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ZUSAMMENFASSUNG
Functional evaluation of the PTPase DEP-1 as a novel regulator of monocytes and
macrophages in diabetes and inflammation
Obergassel, Julius

Einleitung Diabetes mellitus (DM) ist eine Erkrankung mit hoher Morbiditét und Mor-
talitdt. Die Inzidenz ist steigend. Monozyten und Makrophagen spielen eine aktive Rolle
in der Pathogenese der Atherosklerose, der relevantesten Komplikation von DM. Density-
enhanced phosphatase 1 (DEP-1), fiir die bereits relevante Funktionen in der Regulation
von Tumor- und Endothelzellen gezeigt wurden, ist insbesondere in Makrophagen ver-
gleichsweise stark exprimiert, ohne dass die funktionelle Relevanz in diesem Zelltyp hin-
reichend untersucht wurde.

Methoden DEP-1 mRNA-Expression wurde via rt-qPCR in isolierten, primiren
CD14™"CD16'Monozyten hospitalisierter Patienten gemessen und zwischen einer an DM
erkrankten und einer nicht an DM erkrankten Gruppe verglichen. Der Einfluss inflamm-
atorischer und metabolischer Stimuli auf die Expression wurde in-vitro untersucht. Ein
in-vitro DM-Modell humaner Makrophagen mit DEP-1 Knock-down (KD) via RNA-In-
terferenz wurde etabliert um mittels MTT-Tests, Migrationsversuchen und Expressions-
tests die funktionelle Relevanz von DEP-1 in DM-assoziierter Atherosklerose in Monozy-
ten und Makrophagen zu untersuchen.

Ergebnisse DEP-1 mRNA war in der T2DM-Gruppe heraufreguliert (40%, p<0.05). Im
Vergleich zu nicht stimulierten Monozyten war DEP-1 in TNF-a (260%, p<0.001) und
unter hyperglykdmischen Bedingungen kultivierten Monozyten heraufreguliert (466%,
ns). Die DEP-1-Aktivitit zeigte sich im Vergleich zwischen nicht-, M1- und M2-aktivier-
ten Makrophagen in M1-Makrophagen am hochsten. DEP-1 KD fiihrte zu reduzierter
Makrophagen-Migration im Wundheilungsversuch. p65-Expression und -Phosphorylie-
rung, sowie TNF-a-Expression zeigten sich unter DEP-1 KD erhoht, die Zellvitalitét, ge-
messen im MTT-Test, war unbeeinflusst.

Diskussion Diese Arbeit untersucht und diskutiert die funktionelle Relevanz von DEP-1
in CD14™"CD16™ Monozyten, u. a. in Monozyten an DM erkrankter Patienten und in ei-
nem in-vitro Inflammations- und Hyperglykdmie-Modell, sowie in in-vitro differenzier-
ten Makrophagen. Es wird gezeigt und diskutiert, dass inflammatorische Signalwege, die
NF-«kB involvieren, von DEP-1 reguliert werden und umgekehrt auch DEP-1 regulieren.
Mogliche Signalwege, die die Makrophagen-Migration sowie den NF-kB-Signalweg
DEP-1-abhingig regulieren konnten, werden diskutiert.
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1 Introduction

1.1 Atherosclerosis is a major complication of diabetes mellitus

Diabetes mellitus (DM) is one of the most emerging diseases regarding prevalence, mor-
tality and health care expenses. The International Diabetes Federation (IDF) estimates the
world-age adjusted prevalence of diabetes in Europe in adults between 20 and 79 years
6.3 % with an 16 % increase to 7.3 % until 2030. The IDF suggests a proportion of 32.9
% of all deaths in Europe before the age of 60 years to be due to diabetes (99). This data
is concordant with 2020 data from the Centers for Disease Control and Prevention (28).
A recent prospective trial performed on five continents could show that just a high-gly-
cemic-index diet is associated with an increased rate of major cardiovascular events, in-

dependent of pre-existing cardiovascular disease or diabetes (103).

Along the autoimmune type 1 diabetes mellitus (T1DM), gestational diabetes and other
specific secondary subtypes, such as genetic forms, endocrinopathies, DM following total
pancreatectomy or pharmaceutically induced diabetes, type 2 diabetes mellitus (T2DM)
is the leading subtype with a prevalence of 87 to 91% (99). This metabolic disease evolves
roughly from long term elevated levels of blood glucose leading to increased stimulation
of B-cells in the pancreatic islands to produce insulin. This phenomenon is typical for
obesity (15) and leads by time to peripheral insulin resistance, requiring absolutely more
insulin to keep the blood glucose levels in a normal range (109). At some point, the -
cells' capability to produce sufficient insulin decreases and B-cells become dysfunctional.
This is when the blood glucose levels begin to rise and impaired glucose tolerance devel-
ops to a manifest T2DM (264). Today, the disease’s pathophysiology is much more elu-
cidated, including knowledge about genetic predisposition, regulatory mechanisms in the
nervous system, remodeling of adipose tissue and concepts of systemic and local inflam-
mation, for example within the B-cell islands, which all contribute to the feedback loops

between insulin resistance, -cell dysfunction and rising blood glucose levels (108).

The burden of patients suffering from T2DM, in contrast to T1DM, is usually not the
diabetes itself, because typical acute complications like non-controlled blood glucose
with hypo- and hyperglycemic episodes and symptoms such as nycturia and exsiccosis,
unwanted weight loss, urinary tract infections or lassitude are much rarer in this subtype.

However, T2DM disease burden, mortality, decreased quality of life, increased hospital



admissions and associated health care costs, etc. are caused by the development of chronic
complications from the disease (247), classified as chronic macrovascular (e. g. coronary
artery disease, peripheral artery disease) and microvascular (e. g. diabetic nephropathy,

diabetic retinopathy) complications (35, 250).

Atherosclerosis is the main pathology causing the chronic vascular complications of DM
which are ischemic stroke and coronary as well as peripheral artery disease (178). Ather-
osclerosis is the accumulation of aggregated lipoproteins together with fibrous material
in the subintimal layer, as well as proliferation of vascular smooth muscle cells and cal-
cification within the walls of the macro- and microvasculature which leads to a chronic
obstruction of the vessel lumen and ischemia of the tissue served. Tissue ischemia has
functional implications (e. g. neurological deficits, decreased cardiac function and output,
etc.) and causes clinical symptoms such as aphasia, paresis or angina pectoris. Most
known from coronary artery disease, an atherosclerotic plaque can ultimately rupture (18)
which exposes the thrombotic core to the bloodstream, leading to acute thrombosis of the
respective vessel (47). In the heart, this pathology called type 1 myocardial infarction
causes severe ischemia up to necrosis of the served tissue and acute and chronic life-
threatening conditions. Chronic ischemic heart disease, acute myocardial infarction and
heart failure account for nearly a quarter of all cases of death in Germany in 2015 (232),
diseases of the cardiovascular system (ICD 100-199) accounted for 375274 out of 957874
deaths (40.2 %) in Germany in 2018 (231). Well established risk factors for atheroscle-
rosis and ischemic heart disease are dyslipidemia (elevated low-density lipoprotein
(LDL), reduced levels of high-density lipoprotein (HDL)), diabetes (110) , hypertension,
smoking, overweight and obesity, and age, as well as a genetic predisposition for prema-
ture cardiovascular disease as non-modifiable cardiovascular risk factors (65, 153). Other
established biomarkers for risk assessment are elevated lipoprotein(a) (Lp(a)) (177), ho-
mocysteine (34), other forms of dyslipidemia (7) or elevated high-sensitivity C-reactive

protein (CRP) (200, 201).
1.2 Monocytes, macrophages and their role in health and disease

1.2.1 Monocytes: Ontogenesis, subsets, and function
Monocytes account for 5 % of the leucocytes (257). Together with macrophages and an-

tigen-presenting dendritic cells, monocytes and their hematopoietic progenitors constitute



the mononuclear phagocyte system (MPS). The MPS is mainly responsible for the innate
immune response but also involved in the adaptive immune response (98). Besides that
but as important is the function of the above-mentioned cells, especially tissue-resident
macrophages, in homeostasis , tissue repair and regeneration (272) or elimination of dead

cells (92) and many other housekeeping tasks.
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Figure 1: Monocyte subpopulations in fluorescence assisted cell sorting. Monocytes and peripheral
blood of humans can be divided into three different subsets based on their expression of the surface proteins
CD14 and CD16. While classical monocytes express high CD14 and no CD16 (CD14""CD16°), non-clas-
sical monocytes and intermediate monocytes express both surface proteins and can be distinguished by the
CD14/CD16 ratio (non-classical: low CD14, intermediate: high CD14, both: high CD16). The figure dis-
plays a gating strategy for CD14 and CD16 stained mononuclear cells in fluorescence assisted cell sorting.
(271)

After leaving the bone marrow, monocytes remain in the circulation for one to seven days,
depending on their state of activation before they either migrate into tissues and become
macrophages or die through apoptosis (186, 265). In humans, monocytes were roughly

divided into three subsets depending on surface protein expression, especially cluster of



differentiation protein 14 (CD14) and CD16, which is associated with different roles in

physiological and pathophysiological conditions (286) (Figure 1).

Classical monocytes express CD14 at high levels and do not express CDI16
(CD14""CD16"). They are mainly involved in phagocytosis and inflammatory processes.
Classical monocytes express several surface markers such as C-C motif receptor 2
(CCR2, also known as monocyte chemoattractant protein 1 (MCP-1) receptor or CD62L
(also known as L-selectin), which are among other receptors crucial for recruitment of
monocytes to sites of inflammation or atherosclerosis (271). Classical monocytes in hu-

mans correspond to the Ly6C"-subset in mice.

Intermediate CD 147" CD16" monocytes are equally involved in pro-inflammatory pro-
cesses producing high amounts of pro-inflammatory cytokines upon stimulation through
bacterial products (88). Besides, intermediate monocytes express the surface markers en-
doglin, angiopoietin receptor and vascular endothelial growth factor receptor 2
(VEGFR2) which are associated to angiogenesis (280). Intermediate monocytes express
the highest amount of major histocompatibility complex class II (MHC class II) and fur-
ther genes crucial for antigen presentation (270). Classical and intermediate monocytes

where shown to be involved in cardiovascular atherosclerosis (128).

Non-classical monocytes (CD14"CD16") are currently known for their patrolling behav-
ior along the luminal endothelium (9, 38). In opposite to classical monocytes, this subset
does not express MCP-1 receptor CCR2 nor L-selectin. CD14°CD16" express CX3CR1,
the only known receptor for fractalkine (CX3CL1), at high amounts which was shown to
be crucial for monocyte homeostasis and survival, as well as for migration (70, 134).
CCR2, CCRS5 and CX3CRI1 seem to be important for migration of monocytes into ather-
osclerotic plaques (184, 240). Non-classical monocytes correspond to the Ly6C!*%-subset
in mice. Interestingly, clinical studies have shown expansion of the CD14"CD16" subset

in blood during sepsis and hemolytic uremic syndrome (58, 60).

Of note, there is a continuum of differentiation between all monocyte subsets and pheno-
type is mainly defined by the differentiation state at emigration from their origin, mainly
the bone marrow, into the circulation, as well as upon immigration into the tissue (88,
238). Monocytes can be differentiated into macrophages in-vitro by exposing them to

macrophage colony-stimulating factor (M-CSF) for 5-7 days (283).



1.2.2 Monocyte to macrophage differentiation

Macrophages are known and named for their morphology as comparably large cells and
phagocytotic activity, first discovered more than a hundred years ago. Macrophages
mainly derive from circulating monocytes (253), originating from hematopoietic stem
cells (HSC) in the bone marrow, or — as so called tissue-resident macrophages — from

primitive embryonic macrophages (187).

Circulating monocytes were found to emigrate through the endothelial barrier into the
subendothelial tissue upon certain stimuli where they further differentiate into macro-
phages (98, 253, 254). These macrophages with certain roles and function depending on
the tissue and the local conditions defined by the cytokines present, were originally be-
lieved to be maintained only by recruitment and differentiation of monocytes from the
peripheral blood (56, 82, 214). M-CSF is crucial for this monocyte to macrophage differ-
entiation (42, 173) and is the main ligand of the M-CSF receptor, better known as colony
stimulating factor 1 receptor (CSF-1R).

More recent research has shown that tissue macrophages originating from circulating
monocytes coexist with those originating from tissue-resident primitive embryonic pro-
genitor macrophages. The latter were shown to be genetically different to those originat-
ing from HSCs, which again originate from erythro-myeloid precursors in the embryonic
yolk sac (75, 76, 213). These so-called tissue-resident macrophages have been found to

be self-renewal and independent from monocyte recruitment during adult life (3, 104).

Development of macrophages from their progenitors is mediated by linage determining
cytokines, especially M-CSF and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (25, 229, 283). These factors are also used in in-vivo studies to differentiate

primary human monocytes into monocyte-derived macrophages (171).

1.2.3 Macrophage function and activation

Macrophages exist in nearly all tissues of a human adult and represent one of the most
heterogenous and plastic cell types (81). None the less, main functions of macrophages
reside host defense (79, 98), tissue repair and homeostasis (272), including clearing debris
(92). Besides, macrophages fulfill tasks in embryonic development (96) or certain meta-

bolic tasks as tissue resident macrophages. The phenotype of macrophages mainly defines



their functional specializations in their tissue of residence, such as Langerhans cells in the

epidermis, osteoclasts, microglia, cardiac macrophages or alveolar macrophages (82).

Monocyte-derived macrophages are subdivided by their so-called activation or polariza-
tion states (17, 159). Classically-activated macrophages (M1 macrophages) were first de-
scribed by Mackaness in 1962 finding an "immunological activation" of macrophages by
Listeria monocytogenes (154). Meanwhile it is known, that classical activation of macro-
phages happens through interferon-gamma (IFN-y), as produced by Tul-lymphocytes
during an acute inflammatory reaction in combination with a following stimulation of
toll-like receptors (TLR) by microbial antigens, such as lipopolysaccharides (LPS) (236).
MI1-macrophages are the proinflammatory, microbicidal phagocytes in an acute immune
reaction following an infection. Besides, nitric oxide production through the inducible
nitric oxide synthetase is enhanced in this phenotype (164). Typical markers are CD68,
CD80, TLR 2 and TLR4 and secretion of pro-inflammatory cytokines, such as IL-1,
tumor necrosis factor a (TNF-a) and IL-12 (30, 43, 159), is characteristic.

Alternatively activated macrophages (M2-macrophages) are defined by expressional and
functional changes following stimulation with interleukin 4 (IL-4) and interleukin 13 (IL-
13) (164). M2-macrophages express the mannose receptor (MRC1 or CD206) and MHC
class II, although at slighter lower levels and with lower immunological response than
M1-macrophges (43, 139). The production of pro-inflammatory cytokines is lower in M2-
macrophages (165). There as, they produce regulatory cytokines such as IL-10 or growth
factors, such as transforming growth-factor B (TGF-B). M2-macrophages mainly regulate
and contribute to wound healing, repair and regeneration during chronic infections and
homeostasis, allergies and asthma, parasite infections and as immune regulators (80, 157,

159).

More recently, macrophage activation was suggested to be a continuum between M1 and
M2 macrophages, as there are other cytokines and stimulants that also regulate macro-
phage function and their gene expression and more different phenotypes were recently
found. Macrophages are now more seen in response to different microenvironmental con-
ditions, being more plastic about their phenotype (68, 157, 159, 169, 196, 219). This

newer view on macrophage activation was well reviewed by Wang et al. including



involved molecular pathways and their reciprocal interference upon stimulation with dif-

ferent factors (219, 258).

Nevertheless, the concept of classical inflammatory activation through IFN-y and a TLR-
stimulant like LPS versus alternative activation through IL-4 and IL-13 is used in this
work to discriminate between two opposite activation states in-vitro, knowing that these
represent the different in-vivo phenotypes only partwise which is still a common practice

in basic research (171).

1.2.4 Monocytes and macrophages in atherosclerosis

Research about atherosclerosis reaches back multiple centuries. A recent definition of
plaque histology was established in 1995 by the Committee on Vascular Lesions of the
Council on Arteriosclerosis of the American Heart Association (230). Among several
historical hypothesis about the pathogenesis of atherosclerosis (e. g. proliferative disease,
resorption of thrombi) the leading hypothesis today is based on the response-to-injury
model, originally postulated by Ross et al. in 1977 (208). It is known that atherosclerosis
is a result of lipid, mainly LDL, accumulation in the vascular wall, leading to recruitment
of immune cells, a corresponding maladaptive immune response and chronic inflamma-
tion with a disturbed homeostasis and clearance. Especially during leukocyte recruitment,
endothelial dysfunction plays an important role, as the endothelium gets activated, ex-
presses leukocyte adhesion molecules, and increases its permeability. In consequence, the
core of the atherosclerotic lesion grows through further extensive recruitment of mono-
cytes becoming macrophages and LDL-uptake. A fibrous collagen-rich cap is formed es-
pecially through smooth muscle cells which get recruited from the media into the intima

(143).

Monocytes and macrophages are crucial for the development and further establishment
of atherosclerotic plaques in all stages of the disease: Early stages of atherosclerosis in-
volve monocyte recruitment through the endothelium, associated signaling processes,
foam cell, and the balance between pro- and anti-inflammatory pathways that contribute
to atherosclerotic inflammation (64, 167, 207). More recent research focused on discov-
ering mechanisms behind macrophage emigration from the plaque — either back to the
vessel lumen or out of the vessel towards the adventitia — which can decrease velocity of

plaque progression (74). One potential mechanism described is the upregulation of

10



macrophage inhibitory factor (MIF) during progression of atherosclerosis (24) which is
in line with the very early made observation that macrophage emigration from the ather-

osclerotic lesions decreases with plaque progression (74).

LDL and modified forms of LDL such as oxidized LDL (oxLDL) are hallmarks in the
early development of atherosclerotic lesions and therapeutic lowering of circulating LDL
was shown to be crucial in cardiovascular risk reduction during primary and secondary
prevention (67, 221, 233, 244, 276). OxLDL is generated enzymatically or through non-
enzymatic oxidation, e.g. via reactive oxygen-species (ROS) (87, 277). Although re-
searchers agree that LDL oxidation mainly takes place in the subendothelial space, plasma
levels of oxLLDL are elevated in diabetic metabolic conditions (94). OxLDL binds to class
A (SR-ATI and SR-AII), class B (SR-B1 and CD36), and class E (lectin-like oxidized low-
density lipoprotein receptor-1 (LOX-1)) scavenger receptors (SR) expressed in many vas-
cular cells but also in monocytes and macrophages (22, 141). Class B SR do not bind
normal LDL protein to the same extent as class A and class E SR (175). Besides oxLDL
and other forms of normal LDL protein, also conjugates with other pro-inflammatory
were found to be taken up by macrophages and contribute to foam cell formation, e. g. a
CRP-opsonized native LDL (287). The process of lipid uptake via phagocytosis, pinocy-
tosis and SRs, the intracellular lysosomal and enzymatic degradation, the balance be-
tween free cholesterol efflux and lipid accumulation and related signaling cascades is
complex, not yet fully understood and remains elusive (167). Also, the role of the differ-
ent macrophage-expressed scavenger receptors is not dichotomic pro- or anti-atheroscle-
rotic (166): For example, modern studies in Msr”-mice (SR-AI null and SR-AII null)
found increased lesion size (11, 146), while two studies on overexpression of Msr in the
most used atherosclerosis mice models (Ldlr’~ and Apoe™) did not find an increased
plaque progression (90, 252). It is currently a common dogma, that lipid uptake may be
handled to a certain amount by macrophages and is therefore rather anti-atherosclerotic
because LDL and its modified forms do not accumulate as free particles in the vessel wall.
However, if the lipid supply exceeds macrophages’ capabilities of clearing which leads
to trapping of mostly modified LDL particles within macrophages (160). This process is
called foam cell formation (141, 167). Indirectly, oxLDL stimulates monocytes and mac-
rophages contribution to atherosclerosis by modifying the endothelium and therefore in-

creasing leukocyte infiltration, e.g. by upregulation of adhesion molecule VCAM-1 via

11



NF-«B activation (278) or by increasing endothelial permeability (191). LOX-1 was
shown to activate NF-«kB in endothelial cells (36).

Besides direct contribution to lipid metabolism, scavenger receptors interact with several
macrophage intracellular signaling pathways in a complex manner which was well re-
viewed (170, 195). Reduced NF-«xB activation and cytokine release was observed in mac-
rophages obtained from CD36-deficinet patients (274). This was explained by the obser-
vation that CD36 together with heterodimer of TLR4 and TLR6 activates NF-kB upon
binding of oxLDL (235). Besides oxLDL binding to CD36 seems to inhibit macrophage
motility (185). Aside from receptor-initiated signaling cascades, free cholesterol within
the cell membrane, organized in lipid rafts, seems to enhance TLR-initiated intracellular

pro-inflammatory NF-«B signaling (279, 285).

Therefore, LDL and modified LDL-forms are not only passive components of foam cells
and the atherosclerotic lesions. In fact, they are among other cytokines and cell-cell-in-
teraction important mediators and regulators of the atherosclerotic inflammation, espe-

cially through SR and TLR and more downstream through NF-«B signaling.

1.2.5 Macrophage migration

Macrophage migration is crucial for their function in many physiological contexts such
as wound healing and in innate immunity when they need to be recruited to sites of dam-
age or infection. Among monocyte functions such as adhesion (184), or other macrophage
functions such as proliferation (205), inhibited macrophage migration contributes to the
monocyte-macrophage-axis of atherogenesis and atherosclerotic plaque progression, as
macrophages are retained within a plaque and reverse migration back to the vessel lumen
or through the adventitia out of the vessel wall is weakened (167). The process of reverse
migration in resolving inflammation is also discussed for neutrophils as another cell type
in innate immunity (206). Migration is a complex process of building and releasing focal
adhesions, cell protrusion and retraction. Many signaling molecules are involved in this
process, such as tyrosine kinases, Rho GTPases, integrins and the cytoskeleton itself (106,
192). Src-family kinases (SFKs) were shown in various studies to be important proximal

regulators of macrophage migration (27, 148).
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1.2.6 NF-kB signaling in macrophages

The signaling pathway of the transcription factor nuclear factor 'kappa-light-chain-en-
hancer' of activated B-cells (NF-kB) is considered mainly a pro-inflammatory signaling
pathway in many cell types, especially leukocytes, although also regulating and inflam-
mation resolving functions of NF-kB signaling have been identified. It is associated with
many chronic inflammatory diseases. It plays a major and complex regulatory role in
atherosclerosis (268), for example when monocytes are getting activated and recruited to
the sub-endothelium (220) or when macrophages produce pro-inflammatory cytokines
through prior NF-kB activation (78). In diabetes insulin signaling impairment is partly
mediated by NF-kB activation (150). NF-kB mediates acute activation in inflammatory
contexts through pattern recognition receptors such as Toll-like receptors which sense
microbial products. It is also activated by cytokine receptors from the TNF-receptor fam-
ily or the IL-1-receptor family. Besides, NF-«kB can be activated alternatively through LT
B, CD40L, BAFF and RANKL with altered, non-canonical, downstream signaling (237).
The canonical signaling pathway includes formation and activation of the IKK complex,
phosphorylation of IkB subunit of NF-kB which gets degraded while the two other subu-
nits p50 and p65 get translocated into the nucleus where they act directly as a transcription
factor (136). TGF-B is a chemoattractant and activator as well as an inhibitor of mono-
cytes and macrophages and functions highly context-dependent. It has been shown that

TGF-B might be a potential inhibitor of NF-kB (223).

1.3 Protein tyrosine phosphatases (PTPs)

Signal transduction at a cellular level is crucial to regulate and control cell function. Sig-
nal transduction takes place intra- and extracellularly. Protein phosphorylation by protein
kinases is a key component of intracellular signaling and signal transduction from extra-
cellular stimuli to intracellular functions. Phosphorylation of proteins occurs at tyrosine,
serin or threonine amino acids. An important aspect of extracellular to intracellular signal
transduction involves receptor tyrosine kinases (RTKs) and protein tyrosine phosphatases
(PTP) as their natural opponents, both controlling the tyrosine phosphorylation states of
signaling proteins (181).

PTPs are therefore important mediators and modifiers of intracellular signaling down-

stream of growth factors, cytokines, and hormones being involved in regulation of cell
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cycle, metabolism and function (248). Together, RTKs and PTPs maintain a balance in
phosphorylation stages while a disbalance can result in various cell abnormalities which
can again lead to severe diseases. For example, the protein tyrosine phosphatase non-
receptor type 11 (PTPN11, also known as SHP-2) is known to mutate during disease pro-
gression of primary myelodysplastic syndrome (32), to be associated with a worse prog-
nosis in certain subgroups of acute myeloid leukemia (97) and in its mutated form to be
the cause of more than 50 % of the cases of the autosomal-dominant disorder Noonan
syndrome (243). Protein tyrosine phosphatases can be split in multiple groups, typically
in the transmembrane receptor-like PTPs and the intracellular non-transmembrane PTPs.

DEP-1 is in opposition to SHP-2 a member of the receptor-like PTPs.

Among many PTPs, Density-enhanced phosphatase 1 (DEP-1; also known as PTPRJ,
hPTP-n, ) is one, expressed at highest levels in human and murine macrophages compared

to other cell types and tissues (129, 145, 180).

1.4 Density-enhanced phosphatase 1 (DEP-1)

DEP-1 belongs to the family of PTPs, those protein phosphatases which are highly selec-
tive to tyrosine dephosphorylation (5), and is a 180-220 kD product of the PTPRJ gene
(21) present in the plasma membranes of many cell types, including all hematopoietic
linages (especially in macrophages and B-lymphocytes), endothelial cells, epithelial cells,
fibroblasts and further cell types (21, 69, 95, 182). Compared to other tissues and cell
types, DEP-1 expression is high in human and murine macrophages (234). Other relevant
PTPs in myeloid cells, especially macrophages and macrophage activation are PTP¢,
SHP1, SHP2 and PTP1B, PTPN22, DUSP1 (123, 194). The human PTPRJ gene was lo-
cated at chromosome 11p11.2 (95). Besides its single cytoplasmatic catalytic domain and
a single transmembrane domain, DEP-1 has an extracellular domain with eight to twelve
fibronectin type III repeats (182). Regulatory roles for DEP-1 have been identified in
many physiological and pathophysiological contexts: It is especially known as a tumor

suppressor (210), and more lately in autoimmunity (10, 46).

1.4.1 DEP-1 as a regulator in cancer, metastasis, autoimmunity, and insulin re-
sistance
As relations to diseases are reported for several PTPs (248), Ruivenkamp et al. found that

DEP-1 is a candidate for the mouse susceptibility to colon cancer 1 gene (Sccl) as well
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as a frequent deletion of the PTPRJ gene in human colon, lung and breast cancer, and
suggested DEP-1 as a tumor suppressor (210). An association of DEP-1 to leukemogen-
esis of acute myeloid leukemia by being involved in the cell transforming process through
FLT-IT3 has been suggested by Godfrey, Arora et al. in 2012 (77). More lately, DEP-1
has been related to diseases aside from cancer: Dave ef al. showed an upregulation of
DEP-1 in experimental arthritis in mice, as well as in human rheumatoid arthritis (46).
Earlier, an association of DEP-1 with Cogan’s syndrome (151) and Crohn’s disease (10),
two other autoimmune diseases, was mentioned. A yet unknown autosomal-recessive var-
iant of familial inherited thrombocytopenia with a biallelic loss-of-function mutation in
the PTPRJ gene was described by Marconi et al. (158). Also more recently, two studies
have shown that DEP-1 activity is increased in high-fat diet-induced obesity (126, 218)
and dephosphorylates and therefore negative regulates the insulin receptor (125). Reduc-
ing DEP-1 activity by antisense oligonucleotides led to significant reduction of body
weight, basal glucose levels, serum insulin and leptin, and an improvement in insulin
sensitivity, possibly by hyperphosphorylation in the insulin signaling cascade, in these
obese mice (126).

1.4.2 Upstream regulation and downstream targets of DEP-1

Besides regulation of DEP-1 expression and activity in pathological contexts as stated
above, there are not many upstream regulators of DEP-1 in a cellular context identified
yet. However, there is strong in-vitro evidence that DEP-1 is downregulated by M-CSF
in its basal and stimulated expression. Furthermore it has been shown that LPS is a posi-
tive regulator of DEP-1 messenger ribonucleic acid (mRNA) expression (44, 180). This
data, gained from human and mouse macrophages, suggests a potential role in regulating
inflammation, as well. Additionally, there is evidence that there is a 13 amino acid long
sequence in the 5’-end of the PTPRJ-mRNA which is attenuating the transcription of the
mRNA in a possibly self-limiting matter (112).

In opposite to the narrow amount of knowledge about upstream regulation of DEP-1,
several downstream targets and intracellular functions have yet been identified in various
cell types. Nevertheless, the overall role of DEP-1 in intracellular signaling is not under-
stood yet. Identified direct targets of DEP-1 include tyrosine kinases from the Src family
(SFKs) (234) — to be exact Lck, Fyn and Src — the platelet-derived growth factor receptor
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(PDGF-R) (122), the vascular endothelial growth factor receptor 2 (VEGF-R2) (133), the
hepatocyte growth factor receptor (183), the regulatory p85 subunit of phosphatidylino-
sitol-4,5-bisphosphate 3-kinase (PI3K) (249) and janus kinase 2 (218). Shalev et al. iden-
tified a direct dephosphorylation of CSF-1R and CBL, a protein involved especially in
ubiquitination, by DEP-1 (217). Besides an interaction between p120-catenin (93) was
suggested. While DEP-1 — as a phosphatase — acts as a negative regulator, reducing a
signaling pathway’s activity, in most of the above-mentioned cases, it is a positive regu-
lator of the Src kinase activity by dephosphorylating it specifically at its inhibitory sites
Y528 and Y530 (62, 227, 234).

1.4.3 DEP-1 regulates proliferation, adhesion, cell cycle and has impact on tumor
metastasis, invasion and angiogenesis in cancer

Research groups have discovered functional roles of DEP-1 in multiple contexts while

focus has been set on its role in cancer as a tumor suppressor and more lately on its DEP-

1-regulated proliferation and permeability in endothelial cells and therefore angiogenesis,

especially tumor angiogenesis.

With regard to cancer, an important and intensively studied pathway in which DEP-1 is
involved is contact inhibition: Expression of DEP-1 increases with cell density in fibro-
blasts (182) which — in another study in epithelial colon cancer cells — was reported to
inhibit pathways involved in cell cycle progression and proliferation (12). DEP-1’s neg-
ative regulatory effect on proliferation through contact inhibition was also described for
endothelial cells with a vascular endothelial growth factor (VEGF) stimulus for prolifer-
ation and following angiogenesis (83, 241). In these studies, angiogenesis, capillary for-
mation, vascular permeability and therefore tumor growth and metastasis were inhibited
through DEP-1. There against, Fournier et al. recently showed experiments which sug-
gested that DEP-1 may be a positive regulator of angiogenesis and vascular permeability
and therefore tumor progression (62). The authors suggested DEP-1’s strong positive reg-
ulatory effect on Src-family kinases, overwhelming negative regulatory effects on other
pathways, as the potential mechanism behind this observation. Similar observations re-
garding permeability were made in human umbilical vein endothelial cells (HUVEC) by
Spring et al. with the additional finding that overexpression of DEP-1 at very high levels

lead to negative regulation Src signaling and therefore contrary downstream effects (226).
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The same group showed later, that DEP-1 silencing in breast cancer cell lines impaired

invasion and metastasis but not cell proliferation (227).

1.4.4 Yet known aspects about DEP-1 ‘s role in immunity and inflammation
Other research focused on DEP-1’s role in immune cells and inflammatory processes.
One important study from Zhu et al. was conducted on B-cells and bone marrow derived
macrophages (BMDM) from DEP-1 and CD45 single-knockout (KO), as well as in dou-
ble-knockout (DKO) mice. They showed that mitogen activated protein kinase’s (MAPK)
downstream pathway is attenuated in B-cells from DKO mice with reduced levels of
phosphorylated extracellular signal-regulated kinase (ERK). Also, B-cell-receptor medi-
ated intracellular signaling was reduced. Since phosphorylation was reduced at many sites
within the DKO b-cells, the authors suggested and experimentally found Src-family ki-
nases as possible proximal mediators. These effects were mild in DEP-1-KO-, higher in
CDA45-KO- and highest in B-cells from DKO-mice. This conclusively suggests possible
redundant functions of DEP-1 and CD45 in B lymphocytes.

Looking at the myeloid lineage, phagocytosis and TNF-a production were impaired, as
well as Src-signaling, with strongest effects in DKO BMDMs, although reduction of
TNF-a production was similar between both single KO and the DKO cells (284). Dave,
Hume et al. treated BMDMs with anti-DEP-1-antibodys and observed a reduction in M-
CSF induced cell spreading and membrane ruffling, as well as migration towards an M-
CSF gradient while no differences were observed in proliferation and total tyrosine phos-
phorylation. The same group discovered an upregulation of DEP-1 in infiltrating T-cells
and inflammatory macrophages in human rheumatoid arthritis later. This was shown in

joint tissues from mice with collagen-induced arthritis as well (46).
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2 Research aim and questions

As demonstrated in the previous chapter, DM and atherosclerosis as its important com-
plication confront not only the western world with a high disease burden and mortality
(chapter 1.1). Medicine yet lacks sufficient molecular, targeted treatment options (114).
Monocytes and macrophages are important mediators of atherogenesis and DEP-1 is a
PTP which is highly expressed in the myeloid lineage (chapter 1.4), while its functional
and regulatory role in these cells, in inflammation itself, in hyperglycemia and diabetes
and with regard to atherosclerosis is not yet conclusively investigated and remains unclear
(chapter 1.4.4). However, a relevant pathophysiological role in these contexts seems pre-
sumable and would be in line with findings for the PTPs SHP-2 (52) and PTP1B (2, 50,
282) in diabetes, as well as with its already shown involvement in insulin signaling and

relevance in obesity (125).

This work aims to further elucidate whether DEP-1’s functional relevance in monocytes
and macrophages with focus on DM as a pathophysiological context. The following re-

search questions tailor this broader aim:

1. Does monocytic DEP-1 expression differ between diabetic patients and healthy con-
trols? This question elucidates a general “pathophysiological relevance” of DEP-1 in
DM.

2. Are metabolic stress — as present in DM — and inflammatory cytokines upstream reg-
ulators of DEP-1? Which upstream pathways are involved and to which extent?

3. Which are the most important functional effectors of DEP-1 in macrophages?

3.1. As regulatory roles for DEP-1 in cell cycle and proliferation signaling processes
but also in macrophage migration were suggested (chapters 1.4.3 and 1.4.4),
effects of DEP-1 on macrophage viability and migration will be investigated.

3.2. As macrophages’ core function is residing in host defense and since NF-«B is at
least among, if not the most important inflammatory signaling pathway(s), DEP-
1’s impact on NF-kB activation and its effectors will be investigated to further

clear the PTP’s role in inflammation.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicals

Table 1: Chemicals.

Chemical

Manufacturer

Ammonium persulfate (APS)

AppliChem GmbH, Germany

Bovine serum albumin (BSA)

Merck KGaA, Germany

Dimethyl sulfoxide (DMSO)

CalBiochem (Merck KGaA), Germany

Ethanol absolute

AppliChem GmbH, Germany

Ethylenediaminetetraacetic acid (EDTA)

AppliChem GmbH, Germany

Ethylenglycol-bis(2-aminoethylether)-N,N,N',N'-
tetraacetic acid (EGTA)

Carl Roth GmbH + Co. KG, Germany

Fetal bovine serum (FBS)

Sigma-Aldrich (Merck KGaA), Germany

Gelatin Merck KGaA, Germany

ECL substrate Bio-Rad Laboratories Inc., USA
D-(+)-Glucose solution for cell culture Sigma-Aldrich (Merck KGaA), Germany
Glycine AppliChem GmbH, Germany

HCI (37%) AppliChem GmbH, Germany

Histopaque®-1077

Sigma-Aldrich (Merck KGaA), Germany

Interferon gamma (IFN-y)

PeproTech GmbH, Germany

Interleukin 10 (IL-10)

PeproTech GmbH, Germany

Interleukin 13 (IL-13)

PeproTech GmbH, Germany

Interleukin 4 (IL-4)

PeproTech GmbH, Germany

Macrophage colony-stimulating factor (M-CSF)

PeproTech GmbH, Germany

Pam3Cys-SKKKK

EMC microcollections GmbH, Germany

Methanol

VWR International GmbH, Germany

NaCl

AppliChem GmbH, Germany

PageRuler™ Prestained Protein Ladder

Thermo Fisher Scientific, USA

PBS (phosphate buffered saline)

Invitrogen, Thermo Fisher Scientific, USA

Penicillin-Streptomycin (100X)

gibco™, Thermo Fisher Scientific, USA

Recombinant Human Platelet-derived growth factor BB
(PDGF)

PeproTech GmbH, Germany

Halt™ Phosphatase Inhibitor Cocktail

Thermo Fisher Scientific, USA

Ponceau Xylidine

Thermo Fisher Scientific, USA

Halt™ Protease Inhibitor Cocktail

Thermo Fisher Scientific, USA

Opti-MEM™ | Reduced Serum Medium

gibco™, Thermo Fisher Scientific, USA

RPMI-1640 medium without glucose

gibco™, Thermo Fisher Scientific, USA

Skim milk powder

Sigma-Aldrich (Merck KGaA), Germany

Sodium dodecyl sulfate (SDS)

AppliChem GmbH, Germany

Synth-a-Freeze™, 50 ml

gibco™, Thermo Fisher Scientific, USA

Tetramethylethylenediamine (TEMED)

AppliChem GmbH, Germany

Human TNF-o, (recombinant)

Reliatech GmbH, Germany

Tris(hydroxymethyl)aminomethane (Tris)

AppliChem GmbH, Germany

Tween 20 AppliChem GmbH, Germany
B-Mercaptoethanol AppliChem GmbH, Germany
CASYton OLS OMNI Life Science GmbH, Switzerland

Calbiochem InSolution™ NF-kB Activation Inhibitor

Merck KGaA, Germany

GF 109203X (PKC inhibitor)

Enzo Life Sciences, Inc., USA
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3.1.2 Solutions

Table 2: Recipes for solutions.

NET-G solution (10X)
(washing) buffer for PVDF mem-
branes

1.5 mM NaCl

50 mM EDTA

100 mM Tris pH 8.0
0.5 % Tween 20

1 % gelatin

RIPA buffer
cell lysis buffer for protein extraction

20 mM Tris-HCI (pH 7.5)

150 mM NaCl

1 mM EDTA

1 mM EGTA

1 % NP-40

1 % sodium deoxycholate

2.5 mM sodium pyrophosphate
1 mM beta-glycerophosphate

Stable in refrigerator for 1 month.
For long term storage, store at -20 °C freezer in 10ml aliquots.

SDS-PAGE running buffer (5X)

1.92 M Tris
0.25 M Glycine

For use: Dilute 1:5 with H20 and add
1/200 vol% 20% SDS
Mix well.

SDS-PAGE protein-sample loading-
buffer (6X)

3 ml 20% SDS

3 ml B-Mercaptoethanol

4 ml Glycerol

+ few grains of bromophenol blue

SDS-PAGE separation gel buffer

2 M Tris-HCI
pH 8.8

SDS-PAGE stacking gel buffer

0.5 M Tris-HCI
pH 6.8

Western Blot transfer buffer
(Tris-Glycine-Mix)

24 mM Tris
192 mM Glycine

For use: Dilute 1:15 with H20 and add
20% Methanol
0.05 % SDS

3.1.3 Antibodies for Western Blot

Table 3: Primary antibodies used in Western Blot analyses.

Protein target Dilution |Type Species [Manufacturer Cat. no°
DEP-1 1:1000  |monoclonal |mouse |[Santa Cruz Biotechnology, Inc., USA [sc-21761
NF-«B phospho-p65 [1:1000 |monoclonal |rabbit |Cell Signaling Technology®, USA 30338
subunit

NF-kB p65 subunit  [1:1000  |polyclonal |rabbit [Santa Cruz Biotechnology, Inc., USA |sc-372
a-Vinculin 1:1000  |polyclonal |rabbit |Santa Cruz Biotechnology, Inc., USA [sc-5573
Table 4: Secondary antibodies.

Antibody Dilution Manufacturer Cat. no°
goat-anti-mouse 1:10000 Santa Cruz Biotechnology, Inc., USA sc-2005
goat-anti-rabbit 1:10000 Santa Cruz Biotechnology, Inc., USA sc-2004
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3.1.4 Kits and transfection reagents

Table 5: Kits and transfection reagents.

Kit Manufacturer Cat. no°
Classical Monocyte Isolation Kit  |Miltenyi Biotec GmbH, Germany 130-117-337
Maxima SYBR Green/ROX qPCR |Thermo Fisher Scientific, USA K0221
Master Mix

NucleoSpin® RNA Macherey-Nagel GmbH & Co. KG, Germany 740955.250
RC DC Protein Assay Bio-Rad Laboratories Inc., USA 500-0119
RevertAid H Minus First Strand Thermo Fisher Scientific, USA K1632
cDNA Synthesis Kit

RQ1 RNase-Free DNase Promega GmbH, Germany M6101
CellTiter 96® AQyeous Non-Radio- |Promega GmbH, Germany G5430
active Cell Proliferation Assay

(MTS)

Tyrosine Phosphatase Assay Sys- |Promega GmbH, Germany V2471

tem

Viromer® Blue Lipocalyx GmbH, Germany VB-01LB-01
Viromer® Green Lipocalyx GmbH, Germany VG-01LB-01
Lipofectamine® RNAIMAX Thermo Fisher Scientific, USA 13778075
INTERFERin® Polyplus transfection®, France 409-50
jetPRIME® Polyplus transfection®, France 114-01

3.1.5 Consumables

Table 6: Plasticware consumables.

Consumable

Manufacturer

ybond P 0.2 PVDF membrane

GE Healthcare Life Sciences, USA

CASYcups

OLS OMNI Life Science GmbH, Switzer-
land

CELLSTAR® multiwell culture/suspension plate (12-well)

Greiner Bio-One GmbH, Germany

CELLSTAR® multiwell culture/suspension plate (24-well)

Greiner Bio-One GmbH, Germany

CELLSTAR® multiwell culture/suspension plate (6-well)

Greiner Bio-One GmbH, Germany

CELLSTAR® culture flasks

Greiner Bio-One GmbH, Germany

Reaction tubes 500 pl/ 1.5 ml

SARSTEDT AG & Co. KG, Germany

Falcon® 15 ml

Corning Inc., USA

Falcon® 50 ml

Corning Inc., USA

Freezing tubes 2 ml

SARSTEDT AG & Co. KG, Germany

Hard-Shell® 96-Well PCR Plates

Bio-Rad Laboratories Inc., USA

Leucosep™ tubes 50 ml

Greiner Bio-One GmbH, Germany

Microseal® 'B' PCR Plate Sealing Film

Bio-Rad Laboratories Inc., USA

Stripette® 2/5/10/25 ml

Corning Inc., USA
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3.1.6 Laboratory equipment

Table 7: Laboratory equipment

Equipment

Purpose

Manufacturer

Amersham™ Imager 600

Western Blot imaging system

GE Healthcare Life Sciences, USA

Amersham™ TE 77 PWR Semi-
Dry Transfer Unit

SDS-PAGE/PVDF semi-dry
transfer unit

GE Healthcare Life Sciences, USA

Axio Observer 7

Inverse microscope

Carl Zeiss Microscopy GmbH

Axioskop 2 Plus Fluorescence

Fluoroscence microscope

Carl Zeiss Microscopy GmbH

Biofuge fresco 4°C Desk centrifuge with cooling Heraeus, Germany
unit
Biofuge pico Desk centrifuge Heraeus, Germany
CASY Automatic cell counting system |OLS OMNI Life Science GmbH,

Switzerland

CFX Connect™ PCR Detection-

rt-qPCR thermal cycler and

Bio-Rad Laboratories Inc., USA

System readout system

Eppendorf® PCR Cooler 96-well plate cooling block Merck KGaA, Germany
Eppendorf® Thermomixer Com- |Heatable tube mixer Merck KGaA, Germany
pact

GFL 1083 Waterbath

Waterbath

GFL Gesellschaft fiir Labortechnik
mbH, Germany

Guava easyCyte 12

Flow cytometer

Merck KGaA, Germany

Hera Safe KS

Class II aseptic work bench

Heraeus, Germany

Heracell™ 150

CO;-incubator

Heraeus, Germany

Heracell™ 1501

CO;-incubator

Thermo Fisher Scientific, USA

Heraeus LaminAir HA 2448 GS

Aseptic work bench

Thermo Fisher Scientific, USA

Megafuge 1.0 R

Centrigue (17,860g; minimum
temperature 0-4°C)

Heraeus, Germany

Mini-PROTEAN® Tetra System

Vertical gel-electrophoreses sys-
tem (gel casting stands, running
tank with lid and electrodes)

Bio-Rad Laboratories Inc., USA

Mr. Frosty™ Freezing Container

Isopropanol-containing box for
slow sample cooling to -80°C

Thermo Fisher Scientific, USA

MS2 Minishaker Desk shaker IKA®-Werke GmbH & CO. KG,
Germany
NanoDrop ND1000 Spectrophotometer 220-750nm | Thermo Fisher Scientific, USA

Perfect Spin Plate Centrifuge

PCR plate centrifuge

PEQLAB Biotechnologie GmbH,
Germany

PowerPac™ HC

Gel-electrophoreses power unit

Bio-Rad Laboratories Inc., USA

T-Gradient Thermocycler

Thermal cycler

Biometra GmbH, Germany

Tube Roller

Tube roller

STARLAB GmbH, Germany

Victor?

Multilabel plate reader

PerkinElmer Inc., USA

Vortex IR

Desk vortexer

STARLAB GmbH, Germany

3.1.7 Software

Table 8: Software

Software Manufacturer
CFX Manager 3.1 Bio-Rad Laboratories Inc., USA
HeidiSQL 9.5 Ansgar Becker, Germany

ImageJ2 (Fiji) National Institutes of Health, USA

MariaDB Server 10 MariaDB Corporation, USA

Office Professional Plus 2016 Microsoft Corporation, USA

Prism 9 GraphPad Software Inc., USA

Mlustrator CC 2020 Adobe Systems Inc., USA

SPSS Statistics 26 IBM Corporation, USA
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3.2 Isolation of peripheral blood mononuclear cells (PBMCs)

3.2.1 Isolation of PBMCs from thrombocyte reduction filters

For in-vitro experiments, primary human monocytes were isolated from thrombocyte re-
duction filters, a side product during thrombocyte donation from healthy donors, obtained
as a gift from the institute for transfusion medicine and cell therapy, Priv.-Doz. Dr. med.

Georg GeiBler, University Hospital Miinster, Germany.

Primary human monocytes were isolated from peripheral blood mononuclear cells
(PBMC). Therefore, leucosep tubes were filled with 15 ml of fridge-cold Histopaque®-
1077 (Sigma-Aldrich, Thermo Scientific, USA, density: 1.077 g/ml) and span for one
minute to get the Histopaque® below the separation foam. Then, 7.5 ml concentrated
blood from thrombocyte reduction filters were diluted with 22.5 ml PBS and transferred
into the prepared Leucosep™ tubes to a total volume of 45 ml. Now, PBMCs were sepa-
rated by density gradient centrifugation at 2200 rpm without break for 20 minutes at room
temperature. The buffy-coats were taken out of the Leucosep™ tubes by pipetting and
washed multiple times in PBS with centrifugation at 1800 rpm for thrombocyte reduction.
Washing' until particles of thrombocyte-size counted less than 80.000 particles/ml. This
was verified through cell counting by particle size (CASY cell counter, OLS GmbH).

3.2.2 Patient recruitment

Monocytes from type 2 DM patients and non-DM controls were isolated from peripheral
whole blood. All participating individuals were recruited from the University Hospitals
Jena (Prof. Dr. Frank-D. Bohmer) and Miinster (Univ.-Prof. Dr. Johannes Waltenberger).
Inclusion criteria for the T2DM group was - besides the diagnosis of T2DM - an elevated
level of glycated hemoglobin (HbAic) above 7.5 %. Exclusion criteria for the control
group was an HbAic above 6.5 %. Active smoking within the past 6 months, active in-
fections or current anti-inflammatory therapy were exclusion criteria for both groups. All
patients provided written informed consent to participate in the study. It was approved by

the local ethics committee of Miinster University Hospital, Germany (license no® 2011-

! Washing in this context is spinning the cell suspension at 1200 rpm for 10 minutes at room temperature,
discarding the supernatant and resuspending the cell pellet in the same amount of PBS.
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612-f-S) and Jena University Hospital, Germany (license no® 4125-06/14). The study

conforms to the declaration of Helsinki.

3.2.3 Isolation of PBMCs from whole blood

Approximately 50 ml of whole blood were used to isolate PBMCs with the intension to
isolate primary monocytes subsequently for sufficient yields. Whole blood was diluted
with PBS in a ratio of 1:1 and blood-PBS-mix was laid on top of Histopaque®-1077
(Sigma-Aldrich, Thermo Scientific, USA, density: 1.077 g/ml) in a 2:1 ratio in regular 50
ml tubes. When using 50 ml of whole blood, this would mean splitting up the volume into
4 times 12.5 ml whole blood, diluting every portion with 12.5 ml PBS and laying these
on top of 12.5 ml Histopaque®-1077 in regular 50 ml tubes (total volume: 4 x 37.5 ml).
Final gradient preparations were centrifuged at 2200 rpm without break for 20 minutes at
room temperature. Buffy-coats were pipetted into new tubes and washed multiple times

in PBS as exemplified for isolation from thrombocyte reduction filters (chapter 3.2.1).

3.3 Isolation of primary human monocytes, CD14+CD16- from PBMCs

From thrombocyte-reduced PBMCs, primary human monocytes were isolated using Mil-
tenyi Classical Monocyte Isolation Kit for negative selection of CD14-positive and
CD16-negative monocytes via magnetic-activated cell sorting (MACS). An antibody
cocktail against other cell types such as lymphocytes, dendritic cells, natural killer cells
or basophils removes non-monocytes and microbeads against resulting in a verified sus-

pension of CD14-positive untouched non-activated monocytes.

Thrombocyte-reduced PBMCs are counted expecting an average yield of 15%, depending
on the number of monocytes needed. After spinning at 1200 rpm for 10 minutes at room
temperature they are getting resuspended in a PBS solution with 0.5 % bovine serum
albumin (BSA). Following incubation with an Fc-receptor blocking reagent together with
the above-mentioned biotin-antibody cocktail for 10 minutes at 4 °C, the suspension was
incubated with anti-biotin-microbeads for 15 minutes at 4 °C. Now the whole suspension
was washed with PBS 0.5 % BSA and added onto the magnetic columns. The column
was washed three times, each time with 3 ml PBS 0.5 % BSA. The resulting cell suspen-
sion collected from the column-output contains enriched CD14-positive monocytes and
was counted again by CASY cell counter (OLS OMNI Life Science GmbH). The cells

were seeded directly after isolation or at least spun down and resuspended in glucose
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containing medium to limit the starvation time which starts with the isolation and was

usually around six hours.

3.4 Cell culture of monocytes and macrophages
Cells were cultured in COz-incubators (Heraeus, Thermo Fisher Scientific) at a constant
temperature of 37 °C and constant CO2 concentration of 5 % in 24-, 12-, and 6-well cell

suspension plates (Greiner Bio-One GmbH, Germany).

Monocytes were seeded depending on the intended usage. For protein and RNA work,
monocytes were seeded at a density of approximately 2.5 million cells / ml in 2 ml me-
dium in a 6-well cell suspension plate. For macrophage differentiation, monocytes were
usually seeded at a density of 0.2 million cells / ml in 1 ml M-CSF-supplemented-medium

(50 ng/ul recombinant human-M-CSF) in a 12-well cell suspension plate.

Primary human monocytes and macrophages were generally cultured in RPMI-1640 me-
dium (gibco™ by Life Technologies, Thermo Fisher Scientific) manufactured without
glucose but with L-Glutamine. The medium, hereafter culturing medium was supple-
mented with 10% FBS (gibco™), 100 U/ml Penicillin (gibco™), 100 pg/ml Streptomycin
(gibco™). Glucose (Sigma-Aldrich Co. LLC) was generally adjusted to a concentration
of 5 mM (equates 90 mg/dl) which is described as normoglycemia (NG). In experiments
which required an in-vitro model of diabetes, glucose was adjusted to 30 mM (541 mg/dl),

referenced to as hyperglycemia (HG).

3.4.1 Cryo-preservation and thawing of freshly isolated monocytes

When freshly isolated monocytes where not needed immediately, more cells than needed
were isolated or for reproduction purposes, cells from many donors were cryo-preserved.
Therefore, primary monocytes were washed right after isolation and resuspended in freez-
ing medium (Synth-a-Freeze®, gibco™) at a concentration of approximately up to 10
million cells per 1 ml freezing medium. The suspension was then transferred into freezing
vials (SARSTEDT AG & Co. KG). The tubes were cooled down slowly (approximately
-1 °C/min) in Mr. Frosty™ freezing container to -80 °C and transferred to the liquid ni-

trogen storage after minimally 2 hours and maximally 12 hours.

Thawing of cells coming from liquid nitrogen was performed as quick as possible in a 37

°C waterbath. As soon as the medium was thawed, cells were centrifuged at 1200 rpm for
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10 minutes at room temperature, the supernatant containing the freezing medium was
removed and cells were resuspended in cell culture medium at the concentration desired

for the planned experiment.

3.4.2 Differentiation, activation, and culturing of primary monocytes to mono-
cyte-derived macrophages
Primary monocytes were differentiated into primary M@-macrophages by culturing them

for 7-10 days in medium supplemented with 50 ng/ul recombinant human-M-CSF right

after isolation.

Cells already start to adhere and spread-out after 3 to 4 days which can be observed vis-
ually by microscopy. Nevertheless, for comparable and reliable experimental conditions,
a complete 80-90% dense monolayer of macrophages is required which can be assessed
visually by microscopy, as well. As soon as this state is reached, medium can be changed
to regular macrophage culture medium, which is RPMI-1640 medium, supplemented with
20% FBS (Gibco™), 100 U/ml Penicillin (Gibco™), 100 pg/ml Streptomycin (Gibco™)

and 5 mM glucose.

Macrophages were activated for 18 hours with 50 ng/ml IFN-y and 20 ng/ml LPS to M1-
macrophages respectively with 25 ng/ml IL-4 and 25 ng/ml IL-13 to M2-macrophages
after reaching a confluent growth state. Success of activation was checked for each ex-
periment by examining the expression of macrophage activation markers CD80 and
CD206 via real-time quantitative polymerase chain-reaction (rt-qPCR). An upregulation
of CD80 for M1-macrophages without upregulation of CD206 and oppositely upregula-
tion of CD206 without a significant change in CD80 expression, respectively, was re-
quired (30). Untypical pattern changes in surface marker expression led to exclusion of

the experiment.

3.4.3 Cell counting for experiments

To perform experiments reliably and comparably, accurate cell counting and seeding in
pre-defined concentrations is indispensable. Cells were usually counted by pipetting 10
ul of the cell suspension into a Neubauer counting chamber and counting all living cells
in n squares using light microscopy. When cells were visible on cross lines, only those

cells which presented on the upper or left cross line were counted.
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The concentration of the cell suspension could then be calculated according to the fol-

lowing formula:

Bizocellsinsquarei o, 1

n ml

concentration =

During monocyte isolation, cells and particles were counted by size using CASY cell
counter (OLS OMNI Life Science GmbH). Right after isolation, the final number of iso-

lated monocytes was also verified by manual counting as described above.

3.5 Transfection of primary monocyte-derived macrophages with small-in-

terfering RNA (siRNA)

RNA interference is gene silencing via siRNA which binds to transcribed mRNA and
inhibits translation (57). Monocytes were seeded in 12- or 24-well cell suspension plates
right after isolation at a density of 0.2 million cells / ml in 1 ml respectively 500 pl cul-
turing medium supplemented with 50 ng/ml M-CSF and differentiated respectively acti-
vated into monocyte derived macrophages. Medium was changed after differentiation for

activation and after M 1- respectively M2-activation for transfection.

Transfections for functional experiments were performed chemically using either
Lipofectamine® RNAiMAX (Thermo Fisher Scientific), in the following RNAIMAX, or
Viromer® Blue (Lipocalyx GmbH). Further reagents were assessed for efficiency and

toxicity (chapter 4.5).

The DEP-1 siRNA was customly synthesized from Sigma-Aldrich according to the fol-

lowing sequences (6):
5'-UACUGUGUCUUGGAAUCUAJdGAC-3' (sense)
5'-UAGAUUCCAAGACACAGUAdAGAG-3' (antisense)
A non-targeting control siRNA was purchased from Sigma-Aldrich:
5’-UAAGGCUAUGAAGAGAUACAGAC-3¢ (sense)
5'-GUAUCUCUUCAUAGCCUUAAdGAG-3' (antisense)

Both siRNA main stocks were resolved to a concentration of 50 pM.
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The following protocols are the outcome of several assessments with differing concen-
trations of siRNA, knockdown reagent, supplementary ingredients, cells, and plate sizes.
Best results were achieved with a final 25 nM siRNA concentration per well. Transfection
succeeded in 12-, 24- and 96-well-plates. As finding this methodology was part of this
project, further assessments of knockdown efficiency and toxicity are described in the
results (chapter 4.5). Besides evaluation of knockdown efficiency and toxicity, basic
quality criteria for continuation and inclusion of experiments where a stable cell morphol-
ogy as observed in light microscopy, a confluent cell layer at all parts of the well without
major cell detachment during the whole time of the experiment and continuous incubation
at 37 °C and 5% COz-concentration with only short interruptions for experimental bench

work, kept as short as possible.

3.5.1 Transfection protocol for Lipofectamine® RNAIMAX

Depending on experiment or readout, transfection with RNAIMAX was performed in 12-
well-, 24-well- or 96-well plates. Macrophages were transfected under starvation condi-
tions (0 % FBS in the medium) for 4 hours. Starvation was afterwards interrupted by
addition of 60 % FBS medium to make the resulting FBS-concentration 20 % for the

remaining transfection time.

The following amounts are calculated for transfection of a single well and were upscaled

according to the number of wells to transfect with 10 % extra.

For transfections in 24-well-plates, 50 pl transfection mix were added to 283.3 pl trans-

fection medium (RPMI-1640, 0% FBS, 1xP/S, SmM glucose).

The transfection mix was prepared in 1.5 ml reaction tubes named “tube A” and “tube
B”:

- intube A, 0.25 ul 50 uM siRNA were added evenly into 25 ul Opti-MEM

- intube B, 1.5 ul RNAIMAX were added into 25 ul Opti-MEM.

Solutions from both tubes were combined (approximately 50 ul) and mixed well, before
the resulting final transfection mix was incubated for 15 minutes at room temperature for
complexation. It was then added to the previously prepared 283 pl transfection medium.

After 4 hours, 167 ul 60 % FBS medium were added, resulting in a 20 % FBS medium.
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Table 9 summarizes amounts of compounds used for transfections in a 12-well- and 96-

well-plate, respectively.

Table 9: Reagents and amounts for transfections with Lipofectamine® RNAiIMAX.

12-well-plate 24-well-plate 96-well-plate
tube A
Opti-MEM 50 pl 25 pl 5pul
50 pM siRNA 0.5 pl 0.25 pl 0.05 pl
tube B
Opti-MEM 50 pl 25 pl 5pul
Lipofectamine® RNAIiMAX 3ul 1.5l 0.3 ul
Total transfection mix 100 pl 50 pl 10 pl
0 % FBS medium 567 ul 283 ul 57 ul
60 % FBS medium 333 pl 167 pl 33 ul

3.5.2 Transfection protocol for Viromer® Blue
Transfection with Viromer® Blue was usually performed in 12-well plates. Starvation

conditions were not needed since the transfection efficiencies were high enough without.

For transfecting one well of a 12-well-plate with 1 ml medium, 100 pl transfection mix
were prepared and added onto the medium, resulting in totally 1.1 ml medium. The trans-

fection mix was prepared as described:

- Intube A, 0.55 pl 50 pM siRNA were added into 10 ul of Viromer® buffer and mixed.
- Intube B, a 1 pl droplet of Viromer® was added to the wall and 90 pl Viromer® buffer

were added on top of that. Immediately after, the tube was vortexed for 5 seconds.

Both tubes were combined (= 100 ul), incubated for 15 minutes at room temperature for
complexation and then added dropwise onto the cells. There was no need to change the

medium later, unless necessary for the experiment, because of very low toxicity.

Table 10 summarizes amounts of compounds, used for transfections in a 24-well- respec-

tively in a 96-well-plate.

Table 10: Reagents and amounts for transfections with Viromer® Blue.

12-well-plate 24-well-plate 96-well-plate
tube A
- Viromer® buffer 10 ul 5 ul 1 ul
50 uM siRNA 0.55 ul 0.275 pl 0.055 ul
tube B
- Viromer® Blue droplet 1 ul 0.5l 0.1 pl
- Viromer® buffer 90 pl 45 ul 9 ul
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3.6 RNA biochemical methods and polymerase chain-reaction assays

Determining gene expression by measuring transcribed mRNA qualitatively and quanti-
tatively by polymerase chain-reaction is a very well-known and ubiquitously established
molecular biology technique. The basic principle is to amplify a pre-defined sequence of

a desoxy ribonucleic acid(DNA) template exponentially in multiple replication steps.

3.6.1 RNA lysis and extraction

For assessing the status of gene expression in a cell association at a certain timepoint,
intracellular RNA needs to be extracted from the cell sample. In this work, RNA lysis and
extraction were performed by a silica-membrane based kit called NucleoSpin® RNA
(Macherey-Nagel GmbH & Co. KG). The manufacturer’s protocol was used as is and not
adjusted.

In short, 3.5 pl B-mercaptoethanol for irreversible denaturation of RNAses were added to
350 pl of the kit’s RA1 buffer per sample. Right before planned lysis, cell suspensions
were taken into 15 ml tubes, centrifuged at 1200 rpm for 10 minutes at room temperature,
resuspended in PBS and centrifuged again. The supernatant was removed, and the cell

pellet resuspended in 350 pl RNA lysis buffer, prepared as described.

Adherent cells, such as primary monocyte-derived macrophages were washed once with
PBS in-plate, before 350 pl of prepared RNA lysis buffer were added directly onto the

cells in the wells.

Lysis completes immediately so that the samples could either be processed directly for

RNA extraction or frozen in the plate or vial at -80 °C and taken out for later extraction.

For RNA extraction, samples were used directly after lysis or frozen, stored samples were
quick-thawed (e. g. in a CO2-incubator). Samples were transferred into the NucleoSpin®
filter tubes, centrifuged and thereby filtered for one minute at 11000 rpm. Then, 350 pl
of 70% ethanol were added into each tube and mixed by pipetting up and down at least
five times until the viscous cords within the fluid disappear. The sample was then trans-
ferred into the NucleoSpin® RNA column and centrifuged at 11000 rpm for 30 seconds.
The nucleic acids are now on the silica-membrane of the column. For desalting, which
makes RNA digestion more efficient, 350 pul membrane desalting buffer were added onto

each membrane, followed by centrifugation at 11000 rpm for 30 seconds. Afterwards,
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remaining DNA was digested by adding 95 ul (1:10 dilution) rDNAse in a specific reac-
tion buffer onto the membrane and allowing 15 minutes incubation at room temperature
for reaction. DNA digestion was followed by three washing steps (step 1: 200 ul RAW2,
step 2: 600 ul RA3, step 3: 250 ul RA3), each one followed by centrifugation at 11000
rpm for 30 seconds and 120 seconds after the last washing step, respectively. Finally, the
purified RNA was eluted by 20-60 ul?> RNAse-free water and centrifugation at 11000 rpm

for 60 seconds.

Afterwards, RNA concentration and purity was measured using the NanoDrop micro-
volume spectral-photometer (Thermo Fisher Scientific, USA). Ideally, the purified RNA
had only a single absorption maximum at 260 nm (260:280 ratio < 1, 260:230 > 1.9) and
concentration exceeds at least 15 ng/ul for accurate synthesis of complimentary DNA
(cDNA)). Samples, not meeting these quality standards, were not used for further analy-

sis. RNA was stored at -80 °C or used immediately for cDNA synthesis.

3.6.2 cDNA synthesis
Extracted RNA can be used to synthesize cDNA directly, if quality exceeds requirements,
or after DNAse treatment. cDNA can then be analyzed and quantified by rt-qPCR.

DNAse treatment becomes necessary when there is evidence for genomic DNA contam-
ination of the RNA samples. Since genomic DNA might be copied and amplified in a
later polymerase chain reaction (PCR) or interfere with the reaction itself; it is important

to have very clean RNA samples.

For DNAse treatment, RQ1 RNase-Free DNase from Promega GmbH, Germany, was
used. 10 pg of extracted RNA, 3 ul of reaction buffer, 10 ul of DNAse were pipetted into
a reaction tube and supplemented with H20 until a total reaction volume of 30 ul. Samples
were incubated for 30 minutes at 37 °C. Afterwards, 1 ul of STOP-buffer was added and

the samples were incubated for another 10 minutes at 65 °C for DNAse inactivation.

After DNAse treatment or — if DNAse treatment was not necessary — directly after RNA
extraction, the resulting highly purified RNA can be used for cDNA synthesis.

2 The amount of water during the elution step was chosen by experience and desired final RNA concentra-
tion, concerning the expected amount of RNA on the column which is again dependent on number of pre-
viously seeded cells, well size, culturing conditions and cell viability.
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In ¢cDNA synthesis the single-stranded RNA which comes from the cellular mRNA and
represents the expression state of cell at the time of lysis is being transcribed into com-
plimentary double-stranded DNA (cDNA) which can be used in a PCR later on. This
transcription is done by the enzyme reverse transcriptase, known from retroviruses which
uses the reverse transcriptase to copy their RNA-genome into genomic DNA which can
be read by the enzymes of their host cells (13, 163). The reverse transcriptase reads the
RNA and adds a complimentary RNA-DNA-hybrid-strand through its RNA-dependant-
DNA-polymerase. Next, the same enzyme digests the remaining RNA strand with its
RNA-DNA-heteroduplex-recognizing RNAse-H and completes the single DNA-strand to
a double-stranded final cDNA by its DNA-dependent-DNA-polymerase.

The RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
USA) was used to transcribe RNA into cDNA. In a first step, equal RNA amounts (de-
pendent on measured concentration) per sample were added into a reaction tube. Mini-
mum amounts between 100 and 200 ng RNA per sample are required, 500-1000 ng are
recommended. Together with the RNA, 1 pl of oligo dT primers was added and the tube
was filled up to a total reaction volume of 12 pl with nuclease-free H20. For primer an-
nealing, the RNA-primer-mix was incubated for 5 minutes at 65 °C. Afterwards, 8 pl of
a pre-prepared mastermix, consisting of 4 ul 5X reaction buffer, 2 pl 10 mM dNTPs, 1 pl
“RiboLOCK” and 1pl reverse transcriptase, were added. cDNA synthesis reacted at a
temperature of 65 °C for 60 minutes, ideally in a rapidly heating and cooling thermocy-
cler. After synthesis, the components were inactivated at 70 °C for 5 minutes and tran-
scribed cDNA was diluted with nuclease free (routinely 60 — 100 ul). cDNA could be
used directly for PCR applications, while temporarily storing it on ice, or long-term stored

at -80 °C.

3.6.3 Principles of real-time PCR with SYBR green

The template double-stranded DNA (dsDNA) is denaturized, and the enzymes are acti-
vated by exposing the samples to 95 °C for 10 minutes. Next, DNA is amplified in mul-
tiple cycles. One cycle consists of an annealing step in which the forward and reverse
primers anneal to the now single-stranded DNA (ssDNA) templates, framing the se-
quence desired for amplification. The second amplification step is the elongation step,

which is temperature-optimized for the thermostable Taq-DNA-polymerase. In this step,
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the DNA polymerase synthesizes a complimentary DNA strand on the template, begin-
ning at the position of the forward or backward primer. By repeating these cycles, the
sequence of interest, framed by the primer pair, gets amplified exponentially. Therefore,
quantification of the resulting amount of DNA by the fluorochrome SYBR green, which
complexes mainly with DNA and — with less intense fluorescence — with ssDNA and
RNA, can be correlated with the initial amount of mRNA from which the samples were
prepared. In a basic PCR application, the thermocycler is the machine in which the sam-
ples are incubated at different temperatures for the specified durations. It can heat up and
cool down rapidly and is programmed according to the desired PCR protocol. In rt-qPCR,
the thermocycler can also measure the fluorescence intensity of the samples at given trig-
ger point, e. g. after each cycle. Therefore, the amplification of the nucleic acids can be
monitored in real-time. Since SYBR green is not specific for the product of interest, the
experimenter verified that only the desired sequence, framed by the primers, was ampli-
fied by melting curve analysis (203): The melting curve is the SYBR green fluorescence
intensity plotted against temperature. Different DNR products have different melting tem-
peratures depending on their GC/AT ratio. Therefore, the number of melting curve drops
correlates with the number of amplified products. If only one product was amplified, only
one melting point should be measurable. Unspecific products which may exist due to
unspecificity of the primer, primer dimers or contamination, would melt at other, usually

lower (e. g. primer dimers) temperatures, than the desired product.

3.6.4 Implementation of rt-qPCR
In this project, rt-qPCR was performed with the CFX Connect™ Real-Time PCR Detec-

tion System from Bio-Rad, the included software CFX Manager 3.1 and the Maxima
SYBR Green/ROX qPCR Master Mix from Thermo Fisher Scientific.

Table 11: Used primers against human target genes.
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Target gene Primer sequences

YWHAZ Forward:
ACTTTTGGTACATTGTGGCTTCAA
Reverse:
CCGCCAGGACAAACCAGTAT
DEP-1 Forward:
AGCAGGCTCAGGACTATGGA
Reverse:
AACGAGGTACCGGAAGTTGA
p65 Forward:
ATGGCTTCTATGAGGCTGAG
Reverse:
CACAGCATTCAGGTCGTAGT
TNF-a Forward:
CCCAGGCAGTCAGATCATCTTC
Reverse:
AGCTGCCCCTCAGCTTGA

rPLO Forward:
CGCTGGCTCCCACTTTGT
Reverse:
AATCTCCAGGGGCACCATT
uPAR Forward:
GAGAAGAGCTGGAGCTGGTG
Reverse:
CTTCGGGAATAGGTGACAGC
PDGFR Forward:
CAGCAAGGACACCATGCGGCT
Reverse:
GGGGCTCCTGGGACATCCGT
CDS80 Forward:
CTGCCTGACCTACTGCTTTG
Reverse:
GGCGTACACTTTCCCTTCTC
CD206 (MRC1) |Forward:
TGGTTTCCATTGAAAGTGCTGC
Reverse:
TTCCTGGGCTTGACTGACTGTTA
Bax Forward:
GGACGAACTGGACAGTAACATGG
Reverse:
GCAAAGTAGAAAAGGGCGACAAC
Bcl-2 Forward:
CTGCACCTGACGCCCTTCACC
Reverse:
CACATGACCCCACCGAACTCAAAGA

Primers were ordered from Sigma-Aldrich. Each primer sequence's specificity was evaluated by melting
curve analysis.

First, PCR master mixes with forward- and backward-primers for each target gene and
the housekeeping gene were created individually (Table 11). In this work, YWHAZ was
used as a housekeeping gene in all qPCR experiments (85, 101).

Per sample, the PCR master mix contained 5 ul SYBR green (Thermo Fisher Scientific,
USA), 0.3 ul 10 mM forward-primer dilution, 0.3 pl 10 mM backward-primer dilution
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and 2.4 pl nuclease free H20 and amounts were upscaled depending on the number of

samples and target genes.

Samples and master mix were then added to the PCR plate (Bio-Rad Laboratories Inc.,
USA). Each target-sample-combination was added at least in duplicates. Each well con-
tained 2 pul cDNA sample (equal dilution per experiment) and 8 pl mastermix which was
prepared as described above. Pipetting was performed on ice or on a -20 °C cooling block
holding the PCR plate (Eppendorf®, Merck, Germany), respectively. The plate was finally
sealed with plate-specific seal-films (Bio-Rad Laboratories Inc., USA), centrifuged at
2500 rpm for 10 seconds and placed in the thermocycler.

The PCR started with a 10-minutes initial dSDNA-denaturation step at 95 °C, followed
by 40 replication cycles, each one containing a 10 second long step at 95 °C for dsDNA-
denaturation, followed by 60 seconds at 60 °C for primer annealing, extension and fluo-
rescence read-out. The replication cycles were followed by a 30 second long final exten-
sion step at 95 °C and melting curve acquisition. Table 12 visualizes the employed PCR

program.

Table 12: Tabular visualization of the applied PCR program

Cy- | Duration (min:sec) Temperature
cles
1x 10:00 95 °C | Initial denaturation
40x 0:10 95 °C | Denaturation
1:00 60 °C | Primmer annealing, elongation, fluorescence read-
out
1x 0:30 95 °C | Final denaturation
70x 0:10 60-95 °C | Melting curve acquisition
+0.5°C/10
sec.
1x unlimited 4 °C | Hold / Storage

3.6.5 r1t-qPCR data analysis

rt-qPCR was usually used to compare the expression of one certain gene between multi-
ple, differently treated samples. For this, relative expression values, comparing the target
gene expression in all tested samples to a non-treated, scrambled-siRNA-treated etc. con-
trol sample, needed to be calculated. The data output of a rt-qPCR experiment contains —
besides many other data — the Cq or Ct value. This is the non-distinct number of cycles,
after which the relative fluorescence units (RFU) of a sample passes a certain threshold
RFU which is automatically (by the software) or manually set above the background flu-

orescence signals but also low enough to be in the beginning of the exponential replication
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phase. A low Cq value indicates a higher amount of detected nucleic acids whereas a high

Cq value stands for low amounts of nucleic acids.

To make multiple qPCR experiments comparable to each other, normalize different sub-
strate amounts per sample, different primer- and PCR-efficiencies, varying annealing and
elongation times, Pfaffl 2001 introduced the AACq-method which makes relative quanti-

fication accurate and easy (189).

In this work, usually duplicates or triplicates for each sample were run. The difference of

the mean CqgsampLe-value and the mean Cquousekeeping-value is the ACq value:

ACq = Cqsampre — CAnousexeEPING

The relative expression could then be calculated by the following potency formula:

relative expression = 274¢4 = 2CAHOUSEKEEPING=CASAMPLE

This way of calculation assumes, that the amount of cDNA is doubled in each cycle
(100% PCR-efficiency) and equal for the reference housekeeping gene and the target
gene. Although these assumptions are usually not completely reached, the method was
positively validated by its developer and is the most common used principle of dealing

with gPCR data.

Finally, the relative expression values can be normalized to a control sample as described

above by applying the following formula which introduces the AACq value:

2ACqconTROL

normalized relative expression = 2744¢4 = 2~(ACasampLE=ACACONTROL) = —
2ACqsampLE

3.7 Protein biochemical methods, SDS-PAGE and Western Blot
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western

blotting are commonly biochemical techniques for protein analysis. In SDS-PAGE pro-
teins are complexed with SDS to create an equal charge-mass-ratios among all containing
proteins of a lysate. The proteins in the pre-processed samples can be separated by mass
when running the samples in a polyacrylamide gel on which voltage is applied. The sep-
arated protein samples can then be transferred onto a blotting membrane, again by apply-
ing voltage, this time perpendicularly. On the blotting membrane, specific proteins can

be detected by hybridization with specific antibodies.

36



In this work, the protein workflow and recipes are adapted and partly modified from

Laemmli (130).

3.7.1 Protein lysis and protein determination assay
Since protein expression and activity is also influenced by many other mechanisms such
as splicing, silencing, interference, protein degradation or its phosphorylation states, there

is a need to analyze the proteome of a cell as well.

3.7.1.1 Protein lysis

Protein lysates were acquired after washing cells once or twice with ice-cold PBS. After-
wards, the plates respectively the Falcon tubes, when lysing cell suspensions, were im-
mediately transferred on ice to protect the proteome from degradation through proteases.
The medium and PBS should be removed completely before lysing the cells with 150 pl
(up to 12-well-plate) respectively 200 pl (6-well-plate) complete lysis buffer for 15
minutes on ice. Lysis buffer was added dropwise onto plates or the cell pellet after cen-
trifugation (after discarding the supernatant) was resuspended in lysis buffer, respec-
tively. The lysis buffer was pipetted into 1.5 ml tubes after lysis which were centrifuged
at 13.000 rpm in a pre-cooled centrifuge at 4 °C for 30 minutes. After centrifugation, the
supernatant contained the proteome and could be stored at -20 °C or processed immedi-
ately. Complete lysis buffer for one sample consisted of 147 ul RIPA buffer, supple-
mented with 1.5 pl each of a 100x-concentrated commercially available protease inhibitor
and phosphatase inhibitor cocktail (according to manufacturer’s instructions, Thermo
Fisher Scientific, USA). Lysis buffer was prepared freshly for all samples before lysis

and upscaled according to the number of samples.

3.7.1.2 Protein concentration measurement

For protein concentration measurement an assay kit (Bio-Rad Laboratories Inc., USA)
which is based on the Lowry (149) method but modified for compatibility with reducing
agents an detergents was used. Basically, proteins are quantified by a colorimetric assay.
The Folin-Ciocalteu-Reagent becomes colorimetrically at 750 nm detectable Molyb-
denum blue in presence of Cu(I) ions which were reduced by the protein itself before. For
each assay, a standard curve is created by diluting and measuring BSA protein standards
(0.2 mg/ml to 3.0 mg/ml; increment 0.2 mg/ml until 1.0 mg/ml, then 0.5 mg/ml). The

sample’s protein concentration can then be determined employing the Beer-Lambert law:
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E =logyo T =g -c-d

In this formula, £ is the measured extinction which can be calculated from the intensity
of the incidend light (/o) and the intensity of the transmitted light (/). There is a linear
correlation between the protein concentration (c¢) and product of the specific molar atten-
uation coefficient (¢) at the wave length 4 and the thickness of the cuvette (d) which can

be used to determine the protein concentration from the standard curve.

3.7.2 Preparation of polyacrylamide gels

Gels for SDS-PAGE were usually prepared one day before planned electrophoresis to
allow sufficient drying time. Components for the stacking and resolving gel (chapter
3.1.2, Table 13) were scaled up to the number of needed gels and prepared separately.
APS and TEMED were added only directly before gel casting since polymerization starts
immediately after adding these substances. Seperating gel dried for 45-60 minutes before
pre-prepared separating gel buffer was supplemented with APS and TEMED and added
onto the polymerized separating gel. Stacking gel with inserted well-template combs
dried for another 15 — 25 minutes. Usually, a comb leading to 10 wells, each of 66 pl

volume, was used. Dried gels were stored, wrapped in wet paper, at 4 °C for up to 4 to 5

days.
Table 13: Components and amounts for casting 7.5% stacking and seperating gels

Stacking gel Seperating gel
H20 1550.0 pl 5400.0 pl
30% Acrylamide 350.0 pl 2490.0 ul
Stacking gel buffer 650.0 pl 1900.0 pl
20% SDS 12.5 pl 50.0 pl
20% APS 15.0 pl 40.0 pl
TEMED 2.0 ul 8.0 ul

3.7.3 Sample preparation

Protein lysates were diluted 1:6 by adding 10 pl sample solution to 50 pl lysate. If neces-
sary, protein lysates can be adjusted to the same protein concentration by diluting high
concentrated samples with complete lysis buffer (chapter 3.7.1.1). Sample solution con-
tains SDS to charge all proteins with equalized negative charge-mass-ratio, needed for
SDS-PAGE, as well as B-Mercaptoethanol for denaturation and reduction of disulfide
bonds within the proteins and glycerol for increased density of the sample, so that it stays

within the well and the different samples do not mix.
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After adding sample buffer and mixing well, the samples are cooked at 95 °C for not more
than 5 minutes. Afterwards, the samples can be used immediately for SDS-PAGE or can

be frozen again at -20 °C.

3.7.4 SDS-PAGE

For gel casting and SDS-PAGE, the Mini-PROTEAN® Tetra System (Bio-Rad Labora-
tories Inc., USA) was used. Handcasted gels were mounted to the system. The electro-
phoresis cell was filled with 1:5 diluted 5X running buffer to at least one fourth. The
combs were finally carefully removed from the gels and protein samples were loaded into
the wells. Injection of samples was performed very slowly, bubble- and contamination-
free. After loading the wells, the cell was filled up to the indicated line with diluted run-
ning buffer and closed. The gels were run slowly at 80 V voltage until the blue dyeline
was in the upper part of the stacking gel. Afterwards, voltage was increased up to 160 —
180 V, whereas a voltage of 120 V was optimal. After the dye ran out of the gel, voltage
should be removed from the cell and gels should be taken out and carefully transferred

into methanol- and SDS-supplemented transfer buffer. Stacking gels were chopped off.

3.7.5 Western Blot
Western blotting is the staining of proteins with specific primary antibodies and detection
of those by secondary antibodies which are technically detectable, e. g. by staining, col-

orimetry, fluorescence, or radioactivity.

Before proteins can be detected on the polyvinylidene fluoride (PVDF) membrane, they
needed to be transferred from the gel onto it. Gels, as well as membranes and filter paper
were adjusted to the same transfer buffer for approximately 10 minutes. Before, the mem-

branes were activated in 100% methanol for 5 minutes in a shaker.
Now the transfer stacks are assembled:

3 filter papers (pre-soaked in transfer buffer)
PVDF membrane (activated in methanol, adjusted to transfer buffer)
SDS-PAGE gel (adjusted to transfer buffer)
3 filter papers (pre-soaked in transfer buffer)
Air bubbles were removed carefully by gently rolling over the stack once after adding

each layer, to make the transfer stack equally conductive.
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Transfer completed at a current of 500 mA for 1:10 hours in the Amersham™ TE 77

PWR semi-dry transfer unit (GE Healthcare Life Sciences, USA).

Afterwards, the stacks were disassembled and disposed while only the PVDF membrane
was kept and stored in 1X NET-G solution. Success of the transfer was evaluated by
staining the membrane with Ponceau red (Sigma-Aldrich Co. LLC) which required wash-

ing with NET-G three times after staining.

Membranes were blocked by incubating the membrane for one hour in 50 ml 1X NET-G
supplemented with 2.5 g milk powder (Sigma-Aldrich Co. LLC). Through this blocking
step, not used protein “slots” within the membrane were occupied with milk protein, so

that the membrane could not be contaminated with other environment proteins.

After blocking, membranes were ready for incubation with the primary antibody which
binds specifically to certain proteins of interest on the membrane. In this work, a dilution
of 1:1000 was used for all primary antibodies. Primary antibodies were diluted with NET-
G and membranes were incubated with the primary antibody in a 50 ml Falcon tube on a
roller at 4 °C, usually overnight; approximately 18 to 36 hours are acceptable. Too long
incubation increases unspecific binding of the antibody which should be avoided. Primary
antibody incubation was finished by washing the membrane three times in NET-G solu-

tion.

The secondary antibodies (Santa Cruz Biotechnology, Inc., USA) were selected depend-
ing on the origin of the primary antibody and incubated with the washed membranes in a
1:10000 dilution for one hour in a 50 ml Falcon tube on a roller. After washing the mem-
brane with NET-G solution again for three times to wash away non-bound secondary
antibodies, the bound antibodies respectively the membrane can be developed by short
incubation with ECL substrate (Bio-Rad Laboratories Inc., USA) according to manufac-
turer’s instructions and read out in the chemiluminescence imaging system (GE

Healthcare Life Sciences, USA).

Acquired western blot images were densitometrically quantified using the machine’s in-
ternal software according to the manufacturer’s instructions. In all experiments, a-Vincu-

lin was stained, detected, and analyzed as a loading control as well. Therefore, protein
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densities were normalized toa-Vinculin density individually for each sample, before the

samples were compared to each other.

3.8 Macrophage cell proliferation and viability assay

Directly after isolation, primary monocytes were seeded in technical duplicates and rep-
licates depending on the number of measured time points (usually triplicates for 0 hours,
24 hours and 48 hours) in a 96-well cell suspension plate at a density of 0.1 million cells
per ml in 100 pl medium (10.000 cells). The medium was supplemented with 50 ng/ul
M-CSF and monocytes were left for macrophage differentiation. After 7 to 10 days, de-
pending on the microscopic morphological differentiation state, medium was removed
and replaced with culturing medium respectively M1- and M2-macrophage-activation-
medium as described above and left for another 18 hours. After macrophage activation,
the cells were stimulated according to the protocol. Afterwards, the medium was replaced
again with general culturing medium respectively stimulation medium and cells were
transfected using Lipofectamine® RNAIMAX as described. After the knockdown, me-
dium was changed to a proliferation medium equivalent to the previous culturing condi-

tions and supplemented with 20 ng/ml recombinant human PDGF-BB.

Cell proliferation respectively viability was measured using the tetrazolium based
CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (Promega GmbH,
Germany) according to the manufacturer’s instructions. In this assay, cells are incubated
with a certain tetrazolium compound ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium], MTS) that is reduced to a product
which’s absorbance is measurable at 490 nm. The reduction is catalyzed by dehydrogen-

ase-enzymes that are present in metabolically active cells.

The MTS compound together with the PMS-solution from the above-mentioned kit was
added 24 hours after transfection after a medium change. Absorbance was then measured
at defined timepoints after addition of MTS each time and with regular incubation under
stimulation conditions in between. The amount of the detected reduced product correlates

with the cells’ metabolic activity.
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3.9 Immunoprecipitation and phosphatase activity assay

Freshly isolated monocytes were seeded at a density of in a 12-well cell suspension plate
at a density of 0.2 million cells per ml in 1 ml medium. The medium was supplemented
with 50 ng/ul M-CSF for macrophage differentiation. As described, after successful vis-
ual signs of differentiation, medium was removed and replaced with culturing medium
respectively M 1- and M2-macrophage-activation-medium as described before and left for
another 18 hours. After a medium change, the samples were lysed in an anoxic chamber.
For pre-clearing, which is to reduce non-specific binding of the protein G beads to already
existing antibodies in the medium and lysates, respectively, 20 ul protein G sepharose
beads (Santa Cruz Biotechnology) were added for one hour to the samples which were
continuously mixed on a rotating wheel at 12 rpm and cooled to 4 °C. The supernatants
were transferred into new 1.5 ml reaction tubes. Next, 5 ul DEP-1 antibody (Santa Cruz
Biotechnology) and 30 pl protein G sepharose beads were added and the samples were
again incubated for 2.5 hours in the earlier described mixing and cooling conditions. Dur-
ing this immunoprecipitation step, DEP-1 antibody binds to the DEP-1 protein. At the
same time, the protein G coupled sepharose beads bind to the antibodies and the heavy

bead-antibody-protein complexes precipitate at the bottom of the tube.

Next, the purified DEP-1 enzymes were used to measure their phosphatase activity em-
ploying the Tyrosine Phosphatase Assay System (Promega) according to the manufac-
turer’s instructions. The system contains two different tyrosine-phosphorylated peptides,
END(pY)INASIL and DADE(pY)LIPQQG, which are substrates for many PTPs includ-
ing DEP-1. During an incubation time, DEP-1 dephosphorylates the phosphor-peptides
and phosphate(V) ions are released. Phosphate(V) ions react with ammonium molybdate
and produce a colored complex. The complex’s absorbance was measured at 620 nm in a
plate reader (Victor X3 Multilabel, Perkin Elmer). The amount of released phosphate can
be determined by a standard curve which is measured using the same dye and buffers and
differently diluted phosphate ion standard solutions. The amount of released phosphate

ions correlates with the phosphatase activity of the enzyme.

3.10 Scratch migration assay

Macrophage migration was analyzed employing scratch or wound healing assays (89).

The basic idea of a scratch assay is that after creating a scratch in a confluent cell layer,
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the remaining cells will proliferate and migrate to close this scratch and make the cell
layer confluent again. The time until the scratch is closed completely, or the remaining
open area at a specific time point relative to the initial open area right after making the

scratch are indicators for the migratory ability of the assayed cells (37).

Scratch assays were usually performed in 12-well suspension plates in which 0.2 million
monocytes were seeded right after isolation in 1 ml M-CSF-supplemented medium for
macrophage differentiation and grown until an 80-90 % confluent monolayer without
larger visible cell gaps. Now, further experimental steps such as knockdown or stimula-

tion were performed as described and according to the protocol.

The scratch itself was drawn straight and along a ruler into each well with a 1.0 ml or 200
ul pipette tip, resulting in a scratch size of 0.5-1.0 mm. It is important to perform this step
with moderate and not too much force to keep the well’s bottom architecture and extra-
cellular matrix intact. After making the scratch the medium was removed and the wells
were washed at least twice with warm medium. The complete removal of all scratched
floating cells was confirmed using light microscopy, otherwise the wells were washed
again. Finally, the wells were filled with 1.0 ml medium again which was adjusted to the

previous experimental conditions, such as NG, HG or PAM(3)-stimulation.

Phase-contrast images with focus on the well bottom were taken at at least two pre-de-
fined positions per well right after scratching (t=0h) and after pre-defined time intervals,
usually 24 and 48 hours using the Axio Observer (Carl Zeiss Microscopy GmbH, Ger-
many) microscope. The open area of each scratch was measured for each timepoint using
ImagelJ. Fractional open areas (FOA) were calculated with respect to the initial open area
at t=0h for each time series. Experiments in which major cell detachment or morphology
changes — both being associated with cell death — were observed at the time of image

analysis were excluded retrospectively from analysis.

3.11 Data collection and statistical analysis

Data was collected in native storage formats and homogenized in Microsoft Excel and a
SQL-based database on MariaDB Server 10. Statistical analysis was performed with
Prism 9 (GraphPad) as well as SPSS Statistics 25 (IBM). Statistical testing was performed
using the whole spectrum of available tests depending on the data acquired, including

non-parametric Mann-Whitney-U-Test (156, 267) respectively Kruskal-Wallis-Test
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(127) for comparing more than two groups. Normally distributed variables were com-
pared using the paired or unpaired Student's t-test, or the 1-way analysis of variance
(ANOVA). Bonferroni's method was used for post-hoc testing both after ANOVA and
Dunn’s method for Kruskal-Wallis tests. The used test, as well as resulting p-values are
indicated in the figure legends. Figures were created with Prism 9 (Graph Pad), Photoshop
CC 21.1.2 and Illustrator CC 24.1.2 (Adobe). If not stated otherwise, data is plotted as
mean values and error bars represent the standard error of the mean (SEM). Standard
deviations (SD) and 95% confidence intervals (CI are reported where indicated. Boxplots
with minimum- to maximum-whiskers were used to present datasets containing at least 4

biological replicates.
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4 Results

4.1 DEP-1 is upregulated in monocytes from patients suffering from type 2

diabetes mellitus
Table 14 summarizes clinical and biomarker baseline characteristics of included 22 dia-
betic patients and 27 control individuals which were recruited from both recruiting sites
as described after careful consideration of inclusion and exclusion criteria (chapter

3.2.2).

Table 14: Clinical and biomarker patient characteristics.

controls T2DM

n 22 27
Diabetes mellitus, type 2 0 0.0 % 27 100.0 %
Coronary artery disease 12 54.5% 0 0.0 %
Ex-Smoker 2 9.1 % 1 3.7%
Gender Female 6 273 % 11 40.7 %

Male 16 72.7% 16 59.3 %
Age (years) 55.59 (14.61) 64.04 (7.41)
Body mass index (kg/m?) 27.34 (3.96) 35.84 (7.60)
HbAi1c (%) 5.30 (0.38) 8.40 (0.72)
Fasting glucose (mM) 5.37 (0.92) 11.64 (4.32)

Nominal variables (Diabetes mellitus yes/no, coronary artery disease yes/no, ex-smoker yes/no, gender
female/male) are presented as absolute counts and relative column percentages of the included patients.
Metric variables are presented as means with the standard deviation of the mean in brackets in the unit
given behind the name of the variable.

Besides the diagnosis of DM, both groups differed in the prevalence of coronary artery
disease with 54.5 % in the control group versus none in the T2DM group. With active
smoking within the past 6 months before inclusion being an exclusion criterion for both
groups, the number of ex-smokers is low in both groups. The number of male patients
was higher in the control group while T2DM patients were in average 10 years older than
control patients. Body mass index was elevated according to WHO definition in both

groups, although much higher in T2DM patients.

The differences in prevalence of cardiovascular disease, age and sex are explainable by
the two recruiting sites: While diabetic patients were mainly recruited from an endocri-
nology department, non-diabetic controls were recruited from cardiology wards and are
therefore in different medical conditions explaining their impatient stay there. This will

be discussed.

Monocytes were isolated from 50 ml heparinized whole blood from all patients and lysed

immediately. RNA was extracted and analyzed in an rt-qPCR regarding the monocytic
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expression of different phosphatases. The mean relative expression of DEP-1 was 0.10 +
0.009 within the control group and 0.14 + 0.014 within the DM group. Among other
phosphatases, DEP-1 expression was 1.34-fold upregulated in the group of diabetic hy-
perglycemic patients (p=0.0466, Figure 2A). Levels of DEP-1 expression were analyzed
in a linear regression model in which a correlation to the corresponding HbAic values

could not be determined (r*=0.057) (Figure 2B).
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Figure 2: DEP-1 expression in patients with T2DM. Monocytes were isolated from whole blood of n=27
patients suffering from T2DM and n=22 controls. DEP-1 mRNA expression was analyzed employing rt-
qPCR. A: DEP-1 expression was 1.34-fold upregulated in the hyperglycemic group (p=0.0466) B: There
was no linear correlation between HbA ¢ and level of DEP-1 expression (r>=0.057). Statistical analysis
employed Mann-Whitney-U-test at a significance level of a = 0.05. Plotted are boxplots with minimum- to
maximum whiskers. * p<0.05.

4.2 Hyperglycemia and methylglyoxal treatment potentially lead to upreg-
ulation of DEP-1 in primary monocytes in-vitro

Questioning the relevance of DEP-1 in diabetic monocytes and macrophages and know-

ing about its upregulation in monocytes from diabetic hyperglycemic patients, it is rele-

vant to know whether glucose itself or other mechanisms such as glucose degradation and

accumulation of toxic side metabolites trigger the upregulation of DEP-1 observed in

monocytes of diabetic patients (chapter 4.1).

Primary, freshly isolated monocytes were stimulated in an established hyperglycemia
model by culturing 0.5 million monocytes in 2 ml culture medium in a 6-well cell sus-
pension plate for 48 hours in NG (5 mM glucose) or HG (30 mM glucose) (245). Addi-
tionally, cells were exposed to either methylglyoxal (MG, 100 uM), a side metabolite of

46



glycolysis, or oxLDL (20 pg/ml) during the second 24 hours of the experiments. The cells
were then lysed, protein was extracted and analyzed in SDS-PAGE and by Western Blot.
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Figure 3: DEP-1 expression in HG-cultured monocytes. Primary human monocytes were isolated from
healthy donors (n=3 biological replicates) and cultured for 48 hours in either NG (5 mM glucose) or HG
(30 mM glucose). Effects of MG and oxidized oxLDL were evaulated by stimulating samples during the
last 24 hours of the total 48 hour incubation with either 100 mM MG or 20 pg/ml oxLDL, respectively.
After 48 hours, cells were lysed, protein was collected, and samples were run in iso-volume SDS-PAGE
and stained for DEP-1 and Vinculin. Density of DEP-1 bands were normalized to Vinculin. The graph
shows a potentaial upregulation of DEP-1 through HG, MG and oxLDL, although additive effects of the
three conditions were not observed. Plotted are means and SEM error bars. Kruskal-Wallis testing was not
significant (p=0.6766). An exemplary western blot shows the induction of DEP-1 through HG, MG and
oxLDL.

There was a trend of elevated DEP-1 protein expression in HG-cultured monocytes (fold
change: 5.6, SD: 5.2). Methylglyoxal, a side-product of glucose metabolism and known
mediator of diabetic complications, led to upregulation of DEP-1 in HG (fold change: 4.5,
SD: 3.7) and also in NG (fold change: 4.4, SD: 3.7). Additive effects of HG and MG
were not observed. oxXLDL lead to an upregulation of DEP-1 (fold change: 2.7, SD: 2.4)
in NG compared to the untreated control sample. However, regulation through oxLDL
seemed less intense compared to HG and MG. Interestingly, oxLDL limited the upregu-
lation of DEP-1 through HG (HG + oxLDL: 3.0x mean fold change versus 5.7x mean
fold change in HG alone) (Figure 3). Kruskal-Wallis-testing of quantified Western Blot

data was not significant (p=0.6766). However, these results justify further experiments
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under improved conditions and more stable cells, e.g., from cell lines to further elucidate
the effects of HG, hypercholesterolemia, and relevant side products of both metabolic

conditions on monocytic DEP-1 expression in-vitro.

4.3 TNF-a induced pro-inflammatory signaling stimulates DEP-1 expres-
sion in primary monocytes
HG is a pro-inflammatory stimulus in DM, induces DEP-1 expression in primary mono-
cytes in-vitro (chapter 4.2) and is therefore a possible mediator of DEP-1 upregulation
in diabetic patients (chapter 4.1). Inflammation is considered to be one of the most im-
portant mediators linking DM to its cardiovascular complications and first anti-inflam-
matory treatments for DM itself and limitation of its complications are investigated in
clinical trials (51). Since it was earlier reported that DEP-1 expression can be induced by
TNF-a stimulation of T-lymphocytes (46) it seems rational to investigate the impact of

this inflammatory pathway on DEP-1 expression in monocytes.

Primary human monocytes were stimulated with 10-25 ng/ml human recombinant TNF-
a for 24 hours and then analyzed in a rt-qPCR experiment. To investigate the intracellular
downstream signaling further, an inhibitor of NF-kB activation (InSolution™ NF-«kB ac-
tivation inhibitor, 1 pM) and an inhibitor of protein kinase C (GF 109203X, 5 uM) were

applied simultaneously without preincubation time.

Stimulation with TNF-a led to a significant 3.6-fold (SD: 1.0, 95%-CI: 2.6-4.7, p=0.0002
vs. control) upregulation of DEP-1 protein expression, which indicates that DEP-1 could
be involved in inflammatory processes. NF-kB inhibition via InSolution™ NF-«B acti-
vation inhibitor limited this upregulation to 2.7-fold (- 24 %, SD: 0.99, 95%-CI: 1.7-3.8,
p=0.0110 vs. control, p=0.5316 vs. TNF-a) of the baseline expression. PKC inhibition
via GF 109203X nearly bisected TNF-a-induced upregulation to only 1.9-fold (- 46 %,
SD: 0.67, 95%-CI: 1.2-2.7, p=0.3787 vs. control, p=0.0166 vs. TNF-a) of the baseline
expression. Downregulation of DEP-1 expression via GF 109203X compared to TNF-a
stimulation alone was therefore statistically significant, as well as the initial upregulation

through TNF-a itself compared to the non-stimulated control (Figure 4).

This data suggests that TNF-a as one of the most potent pro-inflammatory cytokines has

a significant positive regulatory impact on DEP-1 expression. This effect is most probably
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signaled through downstream NF-kB activation because of the very likely limiting effect
of the applied direct NF-kB-inhibitor and the significant limiting effect of the applied
PKC-inhibitor.
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Figure 4: TNF-a upregulates DEP-1 protein expression in monocytes. Primary human monocytes iso-
lated from healthy donors (n=6 biological replicates) were stimulated with 10-25 ng/ml TNF-a directly
after isolation for 24 hours. Simultaneously, NF-kB activation inhibitor at a concentration of 1 uM and a
PKC-inhibitor at a concentration of 5 uM were applied without preincubation. Protein was collected after
24-hour incubation. Proteins were run in iso-volume SDS-PAGE and stained overnight for DEP-1 and
Vinculin, respectively. Density of DEP-1 bands were normalized to Vinculin. TNF-a stimulation led to a
highly significant 3.6-fold (SD: 1.0, 95%-CI: 2.6-4.7, p=0.0002 vs. control) upregulation of DEP-1 expres-
sion which could be partly rescued by NF-kB inhibition via InSolution™ NF-«B activation inhibitor (- 24
%, SD: 0.99, 95%-CI: 1.7-3.8, p=0.0110 vs. control, p=0.5316 vs. TNF-a) and PKC inhibition via GF
109203X (- 46 %, SD: 0.67, 95%-CI: 1.2-2.7, p=0.3787 vs. control, p=0.0166 vs. TNF-a). An exemplary
western blot shows the induction of DEP-1 through TNF-a stimulation, as well as the limiting effects of
InSolution™ NF-«B activation inhibitor (NF-xB-i) and GF 109203X (PKC-i). Plotted are box plots with
minimum- to maximum-whiskers. Data was analyzed employing Kruskal-Wallis with Bonferroni post-hoc
testing at a significance level of a=0.05. ** p<0.01, *** p<0.001, ™ not significant.

4.4 Inflammatory M1-macrophages show highest expression and activity
of DEP-1 among non-activated and activated macrophage subpopula-
tions

Primary monocytes can be differentiated into monocyte-derived macrophages in-vitro

and activated into distinct functional phenotypes by cytokine combinations. These acti-

vation stages can also be observed in-vivo as a continuum between the two extremes of

classical M1-activation and non-classical alternative M2-activation. However, functional

experiments on these extremes in-vitro are commonly used in macrophage basic research.
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This experiment intended to test whether DEP-1 is present in macrophages in the same
way as in monocytes and whether a pro-inflammatory context modelled by in-vitro M1-
activation of macrophages contributes to changes in expression or activity of the phos-

phatase.

For both, expression and activity assays, primary monocytes were isolated freshly from
healthy donors and cultured in regular monocyte culture medium supplemented with 50
ng/pl recombinant human-M-CSF for differentiation into M@-macrophages within 7 to
10 days. Final differentiation and activation were evaluated on an experiment-individual
basis for most experiments by assessing macrophage activation markers, as well as by
visual control under light microscopy considering typical morphology changes in each
experiment. All wells were changed to regular macrophage culture medium while the
medium in the wells for M1- and M2-activation was supplemented with either 50 ng/ml
[FN-y and 20 ng/ml LPS (M1) or 25 ng/ml each of IL-4 and IL-13. After 18 hours, me-
dium was again changed to regular macrophage culture medium without M-CSF nor ac-
tivating cytokines. Macrophages in different activation stages were then cultured in either
5 mM glucose (NG) or 30 mM glucose (HG) for 48 hours, lysed and prepared for rt-qPCR

analysis, or phosphatase activity assay was performed.
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Figure 5: DEP-1 expression and phosphatase activity in macrophage subpopulations. Primary mono-
cyte-derived macrophages from healthy donors (n=3 biological replicates for rt-qPCR and n=4 biological
replicates for phosphatase activity) were activated to well established in-vitro phenotypes M1 (50 ng/ml
IFN-y and 20 ng/ml LPS) and M2 (20 ng/ml IL-4 and 20 ng/ml IL-13). After activation, macrophages were
cultured in normoglycemia (NG, 5 mM glucose) or hyperglycemia (HG, 30 mM glucose) for 24 hours. A:
NG- and HG-stimulated, activated macrophages were lysed, DEP-1 mRNA expression was analyzed. DEP-
1 upregulation in the M1-phenotype in NG was 2.2-fold (SD: 1.1) and to 2.9-fold accentuated in HG (SD:
2.5). Plotted are NG-MO0-normalized means and SEM. Kruskal-Wallis-testing was not significant
(p=0.8053) at a significance level of 0=0.05. B: Activated monocytes were lysed after activation without
further stimulation and DEP-1-specific phosphatase activity was analyzed. DEP-1 phosphatase activity was
increased in the M 1-phenotype (1.9-fold, SD: 0.19, p=0.0071). Plotted are boxplots with Turkey-whiskers,
normalized to M0. Kruskal-Wallis test was significant (p=0.0005) at a significance level of 0=0.05. Dunn’s
post-hoc testing results are indicated in the graph and figure legend. ** p<0.01.

Although Kruskal-Wallis-testing of the rt-qPCR results of DEP-1 expression in different
macrophage phenotypes was not significant (p=0.8053), DEP-1 expression was markedly
upregulated in the established in-vitro pro-inflammatory macrophage phenotype M1
compared to MO-macrophages in NG (2.2-fold, SD: 1.1) which was even accentuated in
HG (2.9-fold, SD: 2.5). There against, HG alone showed no effects with a non-significant
1.2-fold expression change in the MO phenotype compared to NG. Just as little, DEP-1
expression changed in the M2-phenotype compared to MO in NG (0.8-fold, SD: 0.5) as
well as HG (1.0-fold, SD 0.8) (Figure 5A).

Similar results were obtained regarding DEP-1’s phosphatase activity which is function-

ally more relevant than its expression. Here, activity in the M1 subpopulation was 1.9-
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fold increased (SD: 0.19, p=0.0071) compared to MO, while activity only slightly in-
creased in the M2-subpopulation (1.4-fold, SD: 0.15, p=0.2866) (Figure 5B).

This data suggests a relevant upregulation of DEP-1 expression and activity during acti-
vation of macrophages which follows cytokine stimulation in-vitro as well as in-vivo. The
rt-qPCR data also shows a trend of a positive regulatory effect of HG on DEP-1 expres-
sion, which is consistent with the data obtained in monocytes, the natural macrophage

precursors (chapter 4.2).

4.5 DEP-1 knockdown inflammatory in-vitro macrophage model
For further analysis of the above-described findings regarding DEP-1's behavior within
diabetic patients, hyperglycemia and inflammatory stimulation, a reliable system with

knockdown capabilities and a model for DM and inflammation was required.

A suitable in-vitro model which starts out with primary monocytes being differentiated
into monocyte-derived macrophages in which knockdown experiments can be stably per-
formed under varying glycemic as well as inflammatory conditions was established (Fig-
ure 6). The model was assessed for functionality and stability on an experiment-individ-

ual basis by analysis of surface markers as described (chapter 3.4.2).
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Figure 6: Established in-vitro DEP-1 knockdown model. The flowchart shows the steps of isolation,
differentiation, activation, transfection, and stimulation, as well as the required incubation times in the es-
tablished DEP-1 knockdown model.

Several transfection reagents for chemical transfection and electroporation were assessed

for knockdown efficiency (chapter 4.5.1) and toxicity (chapter 4.5.2). A stable, con-

stantly low knockdown for 72 hours was required to perform functional readout experi-

ments, especially scratch migration, and viability assays. In the pre-treated cells as
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described above, multiple tested transfection methods either led to early cell death or

could not achieve a stable knockdown of the above-described criteria.

This methodologic part of this work could identify two chemical transfection methods
which fulfilled the requirements: Either Lipofectamine® RNAIMAX (Thermo Fisher
Scientific) or Viromer® Blue (Lipocalyx) chemical lipid-based transfection was then used
for the functional experiments of this work. The protocol was changed to Viromer® Blue

later due to higher knockdown efficiencies.

4.5.1 Knockdown efficiency

DEP-1 specific knockdown efficiencies were evaluated for different chemical transfec-
tion reagents. Figure 7A and Figure 7B show that RNAIMAX reached DEP-1 mRNA
knockdown efficiencies of averagely 53.7 % + 11.9 % (p=0.0159). RNAIMAX (protein
knockdown efficiency 63.8% + 11.4%, n=5, one-sample t-test p=0.0363) regulated DEP-
1 protein expression slightly better compared to Oligofectamine® (protein knockdown ef-
ficiency 46.7% + 6.7%, one-sample t-test p=0.0804) and two more worse performing
transfection reagents (efficiencies not shown). These tests were performed when Vi-
romer® Blue was not yet established. Therefore, RNAIMAX was used for the first pre-

liminary experiments as it delivered most consistently and satisfying DEP-1 knockdown.

First publications featuring Viromer® Blue as a transfection reagent for macrophages
were released during experimental time of this work. DEP-1 mRNA knockdown efficien-
cies with Viromer® Blue where reassessed and compared to RNAIMAX which revealed
much better and even more consistent efficiencies with lower variations for Viromer®
Blue (SD 4.0 % vs. 11.4 %). DEP-1 knockdown efficiency employing Viromer® Blue
was 85.9 % + 4.0 % (p=0.0079, Figure 7A and Figure 7B). Therefore, Viromer® Blue

was used for further experiments.

Within one experiment series, the same knockdown technique was used for all reported

cases and is described for each experiment individually.
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Figure 7: Knockdown efficiencies and toxicity evaluation.Commercially available knockdown reagents
Lipofectamine® RNAIMAX, Viromer® Blue (VB), Viromer® Green (VG), JetPrime® (JP) and INTER-
FERin® (IFin) were assessed regarding their knockdown efficiency of DEP-1 in primary human monocyte-
derived macrophages, as well as regarding their toxicity via rt-qPCR-analysis of apoptosis gene regulation.
Knockdown was performed according to manufacturer’s instruction employing DEP-1 siRNA (chapter
3.5) in primary monocyte-derived macrophages immediately after 7-9 days differentiation. After a stand-
ardized transfection incubation time of 24 hours, macrophages were lysed and RNA respectively proteins
(as indicated in sub-figures) were extracted. Plotted in all sub-figures are box plots with Minimum-to-Max-
imum-Whiskers. Mann-Whitney-U tests were employed at a significance level of a=0.05. A: VB reached
a mean mRNA knockdown efficiency of 85.9 % (A, SEM=4.0%, n=5 biological replicates, p=0.0079). B:
Lipofectamine® RNAIMAX reached a mean knockdown efficiency 53.7 % for mRNA (B, SEM=11.9%,
n=5 biological replicates, p=0.0159) and a mean protein knockdown efficiency of 63.8 % (not shown,
SEM=11.4%, n=5 biological replicates, one-sample t-test p=0.0363). C, D: Expression of apoptosis regu-
lators Bax and Bcl-2 was assessed in n=6 biological replicates via rt-qPCR for transfection reagents VB,
VG, JP and IFin. Mean relative Bax- and Bcl-2-mRNA-expression per transfection reagent are normalized
to the mean relative expression in Viromer® Blue transfected samples. * p<0.05, ** p<0.01.

4.5.2 Knockdown toxicity

Toxicity of Viromer® Blue in the given setup was assessed against three other transfec-
tion reagents Viromer® Green, INTERFERin® and JetPrime® in this work’s specific use
case of DEP-1 siRNA-based knockdown in primary human monocyte-derived macro-
phages with a sufficient knockdown required to last at least 48 hours (chapter 4.5, Figure
6). The transfection regents were used according to their manuals, but siRNA concentra-

tion was equalized (25 nM) for all reagents in this assessment to exclude siRNA-related
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toxicity effects. Bax is a pro-apoptotic protein which is typically upregulated when a cell
is exposed to toxic substances while Bcl-2 acts as an anti-apoptotic regulator against cell
death. Bax expression was lowest in cells transfected with Viromer® Blue, whereas Bcl-
2 expression was higher compared to the other transfection reagents, indicating that Vi-
romer® Blue comes with the relatively lowest toxicity against macrophages. However,
Bcl-2 expression was most variable for Viromer® Blue (Figure 7C, Figure 7D and Table

15).

Table 15: Comparison of knockdown reagent toxicity against Viromer® Blue.

Relative expression relative to Viromer® Blue
Bax Bcl-2
Viromer® Blue 100.0 % +32.1 % 100.0 % +£45.4 %
Viromer® Green 103.8 % +18.1 % 454 % +10.0 %
INTERFERin® 131.8 % +14.5 % 67.0 % +09.0 %
JetPrime® 173.4 % £+ 18.6 % 38.5%+04.9%

Primary human monocyte-derived macrophages from healthy donors (n=6 biological replicates) were
transfected with the given reagents and control siRNA according to manufacturer’s instructions. Viromer®
Blue showed the highest expression of anti-apoptotic Bcl-2 while expression of pro-apoptotic Bax protein
was the lowest for Viromer® Blue. The values are shown as percental relative expressions normalized to
Viromer® Blue which was set to 100 % and SEM.

4.6 DEP-1 knockdown negatively influences macrophage migration
Leukocyte migration is a crucial factor in mediating the pathology of arteriosclerosis (72,

73). Therefore, this key function was analyzed under DEP-1 knockdown circumstances.

Primary monocytes were isolated, differentiated into M@-macrophages and then acti-
vated to M1- and M2-macrophages for 18 hours or kept at the M@-stage. The macro-
phages were then stimulated in either NG or HG for 24 hours. Now, knockdown was
performed with either Lipofectamine® RNAIMAX or later Viromer® Blue and cells were
incubated with the transfection components in the medium for 24 hours. A central scar
was scratched using a pipette tip (approximately Imm distal diameter) and the medium
was changed twice to wash out non-adherent cells. NG and HG conditions were kept in
the final reaction medium. The open area was photographed and quantified in ImageJ at
0, (6, 12), 24 and 48 hours after creating the scar. Reported are fractional open areas
(FOA) at every time point, normalized to the initial open area at the beginning of the

experiment.

Table 16: Comparison of fractional open areas (FOA) during a wound healing assay of primary hu-
man monocyte-derived macrophages after siRNA-mediated knockdown of DEP-1 in normoglycemia
(NG).
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Fractional open area after 48 hours
siControl siDEP-1 Fold-increase p-value
Mo 17.0 %+ 2.9 % 31.4%+ 8.7 % 1.85 0.1789
Ml 60.4% £ 6.7 % 79.7 % +5.1 % 1.32 0.0208
M2 20.2% +£5.9 % 416 % +6.1 % 2.06 0.0150
combined 325%+5.1% 50.9 %+ 5.7 % 1.59 0.0003

A scratch assay of confluent primary monocyte-derived macrophages isolated freshly from healthy donors
(n=8 biological replicates) was performed in the implemented DEP-1 knockdown model in NG medium.
FOA were calculated comparing the 48-hour open area with the initial (t = 0 h) open area for each sample
individually. The table shows mean FOA and SEM for the different macrophage phenotypes in NG after
SIDEP-1 and siControl transfection. Mean FOA varied significantly for M1- and M2-macrophages, as well
as in the combined analysis. There was a trend of impaired migration in MO-phenotype. Statistical analysis
was performed for each phenotype individually and in a combined analysis of all datasets using a two-
sided paired Student’s t-test at a significance level of a=0.05.

Independent of DEP-1 knockdown, Macrophage migration was much more effective in
the non-treated NG group of the MO- and M2-phenotype with average FOA after 48 hours
of 17.0 % and 20.2 %, respectively, compared to the non-treated M1-phenotype with a
mean FOA of 60.4 % after 48 hours.

DEP-1 knockdown lead to a significantly 1.32-fold in M1- and 2.06-fold increased FOA,
therefore impaired migration, in M2-macrophages. In M1-macrophages, the FOA was
60.4 % without treatment and 79.7 % after DEP-1 knockdown (p=0.0208). In M2-mac-
rophages the open area doubled from 20.2 % to 41.6 % (p=0.0150). There was a non-
significant increase of FOA from 17.0 % to 31.4 % (p=0.1789) in MO-macrophages.

Combining all three macrophages-phenotypes, DEP-1 knockdown impaired migration
with a 1.59-fold increase in the remaining FOA (p=0.0003).
Table 17: Comparison of fractional open areas (FOA) during a wound healing assay of primary hu-

man monocyte-derived macrophages between normoglycemic (NG) and hyperglycemic (HG) cultur-
ing.

Fractional open area after 48 hours
NG HG Fold-increase p-value
Mo 17.0 % +2.9 % 30.5% + 8.5 % 1.80 0.1590
Ml 60.4 %+ 6.7 % 68.9 % + 6.8 % 1.14 0.1963
M2 202 % +£5.9 % 227 %+7.5% 1.20 0.6395
combined 325%+5.1% 40.7 % £ 6.0 % 1.25 0.0429

A scratch assay of confluent primary monocyte-derived macrophages isolated freshly from healthy donors
(n=8 biological replicates) was performed in the implemented DEP-1 knockdown model in normo- (NG)
and hyperglycemia (HG). Macrophages were siControl-transfected, therefore, DEP-1 is normally ex-
pressed. FOA were calculated comparing the 48-hour open area with the initial (t = 0 h) open area for
each sample individually. The table shows mean FOA and SEM for the different macrophage phenotypes
in NG and HG. Mean FOA varied significantly when comparing all phenotypes in a combined analysis
with a 1.25-fold increased FOA, therefore impaired migration, in HG. This was — although not significant
— measurable in all phenotypes individually. Statistical analysis was performed for each phenotype and in
a combined analysis of all phenotypes by two-sided paired Student’s t-test at a significance level a=0.05.
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The experiment was performed in normoglycemic (NG) and hyperglycemic (HG) condi-
tions. Therefore, combined effects of DEP-1 knockdown and metabolic stress were as-
sessed, as well. There was significantly impaired migration in HG, measurable by a 1.25-
fold increase of the FOA in the combined non-stratified sample (p=0.0429, Table 17).
Although not significant, this effect was measurable in all macrophage phenotypes indi-
vidually, as well, with a 1.14-fold increase (p=0.1963) of FOA in hyperglycemic cultured
M 1-macrophages, 1.20-fold increased FOA (p=0.6395) in M2-macrophages and even
1.80-fold increased FOA in M0O-macrophages (p=0.1590).

Analyzing the 48-hour FOA of each phenotype and glucose concentration subgroup indi-
vidually, significant differences were obtained in three groups: In M 1-macrophages, mi-
gration was significantly impaired by DEP-1 knockdown in NG (60.4% + 6.7% vs. 79.7%
+ 5.1%, 1.32-fold increased FOA, p=0.0208). In M2-macrophages, mean FOA varied
significantly in DEP-1-depleted macrophages in both NG (20.2% =+ 5.9% vs. 41.6% =+
6.1%, 2.07-fold increased FOA, p=0.0150) and HG (22.6% + 7.5% vs. 46.5% + 9.7%,
2.05-fold increased FOA, p=0.0099). All other subgroups had the same trends as shown

in the corresponding figure panel (Figure 8).

In summary, this experiment conducted in monocyte-derived macrophages from 8 indi-
vidual healthy donors provided good evidence that knockdown of DEP-1 in macrophages
(Table 16, Figure 8) as well as HG (Table 17) both negatively influence these cells’
migratory capabilities. Additionally, it could be shown that migration is generally im-
paired in the M1-phenotype of macrophages (Table 16). This phenotype is a result of

foregone inflammatory stimulation and signaling.
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Figure 8: DEP-1 knockdown migration assays. Migration assays were performed as a wound healing
assay in a confluent layer of primary human monocyte-derived macrophages isolated from healthy donors
(n=8 biological replicates), differentiated, transfected, and stimulated by normoglycemia (NG) and hyper-
glycemia (HG) according to the described, established DEP-1 knockdown model. Independent from glu-
cose treatment, knockdown of DEP-1 led to an increased open area after 48 hours (Table 16). Hyperglyce-
mic culturing led to impaired migration (Table 17). The graph-set shows mean fractional, per-experiment-
normalized open areas (FOA) with SEM as error bars for DEP-1 transfected (---blue lines---) and control
transfected cells (--—-black lines---). DEP-1 knockdown impaired migration in NG M1- (19% FOA-differ-
ence, SEM of difference 6.5%, p=0.0208) and M2-phenotype (21% FOA-difference, SEM of difference
6.7%, p=0.0150), as well as in the HG-cultured M2-phenotype (24% FOA-difference, SEM of difference
6.8%, p=0.0099). Statistical analysis was performed for each stratified subgroup in a two-sided paired Stu-
dent’s t-test at a significance level 0=0.05. Exact p-values are reported in the graph and significant p-values
are also reported in this figure legend.
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4.7 DEP-1 knockdown did not reveal significant differences in macrophage

proliferation nor viability
The previous experiment showed that macrophage migration is negatively affected after
DEP-1 knockdown. Because migration in a scratch assay is not always easily distinguish-
able from proliferation and since macrophage proliferation is — as well as — migration
itself an important cell function and therefore relevant in pathological conditions, cell

proliferation in DEP-1 knockdown conditions was assessed.

Therefore, primary monocytes were isolated and seeded in 96-well plates, differentiated
into M@-macrophages, activated as described previously and then stimulated in either
NG or HG for 24 hours. Knockdown was performed with Lipofectamine® RNAIMAX.
Afterwards, medium was changed to a proliferation medium supplemented with 20 ng/ml
recombinant human PDGF-BB. Absorbance was measured after 24 hours and after 48

hours.

The data was analyzed regarding differences in the absorbance means in the six different
subgroups defined by macrophage polarization and glucose stimulation. The measured
mean absorbances varied only slightly between the groups and were not significantly dif-
ferent in a two-way ANOV A statistical testing for time and knockdown. This experiment
could show that DEP-1 knockdown in the fashion it was performed in the migration ex-
periments does not influence macrophage proliferation or viability (Figure 9). It can be

assumed, that measured differences in scratch open area are only due to altered migration.
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Figure 9: DEP-1 knockdown proliferation and viability assay. A proliferation and viability assay was
performed in primary human monocyte-derived macrophages isolated from healthy individuals (n=4 bio-
logical replicates) after differentiation, activation and DEP-1 knockdown through the established protocol.
Proliferation was stimulated with 20 ng/ml recombinant human PDGF-BB. Absorbance was measured 24
and 48 hours after addition of PDGF-BB. In all six stratified groups (macrophage phenotypes and glucose
conditions) were no significant differences between the absorbance means of the control and DEP-1 knock-
down group. Statistical analysis was performed in a two-way ANOVA test for time and knockdown at a
significance level 0=0.05.™ not significant.
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4.8 DEP-1 knockdown mediates NF-kB transcription factor upregulation in

inflammatory macrophages
Stimulants HG, possibly MG and oxLLDL in-vitro, as well as T2DM in-vivo, were identi-
fied as regulators of DEP-1 expression (chapters 4.1 and 4.2). Pro-inflammatory stimu-
lation with TNF-a lead to upregulation of DEP-1 most likely through the NF-«B signaling
pathway (chapter 4.3). If DEP-1 plays a role in pro-inflammatory signaling which is also
associated with HG, DEP-1 might also influence downstream inflammatory signaling.
Therefore, regulation of the NF-kB signaling pathway was assessed, as it is one of the
most important inflammatory signaling pathways, as well as a downstream target of NF-

kB signaling the TNF-a expression.

Primary monocytes were isolated, differentiated and activated into M1-macrophages. Af-
ter 18 hours, medium was replaced with culturing medium and the cells were transfected
with either siControl or siDEP-1 siRNA by Viromer® Blue with the transfection reagent
in the medium for at least 24 hours. After 24 hours, medium was replaced with new cul-
turing medium containing 100 ng/ml of the synthetic TLR1 and TLR2 ligand Pam3CSK4
(PAM3). Cells were lysed after 6-12 hours stimulation time, RNA was extracted, and
cDNA was analyzed by rt-qPCR regarding the mRNA expression of the p65-subunit
which is a member of the NF-kB family and involved in the dimerization, nuclear trans-
location and activation of NF-kB (Figure 10A). Besides, the expression of TNF-a which
is a target gene of the NF-xB transcription factor, was measured (Figure 10B). DEP-1
mRNA expression itself served as an internal control to evaluate whether knockdown is

still effective under stimulation with PAM3.

To evaluate the phosphorylation state of NF-kB’s p65 subunit, the same experiment as
described above were performed with an incubation time for PAM3 stimulation of 24
hours and lysed the cells, extracted protein and ran SDS-PAGE and Western Blot with
antibodies against total p65 and phosphorylated p65 to densitometrically quantify a ratio
of phosphorylated versus non-phosphorylated p65 after DEP-1 knockdown and PAM3
stimulation (Figure 10C+D).
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Figure 10: Downstream signaling effects of siRNA-mediated DEP-1 knockdown in M1 macrophages.
Primary human monocytes from healthy donors (n=6 biological replicates) were isolated, differentiated and
activated into M1-macrophages. DEP-1 knockdown was achieved via Viromer Blue® transfection for 24
hours. Macrophages were stimulated 6 hours for RNA analysis and 24 hours for protein analysis, respec-
tively, with 100 ng/ml PAM3. Plotted in all sub-figures are boxplots with minimum- to maximum whiskers.
Multiple comparisons were tested via ordinary or repeated-measures ANOVA as indicated and Bonferroni
post-hoc tests at a significance level of a=0.05. A: DEP-1 knockdown lead to a significant increase in basal
(73.5%, p=0.0371) and PAM3-stimulated (39.8%, p=0.0269, repeated-measures ANOVA) p65-expression.
B: Expression of TNF-a mRNA increased after PAM3-stimulation. TNF-a mRNA expression increased by
25.0% under PAM3-stimulation in DEP-1 depleted M 1-macrophages (p=0.0470 in paired t-test, not signif-
icant in post-hoc test of repeated-measures ANOVA). C: Knockdown was consistently stable throughout
all experiments. PAM3 stimulation did not increase DEP-1 expression significantly during knockdown
(p=0.2828, ordinary ANOVA). D: The quotient of phosphorylated p65 and total p65 as a measure for NF-
kB activation increased under PAM3-stimulation in DEP1-knockdown. Exemplary western blots are
shown. However, repeated-measures ANOVA of semi-quantified western blot data was not significant at a
significance level of a=0.05 (p=0.1018). Therefore, post-hoc testing was not performed.* p<0.05, **
p<0.01, *** p<0.001.
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This data suggests that NF-xB expression and phosphorylation is —among of course many
other regulatory cascades — to some extent dependent on DEP-1 expression. DEP-1
knockdown led to a 73.5% increase of basal p65 housekeeping-gene-relative mRNA-ex-
pression in M 1-activated macrophages (0.1342 + 0.0339 vs. 0.2329 £+ 0.0624, p=0.0371)
and to a 39.8% increase during 100 ng/ml PAM3-stimulation (0.2610 + 0.0980 vs. 0.
3649 £ 0.1280, p=0.0269) (Figure 10A). NF-«B especially effects pro-inflammatory cy-
tokine regulation. This was assessed next: TNF-a mRNA was non-significant without
PAM3-stimulation. However, during stimulation, differences were observed: DEP-1
knockdown led to an 25.0% increased TNF-a mRNA expression (0.0949 £ 0.0532 vs.
0.1186 £ 0.0685, p0.0470, paired t-test) (Figure 10B). This indirectly confirms that be-
sides p65 mRNA also the functional NF-kB protein complex is upregulated in DEP-1
knockdown. In western blot analysis, protein concentrations of phosphorylation of p65
and total p65 were measured semi-quantitatively. The quotient may be interpreted as a
measure for NF-kB activation. Interestingly, this quotient also increased in DEP-1 knock-
down and PAM3-stimulation by 26.5% (0.2638 + 0.0963 vs. 0.3337 + 0.1145) (Figure
10D). However, repeated-measures ANOVA of semi-quantified western blot data was
not significant and therefore no post-hoc testing was performed. The described effect was
only observed in four out of totally six independent experiments. Nevertheless, it may —
after further validation — support the idea that DEP-1 negatively regulates NF-kB expres-

sion and alters its phosphorylation.

As a control, DEP-1 mRNA-expression was determined in all tested conditions to verify
that knockdown was efficient and PAM3-stimulated does not attenuate knockdown. In
average, knockdown efficiencies of 70.7 % and 65.8 % were reached without and with
PAM3-stimulation, respectively. Although PAM3-stimulation as a ligand of TLR2 de-

creased knockdown efficiency slightly, they were still acceptable.
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5 Discussion

This work aimed to investigate the functional role of DEP-1 in diabetic monocytes and
macrophages. It was shown ex-vivo that DEP-1 is upregulated in monocytes from diabetic
hyperglycemic patients compared to non-diabetic patients which underlines the phospha-
tase’s clinical relevance (chapter 4.1). This effect was also shown in in-vitro experiments
employing hyperglycaemic stimulation (chapter 4.2). Besides, DM and HG, other regu-
latory stimuli of DEP-1 could be identified and partly validated (chapters 4.2, 4.3, 4.8).
Next, an easily in S1-laboratories performable, low toxic, stable and reproducible siRNA-
mediated knockdown protocol for DEP-1 in primary monocyte-derived macrophages was
established and validated (chapter 4.5). This allowed investigation of downstream func-
tions and signaling pathways of the phosphatase in longer lasting experiments. Here it
was shown that macrophage migration was impaired after DEP-1 knockdown which may
allow to conclude a positive regulatory role of DEP-1 in this context (chapter 4.6). Pro-
liferation was not altered after knockdown of the phosphatase. An increase of baseline
and PAM3-stimulated NF-kB expression was observed in DEP-1 knockdown macro-
phages, which — at least — questions the model of DEP-1 as a pro-inflammatory mediator

of immune cells (chapter 4.8).

5.1 DEP-1 protein expression can be efficiently reduced by siRNA-medi-
ated knockdown in a time-efficient, reproducible and easily performa-

ble approach
Transfection of cells with small nucleic acids which mediate gene silencing is called RNA
interference (RNA1) (57, 61). RNAI is a commonly used laboratory technique to study
cell function and signaling under altered gene expression (55). In-vitro transfection tech-
niques are either virus-mediated, chemical or physical techniques (reviewed by Kim and
Eberwine 2010 (121)) and although many protocols for different cell types have been
published, transfection can remain challenging depending on cell type, siRNA and cir-
cumstances related to cell culture and experimental read-out. From an ideal transfection
method, one would expect high delivery efficiency with minimal peripheral effects of the

transfection itself on the transfected cells.

Macrophages, especially primary macrophages, are considered to be harder to transfect

than other cell types because of their natural immunological function (117, 260, 262).
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Especially viral vectors and in general uptake of foreign nucleic acids have been discussed
to activate macrophages and trigger immune responses which alter experimental condi-
tions and outcomes on the one hand and lead to degradation of the foreign nucleic acids
on the other hand (40). Uptake and degradation of transfection components through mac-
rophages’ phagocytotic pathways can limit transfection efficiencies. Additionally, espe-
cially primary cells are highly sensitive to damage through changes of their environment

which was also observed in experiments carried for this work (105, 228).

An important prerequisite and goal of this work was to establish and validate a high-
efficient protocol for knocking down DEP-1 in primary human monocyte-derived mac-
rophages with a low primary macrophage-specific toxicity which does not trigger im-

mune responses by itself since immunological function itself was subject to analysis.

Primary cells do not carry significant genetic changes as cell lines usually do. Besides,
they can be obtained from multiple different healthy donors and can therefore be used to
validate and statistically test observed effects in multiple individuals. Cell lines lack this
feature. A knockdown of a protein in primary cells comes closer to targeting this protein
with inhibitors in-vivo and observed results might suggest druggable pathways to treat
malfunctions. This requires specific and cell-targeted siRNA delivery in-vivo which is

part of ongoing research (216, 225).

Lee et al. obtained high knockdown efficiencies using lentivirus-delivered shRNA in pri-
mary bovine macrophages (140). However, virus-based transfection was not an option
for this work since immunological stress needed to be kept as low as possible. Besides
the laboratory in which the experiments were carried out is — as a significant number of
laboratories — not certified for work with lentiviral vectors. Electroporation and nu-
cleofection were assessed in macrophages. While reasonable results were obtainable in
macrophage cell lines, electroporation and nucleofection, respectively, seem to remain a
challenge when dealing with primary macrophages (155, 228). However, Wiese et al.
were able to transfect bone-marrow derived macrophages from mice with efficiencies
over 95 % using electroporation while observing no differences in cell viability (266).
Electroporation was briefly tested in this work as well, but was not successful due to high

toxicity and cell death within 24 hours was observed which is why this method was not
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further considered®. Wiese’s results, however, suggest that although electroporation was
not an option in this work’s specific context, different protocols deserve assessment for
their usability, quality, and efficiency in other contexts as electroporation may be a help-

ful tool in other experimental conditions.

These own findings and already published evaluated transfection protocols set the focus
for the search for a durable and evenly gentle transfection method for transfecting DEP-
1 silencing siRNA into primary human macrophages on chemical transfection methods,
especially lipofection. Commercially available transfection reagents which were priorly
shown or advertised to be compatible with and effectful in primary human monocytes
were in general used according to their manufacturers’ instructions; however, adjustments
were made regarding siRNA concentrations, transfection during serum-free or low-serum
starvation periods. Since not all transfection reagents were available at the beginning of
this work, the screening for a suitable agent was done twice and subsequently. In the first
screening, Lipofectamine RNAIMAX (ThermoFisher Scientific, USA) was found to be
most effective throughout the tested substances and was therefore used for preliminary
experiments as shown in Figure 7C of this thesis. Shortly after, the Viromer® transfection
line (Lipocalyx, Germany) came to the investigator’s attention and even better transfec-
tion efficiencies of up to 90 % were reached using Viromer® Blue. Additionally, Vi-
romer® Blue showed comparably low toxicity compared to other reagents which is sum-
marized in Table 15 of this thesis. A shortcoming here is the missing head-to-head com-
parison of Viromer® Blue and Lipofectamine RNAIMAX. With recently published pro-
tocols, other groups reached comparably high transfection efficiencies, however below
80 % in most cases, among different siRNAs transfection reagents which were also eval-
uated in this work (16, 131, 144, 251). It is remarkable that Wati et al. reached a trans-
fection efficiency above 90 % using Lipofectamine RNAIMAX and a fluorescent oligo-
nucleotide for testing purposes. As in this work, Wati et al. used RNAIMAX transfection
in combination with cell starvation for 4 hours but they added an additional 4-hour trans-
fection period after allowing the cells to recover from the first transfection for 18 hours
(261). This interesting concept deserves a validation in the experimental conditions of the

here established model in the future course.

3 Own, unpublished, preliminary data
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Reaching high-enough DEP-1 knockdown efficiency by testing different transfection
techniques was one out of several steps in the development and optimization of the de-
scribed in-vitro experimental model used in this work. The model required a sufficient
knockdown for at least 96 hours, since effects of 48 hours glucose stimulation needed to
be evaluated and experimental readouts took up to 48 hours (scratch assay, proliferation
and viability assay). Against all optimizations, only 72 hours of highly efficient knock-
down were reachable with the described protocol. Therefore, glucose stimulation was
added already during the 24-hour transfection incubation time which may be interpreted
as an additional stressor for the cells during transfection. The experimental model was
carefully validated as described in chapter 4.5 and knockdown efficiencies were con-
stantly monitored, since evenly treated and transfected samples were split and used for
both functional assays and RNA readouts in which analysis of DEP-1 mRNA was always
included. Nevertheless, instabilities of the experimental model were experienced during
the experiments which had to result in repetition of the experiment set for single monocyte
donors. Observed instabilities were mainly cell death which led to non-confluent cell lay-
ers necessary for scratch assays over the long culturing time of up to 14 days. These ob-
servations were attributed to frequent media changes and cell-stress during transfection,
starvation, and glucose stimulation. In part, insufficient media quality or possibly insuf-
ficient precise and careful handling during cell culture cannot be excluded as reasons here.
However, included in analysis were only those experiments which met the described qual-

ity standards.

5.2 DEP-1 expression is a target of metabolic stress and pro-inflammatory

stimulation in type 2 diabetes mellitus
This work revealed altered ex-vivo and in-vitro DEP-1 expression in different physiolog-
ical conditions, elucidating the phosphatase’s relevance in pathological contexts, espe-
cially in DM in which both metabolic stress through HG and side products of HG-metab-
olism, as well as inflammation are relevant mediators. Both mediators have been investi-

gated separately but are also dependent on each other which will be discussed.

5.2.1 DEP-1 is elevated in the hyperglycemic diabetic disease
DEP-1 mRNA expression was significantly higher in primary monocytes isolated from

hyperglycemic diabetic patients compared to control subjects while a linear correlation
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of HbAic and DEP-1 mRNA expression normalized to the mean expression within the
investigated cohort could not be determined in regression analysis. The study population
had an HbAic lower cut-off of 7.5 % together with the diagnosis of T2DM as inclusion
criteria for the diabetes group and an HbAic upper cut-off of 6.5 % for the control group.
HbAc values above 6.5 and below 7.5 with or without a diagnosis of T2DM were ex-
cluded, ensuring an active diabetic disease in a hyperglycemic metabolic situation in the
T2DM cohort. The observed DEP-1 upregulation is therefore associated with the combi-
nation of T2DM and a hyperglycemic metabolic situation rather than the clinical diagnose
of T2DM itself. This also needs to be considered when results are interpreted. Interest-
ingly, CRP levels were lower in the low-glycemic-index diet group in a controlled trial
comparing a low- and high-glycemic-index diet, although HbAic levels did not differ
significantly (269). This, however, supports the idea that glycemic load can have an im-

pact on the level of inflammation independent of the diagnose of T2DM itself.

It is remarkable and a limitation that the two groups of the study populations did not only
differ from each other regarding the diagnosed T2DM and associated conditions such as
an elevated HbAc but also in co-morbidities, ex-smoking status and age. The main rea-
son for this may be that control patients were recruited in another center as were the dia-
betic individuals. Therefore, these ex-vivo results are limited in their reliability and their
interpretative value may be more suggestive than confirmatory. However, reliability is
increased by this work’s in-vitro data and already published in-vivo results from other
groups which observed an increased DEP-1 activity in high-fat dieted obese mice (126).
Further testing in a larger cohort of human patients suffering from T2DM, ideally at a
disease progression state without any yet developed complications. Also, other relevant
attributes with impact on systemic inflammation such as nicotine, alcohol, or any other
drug abuse, free from systemic infections and immune activation could ideally be ex-
cluded. A comparison between at least age- and sex-matched healthy controls seems in-
teresting and rational. A suitable cohort for such a diabetic study population may be pa-

tients at the time of initial diagnosis which happens most likely in ambulatory care.

Several research groups have shown PTPs such as PTP1B (132) and SHP-1 (273) to be
upregulated in mice fed with high-fat. In line with that and with this work’s results, DEP-
1 was upregulated in this type of animal model for T2DM (126). Dorenkamp ef al. have

recently shown, that SHP-2, another PTP, is upregulated in monocytes from diabetic

69



patients (52). Except for the latter study, PTP expression in diabetic disease conditions
was analyzed in liver, muscle and adipose tissue samples but not in immune cells before
(1, 86). Addressing this cell type is important since immune cells play a role in diabetes
itself but especially in atherosclerosis as one of its clinical manifestations. Insofar this

study adds relevant knowledge about potential roles of DEP-1 in diabetes.

Only from this work’s ex-vivo data it remains unclear which signaling pathway(s) is/are
activated by HG and mediate(s) the observed upregulation of DEP-1 in diabetic patients’
monocytes. Chronic systemic inflammation measured exemplarily by elevated serum
acute-phase proteins such as CRP was found to be a co-pathology associated with an
active diabetes disease: Festa et al. showed a correlation between inflammatory markers
and insulin sensitivity, systolic blood pressure and body-mass index (59) and Pradhan et
al. found that serum hs-CRP is elevated in patients with T2DM (197). It was later added
that an elevated hs-CRP only above 0.3 mg/dl in diabetic individuals is associated with a
higher risk of death from coronary artery disease (224). Therefore, inflammation and as-
sociated signaling pathways are — also from a clinical point of view — possible mediators

of DEP-1 upregulation through HG in diabetic individuals.

5.2.2 Inflammation and related pathways are potential mediators of elevated
DEP-1 expression in diabetic individuals

In-vitro, hyperglycemic culturing of a monoculture of primary monocytes from healthy

donors for 48 hours showed a non-significant but 5.6-fold DEP-1 upregulation and a less

strong trend of increased expression was observed in hyperglycemic-cultured macro-

phages. This supports but due to a lack of statistical significance does not prove the idea

that HG can activate signaling pathways that exist in monocytes as well as in macro-

phages which in turn mediate the regulation of DEP-1 expression.

In-vivo, HG may also affect DEP-1 expression indirectly by increasing the level of sys-
temic inflammation which is known for decades from diabetic subjects (reviewed by
Greenberg and Obin 2008 (84)). Lowering of glycemic index was even shown to reduce
TNF-a in mononuclear cells of obese patients (119). However, systemic effects of hyper-
glycemia are by-design excluded in this study of a monoculture of monocytes or macro-
phages which means that all regulating pathways leading to hyperglycemia-induced ele-

vated DEP-1 expression these investigated cells must reside within this specific cell type.
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Since effects were seen in both monocytes and macrophages and both cell types are de-
pendents within the mononuclear lineage one may assume that the same pathways are

responsible in both cell types.

Normoglycemic and hyperglycemic cultured monocytes were also stimulated with MG,
a side metabolite of glycolysis and significantly enhanced in non-insulin-dependent and
insulin-dependent DM (161, 215, 246). It has been described to be a mediator of diabetes
complications such as impaired wound healing and microvascular diseases (19) or neu-
ropathy (20). More recently, Khan ef al. reported that MG — through generation of ad-
vanced glycation end products (AGEs) — decreases the number of anti-inflammatory mac-
rophages in hyperglycemic stroke (120). Newer studies discuss elevated MG levels as a
cause for instead of a consequence of diabetes (168). In this work, MG was used to check
whether glucose itself or its metabolites are responsible for elevated DEP-1 levels in dia-
betics. In NG alone, as well as in combination with HG, trends but no significant effects
of DEP-1 induction through MG were shown. It may be concluded that MG is a further
mediator between glucose and DEP-1 regulation. However, MG did not enhance DEP-1

expression beyond HG alone which is contradictory to the hypothesis.

MG can indirectly upregulate NF-kB as a precursor of AGEs which then bind to proteins
and alter their function. These can in turn bind to and activate the receptor for AGE
(RAGE) (48, 49). Activation of NF-kB by RAGE is mediated through the mitogen-acti-
vated protein kinases (MAPKSs) pathway (199). Conclusively, suggesting MG and more
downstream NF-kB- and MAPK-signaling as further links between HG and regulation of

DEP-1 expression is reasonable.

OxLDL is an essential pro-atherosclerotic product as it is the main component of foam
cells which in turn are the main component of fatty streaks, the early manifestations of
atherosclerosis in the vascular wall (74). Circulating oxLDL is associated with T2DM,
obesity and T2DM-related traits (174, 176), LDL-oxidization is enhanced in diabetes-
typical HG (116) and in serum from T2DM patients (66). This work found a trend of
DEP-1 induction by oxLDL stimulation in both NG and HG. However, no additive effects
of HG and oxLDL were observed. In fact, upregulation through HG alone seemed atten-
uated under additional oxLDL stimulation. Literature research could not reveal earlier

studies testing oxLDL stimulation on DEP-1 expression. Nevertheless, an enhanced SHP-
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2 and ERK phosphorylation upon oxLDL stimulation was shown in vascular smooth mus-
cle cells (33) and CD45 is upregulated in atherosclerotic arteries from hamsters on a high-
cholesterol diet (222). As DEP-1 was shown to be upregulated in inflammatory diseases,
one of the major inflammatory transcription factors in macrophages, NF-kB, may be a
potential mediator of its regulation. OxLDL was shown to activate NF-xB signaling in
macrophages through CD36 and a TLR4-TLR6-heterodimer (235), as well as through
enhancing TLR-signaling when lipids accumulate in the cell membrane (279, 285). Be-
sides, oxXLDL was shown to induce macrophage activation (31) which was discussed to
be mediated through TNF-a release (107) and subsequent NF-«kB activation which again
causes a release of cytokines, that trigger macrophage activation. Indeed, DEP-1 expres-
sion and activity was shown to be increased in activated macrophages in this work. Ox-
LDL is usually used for stimulation of macrophages in doses between 10 and 100 pg/ml
without relevant differences in cell viability, however with dose-dependent increasing
effects in several studies, demonstrated exemplarily by Lara-Guzman et al. (135). In this
work, 20 ug/ml were used which is rather in the lower compartment of possible doses.
Further investigation of this question including dose-response curves of DEP-1 expres-
sion upon oxLDL stimulation and use of NF-kB signaling pathway inhibitors, as well as
increased biological replicates due to high inter-subject variability in experiments with

primary human monocyte-derived macrophages seems rational.

Conclusively, this work identified stimulators of DEP-1 (HG and very likely MG and
oxLDL) present in DM and discusses how inflammation is a potential link between path-

ways activated by these stimulants.

5.2.3 TNF-a stimulation showed strongest capabilities of DEP-1 induction in
monocytes in-vitro and the NF-xB pathway is a potential mediator in be-
tween

The pro-inflammatory cytokine TNF-a activates NF-kB through its receptors of the TNF-

receptor-superfamily (TNFR), especially TNFR1, and is therefore a potent trigger of im-

mune cell’s inflammatory response (113, 256). TNF-a stimulated monocytes gave further

evidence for the involvement of pro-inflammatory signaling pathways in regulation of
the DEP-1 phosphatase’s expression: TNF-a led to a significant 3.6-fold increased ex-

pression of DEP-1 while this induction was impaired at co-incubation with an NF-xB
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activation inhibitor. It was even more drastically reduced by nearly 50 % in co-culture

with the PKC inhibitor GF 109203X.

These results confirm again the ability of pro-inflammatory cytokines, in this case TNF-
a, to upregulate DEP-1 expression which is in line with very early results from Osborne
et al. (180) who showed DEP-1 induction in murine macrophages after stimulation with
LPS. This work adds, that not only toll-like receptors (TLR) — e. g. TLR4 for LPS —and
TLR-specific adapter proteins or TLR-specific downstream pathways but also TNFRs,
here TNFR1 and TNFR2, are mediating the observed effects on DEP-1 expression. There-
fore it is most likely that common downstream signaling pathways of TLRs and TNFRs
regulate DEP-1 expression in inflammatory contexts. Possible candidates are particularly
the MAPK and the NF-kB signaling pathway (115, 256). It was earlier shown that the
promoter of the PTPRJ gene has NF-«kB binding sites (44) which makes especially NF-
kB a likely upstream regulator of DEP-1 expression. NF-kB activation was previously
shown to be catalyzed by PKC & and € which positively contribute to IxB kinase degra-
dation and therefore to nuclear translocation of NF-kB (255). Therefore, both used inhib-
itors impair NF-kB signaling and DEP-1 expression was reduced in both inhibitor-treated
samples independently which provides good evidence that NF-kB is at least one important

mediator in regulation of DEP-1 expression.

This work supports the concept that the DEP-1 phosphatase is upregulated especially in
inflammatory contexts. HG itself in-vivo and in-vitro, as well as side products accumu-
lating in HG may also be able to upregulate DEP-1 expression while stimulation with
TNF-a showed the strongest effects. /n-vivo, systemic inflammatory effects of HG may
play an important role. Therefore, it can be assumed that both glucose and MG trigger
inflammation which subsequently regulates DEP-1 expression particularly via NF-kB
signaling. This, however, does not exclude involvement of other, even more direct acting,

transcription and translation regulating pathways.

Naive macrophages stimulated with LPS and IFN-y can be activated into a sustained in-
flammatory, so called classical, phenotype. Classically activated M1-macrophages
showed the highest DEP-1 expression among non- and alternatively activated macro-
phages. Besides, HG enhanced DEP-1 expression slightly in all phenotypes. Induced

DEP-1 expression in pro-inflammatory MI-macrophages is in line with induced
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monocytic DEP-1 expression by the pro-inflammatory cytokine TNF-a, as seen in this
work. However, both results did not test significant in statistical analysis. Standard devi-
ations were comparably high due to a small sample size which is a limitation of this ex-
periment. However, DEP-1’s phosphatase activity was strongly and significantly elevated
in M1-macrophages compared to M2- and M0O-macrophages. It is therefore assumable
that M 1-macrophages express DEP-1 to a higher extent. This is in line with very initial
findings of DEP-1’s regulation in primary mouse macrophages (180) which was con-
firmed later by Stuart Kellie’s group in the murine RAW264.7 macrophage cell line and
thioglycolate-elicited peritoneal macrophages (45). This group also confirmed reduced
DEP-1-inducibility by LPS after M-CSF starvation followed by M-CSF repletion (44).
Divergent to some extent is their finding that overnight priming of macrophages with 500
pg/ml IFN-y limited the phosphatase’s inducibility by 10 ng/ml LPS within the first 24
hours after stimulation compared to the unprimed cells, as I[FN-y is used commonly for
Mi1-action. Yet, concentrations of LPS and IFN-y were twice and 100-times as high, re-
spectively, for M1-activation of macrophages in this work and were both applied at the
same time for 18 hours while the cells were lysed 48 hours after removal of the ligands.
Therefore, this study provides further knowledge about DEP-1 expression in M1- com-
pared to M2-activated primary human monocyte-derived macrophages in the time period
starting 24 hours after activation. In any way these findings support the hypothesis of
DEP-1’s role in inflammation in mononuclear cells and fit in line with the in-vivo and in-

vitro results generated in monocytes.

5.3 DEP-1 depletion impairs macrophage migration, possibly by
dephosphorylating and activating SFKs

This work investigated migration in DEP-1 depleted macrophages and found it reduced
in the M 1- and M2-acitvated phenotype while DEP-1 depletion had no effect in MO-mac-
rophages. Migration was investigated because macrophage’s migratory capabilities play
a role in regression of atherosclerotic plaques, monocyte migration plays an important

role in plaque progression (167).

Reduced migration of M1- and M2-activated macrophages after DEP-1 knockdown sug-
gests a pro-migratory regulatory role of DEP-1 in these macrophage phenotypes. Similar

results were obtained by Schneble ef al. in primary microglial cells from DEP-1-deficient
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mice, as well as in a DEP-1-knockdown microglial cell line (212). Antibody-based DEP-
1 inhibition reduced migration, as well as formation of membrane ruffles and filopodia,
in primary bone-marrow derived mouse macrophages in response to M-CSF (45). Im-
paired migration has also been observed upon DEP-1 depletion in a human megakaryo-
cytic cell line (158). There against, Jandt et al. suggested DEP-1 to be a negative regulator
of migration towards a PDGF- and a serum-gradient in an porcine aortic endothelial cell
line (X23) and in 3T3 fibroblasts (102). The latter finding was confirmed by Kellie et al.
in 2004, showing impaired migration of fibroblasts towards a PDGF-gradient in a cell
line with mifepristone-inducible DEP-1 expression (118). Overexpression of DEP-1 lead
to decreased HUVEC transmigration in a Boyden-chamber assay, as well as decreased
proliferation (23). Alteration of endothelial cell migration was discussed to be mediated

through inhibitory effects of DEP-1 on VEGFR2-, ERK- and Akt-signaling (29).

Migration as part of tumor metastasis was intensively studied in cancer cells and respec-
tive cell lines. In most assayed cancer types, e.g. colon carcinoma (12), hepatocellular
carcinoma (152), lung carcinoma (41) and esophageal squamous cell carcinoma (198),

DEP-1 inhibition lead to enhanced cell migration and invasion.

Although DEP-1 seems to regulate cell migration of many cell types in different patho-
logical and physiological conditions, this function of the phosphatase is complex and not
yet fully understood. It also remains unclear whether has a pro- or anti-migratory role and
the question may not be answerable in a dichotomous manner. Previous studies including
this work suggest a highly context-dependent phenotype: Interestingly, studies which
have suggested DEP-1 to be a positive regulator of cell migration were mainly conducted
in cell types descending from the hematopoietic lineage (45, 158, 212). There against,
studies showing anti-migratory capabilities of DEP-1 were conducted in either mesen-

chymal (102, 118) or epithelial cell types (12, 23, 41, 152, 198).

It is worth to consider that regulation of directed sheet migration, as studied in this work,
is an extremely complex signaling process involving cell polarization, different states of
adhesion and morphological changes like formation of lamellipodia and filopodia and

cytoskeletal re-arrangements (reviewed in (192)).

Among the already tested conditions, this work adds knowledge about migration of pri-

mary human monocyte-derived macrophages under DEP-1 depletion and different serum
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glucose levels. In these conditions, impaired wound healing was observed which suggests
a generally positive regulatory role of DEP-1. Compared to a few other experiments men-
tioned before which were conducted in-vitro but with fully DEP-1 depleted cells from
knockout mice, DEP-1 was not completely abolished in this study’s experiments but ex-
pression was rather reduced to approximately 14 % (Figure 7). Of note, PDGF-BB-stim-
ulated cell proliferation and viability was not altered by DEP-1 knockdown in this work
(chapter 4.7). This underlines on the one hand that proliferation may be excluded as a
factor other than migration leading to differing closure times in the scratch assays (chap-
ter 4.6). On the other hand, this result is contradictive to results obtained in endothelial
cells in which DEP-1 was crucial for serum- and VEGF-induced proliferation (23, 83,
241) but in line with results from Stuart Kellie’s group which found that CSF-1R-medi-
ated proliferation and survival was not affected by DEP-1 inhibition by a monoclonal
antibody in murine bone-marrow derived macrophages (45). Therefore, proliferation and
survival might be differently controlled by DEP-1 depending on stimulating growth fac-
tors and cell type.

Different downstream pathways of DEP-1 have been identified and suggested to interfere
with migration. It has been shown in two studies that DEP-1 impairs PDGF-stimulated
migration. Both studies were conducted in fibroblast cell lines. The authors suggested
PDGFR which was shown before to be dephosphorylated by DEP-1 (122, 188) to be one
major signaling component downstream of DEP-1 in regulation of cell migration (102,

118).

In this work, migration was measured in M-CSF supplemented medium but without a
concentration gradient. M-CSF is a ligand of CSF-1R and is known to be an important
regulator of cell functions including cell migration (193) and its transient depletion in
tumor associated macrophages was shown to impair migration in a scratch assay (124).
Inhibition via a pan-SFK small molecule inhibitor significantly reduced macrophage mo-
tility in response to M-CSF and subcellular re-localization of SFKs was observed in M-
CSF-stimulated human macrophages (54) which both indicates a significant relevance of
SFKs in M-CSF induced migration. Regulation of macrophage motility is thought to be
regulated to a relevant extent through two downstream cascades: 1) activation of SFKs
and in turn Pyk2 (179) which activates Paxillin and 2) activation of PI3K through its
regulatory p85 subunit (211). Subsequently, both pathways activate signaling
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downstream of Rho GTPases Rho, Rac and Cd42 (194, 202) which includes activation of
Wiskott—Aldrich syndrome protein (WASP) and WASP-family verprolin homologous
(WAVE) which were shown to induce pro-migratory actin-cytoskeleton remodeling (192,
209). Notably, activation of PI3K was achievable both Src-mediated and as a direct effect
of CSF-1R phosphorylation (138). Akt2 is a downstream target of PI3K which was also
shown to be relevant (281), however not crucial, for macrophage motility. Not only CSF-
IR but also other immune receptors may be located upstream of SFKs and therefore at

the top of the described signaling cascades (14, 100).

DEP-1 was shown to be able to interfere with all above mentioned pathways proximally.
While Tsuboi et al. described DEP-1 to attenuate PI3K activity (249) it was also shown
that DEP-1 and CD45 dephosphorylate the inhibitory N-terminal tyrosine phosphoryla-
tion site of SFKs (91, 137, 284) which — enhanced by trans-autophosphorylation of the
conserved activation loop — activates SFKs (148). Very recently but of importance, Nagy
et al. suggested an inhibitory-autophosphorylation effect of the different SFKs on each
other. They found that in a triple knockout of Csk, Chk, the two known kinases that phos-
phorylate the inhibitory N-terminal tyrosine phosphorylation site of SFKs, and DEP-1,
phosphorylation of the inhibitory tyrosine residues of Src and Fyn was slightly higher
than in a Csk Chk double knockout which means that a third player can phosphorylate
this site and is probably inhibited by DEP-1. This effect was abolished under inhibition
of SFK by small molecules (172). Therefore, DEP-1 seems to have both activating and
inhibiting functions in regulation of SFKs. Also of note, it was recently shown that DEP-
1 can directly dephosphorylate CSF-1R at Y723 in osteoclasts and therefore inhibit down-
stream signaling of M-CSF stimulation (217).

However, it was hypothesized that DEP-1 has a predominantly activating effect on the
above-described pathways by activation of SFKs which in this work’s experimental con-
ditions leads to activation of pro-migratory cytoskeletal re-arrangement via signaling pro-
cesses downstream of Rho GTPases. Observed, rather mild changes in motility are in line
with only mild alterations in cellular function when depleting cells of either CD45 or
DEP-1 in Zhu et al.’s study which suggested that both phosphatases together are required
for optimal dephosphorylation of the N-terminal inhibitory tyrosine phosphorylation site
in SFKs (284). Further reasons for only mild functional effects may be that the inhibitory
effect of DEP-1 on PI3K is attenuated under DEP-1 depletion leading to enhanced pro-
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migratory signaling of PI3K in opposite to anti-migratory signaling of the depleted DEP-
1 itself. Besides, DEP-1 depletion was incomplete (chapters 4.5.1 and 4.8). DEP-1 was
recently shown to be important for Src and Akt activation in endothelial cells (63). How-
ever, to reason this model of explaining involved signaling, it must be assumed that direct
effects of DEP-1 activated SFKs on migration through at least direct activation of Pyk2
and PI3K exceed inhibitory effects of DEP-1 on PI3K and its downstream signaling.

A shortcoming of this study is the missing verification of the here proposed signaling
processes which was initiated in preliminary experiments but not finished sufficiently.
However, rescue experiments in the tested conditions would be interesting to validate
these ideas. Small-molecule activation or overexpression of SFKs in macrophages should
rescue their motility during DEP-1 depletion. Besides, SFK depletion or chemical inhibi-
tion should lead to a similar migratory phenotype. Additionally, direct effects of DEP-1
on CSF-1R observed in osteoclasts (217) require confirmation in monocytes and macro-
phages. If direct effects of DEP-1 on CSF-1R are responsible for upregulation of macro-
phage migration in DEP-1 knockdown, then this effect would not be observed in DEP-1
CSF-1R double knockdown cells.

5.4 DEP-1 depletion enhances NF-kB expression and activation possibly

as a feedback regulation
This study revealed significant effects of TNF-a stimulation on DEP-1 expression which
could be attenuated by inhibition of the NF-kB signaling pathway employing two inde-
pendent inhibitors. Likewise, metabolic stress increased DEP-1 expression. DEP-1 ex-
pression and activity were enhanced in classically, pro-inflammatory activated macro-
phages. as well and NF-kB seemed to be a very likely candidate regulating DEP-1 tran-

scription in the context of inflammation and metabolic stress.

In atherosclerosis, NF-kB activation and subsequent transcription of pro-inflammatory
cytokines leads to plaque progression through induced monocyte recruitment (220, 258).
However, there is also evidence for a regulatory role of NF-kB in atherosclerosis as NF-
kB depletion was shown to increase lesion size and cell death in atherosclerotic plaques

(111). Studying further effects of DEP-1 on NF-xB seemed therefore rational:
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This study showed that DEP-1 itself significantly affects expression of the NF-«B regu-
latory subunit p65. p65 mRNA was upregulated in DEP-1 depleted macrophages. Sim-
ultanously, p65 protein-phosphorylation, measured via western blotting, was increased
relevantly and significantly in basal, as well as TLR-stimulated conditions. TLR-stimu-
lation in this work was achieved via the synthetic TLR1 and TLR2 ligand Pam3CSK4
(4). TNF-a, which is one of the main cytokine-type transcription products of NF-kB, was
also increased at mRNA level in the same DEP-1 depleted macrophages (chapter 4.8).
These results suggest that DEP-1 may inhibit NF-«xB signaling on a basis of gene expres-
sion and activity, at least in the conditions tested. Occurrence of the same effect in basal
and TLR1/2-stimulated conditions suggests that NF-kB signaling is DEP-1 dependent
since TLR 1/2-stimulated induction of TNF-a gene expression requires NF-kB activation,
strictly dependent on the myeloid differentiation primary-response gene 88 (MyD88) sig-
naling pathway (242).

Pro-inflammatory stimuli and stressors lead to upregulation of the DEP-1 (chapters 4.1
- 4.3) and DEP-1 was expressed at highest levels, as well as most active in pro-inflam-
matory M1-activated macrophages (chapter 4.4). Therefore, and in regard of DEP-1’s
association with auto-inflammatory diseases Morbus Crohn and Cogan’s syndrome

(chapter 1.4), DEP-1’s role in immunity was assumed to be also pro-inflammatory.

The described regulation of p65, TNF-a and p-65 phosphorylation, however, suggests a
potential regulatory role in inflammation for DEP-1: As knockdown leads to activation
of these inflammatory mediators, DEP-1 itself might be negatively regulating NF-kB ex-
pression and activation under the given circumstances. However, this does not imply that
DEP-1 is only anti-inflammatory: TLR- and NF-«xB signaling is extremely complex, vari-
ative and context dependent itself (53). Also, for DEP-1 it was shown already that its
function is highly context-dependent.

Effects of DEP-1 on NF-«B signaling have not been extensively studied but it was iden-
tified as a potential activator of NF-kB binding activity in a large screen for NF-xB-reg-
ulating phosphatases in astrocytes. Out of 250 screened (putative) phosphatase genes,
knockdown of only 19 showed a relevant fold-change of NF-kB and only 6 out of these
19, including DEP-1, showed inhibition of NF-kB activity, indicating a relevant role of
these phosphatases in activating NF-kB signaling (142). This result is opposite to what
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was seen in this work, although the approach of siRNA-mediated knockdown was similar.
The readout, in contrast, differed as Li et al. employed NF-kB reporter assay and an NF-
kB DNA-binding assay and this work employed rather functional read-outs, measuring
NF-«B activity by p65-phosphorylation and TNF-a mRNA expression which is a result
of NF-kB transcription factor binding. Also, Li et al. employed TNF-a stimulation, a
TNFR ligand, while Pam3Csk4, a TLR1/2, ligand was employed in this work. However,

basal, unstimulated rates changed in both works as well.

Similarly, Wen et al. found overexpression of Ptprj-asl, a long noncoding RNA
(IncRNA) which is transcribed antisense to PTPRJ and inducible by TLR-ligands with a
similar time course compared to PTPRJ itself (44), to promote migration of BV2 micro-
glial cells and induce expression levels of inflammatory cytokines dependent on intracel-
lular NF-«B signaling (263). LncRNA are a heterogenous group of RNAs longer than 200
nucleotides, transcribed from the nuclear genome in different manners which allocates
them into different classes that act regulatory at different levels of gene expression, post-
translational modification (275) and even as direct interaction partners of proteins, such
as Inc-DC, which prevents STAT3-dephosphorylation by SHP1 (259) or NKILA which
is an NF-kB activator, upregulated upon stimulation with IL-1p and TNF-a (147). Several
IncRNA were shown to interfere with the immune system (8). Exemplarily, lincRNA-
Cox2, induced by LPS, were attributed both inflammation driving and repressing capa-
bilities in TLR signaling, highly dependent on multiple interaction partners (26). There-
fore, one may assume that Ptprj-as1’s positive regulation of NF-«B signaling as shown

by Wen et al. may not be exclusive.

Assuming roles of DEP-1 itself in NF-kB signaling by looking at its antisense-transcribed
IncRNA may be too primitive; However, if Ptprj-asl regulates balancing to PTPRJ, this
would indicate an anti-inflammatory role of DEP-1 itself under certain circumstances. In
contrast, if Ptprj-asl is co-operative to DEP-1, this would indicate a pro-inflammatory
role of DEP-1. At least, involvement of Ptprj-as1 in NF-xB signaling supports the existing

evidence that DEP-1 itself also influences NF-kB signaling in a yet elusive way.

CD45, another transmembrane PTP, which was shown to have overlapping and co-oper-
ative roles with DEP-1 in regulating SFK signaling (284), was investigated regarding its

regulatory impact on TLR-mediated cytokine secretion and found to both positively and
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negative influence NF-«kB signaling, depending on the activated TLR. In short, CD45 was
shown to be upregulated upon LPS stimulation, similar to DEP-1 being induced by LPS
(180) and NF-kB dependently by TNF-a (chapter 4.3). Pro-inflammatory cytokine pro-
duction upon TLR2 (via PAM3) and TLR 9 stimulation (via CpG 1668) in CD45" bone-
marrow derived dendritic cells was significantly increased compared to wildtypes, while
no difference was seen upon TLR4 stimulation (via LPS). Similar results were obtained
by Piercy et al. (190). TLR2 and TLR9 are strictly MyD88-dependent (242) while LPS-
stimulated TLR4 signals MyD88-depdendent and -independent.

Cross et al. also found distinct effects of CD45 in bone-marrow derived dendritic cells
and BMDMs, suggesting a cell-type specific behavior (39) which might also apply for

DEP-1 and explain opposite findings of this work and Li et al’s screen in astrocytes (142).

In this work, effects of DEP-1 knockdown on LPS-induced NF-xB activation were not
investigated. TNF-a was the only used TLR ligand. However, Cross et al.’s study gives
reason to assume that DEP-1’s effects on NF-«kB signaling may similarly be dependent
either on which TLR is activated or dependent on whether that TLR is strictly MyD8&8-

depdendent or not.

SFKs were shown to interact with TLR signaling in different manners which suggests this
interaction to be very complex and possibly also indirect via paracrine and autocrine ef-
fects. This includes the kinases themselves, as well as their upstream regulators, among
them CD45 and DEP-1 (91). Mitchell et al. used chemical rescue techniques to investigate
Src effects on TLR4 signaling without potential compensation of other SFK members.
SFK rescue disrupted MyD88 association with TLR4 while alternative Toll-like down-
stream signaling remained unchanged. Rescue of SFK activity lead to decreased LPS-
induced, therefore TLR4-dependent, inflammatory responses (162). That study suggests
that MyD88 and SFKs may be important mediators between DEP-1 and NF-«kB signaling.

Of note, it was mostly conducted in epithelial cell lines.

Further experiments investigating the interplay between the MyD88-dependent TLR-sig-
naling pathway, SFKs and DEP-1 are likely to bring further understanding of DEP-1’s
effects on TLR-signaling and NF-kB activation. Also, effects within tonic signaling needs
to be investigated in macrophages to understand the differences in basal rates of NF-xB

activation seen in this work and oppositely in astrocytes (142).
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This work identified, however elusive, an anti-inflammatory regulatory role of DEP-1 in
NF-«B signaling when stimulated by the TLR1/2 ligand PAM3 which lead to attenuated
TNF-o mRNA production. A mediator between signaling cascades downstream of TLR
dephosphorylated by DEP-1 and thus inhibiting the process was not identified but SFKs
may play a role. It is important to consider the exact circumstances and timings, mecha-
nism and efficiency of knockdown and all involved factors when interpreting this result
and when it comes to planning further experiments, as this signaling process is assumed
to be rather complex and indirect, not mentioned or thought of components may be fur-

therly involved.

5.5 DEP-I’s role in atherosclerosis

Atherosclerosis is a highly complex, intensively regulated process which includes hun-
dreds of involved signaling proteins and pathways. This work investigated DEP-1’s role
in atherosclerosis-related cellular processes: macrophage migration and immune signal-

ing.

In case DEP-1’s role in immunity will be confirmed to be rather anti-inflammatory than
pro-inflammatory and taking into account its rather pro-migratory role of which this
work’s migration experiments informed, DEP-1’s role in atherosclerosis may be anti-ath-
erosclerotic and/or it may contribute to plaque resolving, as it may attenuate inflammatory
processes within the atherosclerotic plaque and promote a migratory phenotype which

could lead to emigration of foam cells from atherosclerotic lesion.

Therefore, DEP-1’s upregulation in diabetic monocytes and macrophages may have a
protective, balancing purpose. However, this hypothesis remains speculative and requires
further, detailed research, not only on DEP-1 itself but also on exact signaling processes
involving TLR-signaling and other immunoreceptors that regulate the atherosclerotic in-

flammation during plaque regression.
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6 Conclusions

This work identified DEP-1 as a novel target regulating diabetic monocytes and macro-
phages and provides evidence for its involvement in NF-kB signaling and macrophage
migration. As DEP-1 was shown to be upregulated in monocytes from diabetic patients
and could be induced in HG-cultured monocytes and macrophages, as well as by glycol-
ysis side product methylglyoxal, oxLDL and pro-inflammatory stimuli depending on NF-
kB signaling, its role in these cells may be assumed to be of high relevance in immune
signaling processes. This was confirmed by knockdown experiments, showing an in-
creased NF-kB activity and TNF-o mRNA production which suggested an anti-inflam-
matory role of DEP-1 in the conditions tested. However, DEP-1’s impact on NF-kB sig-
naling remains highly elusive and requires detailed further research in different contexts
as its function seems highly context-dependent. A second function of DEP-1 in regulating
macrophage migration without interfering with cell viability was confirmed by similar
methods. DEP-1 knockdown led to a phenotype of impaired macrophage migration. Sig-
naling via SFKs was suggested to be mediating these effects. Therefore, further research
is required in confirming this by employing Src-inhibition, -activation and -overexpres-

sion. The latter ones should restore migration in DEP-1 knockdown conditions.

This work analyzed DEP-1’s functional role in the context of DM and atherosclerosis as
a main consequence of longer lasting DM. Analyzing DEP-1 expression in diabetic hy-
perglycemic patients revealed a potential importance of the phosphatase in this context.
These functional impacts on macrophage function, regulation of migration and NF-kB,
were discussed regarding a chance to play a role in plaque regression by enhancement of
emigration of foam cells and limiting the atherosclerotic inflammation. However, results
are preliminary and require further confirmation. An advantage of this work is, that all
experiments were performed in primary human monocytes and monocyte derived macro-
phages therefore being conducted without the need to use less precise models. Conducting
experiments in primary cells in turn brings in higher interindividual variabilities which
are reflected in higher standard deviations. Experiments in cell lines and mouse models
would be able to overcome this limitation and confirm this work’s results in further mod-
els. Being a cell regulating molecule, mechanistic research and identification of other

involved signaling pathways will inform further understanding of DEP-1.
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