Biol.

Similar to the experiments shown before, an LPS (1 ng/ml) control treatment was
included with or without polymyxin B (20 pg/ml) to exclude false positive results. The
addition of polymyxin B showed a significant reduction of LPS mediated neutrophil
survival back to control levels. When adding polymyxin B to MIF and MIF-2 groups,

there was no significant reduction of neutrophil survival seen (Fig. 4-4).

4.1.2 MIF isoforms induce release of inflammatory mediators

As a consecutive step, experiments were designed to analyze supernatants of PBMCs that
were stimulated with MIF and MIF-2 and their oxidized counterparts, since those showed
significant effects on delaying neutrophil apoptosis. The results illustrated in this chapter
have been submitted and are under revision for publication in the following manuscript:
Schindler, L. ef al. (2020), J Leukoc Biol. Various cytokines have been shown to inhibit
neutrophil apoptosis (121-123,154,210). Therefore, ELISA analysis was used to
determine whether the indirectly PBMC-mediated effect on neutrophil survival was due

to the release of soluble survival factors. Here levels of the cytokines IL-1p3, IL-6, CXCLS8

~49 -



Results

(IL-8), CXCL12 (SDF-1), G-CSF and GM-CSF in MIF, MIF-2, oxMIF and oxMIF-2

treated PBMCs were measured.
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Figure 4-5 Cytokines released by PBMCs after incubation with MIF and MIF-2. PBMCs (5x10%/ml)
were incubated with (A) MIF (0-10 pg/ml), (B) MIF-2 (0-10 pg/ml) and polymyxin B (20 pg/ml). Levels
of IL-1B, IL-6, CXCL8 (IL-8), CXCL12 (SDF-1), G-CSF and GM-CSF were measured by ELISA. Each
data point shows individual donors and the mean £SEM of duplicated measurements from three
independent experiments. Statistical differences between treated samples and controls in each group were
determined using one-way ANOVA and are indicated by **p<0.01. (under revision: Schindler, L. et al.
(2020), J Leukoc Biol). Experiments were performed with the help of Leon Zwissler.

First, I was able to demonstrate that both MIF and MIF-2 induced the release of
inflammatory mediators from PBMCs. Levels of IL-1f3, IL-6 and CXCL8 showed

positive correlation with increasing protein concentrations (Fig. 4-5A, B). However,

-50 -



Results

within each group, statistical significance was only reached for CXCLS in supernatants

of MIF-treated PBMCs (Fig. 4-5A). Surprisingly, CXCL12 levels reached a maximum at

low concentrations of MIF proteins, but there was no significance measurable. In the MIF

treatment group G-CSF or GM-CSF levels were not elevated. Nevertheless, G-CSF levels

in the MIF-2 group were visibly higher compared to the MIF group, even though MIF

and MIF-2 showed the same pro-survival capacity on neutrophils (Fig. 4-5A, B).
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Figure 4-6 Cytokines released by PBMCs after incubation with oxMIF and oxMIF-2. PBMCs
(5x10%/ml) were incubated with (A) oxMIF (0-10 pg/ml) and (B) oxMIF-2 (0-10 pg/ml) and polymyxin B
(20 pg/ml). Levels of IL-18, IL-6, CXCLS (IL-8), CXCL12 (SDF-1), G-CSF and GM-CSF were measured
by ELISA. Each data point shows individual donors and the mean +SEM of duplicated measurements from

three independent experiments. Statistical differences between treated samples and controls in each group
were determined using one-way ANOVA and are indicated by ***p<0.001. (under revision: Schindler, L.
et al. (2020), J Leukoc Biol). Experiments were performed with the help of Leon Zwissler.
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Next, I compared the cytokine profiles of supernatants where PBMCs were stimulated
with the oxidized isoforms of MIF and MIF-2 and showed noticeable differences
compared to the non-oxidized isoforms (Fig. 4-5, 4-6). The most pronounced difference
in the MIF/oxMIF group was seen in levels of GM-CSF with the highest level at an
oxMIF concentration of 5 pg/ml (Fig. 4-6A). Furthermore, in the MIF-2/0xMIF-2 group,
the oxidized MIF-2 led to a concentration-dependent upregulation of G-CSF (Fig. 4-6B),
which was slightly less in the MIF-2 conditioned media. However, similar to the non-
oxidized MIF group, the only significant upregulation was seen for CXCLS8 in the
supernatant of oxMIF stimulated PBMCs (Fig. 4-6A). There were no significant
differences in the levels of any other given cytokine compared to particular concentrations
of MIF isoforms. Through these ELISA screens I cannot fully provide a conclusive
homolog- and isoform-based cytokine picture. However, this data indicates distinct
effects of the different MIF isoforms on PBMCs, even though they had the same effect

on neutrophil survival (chapter 4.1).

4.1.3 CXCLS is involved in MIF mediated neutrophil survival

Previous findings showed that after MIF exposure, PBMCs released a significant amount
of CXCLS (Fig. 4-5). In this part of my thesis I wanted to study, whether CXCLS is the
sole component, that is responsible for the inhibition of neutrophil apoptosis triggered by
MIF treatment. Two different experiments were performed to answer this question. The
results illustrated in this chapter have been submitted and are under revision for

publication in the following manuscript: Schindler, L. et al. (2020), J Leukoc Biol.

First, conditioned media from MIF and MIF-2 treated PBMCs were incubated with a
neutralizing antibody directed against CXCLS8. As shown in Fig. 4-7 A, CXCLS8
neutralizing antibody significantly decreased the pro-survival effect of the MIF-
conditioned PBMC supernatants by approximately 60% and the MIF-2 conditioned
supernatant by about 50% compared to isotype control. The difference between MIF and

MIF-2 were not significant, again supporting that these proteins act similarly.

-52-



Results

A B
1001 1007
g 804 Aok *% %
= & G 804
§< 60+ ° o ~ -
Z Hit# . 2
2 L = 60
s 1., . : e s $
) %0 o =
2 204 3 e
> 5 404
0- T T T T T _g o
>
MEE - -+ o+ - 20- .
MIF2 - - - - n
Polymyxin + + + + 0
anti-CXCL8 - + - + - + MIF - + - +
Isotype control + - + -+ - CXCL8 - - +  +

Figure 4-7 CXCL8 and MIF mediate the delay of neutrophil apoptosis. Neutrophil survival was
measured after 21 h. (A) Conditioned media from MIF and MIF-2 (10 pg/ml) treated PBMCs were
incubated with a neutralising antibody against CXCL8 (0.4 pg/ml for MIF-2 and 1.2 pg/ml for MIF) or a
monoclonal IgG1 antibody as isotype control, before neutrophils (5x10°/ml) were added. (B) Neutrophils
(5x10°/ml) were incubated with recombinant CXCL8 (20 ng/ml), MIF (10 pg/ml) or MIF and CXCLS8
together. Each data point shows individual donors and the mean =SEM of duplicated measurements from
at least three independent experiments. Statistical differences between treated samples (grey bars) and
controls (black bars) in each group were determined using one-way ANOVA and are indicated by **p<0.01
and ***p<0.001. Statistical differences between MIF/MIF-2 with or without neutralizing antibody were
determined using student’s t-test and are indicated by ##p<0.001 (under revision: Schindler, L. et al. (2020),
J Leukoc Biol).

Second, I tested whether purified, recombinant human CXCLS itself could inhibit
neutrophil apoptosis at concentrations measured by ELISA in the MIF-treated PBMC
supernatants (20 ng/ml). After incubation of neutrophils with CXCLS, the percentage of
viable neutrophils only increased slightly, but was not significant (Fig.4-7B).
Surprisingly, when I incubated neutrophils with CXCLS8 and MIF together and I was able
the observed a significant survival effect on neutrophils, that was comparable to that
elicited by MIF-conditioned PBMC supernatant (Fig. 4-7B). Taken this data together, it
is highly possible that MIF and CXCLS8 have a synergistic effect on promoting neutrophil

survival.
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4.1.4 MIF receptor CXCR?2 is required for neutrophil survival

MIF’s biological and inflammatory actions are triggered through binding to its receptors
CD74, CXCR2 and CXCR4 (25,52,54,55,61). The results illustrated in this chapter have
been submitted and are under revision for publication in the following manuscript:

Schindler, L. et al. (2020), J Leukoc Biol.

In this part, [ wanted to determine which receptor is responsible for the pro-survival effect
of MIF. Therefore, I first analyzed which MIF receptors are present on the surface of
neutrophils and PBMCs. Flow cytometry analysis showed that especially CXCR2 is
highly expressed on neutrophils, whereat CXCR4 is low expressed and CD74 was not
detected (Fig. 4-8A). Those findings also confirm previously published data (107,211).
In comparison to PBMCs, where CD74 and CXCR4 are expressed, the amounts detected
for CXCR2 were very low (Fig. 4-8B).
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Figure 4-8 MIF receptors CD74, CXCR2 and CXCR4 on neutrophils and PBMCs. Surface expression
of the MIF receptors CD74, CXCR2, CXCR4, and CXCR?7 on (A) neutrophils and (B) PBMCs measured
by flow cytometry using specific fluorescently labelled antibodies. The MFI of each individual receptor is
compared to its respective isotype control. Each data point shows the mean +SEM of duplicated
measurements from three independent experiments. Statistical difference compared to isotype control
within each group was determined using one-way ANOVA and is indicated *p<0.05, **p<0.01 (under
revision: Schindler, L. ef al. (2020), J Leukoc Biol).

To further identify which receptor is directly involved in MIF’s activity to prolong
neutrophil survival, receptor blocking studies were performed. Each individual receptor
on neutrophils and/or PBMCs was blocked by using a monoclonal antibody (LN2)
directed against CD74 (64), a blocking peptide (NBP1-76867PEP) directed against
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CXCR4 and small molecule antagonist (SB225002) directed against CXCR2 (212).
Blocking of CD74 and CXCR4 on both, neutrophils and PBMCs, had no significant effect
on the MIF-mediated pro-survival effect on neutrophils (Fig. 4-9A). However, blocking
CXCR2 had a dramatic effect on neutrophil survival, whereat the detected percentage of
viable neutrophils dropped from around 80% (MIF control group) down to 20% (Fig. 4-
9A). Intestinally, I also detected a significant decrease of survival in the absence of

exogenously added recombinant MIF, when CXCR2 was blocked (Fig. 4-9A).
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Figure 4-9 CXCR2 is required for the anti-apoptotic effect of MIF. Neutrophil survival was measured
after 21 h. (A) Neutrophils and PBMCs (both 5x10°/ml) were pre-incubated with LN2 (‘anti-CD74’,
10pg/ml), SB225002, (‘anti-CXCR2’, 10 uM) or NBP1-76867PEP (‘anti-CXCR4’, 25 pug/ml) for 30 min
before adding into MIF (10 ug/ml; also containing 20 pg/ml polymyxin B) containing media. (B)
Neutrophils (5x10°/ml) were pre-incubated with SB225002 (10 uM) for 30 min, before conditioned PBMC
supernatants were added and viable neutrophils determined after 21 h. (C) PBMCs (5x10°/ml) were pre-
incubated with SB225002 (10 uM) for 30 min, before adding MIF (10pg/ml) and polymyxin B (20 pg/ml).
The conditioned supernatants were added to neutrophils (5x10%/ml) and incubated for 21 h. Each data point
shows individual donors and the mean £SEM of duplicated measurements from at least four independent
experiments. Statistical differences between treated samples (grey bars) and untreated controls (black bar)
in each group were determined using one-way ANOVA and are indicated by **p<0.01 and ***p<0.001.
Statistical differences between MIF treatment on CXCR2-blocked and non-blocked PBMCs or neutrophils
were determined using unpaired student’s t-test ###p<0.001 (under revision: Schindler, L. et al. (2020),
J Leukoc Biol).

To further distinguish whether blocking CXCR2 on neutrophils or on PBMCs let to the
dramatically decreased survival, the receptor was blocked on both cell types separately.
When CXCR2 was blocked on neutrophils, before incubating them with MIF-conditioned
PBMC supernatant, the survival decreased significantly compared to non-blocked

neutrophils (Fig. 4-9B). Likewise, when I blocked CXCR2 on PBMCs and incubated
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them with recombinant MIF (10 pg/ml), their supernatant could no longer inhibit

neutrophil apoptosis (Fig. 4-9C).

4.1.5 oxMIF exhibits preserved binding activity to CXCR2

The biological receptors for MIF are well characterized (25,51-55), but whether oxidized
MIF binds the same receptors is still unclear. Since MIF and its oxidized counterpart
inhibit neutrophil apoptosis similarly in the presence of PBMCs, I hypothesized that also
oxMIF bind CXCR2 equally. To test our hypothesis, a receptor-binding assay was
performed using an established genetically modified yeast strain that expresses human
CXCR2 (72). This assay allows the specific analysis of MIF and oxMIF mediated
activation of CXCR2, which results in B-galactosidase (lacZ) expression, that can be
enzymatically measured in the change of luminescence using a commercial BetaGlo Kit.

Experiments were performed with the help of Priscila Bourilhon.
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Figure 4-10 Yeast-based reporter system support binding of MIF and oxMIF to CXCR2. MIF and
oxMIF binding to CXCR?2 activates signalling and expression of the lacZ gene, accompanied by [-gal
activity. Different concentrations of MIF and oxMIF were tested (5,10, 20 pM). Binding and reporter
activity are indicated as relative luminescence, normalized to the untreated control (black bar). Data shows
the mean +SEM of duplicated measurements from three independent experiments (n=3). Statistical
differences between treated samples (grey bars) and untreated control (black bar) were determined using
one-way ANOVA and are indicated by **p<0.01 and ***p<0.001. Experiments were performed with the
help of Priscila Bourilhon and Leon Zwissler.

This data indicates, that MIF triggered CXCR2 mediated -galactosidase activity in a

dose dependent manner, showing a significant upregulation of luminescence already at
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10 uM of MIF. In comparison, performed receptor binding assays using oxMIF show a
reduced but still significant binding capacity of oxMIF to CXCR2 (Fig. 4-10). However,
binding of MIF seems to be much stronger compared to oxidized MIF, which could be
explained through modification of the N-terminal proline to a proline imine in the HOCI

treated protein (oxMIF).

4.1.6 N-terminal proline oxidation prevents 4-IPP binding

The small molecule inhibitor 4-IPP was shown to bind to the N-terminal proline of MIF
and thereby blocked its enzymatic and bioactivity (79). In previous studies, we showed
that oxidation of the N-terminal proline of MIF by HOCI protected MIF from covalent
binding of 4-1PP (86). This finding was confirmed by mass spectrometry, but whether 4-
IPP will fail to inhibit the pro-survival effect on neutrophils needed to be confirmed. The
results illustrated in this chapter have been submitted and are under revision for

publication in the following manuscript: Schindler, L. et al. (2020), J Leukoc Biol.
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Figure 4-11 N-terminal proline oxidation prohibit binding of 4-1PP. Viable neutrophils were measured
after 21 h. Neutrophils and PBMCs (both 5x10°/ml) were incubated in the presence or absence of MIF
(10 pg/ml), oxMIF (10 pg/ml) pre-incubated with or without a 10-fold molar excess of 4-IPP for 15 min.
Each data point shows individual donors and the mean £+SEM of duplicated measurements from four
independent experiments. Statistical difference to the control without MIF within each group was
determined using one-way ANOVA and is indicated by **p<0.01 and *** p<0.001. Statistical differences
between each MIF isoform and its 4-IPP-treated counterpart (black vs grey bars) were determined using
unpaired student’s t-test ###p<0.001 (under revision: Schindler, L. et al. (2020), J Leukoc Biol).
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I was able to show, that neutrophil survival mediated by MIF could be significantly
blocked by 4-1PP treatment (Fig. 4-11). However, adding the small molecule inhibitor to
oxMIF had no effect on inhibitory effect on its neutrophil survival activity. Oxidized MIF
that was pre-treated with 4-1PP was still able to promote neutrophil survival in the same
extent compared to oxMIF without prior treatment. This indicated that N-terminal proline

oxidation prevents 4-IPP binding to oxMIF.

4.2 MIF accelerates superoxide production in stimulated

neutrophils

The production of superoxide is one of the major functions of neutrophils in their fight
against invading pathogens. Different groups showed that PMA (213) and fMLP can both
induce superoxide production in neutrophils rapidly by activating NADPH oxidase (175).
However, the effect of MIF on ROS production is still unclear, but cystic fibrosis studies
indicate a promotive effect of MIF (191). Here, I wanted to investigate whether MIF has
the potential to act as a priming agent on neutrophils oxidative activity. The results
illustrated in this chapter will be part of the following manuscript: Schindler, L. et al.
(2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic

and oxidative activity.
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Figure 4-12 MIF accelerate PMA induced neutrophil superoxide production. Neutrophils (1x10%ml)
were incubated in the absence of presence of MIF (10 pg/ml) and 20 pg/ml polymyxin B for up to 4 h.
Superoxide production in response PMA (100 ng/ml) was assessed by measuring the reduction of
cytochrome C (40 uM) by an increase in absorbance at 550 nm (A) Representative A550 traces recorded
after the addition of PMA, respectively. SOD (20 pg/ml) was added to block any superoxide-independent
response. (B) Neutrophils (1x10%ml) were pre-incubated with MIF (10 pg/ml) for up to 4 h and superoxide
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production was measured. (C) Neutrophils (1x10%ml) were incubated with increasing concentrations of
MIF for 60 min before measuring the rate of superoxide production. Each data point shows the mean +SEM
of duplicated measurements from four independent experiments. Statistical difference to the control was
determined using one-way ANOVA and is indicated by *p<0.05 and **p<0.01 (will be submitted:
Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic
and oxidative activity.

To study the impact of MIF and oxidized MIF on neutrophil derived superoxide
production a cytochrome c assay was used. MIF pre-treatment was shown increase
superoxide production in neutrophils after PMA activation (Fig. 4-13) and indicate a bell-
shaped time-response curve, with a maximum at 2 h (Fig. 4-13B). However, pre-
treatment of MIF for 4 h had no effect on superoxide production compared to control after
PMA activation. In addition, prior MIF stimulation was shown to be dose-dependent,
with a significant increase of superoxide production at a concentration of >1 pg/ml MIF
(Fig. 4-13C). Interestingly, MIF pre-treatment also decreased the lag time, that is typical
for PMA induced superoxide production (Fig. 4-13A).

To verify whether the previously shown effect can also be seen when neutrophils were
activated through a more physiological mediator, I used fMLP to induce superoxide
production. Similar to the PMA induced neutrophil activation, the rate of superoxide
production was increased after MIF pre-treatment in response to fMLP. However, already
low concentrations of MIF (100 ng/ml) had a significant effect on superoxide production
and higher concentrations showed no further increase (Fig. 4-14C). In contrast to PMA
activation, MIF pre-incubation maintained the superoxide production rate in response to
fMLP, whereat control cells showed decreased superoxide production over time (Fig. 4-
14B). The same effect was seen in neutrophils pre-treated with oxMIF, suggesting
remained biological function (Fig. 4-14D), although oxidation led to loss of enzymatic

activity.
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Figure 4-13 MIF accelerate fMLP induced neutrophil superoxide production. Neutrophils (1x10%ml)
were incubated in the absence of presence of MIF (10 pg/ml) or oxMIF (10 pg/ml) and 20 pg/ml polymyxin
B for up to 4 h. Superoxide production in response to fMLP (100 nM) measured by reduction of cytochrome
C (40 uM). (A) Representative AS550 traces recorded after the addition of fMLP, respectively. SOD (20
pg/ml) was added to block any superoxide-independent response. (B) Neutrophils (1x10%ml) were
incubated with MIF (10 pg/ml) for up to 4 h and superoxide production was measured. (C) Neutrophils
(1x10%ml) were incubated with increasing concentrations of MIF for 60 min before measuring the rate of
superoxide production. (D) Neutrophils (1x10%ml) were incubated with oxMIF (10 pg/ml) for up to 4 h
and superoxide production was measured. Each data point shows the mean +SEM of duplicated
measurements from four independent experiments. Statistical difference to the control was determined
using one-way ANOVA and is indicated by *p<0.05, **p<0.01 and ***p<0.001 (will be submitted:
Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic
and oxidative activity.

In a next step, I wanted to verify if this effect is directly caused by MIF. Therefore, MIF
was blocked with 10-fold molar excess of the small molecule inhibitor 4-1PP, before pre-
treating neutrophils and further activation. MIF accelerated superoxide production was

significantly reduced by the inhibitor 4-IPP, whereat this effect was more pronounced
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using lower concentrations of MIF (Fig. 4-15A). However, when MIF was oxidized with
a 5-fold molar excess of HOCI, 4-IPP cannot block the oxMIF induced effect on
superoxide production (Fig. 4-15B). As I reported before, oxidation of MIF by HOCI
prohibit the binding of 4-IPP and potentially also other inhibitor that are directed against
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Figure 4-14 4-IPP can block MIF-mediated effects on superoxide production but oxidized MIF
preserves its biological function. MIF (A) and oxMIF (B) (1 pg/m, 10 pg/ml) were pre-treated with ten-
fold molar excess of 4-IPP for 15 min before added to neutrophils (1x10%ml). After 1 h incubation,
superoxide production was induced by fMLP and measured using the cytochrome c assay. Each data point
shows individual donors and the mean £SEM of duplicated measurements from at least three independent
experiments. Statistical difference to control within each group was determined using one-way ANOVA
and is indicated by **p<0.01 and ***p<0.001. Statistical differences between each MIF concentration and
its 4-IPP-treated counterpart were determined using unpaired student’s t-test ##p<0.01 (will be submitted:
Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic
and oxidative activity.

Since blocking CXCR2 had a significant effect on neutrophil apoptosis, I wanted to
determine whether this effect could be also seen in MIF-mediated acceleration of
superoxide production. Therefore, surface CXCR2 was blocked on neutrophils through
incubation with the small molecule antagonist SB225002 (‘anti-CXCR2’), before
incubating with MIF. As indicated in Fig. 4-16, blocking CXCR2 on neutrophils had no
significant effect and accelerated superoxide production remains to be unchanged

compared to non-blocked controls.
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Figure 4-15 CXCR?2 blocking had no effect on superoxide production. Neutrophils (1x10%ml) were
pre-incubated with SB225002 (10 uM) for 15 min at RT and afterwards incubated with MIF (10 pg/ml)
and 20 pg/ml polymyxin B for 60 min at 37 °C. Superoxide production induced by fMLP and measured
using cytochrome ¢ assay. Each data point shows individual donors and the mean =SEM of duplicated
measurements from five independent experiments. Statistical difference to the control was determined
using one-way ANOVA and is indicated to be not significant (will be submitted: Schindler, L. et al. (2020),
Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative activity.

4.3 MIF affects intracellular hypochlorous acid production in

neutrophils

The ability of neutrophils to produce HOCI, a downstream oxidant produced by the
neutrophil enzyme myeloperoxidase, in phagosomes is another major defense systems to
kill invading pathogens (163,164). Previously, the rhodamine-based non-fluorescent
probe R19-S has been shown to react with HOCI, which results in a fluorescent product
(R19) and can be used to measure HOCI production in neutrophils via flow cytometry
and live cell imaging (202). The results illustrated in this chapter will be part of the
following manuscript: Schindler, L. et al. (2020), Macrophage migration inhibitory factor

(MIF) enhances neutrophil phagocytic and oxidative activity.

In the first experiment, I wanted to analyze whether MIF treatment could affect HOCI
production in neutrophils. Therefore, HOCI production was induced through incubation
with zymosan particles and increase in fluorescence of R19 was measured using FACS
analysis. Neutrophils that have been pre-treated with MIF or oxMIF respond faster to the

presence of zymosan particles and developed a more rapid R19 fluorescence compared
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to control cells (Fig. 4-17B). The most significant difference was seen in very early
timepoints (5 min), also noticeable in a representative FACS histograms (Fig. 4-17A, B).
However, a maximum of 80% fluorescent cells was reached after 15 min within all
groups, including the control treatment (Fig. 4-17B), indicating that MIF pre-treatment
had no effect on the amount of HOCI producing neutrophils.
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Figure 4-16 MIF and oxMIF accelerate HOCI production in neutrophils stimulated with zymosan.
Neutrophils (1x10%ml) were incubated in the presence or absence of MIF or oxMIF (10 pg/ml) and 20
pg/ml polymyxin B for 1 h. R19-S (10 uM) was added before adding opsonized zymosan (5x10%/ml). (A)
Representative flow cytometry histograms after 0 and 5 min. (B) Fluorescence was measured after 0, 5, 10,
15 and 30. Fluorescence-positive cells as a percentage of total gated neutrophils (C) MIF and oxMIF (10
png/ml) were treated with a ten-fold molar excess of 4-IPP for 15 min at RT before adding to neutrophils
fluorescence positive cells were determined after 5 min. Each data point shows individual donors and the
mean £SEM of duplicated measurements from at least three independent experiments. Statistical difference
to control was determined using one-way ANOVA and is indicated by **p<0.01 and *** p<0.001.
Statistical differences between MIF isoform and its 4-IPP-treated counterpart were determined using
unpaired student’s t-test #p<0.05 (will be submitted: Schindler, L. et al. (2020), Macrophage migration
inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative activity.
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In addition, I wanted to address if this effect is also directly mediated through MIF and
can thereby be blocked by 4-IPP, as shown in previous experiments. MIF and oxMIF
were pre-treated with 10-fold molar excess of 4-IPP, before neutrophils were added.
Plotted data indicates that the effect of MIF in accelerating the HOCI production in
neutrophils can be blocked by 4-1PP significantly (Fig. 4-17C). Nevertheless, there was
no inhibitory effect of 4-IPP seen in the group where neutrophils were incubated with

oxMIF (Fig. 4-17C).
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Figure 4-17 HOCI production of individual neutrophils after MIF and oxMIF incubation by live-cell
fluorescence microscopy. Neutrophils (1x10%ml) were pre-treated in the presence or absence of MIF or
oxMIF (10 pg/ml) for 1 h, before zymosan (1x107/ml) was added in the presence or R19-S (10 uM). (A)
Representative time laps images of a movie were taken after 0, 5, 10, 15 and 30 min and show a merge of
DIC and Cy3 (red fluorescence). (B) Analysis of fluorescent phagosomes per cell and (C) red fluorescent
intensity of R19-S live cell movie. Data shows representative images and analysis of duplicated
measurements (n=2) (will be submitted: Schindler, L. ef al. (2020), Macrophage migration inhibitory factor
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(MIF) enhances neutrophil phagocytic and oxidative activity. Analysis was performed with the help of
Leon Smyth.

To support the previous finding, a similar experiment was performed using live cell
microscopy. Representative images were taken after 0, 5, 10, 15 and 30 min, to quantify
R19 fluorescent cells and intensity. In accordance to the FACS data, R19 fluorescence
appeared faster in MIF and oxMIF pre-treated neutrophils compared to control (Fig. 4-
18A). However, due to the experimental setup, a visual difference between the MIF
groups and the control group was not seen before 10 min (Fig. 4-18A) after zymosan was
added to induce HOCI production. Analysis of the fluorescent phagosomes per cell
revealed a more rapid development of R19 fluorescence (red) within the first minutes
(Fig. 4-18B). Consistent to the fluorescent intensity, the number of R19 fluorescent
phagosomes was increased in neutrophils that have been exposed to MIF or oxMIF
compared to control (Fig. 4-17C), indicating increased HOCI production per single

neutrophil.

Furthermore, to address whether accelerated HOCI production is accompanied by
increased phagocytotic activity, following studies were performed using FITC labeled
zymosan to measure the rate of phagocytosis. First, flow cytometry analysis was
performed, and intracellular fluorescent signal was measured. MIF and oxMIF pre-treated
neutrophils showed a greater proportion of FITC positive cells after 5 min compared to
control cells indicating a faster uptake of zymosan (Fig. 4-19A). However, and in contrast
to the HOCI production, the difference in the rate of phagocytosis at any given timepoint
of MIF/oxMIF-treated neutrophils to control was not significant (Fig. 4-19A). Secondly,
to confirm the FACS data, fluorescent live cell microscopy was used. Two different
factors were monitored (Fig. 4-19B): phagocytosis through FITC labeled zymosan
(green) and HOCI production by fluorescent R19 (purple). Similar to the FACS data, I
was able to show that MIF and oxMIF pre-treatment did not affect the ability of
neutrophils to phagocyte zymosan particles, indicated by the number of R19 positive cells
(Fig. 4-19C). However, the number of phagosomes per cell increased in neutrophils that
were pre-treated with MIF and oxMIF compared to control cells (Fig. 4-19D), which was

accompanied with an increased HOCI production.
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Figure 4-18 Effect of MIF and oxMIF on neutrophil phagocytosis. Neutrophils (1x10%ml) were pre-
treated in the presence or absence of MIF or oxMIF (10 pg/ml) for 1 h, before FITC labelled zymosan was
added. (A) Fluorescence was measured after 0, 5, 10, 15 and 30 min using FACS analysis and proportion
of positive cells is shown as a percentage of total gated neutrophils (n=3). (B) Representative time laps
images of a movie were taken after 15 min and show a merge of DIC, Cy3 (purple) and FITC (green);
overlay (white). (C) Live cell microscopy was used to track phagocytosis and HOCI production. Time-
lapse frames from a movie were taken and analysed after 0, 5, 10, 15 and 30 min of R19 and FITC-labelled
zymosan particles. Data shows representative images and analysis of duplicated measurements (n=2).
Statistical difference to control was determined using one-way ANOVA and is indicated to be not
significant for (A) (will be submitted: Schindler, L. ef al. (2020), Macrophage migration inhibitory factor
(MIF) enhances neutrophil phagocytic and oxidative activity. Analysis was performed with the help of
Leon Smyth.

4.4 MIF mediates increased NET formation induced by PMA

Another strategy of neutrophils to kill invading pathogens is the formation of extracellular
traps (NETs) (172). Different factors and cytokines have been shown to induce NETs
directly such as PMA, CXCL8 and LPS (172). Here, | wanted to address the role of MIF

and its oxidized isoform on NET formation. The results illustrated in this chapter will be
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part of the following manuscript: Schindler, L. ef al. (2020), Macrophage migration
inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative activity.

To verity whether MIF or oxMIF can directly induce NET formation, neutrophils were
incubated with MIF and oxMIF for up to 4 h and extracellular DNA was measured using
SYTOX green. MIF isoforms were not able to actively induce NET formation. However,
fluorometric analysis of extracellular DNA showed a slight decreased signal in
neutrophils incubated with MIF and oxMIF (Fig. 4-20A). This could be also seen due to
decreased death in the MIF-treated neutrophils. Immunocytochemistry was used to
further confirm fluorometric analysis. Additionally to the SYTOX green staining,
samples were analyzed for neutrophil elastase, which has been shown to be present within
NETs (206). Representative microscopy images indicate that MIF and oxMIF itself
cannot induce NET formation. The nuclei in the MIF and oxMIF treated samples showed
the typical multilobed shape, whereat the nuclei in the control group was observed to be
more rounded, which can be explained by elevated neutrophil death in the control samples

(Fig. 4-20B).
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Figure 4-19 Direct effect of MIF and oxMIF on NET formation. (A) Neutrophils (1x10° cells/ml) were
incubated in the presence or absence of MIF and oxMIF (10ug/ml) for up to 4h. Extracellular DNA was
measured using SYTOX green dye and plotted as mean fluorescent intensity. (B) Representative images of
neutrophils incubated with MIF and control were taken after 4 h incubation and show channels of CyS5 (NE;
red) and FITC (DNA; green). Each data point shows the mean +SEM of duplicated measurements from
three independent experiments. Data shows representative images of duplicated measurements (n=3).
Statistical differences between MIF isoform and control were determined as non-significant by using
student’s t-test (will be submitted Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF)
enhances neutrophil phagocytic and oxidative activity.
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Previously published data showed that PMA was able to induce NET formation
efficiently (172). To verify whether MIF or oxMIF can alter PMA induced NETosis,
neutrophils were pre-incubated with MIF and oxMIF. NET formation was measured
fluorometrically using a SYTOX green dye at 0, 30, 60, 120, 180 and 240 min after PMA
was added to the neutrophil culture. Pre-treatment with MIF and oxMIF resulted in an
increased fluorescent signal, which is referable to an increased amount of extracellular
DNA (Fig. 4-21A). To confirm this finding immunocytochemistry was performed by
fluorescent labeling of extracellular neutrophil elastase and DNA (Fig. 4-21B).
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Figure 4-20 Effect of MIF and oxMIF in PMA induced NET formation. Neutrophils (1x10° cells/ml)
were pre-incubated in the presence or absence of MIF and oxMIF (10pg/ml) for 60 min, before NETosis
was induced by PMA (20nM) stimulation. (A) Extracellular DNA was measured after indicated timepoints
using SYTOX green dye and plotted as mean fluorescent intensity. (B) Representative images of
neutrophils pre-incubated with MIF and control, before PMA stimulation and show channels of Cy5 (NE;
red) and FITC (DNA; green). Each data point shows the mean +SEM of duplicated measurements from
three independent experiments. Statistical differences between MIF and control were determined using
unpaired student’s t-test *p<0.05; differences between oxMIF and control #<0.05 (will be submitted:
Schindler, L. et al. (2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic
and oxidative activity.

4.4.1 NET degradation

Neutrophil extracellular traps have been implicated in disease progression and tissue
damage (214). DNase was shown to completely degrade neutrophil extracellular
DNA (172) and was effectively used as a therapy treatment in patients with cystic

fibrosis (215), where NETs contribute to disease progression (216). Previous studies have
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identified MIF’s potential to act as a nuclease (205), but whether they can degrade NET
associated DNA was not investigated yet. The results illustrated in this chapter will be
part of the following manuscript: Schindler, L. et al. (2020), Macrophage migration
inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative activity.

To investigate whether MIF can degrade DNA released from activated neutrophils, I pre-
formed NETs by PMA treatment before MIF was added for 24 h. In the samples that were
incubated with MIF, the detected signal of neutrophil DNA was reduced compared to
control (Fig.4-22), indicating a DNA degradation through MIF. However, comparing the
effects of MIF with the treatment of NETs with DNase, I have seen a much more efficient
degradation of DNA by down to 0.01 units of DNase (Fig. 4-22). Still, this biological
function of MIF is new and need to be further investigated.
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Figure 4-21 MIF degrades preformed NETs. Neutrophils (1x10° cell/ml) were incubated with PMA for
4 h to preform NETs, followed by incubation with MIF (10 pg/ml) and different concentrations of DNase
(0.01, 0.1 and 10 units) for 24 h. Extracellular DNA was measured using SYTOX green dye and plotted as
mean fluorescent intensity. Each data point shows the mean +SEM of duplicated measurements from 2-4
independent experiments. Statistical differences between control and different treatments were determined
using unpaired student’s t-test *p<0.05, **p<0.01 and *** p<0.001 (will be submitted: Schindler, L. et al.
(2020), Macrophage migration inhibitory factor (MIF) enhances neutrophil phagocytic and oxidative
activity.

4.5 Neutrophils and MIF co-localize in myocardial I/R injury —

preliminary data

In myocardial reperfusion injury, neutrophils were found to accumulate in the infarcted
myocardial area and are assumed as a major source of ROS (217), which can result in

acute inflammation and the initiation of myocardial apoptosis (218). Here I wanted to
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address, the potential of the co-localization of MIF and neutrophils in an in vivo
myocardial I/R injury model. In this setting, MIF might play a role in the increased release
of neutrophil-derived ROS. However, this is still under investigation and needs to be
further validated. With the preliminary data shown in Fig. 4-23, I was able confirm the
co-localization of MIF and neutrophils by specific antibodies in myocardial I/R injury. In
the infarcted area, high numbers of neutrophils were detected, accompanied with
increased levels of MIF. This indicates, that it is very likely that MIF can also affect

neutrophil activity in vivo. However, further experiments need to be performed.

20 um 20 um
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Figure 4-22 Co-localisation of MIF and neutrophils in myocardial I/R injury. Immunofluorescent
microscopy staining of neutrophils (green) and MIF (red), as well as DNA (blue) from WT mice after
30 min myocardial ischemia and 24 h reperfusion. Data shows representative images and analysis of
duplicated measurements (n=2).
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5 Discussion

5.1 MIF proteins prolong neutrophil survival

Previous studies have shown that MIF can prolong neutrophil survival in vitro (192).
However, there was subsequent evidence that this effect is not a direct effect on
neutrophils but is indirectly triggered through an effect of MIF on PBMCs as verified in
co-culture experiments (86). Here, I wanted to address and support the importance of
PBMCs in MIF-mediated neutrophil survival. Additionally, there was no evidence so far,
whether MIF-2 can also affect the delay of neutrophil apoptosis in vitro. Due to the high
degree of structural and functional similarities, I hypothesized a similar effect of MIF-2
on neutrophil survival. MIF-2 shares 34% sequence identity with MIF, including the N-
terminal proline and high structural similarities to the MIF protein superfamily (14,65).
Indeed, in this thesis, MIF and MIF-2 were shown to promote neutrophil survival in a
concentration-dependent manner. My data indicated that a co-culture with at least 5%
PBMC:s and neutrophils was necessary to mediate the pro-survival effect. MIF as well as
MIF-2 had no effect on neutrophil survival in pure neutrophil cultures. This two-cell type
model was supported by data showing the release of pro-survival factors from
mononuclear cells after MIF and MIF-2 exposure. The interplay and crosstalk between
neutrophils and mononuclear cells through cytokines is in line with the importance of
cell-cell interactions between different immune cell types in an inflammatory event with
various cross-inhibitory or cross-activatory activities (219,220). Although obtained so far
only in in vitro-settings, my data suggest that through the delay of apoptosis,
inflammation could be elevated and/or prolonged, when pro-inflammatory mediators

such as MIF and MIF-2 are present.

During inflammation, the levels of circulating neutrophils increase dramatically, to
provide a first-line action at sites of inflammation and injury (107,219). In this process,
activated neutrophils expand their longevity and are able to control the immune response
through their oxidative activities such as the production of superoxide and HOCI, as well
as neutrophil extracellular traps (NETs) formation (221,222). The secretion of MIF is
highly upregulated in various cell types during inflammation and was shown to exert a

number of pro-inflammatory activities (26,30,33,188), including the recruitment of
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neutrophils, as shown in in vitro and in vivo settings (25,31,211). In fact, it is very likely
that MIF proteins and neutrophils are co-localized at sites of inflammation and infection.
Interestingly, MIF and MIF-2 share a conserved N-terminal proline, that was shown to
have a pK. of 5.6, which is much lower than the usual pK, of around 9 (normal for proline
amide) and is involved in the evolutionarily conserved tautomerase activity of the
proteins (13,14). Additionally, the region of the tautomerase pocket is structurally
involved in the binding of MIF to CD74 and CXCRA4, as it contributes to the binding site
between MIF and these receptors (61,78). In previous in vitro experiments, we were able
to show that neutrophil-derived oxidizing agents like HOCI are able to modify the N-
terminal proline of MIF and MIF-2, resulting in proline imine formation (86).
Subsequently, these MIF isoforms were termed oxMIF and oxMIF-2 and are distinct from
a cysteine-modified MIF species termed oxMIF by the Kerschbaumer group (223).
Oxidation by HOCI results in a loss of tautomerase activity (86), however other
functional consequences were not determined yet. Neutrophil apoptosis studies showed
that oxMIF as well as oxMIF-2 prolong neutrophil survival to the same extent as their
non oxidized counterparts. They also stimulate the expression and secretion of
inflammatory mediators such as GM-CSF and IL-1f. Even though oxMIF and oxMIF-2
showed the same pro-survival properties as MIF and MIF-2, the evaluated ELISA data of
stimulated PBMCs assume a difference in the induced signaling cascade. However,
additional studies need to be performed to clarify the differences of individual MIF

isoforms.

5.1.1 CXCLS8 and MIF are major drivers of neutrophil survival

Among other cytokines, CXCLS8 is a well-known chemoattractant for neutrophils and
there are numerous studies showing a link between CXCL8 and disease
progression (224,225). Previously, MIF was demonstrated to stimulate the expression of
CXCLS8 in B-cell chronic lymphocytic leukemia (B-CLL) cells, which thereupon initiates
an anti-apoptotic pathway through Bcl-2 proteins (54). Our data demonstrated that MIF
stimulation of PBMCs induced the secretion of significant amounts of CXCLS,
suggesting that CXCL8 might be an important mediator of MIF-promoted neutrophil
survival. Other studies, investigating the role of CXCLS8 on neutrophil survival revealed

conflicting and differing results (156,157). Here, I show that CXCLS alone prolonged the
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survival of neutrophils, but not to the same extent as supernatants of MIF-treated PBMCs.
However, by exposing neutrophils to both MIF and CXCLS, I was able to mimic the
inhibitory effect of the supernatants, indicating, that MIF and CXCLS exert a synergistic
effect on neutrophils. Surprisingly, blocking CXCLS in supernatants from MIF-treated
PBMC:s did not fully inhibit the pro-survival effect on neutrophils. This might be because
the doses of CXCLS antibody used in this setting were insufficient to bind all the CXCL8
present in the supernatants or because low levels of other cytokines such as IL-6 and GM-
CSF measured in the supernatants could compensate for the lack of CXCLS. This
supported the theory that CXCLS is not the sole mediator that drives MIF triggered
neutrophil survival. In fact, IL-6 and GM-CSF have previously been shown to inhibit
neutrophil apoptosis (123,226). Further studies are needed to get a deeper understanding

in the function of other cytokines in mediating the effect of MIF on neutrophil survival.

5.1.2 CXCR2 is an important receptor in MIF-mediated neutrophil

survival

CXCLS8 and MIF are both ligands of the well-known neutrophil receptor CXCR2 (25).
Here, I provide biological evidence suggesting that MIF modified by HOCI can also bind
CXCR2, leading to the possibility that the CXCR2/MIF/oxMIF interaction might be
important in triggering PBMC-driven neutrophil survival. Receptor blocking studies
confirmed the significance of CXCR2 in MIF-mediated neutrophil survival. However,
receptor blocking might also affect the CXCL8/CXCR2 axis, keeping the synergistic
effect of MIF and CXCLS8 in mind. In a disease-related setting, neutrophils were found
to be involved in the development of atherosclerosis, as they were found in early and
advanced atherosclerotic lesions (227). The arterial recruitment and transmigration of
neutrophils is facilitated through CXCR2 and chemotactic mediators (228). Interestingly,
MIF as well as CXCL8 were demonstrated to be important mediators of atherogenesis by
triggering the recruitment of leukocytes (25,53,111). In atherosclerosis-prone ApoE"
mice, increased levels of MIF were detected in the vascular walls, especially in present
macrophages, accompanied by reduced atherosclerotic lesion when using neutralizing
antibodies directed against MIF (25), suggesting an important role of CXCR2/MIF
mediated leukocyte recruitment. Extended neutrophil lifespan and the maintenance of

their pro-inflammatory occupation such as the release of cytokines and the generation of
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oxygen species, could contribute to atherogenesis and plaque destabilization. Through
the co-appearance of neutrophils and mononuclear cells in the atherosclerotic lesion, it is
likely that MIF mediated neutrophil survival is essential in atherosclerosis and may hold
therapeutic potential, through specific blocking of MIF-mediated pro-inflammatory

actions on delaying neutrophil apoptosis and thereby ensuring resolution of inflammation.

The following graphical summary (Fig. 5-1) shows the pro-survival effect of MIF
isoforms (MIF, MIF-2, oxMIF and oxMIF-2) on neutrophils through a PBMC-dependent
mechanism and the release of survival mediators such as CXCLS8 and potentially also IL-
6, G-CSF and GM-CSF. I also provided evidence that the receptor CXCR2 is highly

involved in MIF and MIF-2 mediated neutrophil survival.

MIF/MIF-2
oxMIF/oxMIF-2

Delay in Neutrophil
Apoptosis

Neutrophil

Figure 5-1 Graphical summary of proposed mechanism for MIF and MIF-2 mediated delay of
neutrophil apoptosis. MIF and MIF-2, as well as their oxidized counterpart initiate the release of CXCL8
and other cytokines (latter not shown) from PBMCs via the receptor CXCR2. Synergistic action of MIF
and CXCLS delay neutrophil apoptosis mainly through the receptor CXCR2 but potentially also other
receptors (latter not shown). Images were designed using BioRender software

5.1.3 4-1PP blocks the pro-survival effect of MIF but not oxMIF

Dysregulation of neutrophil apoptosis has been implicated with the progression of several
diseases (141,142). In fact, delayed neutrophil apoptosis can result in non-resolving
inflammation which was shown to occur in chronic inflammatory diseases (143).
Phagocytosis of neutrophils by macrophages is fundamental to mediate resolution and

initiate tissue repair (149). The extended occurrence of activated neutrophils at site of
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inflammation and infection creates an aggravated inflammatory environment,
accompanied by the generation of pro-inflammatory signals (222). As mentioned before,
upregulated levels of MIF have been implicated with the progression and a severe
outcome in various diseases (35). Within the last decades, the discovery of small
molecule inhibitors opened up new vistas, allowing the development of new therapeutic
strategies (229). The small molecule inhibitor 4-IPP has been shown to inhibit MIF’s
tautomerase activity and is able to block MIF-induced CD74-depenent signaling
pathways (79). In this study, I was able to block MIF’s pro-survival activity through pre-
treatment with 4-IPP significantly. Since the pro-survival effect of MIF is potentially
triggered through CXCR2, it could be likely that 4-IPP can also affect this interaction.
However, as 4-IPP targets the N-terminal proline, it was shown by mass spectrometry
that oxidation of MIF by HOCI prohibit the binding of 4-IPP (86) and was thereby not
able to inhibit the pro-survival effect of oxMIF on neutrophils. This indicates that in a
neutrophil-derived oxidative microenvironment, inhibitors targeting the N-terminus of
MIF isoforms might fail to block the pro-inflammatory actions of those modified proteins.
Nevertheless, it is not fully clear whether the modification of MIF proteins by HOCI can
also occur in vivo. Approaches designing a specific antibody against proline imine failed

so far and need to be further investigated.

5.2 MIF accelerates superoxide formation in neutrophils

A hallmark of the inflammatory action of neutrophils is the production of reactive oxygen
species (ROS), such as superoxide radicals, hydrogen peroxide and hypochlorous
acid (164), in a process that is called oxidative burst. Dependent on the activation of
NADPH oxidase complexes, it is contributing to oxidative stress and can initiate and
exacerbate the development of inflammatory processes. Studies showed that neutrophils
lacking components of the NADPH oxidase complex decrease their ability to efficiently
kill pathogens (230,231). ROS have also been linked to the progression of sterile
inflammation in diseases such as atherosclerosis and cardiovascular diseases (232).
Antioxidants can be used to prevent the formation of free radicals, providing a high
potential for the inhibition and treatment of oxidative damage (233). For example,
superoxide dismutase (SOD) can respectively dismutase superoxide radicals and is able

to decompose hydrogen peroxide (234). Here I show that pre-stimulation with MIF and
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oxMIF can accelerate the fMLP and PMA-induced superoxide anion production in human
neutrophils in a concentration and time dependent manner. This effect was dependent on
NADPH oxidase, supported by the efficient blocking of superoxide release through
diphenyleneiodonium (DPI), a scavenger of NAPDH oxidase. Similar, using additional
superoxide dismutase (SOD) fully blocked the production of superoxide in neutrophils.
Even though MIF was shown to accelerate the production of superoxide, this effect was
also blocked by SOD. As I have also shown that MIF triggers the delay of neutrophil
apoptosis, it is likely that MIF can be an effective priming agent for neutrophils. Priming
of neutrophils has been proven for several agents and is accompanied with induced
phenotypic changes, that leads to increased neutrophil activity and can be potentially
linked with diseases such as rheumatoid arthritis, chronic kidney disease and bacterial
infections (166). Priming can be accompanied with increased expression of adhesion
molecules and altered neutrophil shape (235). However, priming itself does only induces
weak ROS production, but results in rapid and increased ROS formation after exposure
to other stimuli such as fMLP (236). Interestingly, the priming process was supposed to
be irreversible, however studies showed that under certain conditions neutrophils can also
be de-primed, resulting in basal neutrophil function (237). This de-priming might be
conductive in the resolution of inflammation, promoting the reverse migration into
circulation. Pre-stimulation of neutrophils with MIF for longer than 2 h resulted in a
retrogressive effect on superoxide production after fMLP and PMA activation back to
control levels. This might also facilitate MIFs role in acute and chronic inflammation by
differently regulating the immune response depending on the time- and dose of accessible
MIF. Short exposure of MIF could have priming properties, whereas longer exposer to

MIF can results in de-priming of neutrophils.

The inhibition of accelerated superoxide production could be a potential target for
therapeutic approaches. On the one hand, cytokines known as neutrophil priming agents
could be blocked, whereat on the other hand, the inhibition of enzymes involved in ROS
production, such as NADPH oxidase can be a target for the inhibition of the respiratory
burst in neutrophils. Here I showed that the small molecule inhibitor of MIF, 4-1PP, can
efficiently block the MIF induced enhanced superoxide production in neutrophils
activated with fMLP. Similar to previous experiments, where MIF that was prior oxidized

by hypochlorous acid (oxMIF), 4-PP was no longer able to be block the biological
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activity, again supporting that in a neutrophil derived oxidative microenvironment the

usage of particular inhibitors should be considered.

Another chemokine that was shown to induce superoxide production in neutrophils is
CXCLS8 (238). Interestingly, MIF and CXCRS share one distinct receptor that is highly
expressed on neutrophils — CXCR2 (25,239). However, CXCLS8 induced superoxide
production was shown to be not affected by blocking CXCR2 with specific
antibodies (212). Similar results were shown in this study, where I blocked CXCR2 on
neutrophils with the small molecule antagonist SB225002. Pre-stimulation of neutrophils
in the presence of the inhibitor had no effect on MIF promoted acceleration of superoxide
production. As CXCLS8 can also act on another receptor, CXCR1 blocking strategies
showed an inhibitory effect of the CXCLS8 induced respiratory burst (238). This
hypothesizes that the MIF promoted effect on induced superoxide production can be
mediated via another receptor, such as CXCR4 or CXCR7, which is also present on

neutrophils. Whether this is the case, still needs to be validated.

5.3 MIF accelerates HOCI production in neutrophil phagosomes

The phagocytosis of pathogens is an important defense mechanism of various immune
cells in the human organism. Within these, neutrophils are known to ingest bacteria,
forming an intracellular compartment called phagosome (240). Inside the phagosome,
pathogens are killed by generating oxidants such as superoxide, hydrogen peroxide and
hypochlorous acid (241). Low concentrations of HOCI can already effectively kill a wide
range of microorganisms (241,242). Interestingly, not only pathogens can be phagocyted,
also in sterile inflammation, apoptotic neutrophil can be removed by macrophages
through phagocytosis, which is called efferocytosis (243). Especially at sites of
inflammation neutrophils and macrophages show increased phagocytic activity. This
effect could be explained by the specific priming and activation of neutrophils through
pro-inflammatory cytokines such as TNF-o, CXCL8 or GM-CSF (166). In this study, I
demonstrated that pre-treatment with MIF and its oxidized isoform can act directly on
neutrophils and accelerate the rate of HOCI production, as well as phagocytosis of
zymosan particles. However, the signaling events underlying MIF pre-treatment is still
unclear and needs to be further addressed. Nevertheless, these data suggest that MIF can

act as a priming agent for neutrophils in a pro-inflammatory environment.
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During the respiratory burst, it was shown that approximal 30% of the generated
superoxide is converted to HOCI (244,245). MIF triggered neutrophil priming could
result in increased tissue damage through accelerated HOCI production. However, this
hypothesis needs to be further addressed. Interestingly, MIF modified by HOCI is still
able to promote its priming ability on neutrophil activity. This indicates that in an
oxidative microenvironment, modification of the N-terminal proline has no effect on

MIF’s ability to boost the neutrophil-derived oxidative burst.

Hypochlorous acid was found to stimulate the expression and secretion of pro-
inflammatory cytokines and chemokines in other immune cells such as
macrophages (246). Additionally, it was found that HOCI can trigger extracellular trap
(ET) formation in macrophages, however it is not known whether this ET release is
similar to neutrophil extracellular trap formation (246). The interplay between activated
neutrophils and their effect on other immune cells has been also investigated in disease
related models (220,247,248). Considering our and other data on MIF’s effect on
neutrophil activity it could be very likely that there is a correlation between MIF primed

neutrophils and macrophage derived pro-inflammatory actions.

5.4 Increased NET formation in MIF-primed neutrophils

In 2004, neutrophil extracellular traps were first described as an extracellular network
consisting of double-stranded DNA, histones, myeloperoxidase, neutrophil elastase (NE)
and antimicrobial proteins as a biological defense system to kill invading
pathogens (172). However, recent studies also show that NET formation is implicated in
sterile inflammation and can result in an increased inflammatory response (174,182).
Different stimuli and compounds have been found to induce spontaneous and active
NETosis (249). Here, I show that MIF alone was not able to induce spontaneous NET
formation in neutrophils. Interestingly, I have seen lower levels of extracellular DNA in
neutrophils that were pre-treated with MIF and oxMIF compared to control. These results
strengthen the effect of MIF on neutrophil survival as shown before in this thesis. In
contrast, MIF pre-stimulated neutrophils showed a significantly higher amount of
extracellular DNA when NETosis was actively induced by PMA. Enhanced NET
formation through primed neutrophils has been reported in several diseases such as

rheumatoid arthritis and autoimmune diseases (250,251). Those diseases have also been
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implicated with upregulated levels of MIF (35), suggesting a connection between
neutrophil activity and MIF. Our data also support our hypothesis that MIF can act as a
priming agent for neutrophils, as it does not induce strong activation by itself but

accelerate the response of neutrophils to a second activation stimulus.

The role of NETs in sterile inflammation and chronic disease is a new but fast-moving
field. For example, NETs were found to play a progressive effect in atherosclerosis and
atherothrombosis (182). Studies analyzing human atherosclerotic plaques showed that
NETs contributed to plaque disruption through induced apoptosis of endothelial and
smooth muscle cells. The specific inhibition of NET release showed potential in plaque

stabilization (252,253).

5.5 MIF shows potential in NET degradation

A number of studies suggested that NETs have the potential to act as a biomarker for
inflammation and injury, proving an appropriate target for therapeutic approaches.
Besides the prevention of NET formation using inhibitors, it could also be beneficial to
dissolve formed NET structures as a therapeutic procedure. Studies showed that for
example DNase-1 can degrade DNA -containing NETs and was implicated in a decreased
disease progression in cystic fibrosis (254). Similar effects were seen in experimental and
clinical studies in myocardial I/R injury (255,256). In my thesis, I found that an
incubation of NETs with MIF and oxMIF results in decreased detection of extracellular
DNA. Although the effect of MIF on NET degradation was only moderate, it could be a
hint in its role in disease progression through NET derived tissue damage. Of note, MIF’s
potential to act as a nuclease was already demonstrated by Wang ef al. in ischemically
stressed neurons. They identified intracellular MIF as a crucial factor in apoptosis-
inducing factor (AIF)-mediated cell death trigger through DNA fragmentation (205).
Although NET degradation was mainly seen extracellularly, there is also evidence that
NETs can be also degraded intracellularly by DNase I (257). Intracellular NET
degradation might be beneficial in the reduction and resolution of inflammation,
promoting the decreased oxidative activity of neutrophils by reduced NET appearance.
MIF is expressed in neutrophil and levels have been shown to be increased in an
inflammatory environment (193). This could hypothesize MIF-mediated NET

degradation not only extracellularly but also intracellularly, resulting in decreased NET
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related tissue damaging and inflammation. However, previous data mainly showed pro-
inflammatory actions of MIF, as it can promote neutrophils survival and act as a potential
priming agent on neutrophils oxidative activity. Whether MIF’s effect on the degradation
of NETs can have anti-inflammatory actions, or can result in the effective release of other
inflammatory cytokines bound to extracellular neutrophil DNA needs to be further
addressed. The effect of MIF isoforms on neutrophil survival and activity is summarized

in Table 1 and reveals the potential of strategies blocking MIF’s proinflammatory actions.
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Table 1 Phenotypic changes induced in neutrophils by the various MIF isoforms. Pre-stimulation of neutrophils with MIF isoforms can have distinct effects on neutrophil

activity and results in phenotypic changes. ‘1" refers to increased activity compared to non-treated controls, ‘\’ refers to decreased activity compared to untreated controls, <?°
indicates an unknown effect of MIF isoforms.

MIF isoforms Apoptosis Chemotaxis Superoxide HOCI Production Phagocytosis NET Formation NET Degradation
Production
MIF | in the presence of 1 1 priming agent; 1 priming agent ; 1 priming agent ; not directly induced 1 only minor effect
PBMCs; receptor accelerated after f/MLP  accelerated after accelerated after
involved: CXCR2 and PMA activation Zymosan exposure Zymosan exposure 1 priming agent ;
accelerated after PMA
activation
oxMIF | in the presence of l 1 priming agent; 1 priming agent ; 1 priming agent ; not directly induced 1 only minor effect
PBMCs; accelerated after fMLP accelerated after accelerated after
receptor involved: and PMA activation Zymosan exposure Zymosan exposure 1 priming agent ;
CXCR2 accelerated after PMA
activation
MIF-2 | in the presence of ? ? ? ? ? ?
PBMCs; receptor
involved: ?
oxMIF-2 | in the presence of ? ? ? ? ? ?

PBMCs; receptor
involved: ?
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5.6 MIF and neutrophils co-localize in infarcted area in

myocardial I/R injury

Acute myocardial infarction (AMI) is one of the leading causes of death worldwide. Early
and effective myocardial reperfusion is one of the most used therapeutic interventions to
reduce MI injury and infarct size (217). However, myocardial reperfusion itself can
induce oxidative stress that comes along with myocardial death and tissue injury, an event
called ischemia reperfusion injury (I/R) (258). Neutrophils have been found to
accumulate in the infarcted myocardial area early after reperfusion and are the major
origin of ROS (217). This results in acute inflammation and the initiation of myocardial
apoptosis (218). The inhibition and depletion of neutrophils or neutrophil-derived
enzymes, such as MPO were shown to improve the outcome of I/R injury (259).
However, another study using a chronic MI model showed that neutrophil depletion result
worsens cardiac function, indicating that neutrophils are also involved in the activation
of macrophages which mediate the clearance of apoptotic cells and have a role in cardiac
remodeling and healing (131). Within I/R injury, cardiomyocytes were found to secrete
MIF and interestingly, it was shown to mediate cardioprotection through the activation
of the AMPK signaling cascade and the reduction of oxidative stress (260). However,
other studies clarified a more complex function of MIF in I/R injury, indicating that MIF
might also have a detrimental effect on the myocardium. MIF deficiency showed
decreased expression of pro-inflammatory cytokines, that goes along with decreased
infiltration of immune cells such as neutrophils and macrophages (261). Whether MIF is
also affecting neutrophil activity in vivo in an I/R injury model is still unclear. Here I
offer first preliminary data that show co-localization of MIF and neutrophils in the
infarcted area of the myocardium. Future studies will be needed to characterize to detailed
effect of MIF on neutrophil activity in I/R injury. Additionally, it would be interesting to
investigate to potential of neutrophil-derived HOCI production and its impact on

modifying MIF.
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6 Summary and Outlook

First described in 1966, the atypical cytokine macrophage migration inhibitory factor
(MIF) has been shown to play an important role in acute and chronic inflammatory
diseases. MIF regulates inflammatory processes by recruiting several immune cell types,
by increasing pro-inflammatory cytokine production and by inhibiting apoptosis. MIF has
a conserved N-terminal proline, which has an atypically low pK. and is functionally
involved in MIF’s evolutionarily conserved tautomerase activity. Interestingly, the region
around the tautomerase pocket is structurally involved in the binding of MIF to its
receptors, whereby the binding of low molecular weight inhibitors directed to the N-
terminal proline inhibit important biological activities of MIF. In various in vitro
experiments, we previously showed that neutrophil-derived hypochlorous acid (HOCI) is
able to convert the N-terminal proline of MIF into a proline imine (‘proline-oxidized or
oxidized MIF’ (0oxMIF)), which leads to an inhibition of MIF’s tautomerase activity. How

this modification influences the various inflammatory activities of MIF is unknown.

During an inflammatory event, neutrophils rapidly infiltrate into the center of
inflammation and infection and are known to not only kill invading pathogens, but also
promote sterile inflammation. The precise interplay between MIF proteins and
neutrophils in sterile inflammation is incompletely understood and the role of neutrophils

in promoting oxMIF generation needs further exploration.

This dissertation characterizes the effect of MIF and MIF-2, as well as their oxidized
counterparts (oxMIF, oxMIF-2) on various functions of neutrophils like apoptosis,
superoxide and HOCI production, as well as phagocytosis and NET formation, in an effort

to mechanistically understand the neutrophil/MIF protein interaction network.

In the first part of this thesis, it was shown that not only MIF, but also MIF-2, oxMIF and
oxMIF-2 can inhibit the apoptosis of neutrophils in a concentration-dependent manner.
However, this effect could only be seen when peripheral blood mononuclear cells
(PBMC) were present in the same culture, in which both, lymphocytes and monocytes,
promoted MIF-mediated delay of neutrophil apoptosis. All studied MIF isoforms (MIF,
oxMIF, MIF-2, oxMIF-2) stimulated the release of various cytokines and chemokines,
such as IL-1p, IL-6 or CXCL8 from PBMC cultures. Experiments, in which neutrophils

were incubated with the conditioned supernatants from MIF-stimulated PBMCs, also

-83 -



Summary and Outlook

showed an inhibitory effect on neutrophil apoptosis, indicating that those factors are
responsible for the MIF-mediated pro-survival effect. For CXCLS8 in particular, a
significant increase was detected in supernatants from MIF-stimulated PBMCs. CXCLS-
blocking experiments showed a significant reduction of the pro-survival effect from the
conditioned supernatants. This suggests that CXCL8 is one of the main mediators
promoting the anti-apoptotic effect that MIF has on neutrophils. However, when
neutrophils were treated with CXCLS8 alone, only minor anti-apoptotic activity was
observed. Surprisingly, when neutrophils were co-stimulated with MIF and CXCLS, the
pro-survival effect on neutrophils was similar to the effect of the PBMC-conditioned

supernatants, indicating a synergistic effect of MIF and CXCLS.

The biological activity of MIF is mediated through binding to its cell surface receptors
CD74-CD44 and the CXC chemokine receptors CXCR2 and CXCR4. By specifically
blocking those receptors, I demonstrated that the pro-survival effect of MIF was mediated
through the surface receptor CXCR2, which is present on both cell types, PBMCs and
neutrophils. Interestingly, CXCL8 and MIF share this receptor, suggesting that the
inhibition of the pro-survival effect on CXCR2 may be due to blocked binding of CXCLS.
Supporting these findings, [ was able to show that oxidation of the N-terminal proline did
not affect the binding to CXCR2. Together, the data suggests that stimulation of PBMCs
with MIF, MIF-2 and their oxidized isoforms induce the releases a divergent cytokine
pattern. Future studies are needed to determine whether MIF/oxMIF and MIF-2/oxMIF-

2 activate different signaling pathways.

In the next part of this thesis, I investigated the role of MIF and oxMIF as priming agents
on neutrophil oxidative and phagocytic activity, as well as NET formation. Neutrophils
are known as major producers of reactive oxygen species (ROS), a process called
oxidative burst. I showed that pre-incubation of neutrophils with MIF results in an
accelerated production of superoxide, when neutrophils were further activated with
phorbol 12-myristate 13-acetate (PMA) or N-Formylmethionyl-leucyl-phenylalanine
(fMLP). This effect was independent of the surface receptor CXCR2 but could be blocked
by a specific pharmacologic MIF inhibitor (4-IPP). However, the N-terminal proline
oxidation by HOCI prevented 4-IPP binding, indicating that in a neutrophil-governed
oxidative microenvironment, inhibitors targeting the N-terminus of MIF might fail to
block its pro-inflammatory actions. Additionally, pre-incubation with MIF and oxMIF

resulted in accelerated intracellular HOCI production and increased numbers of
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phagosomes within neutrophils exposed to zymosan particles. However, the ability of
neutrophils to phagocytose zymosan particles did not increase in total, but the uptake rate
was accelerated. Moreover, MIF and oxMIF did not induce NETosis themselves, but are
able to increase the response of neutrophils towards PMA-induced NETosis. Taken
together, those findings supported the potential of MIF as a neutrophil-priming agent,
providing an interesting novel basis for the development of neutrophil-targeting

therapeutic strategies.

Independently from its potential as a priming agent, I found that MIF and oxMIF are able
to degrade DNA in preformed NETs. This activity relates to the recently uncovered
surprising MIF nuclease function as demonstrated by others in hypoxically stressed
neurons. However, compared to the DNA degradation rate by a conventional DNase, the
NET-derived DNA-degrading activity of MIF appeared to be low. Future studies will

therefore have to address the physiologic relevance of this activity.

Additionally, in preliminary experiments, I was able to show that in a myocardial I/R
injury model, neutrophils and MIF co-localize, which could facilitate the impact of MIF
on neutrophil function. Together, I demonstrated that MIF and its oxidized counterpart
could play an important role in priming neutrophil activity, which can be further increased

by its ability to delay neutrophil apoptosis.
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6.1 Summary (German)

Das atypische Zytokin macrophage migration inhibitory factor (MIF) wurde erstmals
1966 beschrieben (1). Seither wurde in verschiedenen Studien gezeigt, dass MIF in
Entziindungserkrankungen, wie Rheumatoide Arthritis, Mukoviszidose, Asthma, Colitis,
Sepsis, Atherosklerose und Myokardinfarkt, sowie Krebs eine entscheidende Rolle
einnimmt (26,48,191,262-266). MIF ist in der Lage inflammatorische Prozesse durch die
Rekrutierung von Immunzellen, die Verstirkung von Zytokin-Produktionen und der
Inhibierung von Apoptose zu regulieren (19,25,26,30,192). MIF besitzt ein konserviertes
N-terminales Prolin, welches einen untypisch niedrigen pKi.-Wert besitzt und eine
tragende Rolle in der evolutiondr konservierten Tautomeraseaktivitit des Proteins
einnimmt (13,15). Interessanterweise ist die Region um das Tautomerasezentrum jedoch
strukturell an der Bindung von MIF an seinen Rezeptoren CD74 und CXCR4 beteiligt,
wobei die Bindung von niedermolekularen Inhibitoren an das N-terminale Prolin
entsprechend wichtige biologische Aktivititen von MIF inhibiert (19,21,79). In
verschiedenen in vitro-Experimenten konnten wir in Vorarbeiten zeigen, dass die durch
neutrophile Granulozyten produzierte hypochlorige Sédure (HOCI) in der Lage sind, das
N-terminale Prolin in MIF in ein Prolin-Imin umzuwandeln, welches zu einer Inhibierung
der Tautomeraseaktivitit fiihrt (86). Neutrophile sind die ersten Zellen, die wahrend
entziindlicher Prozesse in das Entziindungs- und Infektionszentrum einwandern. Dort
konnen sie nicht nur eindringende Krankheitserreger beseitigen, sondern auch sterile

Entziindungen fordern (106-109).

Im Rahmen dieser Arbeit erfolgte eine ndhere Charakterisierung des Einflusses von MIF
und MIF-2 auf verschiedene Funktionen von Neutrophilen Granulozyten, sowie dessen
Rolle auf die Inhibierung der spontanen Apoptose von Neutrophilen. Es konnte gezeigt
werden, dass nicht nur MIF, sondern auch das Schwesterprotein MIF-2 die Apoptose von
Neutrophilen Granulozyten verzdgern kann. Allerdings kann dieser Effekt nur gezeigt
werden, wenn mononukledren Zellen des peripheren Blutes (PBMC) in der gleichen
Kultur vorhanden sind. Ebenso wurde gezeigt, dass MIF und MIF-2 die Ausschiittung
verschiedener Zytokine, wie IL-1B, IL-6 oder CXCLS, durch PBMCs anregen.
Experimente, in denen Neutrophile nur mit den Uberstinden von zuvor stimulierten
PBMCs inkubiert wurden, zeigten auch inhibitorische Effekte auf die Apoptose.
Besonders fiir CXCLS8 konnte ein signifikanter Anstieg in den Uberstinden von MIF
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stimulierten PBMCs nachgewiesen werden. Folgend konnte gezeigt werden, dass durch
CXCLS blockierende Antikdrper die Apoptose verzogernde Wirkung der Uberstiinde
stark zuriick geht. Dies lies vermuten, dass CXCL8 der Hauptmediator dieser anti-
apoptotischen Wirkung ist. CXCLS allein zeigte nur wenig anti-apoptotischen Wirkung,
allerdings konnte gezeigt werden, dass MIF und CXCLS8 zusammen einen dhnlichen
Effekt zeigen, wie die Uberstiinde von MIF stimulierten PBMCs. Dies deutet auf einen
synergistischen Effekt von MIF und CXCLS8 hin.

Die biologische Aktivitit von MIF wird durch die Bindung an die
Zelloberflachenrezeptoren CD74-CD44 und die CXC Chemokinrezeptoren CXCR2 und
CXCR4 bedingt (25,52,54,55). Durch die spezifische Blockierung dieser Rezeptoren
wurde gezeigt, der MIF-Rezeptor CXCR2 eine entscheidende Rolle in der anti-
apoptotischen Wirkung von MIF spielt. ELISA-Daten legen nahe, dass die Stimulation
von PBMCs mit oxMIF andere Zytokine freisetzt. Zukiinftige Studien sind jedoch
erforderlich, um festzustellen, ob MIF und oxMIF unterschiedliche Signalwege

aktivieren.

Im néchsten Teil dieser Arbeit wurde die Rolle von MIF und oxMIF als Priming-Agent
fiir die oxidative und phagozytische Aktivitdt von Neutrophilen sowie fiir die Bildung
NETs untersucht. Neutrophile sind als Hauptproduzenten reaktiver Sauerstoffspezies
bekannt, darunter Superoxidradikale, Wasserstoffperoxid und Hypochlorige Saure (164)
- ein Prozess, der als ,,oxidative burst* bezeichnet wird. Vorinkubation von Neutrophilen
mit MIF fiihrte zu einer beschleunigten Produktion von Superoxid, wenn Neutrophile mit
PMA oder fMLP aktiviert wurden. Dieser Effekt war unabhingig vom
Oberflachenrezeptor CXCR2, konnte jedoch durch einen spezifischen MIF-Inhibitor (4-
IPP) blockiert werden. Die N-terminale Prolinoxidation durch HOCI verhinderte jedoch
die 4-IPP-Bindung, was darauf hinweist, dass in einer oxidativen Mikroumgebung
Inhibitoren, die auf den N-Terminus von MIF abzielen, moglicherweise ihre Wirkung
verlieren. Ebenso konnte gezeigt werden, dass Vorinkubation mit MIF und oxMIF zu
einer beschleunigten intrazelluliren Produktion von Hypochloriger Sdure und einer
erhohten Anzahl von Phagosomen in Neutrophilen fithrte. Die Féhigkeit von
Neutrophilen, Zymosan-Partikel zu phagozytieren, nahm jedoch insgesamt nicht zu,
wurde aber beschleunigt. Dariiber hinaus konnte gezeigt werden, dass MIF und oxMIF
selbst keine NETose induzierten konnen, aber die Reaktion von Neutrophilen auf PMA-

induzierte NETose erhohen. Zusammengenommen unterstiitzen diese Ergebnisse das
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Potenzial von MIF als Priming-Agent fiir Neutrophile und bilden die Grundlage fiir die
Entwicklung neuer Therapiestrategien. In Pilotexperimenten konnte ich auch zeigen, dass
in einem krankheitsrelevanten in vivo-Model, beispielsweise im Myokardinfarkt,
Neutrophile und MIF kolokalisieren, was einen mdglichen Einfluss von MIF auf die

Funktion von Neutrophilen unterstreicht.

Unabhingig von seinem Potenzial als Priming-Agent habe ich gezeigt, dass MIF und
oxMIF in der Lage sind, DNA in vorgeformten NETs abzubauen. Dieser geringfiigige
Effekt ist jedoch nicht mit dem DNA-Abbau durch DNase vergleichbar, konnte jedoch

das Potenzial einer neuen Funktion von MIF-Proteinen aufzeigen.

Zusammengefasst, habe ich gezeigt, dass MIF und oxMIF eine wichtige Rolle bei der
Aktivierung der Neutrophilen spielen konnen, was durch die Verzogerung die Apoptose

von Neutrophilen, weiter gesteigert werden kann.
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