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Abbreviations

Table I. List of abbreviations.

Abbreviation
ActD
ADP
AE
AICAR
AKT
ALL
AML
AMP
AP-1
APC
APS
ARE
ASC
ASK
ATCC
ATF
ATP
BAX
BCA
Bcl-2
BD
bDMARD
BET
BID
Brd4
BSA
bZIP
CaCl,
CAM
cAMP
CHAM
CAS
CBP
CD
CDC
CDK
cDNA
C/EBP
ChIP
CHX
clIAP
CLR
COL
COX
CREB
csDMARD

Full name

Actinomycin D

Adenosin diphosphate

Adverse effects
5-aminoimidazole-4-carboxamide ribonucleotide
Ak strain transforming

Acute lymphatic leukemia

Acute monocytic leukemia

Adenosin monophosphate

Activator protein-1

Antigen-presenting cell

Ammonium persulfate
Antioxidant-response element
Apoptosis-associated speck-like protein containing a caspase
Apoptosis-signal related kinase
American type culture collection
Activating-transcription factor

Adenosin triphosphate

Bcl-2-associated X protein
Bicinchoninic acid

B-cell Leukemia 2

Bromodomain

Biological disease-modifying anti-rheumatic drug
Bromodomain and extra terminal domain
BH3 interacting-domain death agonist
Bromodomain-containing protein 4
Bovine serum albumin

Basic region leucine zipper

Calcium chloride dihydrate

Cell adhesion molecule

Cyclic adenoseine monophosphate
Chorioallantoic membrane

Chemicals abstracts service
CREB-binding protein

Cluster of differentiation

Center for disease control and prevention
Cyclin-dependent kinase
Complementary DNA
CCAAT/Enhancer-binding-protein
Chromatin immunoprecipitation
Cycloheximide

Cellular inhibitor of apoptosis protein
C-type lectin-like receptor

Colchicine

Cyclooxygenase

cAMP response element-binding

Conventional and synthetic disease-modifying anti-rheumatic drug
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Table I. Continuation of the list of abbreviations.

Abbreviation
CTG
DAMP
DD
DHF
DHFR
DMARD
DMSO
DNA
DNase
dNTP
DRB
DSG
DSIF
DSMZ
DTT
DUSP
EC
ECso
ECGM
ECL
ECM
EDTA
EGTA
EHMT1
elF2a
Elk
ELL
ERK
ESAM
e-sele
Ets

FA

FCS
FDA
FITC
FMF
GAPDH
GC
GCN
GDP
GLP
GM-CSF
GPCR
GR
GRE
GSK
GTP
HzOz

Full name

Cell tracker green

Damage-associated molecular pattern

Death domain

Dihydrofolate

Dihydrofolate reductase

Disease-modifying anti-rheumatic drug
Dimethyl sulfoxid

Desoxyribonucleic acid

Desoxyribonuclease

Desoxynucleotide triphosphate
5,6-Dichloro-1-B-D-ribofuranosylbenzimidazole
Disuccinimidyl glutarate

DRB sensitivity-inducing factor

German Collection of Microorganisms and Cell Cultures
1,4-Dithiothreitol

Dual-specificity phosphatase

Endothelial cells

Half-maximal excitatory concentration
Endothelial cell growth medium

Enhanced chemiluminescence

Extracellular matrix

Ethylenediaminetetraacetic acid

Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
Euchromatic histone-lysine N-methyltransferases 1
Elongation initiation factor 2a

ETS-like protein

Eleven-nineteen lysine-rich in leukemia
Extracellular signal-regulated kinase
Endothelial selective adhesion molecule
E-selektin gene

Erythroblast transformation specific
Formaldehyde

Fetal calf serum

Food and drug agency

Fluorescein isothiocyanate

Familial Mediterranean fever

Glyceraldehyde 3-phosphate dehydrogenase
Glucocorticoid

General control non-depressible

Guanosin diphosphate

(G9a-like protein

Granulocyte-macrophage colony-stimulating factor
G protein-coupled receptor

Glucocorticoid receptor

GR element

Glycogen synthase kinase

Guanosin triphosphate

Hydrogen peroxide
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Table I. Continuation of the list of abbreviations.

Abbreviation
H3
H3K14ac
H3K4me3
H3K9%ac
HAT
HCI
HDAC
HEPES
HFS-PI
HMEC-1
HMT
HRP
HUVEC
ICso
ICAM-1
IgG

IKK

IL

IL-1R
IL-1B
IMD
IMQPD
INF
IRAK
IRE

IRF

IxBa
JAK
JAM

JIP

JNK
JNKINS
KClI

kDa
KH,PO4
KOH

LB

LDH
LFA-1
LiCl
M199
MAP
MAPK
MAPKAPK
MAPKK
MAPKKK
MDA
MgCl,

Full name

Histone 3

Acetylation of histone 3 lysine 14
Trimethylation of lysine 4 on histone 3
Acetylation of histone 3 lysine 9
Histone-acetyltransferase

Hydrochloric acid

Histone-deacetylase
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hypochromic fluorochrome solution containin PI
Human dermal microvascular endothelial cell line-1
Histone methyltransferase

Horse raddish peroxidase

Human umbilical vein endothelial cell
Half-maximal inhibitory concentration
Intracellular adhesion molecule 1
Immunoglobulin B

IxB kinase

Interleukin

Interleukin-1 Receptor

Interleukin-1§3

Imiquimod

Imiquimod-induced psoriasiform dermatitis
Interferon

IL-1R-related kinase

Interferon-response element

Interferon regulatory factor

Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor o
Janus kinase

Junction adhesion molecule

JNK-interacting protein
c-Jun-N-terminal-kinase

JNK-inhibitor 8

Potassium chloride

Kilodalton

Potassium dihydrogen phosphate

Potassium hydroxide

Lysogenic broth

lactate dehydrogenase

Lymphocyte function-associated antigen 1
Lithium chloride

Medium 199

Microtubule-associated protein
Mitogen-activated protein kinase
MAPK-activated protein kinase
Mitogen-activated protein kinase kinase
Mitogen-activated protein kinase kinase kinase
Microtubule-destabilizing agent

Magnesium chloride
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Table I. Continuation of the list of abbreviations.

Abbreviation
MHC
MKK
MLK
MMP
MNK
mRNA
MSA
MSU
MTA
MTOC
MTX
MyD88
NazHPO4
Na3VO4
NaCl
NAD
NaF
NaHCO;
NELF
NEMO
NFAT
NF«xB
nGRE
NIK
NK cell
NLR
NLR
NLR3
NLRP3
NLS
NO
NOD
NP
NP40
NSAID
OPP
p90Tk
PAC
PAMP
PARP
PASI
PBS
PBS-T
PCR
PDB
PDE-4
PE
PECAM-1

Full name

Major histocompability compex

MAP kinase kinase

Mixed-lineage kinase

Matrix metalloprotease

MAP kinase-interacting serine/threonine-protein kinase
Messenger ribonucleic acid
Microtubule-stabilizing agent

Monosodium urate

Microtubule-targeting agent
Microtubule-organizing center
Methotrexate

Myeloid differentiation-factor 88

Disodium hydrogen phophate dihydrate
Sodium orthovanadate

Sodium chloride

Nicotinamide adenine dinucleotide

Sodium fluoride

Sodium bicarbonate

Negative elongation factor

NF«B essential modulator

Nuclear factors of activated T-cells

Nuclear factor k-light-chain-enhancer of activated B-cells
negative GR element

NF«B-inducible kinase

Natural killer cell

NOD-like receptor

NOD-like receptor

Nucleotide-binding domain, leucine-rich repeat-containing 3
NLR family pyrin domain containing 3
Nuclear translocation signal

Nitric oxide

Nucleotide-binding oligomerization domain
Natural products

Nonidet P40 substitute

Nonsteroidal anti-inflammatory drug
O-propargyl-puromycin

90 kDa ribosomal S6 kinase

Paclitaxel

Pathogen-associated molecular pattern
Poly(ADP-ribose)-polymerase 1

Psoriasis area and severity index
Phosphate-buffered saline
Phosphate-buffered saline with Tween 20
Polymerase chain reaction

Protein database

Phosphodiesterase-4

Phycoerythrin

Platelet and endothelial cell adhesion molecule 1
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Table I. Continuation of the list of abbreviations.

Abbreviation
PI
PI3K
PIC
PIP2
PIP3
PKA
PKB
PKCC
PLB
PLC
PMSF
Pol IT
PP2
PPM1]J
PRR
PSGL1
PT
pTEFb
PVDF
qRT-PCR
RA
RBP
RHD
RIPA
RIPK
RLR
RNA
RNase A
ROS
RPMI
RT
RTK
S.C.
SAPK
SCI
SDS
SDS-PAGE
SEM
SETD6
siRNA
STAT
Stsp
TAB
TAD
TAK
TBP
TBS
TBS-T

Full name

Propidium iodide

Phosphoinositide 3-kinase

Pre-initiation complex
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol-3,4,5-triphosphate
Protein kinase A

Protein kinase B

Protein kinase C (-type

Passive lysis buffer

Phospholipase C

Phenylmethylsulfonyl fluoride

RNA polymerase 11

Phosphatase 2

Protein phosphatase, Mg**/Mn?* Dependent 1J
Pattern recognition receptor

P-selectin glycoprotein ligand 1
Pretubulysin

Positive transcription elongation factor b
Polyvinylidene fluoride

Quantitative real-time PCR

Rheumatic arthritis

RNA-binding protein

Rel homology DNA-binding domain
Radioimmunoprecipitation assay buffer
Receptor-interacting serine/threonine protein-kinase
RIG-I-like receptor

Ribonucleic acid

Ribonuclease A

Reactive oxygen species

Roswell Park Memorial Institute

Room temperature

Receptor tyrosine kinase

subcutaneous

Stress-activated protein kinase

Systemic chronic inflammation

Sodium dodecyl sulfate

Sodium dodecyl sulfate-polyacrylamide gelelectrophoresis
Standard error of the mean

SET-domain containing 6

small interfering RNA

Signal transducer and activator of transcription
Staurosporin

TAK-binding protein

Transactivation domain

Tumor growth factor-B activated kinase
TATA-binding protein

Tris-buffered saline

Tris-buffered saline with Tween 20
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Table I. Continuation of the list of abbreviations.

Abbreviation
TCR
TEMED
TFII
TGF
THF
TIR
TLR
TNF
TNFR
TRADD
TRAF
TRAM
TRIF
TRIS
TSS
UTR
uv
VCAM-1
VIN
VLA-4
VVO
v-TuRC

Full name

T-cell receptor
Tetramethylethylenediamine
Transcription factor II

Tumor growth factor
Tetrahydrofolate
Toll/Interleukin-1 Receptor
Toll-like receptor

Tumor necrosis factor
TNF-Receptor

TNFR1-associated death domain
Tumor necrosis factor-receptor associated factor
TRIF-adapter molecule

TIR domain-containing adaptor protein-inducing interferon beta
Tris(hydroxymethyl)aminomethan
Transcription start site
Untranslated region

Ultra-violett

Vascular cell adhesion molecule 1
Vincristine

Very late antigen 4
Vesiculo-vacuolar organelles
y-tubulin ring complex
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1.1 Inflammation

Inflammation comprises a process inevitable for the defense of multicellular lifeforms from detrimental
factor like cellular damage or pathogens. However, if non-resolved, the inflammatory state gives rise to
a multitude of chronical-inflammatory diseases and ultimately cancer, reducing a patients quality of life
and life span [1-3]. In fact at this day, chronic inflammatory diseases are recognized as the leading cause
for disease-related death, with more than 50 % of all deaths being attributable to inflammation-related
morbidities like cardiovascular diseases, i.e. stroke and ischemic heart diseases, diabetes, cancer and
neurodegenerative as well as autoimmune disorders [4]. Inflammation constitutes an evolutionarily
conserved process and involves the activation of immune and non-immune cells that act in concert to
protect an organism from noxious factors and also promotes the repair of damaged tissues. A normal
and acute inflammatory response is thereby characterized by the temporal upregulation of inflammatory
activity, which is resolved when the inflammatory trigger is eliminated [5]. Failure to resolve this state
can give rise to systemic chronic inflammation (SCI). Unlike the short-termed and high magnitude acute
inflammatory state, SCI constitutes a state of low magnitude inflammation, which is persistent, non-
resolving and leads to tissue damage [2, 6-8]. There are several factors that can contribute to the
emergence of SCI, like the ability of some pathogens to resist the host’s defenses for pro-longed periods
of time, extended exposure to low levels of toxic materials, pro-longed expression of inflammatory
inducers due to environmental factors leading to oxidative stress, defects in cells of the immune system
inducing recurring or non-resolving auto-inflammatory disorders or the erroneous detection of normal
components of the body by cells of the immune system as foreign objects in auto-immune disorders [9,

10] .

The inflammatory state is enacted by the immune system of a host, which can be subdivided into the
innate and the adaptive immune system. While the innate immune system serves as a fast and non-
specific first line of defense against invading pathogens, the adaptive immune system constitutes the
immunological ‘memory’ of an organisms and relies on antigen-specific and -dependent factors, which
confer immunity to pathogens that an organism has encountered before, leading to a more robust and

efficient immunological response.
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1.2 The immune system

The first line of defense constituted by the innate immune system that precede the inflammatory
response are the anatomical, physiological and endocytic or phagocytic barriers set up by multicellular
organism (Fig. 1). Anatomical barriers comprises the skin, which serves as a mechanical barrier and
prevents microbial growth due to its acidic environment, and the mucosal membranes, which trap
foreign objects in mucous and propel them out by the action of cilia and also set an environment for

cultivation of physiological flora that competes with pathogens for attachment [11]. Physiological
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Figure 1. The factors constituting the human immune system in form of the anatomical and physiological barriers,
the innate immune system and the adaptive immune system with some cellular and humoral compartments.
Adapted from [11].

barriers are comprised of the acidic pH environment of the stomach or the body temperature and fever
response of a host that kill and prevent the growth of pathogens. This also includes chemical mediators
like lysozyme, which cleaves bacterial cell walls or the complement system, which is constituted by a
large number of plasma proteins that bind to or ‘opsonize’ pathogens to rupture or prime the pathogens
for elimination by immune cells and induce an inflammatory response. The endo- and phagocytic
barriers are based on the ability of various cells to internalize and break-down foreign molecules or the
ability of specialized cells to internalize or ‘phagocytose’ and digest whole pathogenic organisms. A
large number of different cells are involved in the innate immune response. This comprises the before
mentioned phagocytes like monocytes or macrophages and neutrophil granulocytes, but also dendritic
cells, mast cells, basophil and eosinophil granulocytes, natural killer (NK) cells, as well as innate
lymphoid cells [12]. As part of the innate immune system, the ability of these cells to detect pathogens
largely relies upon a limited repertoire of cell damage and pathogen-detecting receptors, the so called
pattern-recognition receptors (PRRs), which target factors that are conserved over a large number of
different pathogenic organisms [13]. Macrophages and neutrophils both share the ability to phagocytose
pathogenic organisms like bacteria. However, unlike neutrophils, macrophages are also antigen-
presenting cells (APCs) involved in deriving antigens from pathogens and presenting them to T-cells,

linking the actions of the innate immune system to the adaptive immunity. Some of the most important
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APCs are the dendritic cells, which exclusively phagocytose pathogens for derivation of antigenic
peptides from pathogens and presenting them via major histocompatibility complex (MHC) molecules
in order to activate the T-cells of the adaptive immune system for recognition of pathogens. Mast cells,
basophils and eosinophils share important functions in the acute inflammatory response following
exposure to allergic stimuli. While basophils reside in circulation, mast cells have an important function
as so-called ‘sentinel cells’, which reside in the tissues and produce pro-inflammatory cytokines and
immune cell recruiting chemokines upon infection or injury, i.e. cytokines like the tumor-necrosis factor
(TNF) or proteins of the interleukin family or chemokines like members of the chemokine (C-C motif)
ligand (CCL) or (C-X-C motif) ligand (CXCL) family of proteins. NK cells play an important role in
detection and destruction of transformed or infected cells, by releasing proteins that induce the lysis of
target cells, but also serve as important producers of cytokines in form of interferon-y, which recruits

APCs and is a crucial mediator of the anti-viral response.

The primary function of the adaptive immune system is the recognition of foreign antigens and the
activation of pathogen-specific immunological responses leading to destruction of the pathogens and
infected cells. In addition, the cells of the adaptive immune system are involved in generation of the
immunologic memory in order to enable a quick immunological response in case of a reinfection with
the same pathogen [12]. The cells involved in the adaptive immune response are the antigen-specific T-
cells and B-cells. Each T-cell expresses a single type of T-cell receptor (TCR) on their cell surface,
which is specific for an antigen derived from a pathogen and presented by an APC. The primary function
of T-cells is the production of cytokines to regulate the immune response (T-helper-cells), as well as
the destruction of infected or transformed cells (cytotoxic T-cells) [14]. Unlike T-cells, B-cells do not
need activation by an APC but can directly interact with antigens via antigen-specific receptors. The
primary function of B-cells is the production of antigen-specific antibodies, which assist the cell-
mediated immunity by labeling pathogens for detection by the complement system or immune effector

cells.

While the innate and adaptive immune system both act in concert to prevent immunological incursions
by systemically recruiting and activating the cells of the immune system, commonly termed white-blood
cells or leukocytes, the immediate inflammatory response is especially dependent on the leukocytes of
the innate immune system that reside in the tissues or continuously circulate in the blood stream in order

to react to an inflammatory stimulus.
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1.3 The inflammatory response

The inflammatory response represents the coordinated activation of signaling cascades leading to the
secretion of inflammatory mediators by sentinel immune cells residing in the tissues and the concomitant
recruitment of immune effector cells that circulate in the blood stream to the site of inflammation in
order to eliminate the inflammatory trigger. Such triggers can either be pathogen-associated molecular
patterns (PAMPs) derived from pathogens or cell-damage-associated molecular patterns (DAMPs) in
form of biomolecules that are released upon cell damage [15—-17]. DAMPs and PAMPs are detected by
the PRRs expressed by immune or non-immune cells, leading to the activation of intracellular pro-
inflammatory signaling cascades, like the pro-inflammatory nuclear factor k-light-chain-enhancer of
activated B-cells (NFxB) or activator protein-1 (AP-1) signaling [18]. Several families of PRRs are
known to be expressed by mammalian cells including the toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs) and C-type lectin-like receptors (CLRs) [13]. The TLRs
constitute the largest family of the PRRs with 10 different members having been identified in humans
to this day [19, 20]. TLRs are type-1 transmembrane glycoproteins consisting of an extracellular domain,
a transmembrane domain and an intracellular domain. Most TLRs form homo- or heterodimers on the
surface of cells or endosomal compartments to detect lipids, lipoproteins and proteins or the nucleic acid
of pathogens via their extracellular domain [21]. While the extracellular domain of TLRs contain
leucine-rich repeats, which are responsible for pattern recognition, the intracellular domains contain the
Toll/Interleukin-1 Receptor-(IL-1R; TIR) domain, important for intracellular signal transduction upon
binding of the respective PAMP or DAMP [22]. Depending on the type of TLR and the adaptor proteins
bound to the intracellular domain, the signal transduction initiated by TLRs can largely be divided into
myeloid differentiation-factor 88 (MyD88)-dependent and MyD88-independent (TLR3/TLR4-TIR
domain-containing adaptor protein-inducing interferon B (TRIF)-dependent) pathways [23, 24] (Fig. 2).
While the Myd88-indepenent pathways are mainly involved in interferon-signaling by recruitment of
TRIF via association with the TRIF-adapter molecule (TRAM), the Myd88-dependent pathways induce
the activation of the main pro-inflammatory NFkB and AP-1 transcription factors [25-27]. MyD88
constitutes the adaptor protein for most of the TLRs and upon pattern recognition, binds to the
intracellular TIR domain of TLRs via its carboxy-terminal domain, while the amino-terminal domain
recruits the IL-1R-related kinase 4 (IRAK4) [28]. IRAK4 activates and forms a complex with IRAK?2,
which further phosphorylates and recruits IRAK1. In complex, these kinases recruit and activate the
tumor necrosis factor (TNF)-receptor associated factor 6 (TRAF6) [29]. The activated ubiquitin ligase
TRAF6 subsequently polyubiquitinates itself, which recruits and activates the tumor growth factor
(TGF)-P activated kinase 1 (TAK1) and two TAK-binding proteins (TAB1 and TAB4) [30]. The TAK1-
TAB1-TAB4 complex itself can activate the NFkB and AP-1 signaling cascades via interaction with the
IxB kinase of the NF«B signaling pathway and the activation of the c-Jun-N-terminal-kinase (JNK) and
p38 kinase of the mitogen-activated protein kinase (MAPK) family, leading to AP-1 activation [31-33].
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Figure 2. Recognition of PAMPs or DAMPs by TLRs leads to MyD88-dependent or -independent pro-
inflammatory signaling cascades. Myd88-dependent signaling induces NFkB and MAPK signaling via TRAF6
and TAK1-TAB activation. Myd88-independent signaling involves TRIF recruitment via TRAM that leads to
interferon regulatory factory (IRF) signaling.

Pattern recognition by the PRRs other than the TLRs is based on a variety of additional signaling
cascades that will usually also induce NF«xB and AP-1 via activation of TRAF6 or the TAK-TAB
complex. While induction of the pro-inflammatory NFxB and AP-1 transcription factors generally leads
to the expression of a multitude of pro-inflammatory target genes, recognition of PAMPs and DAMPs
by tissue sentinel immune cells usually leads to the expression and secretion of pro-inflammatory
chemokines and cytokines (Tab. 1), like TNF that induce the inflammatory response by recruitment and

activation of immune effector cells.

Table 1. Pro-inflammatory cytokines, their source and resulting function. Taken from [18].

Cytokine Family Source Function

IL-1P IL-1 Macrophages Pro-Infl; proliferation, differentiation

IL-6 IL-6 T-helper-cells Pro-Infl; differentiation, cytokine production
IL-8 CXC Macrophages, endothelial cells Pro-Infl; chemotaxis, angiogenesis

1L-12 1L-12 T-cells, B-cells Pro-Infl; differntiation, NK-cell activation

Pro-Infl; cytokine production, proliferation,
TNFa TNF Macrophages, NK-cells, T-helper-cells ] o )

apoptosis, anti-infection
INF-y INF T-cells, NK-cells Pro-Infl; innate and adaptive anti-viral

GM-CSF  TGF Macrophages, T-cells Pro-Infl; macropohage activation
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1.3.1 The NFkB signaling cascade

TNF (also called TNFa) constitutes one of the most important pro-inflammatory cytokines for induction
of pro-inflammatory signaling cascades. TNF can either be expressed and secreted by cells in a soluble
form or in a membrane-bound state [34]. While detection of soluble TNF is achieved by interaction with
the TNF-receptor 1 (TNFR1), membrane bound TNF only binds and activates the TNF receptor 2
(TNFR2) [35-38]. The TNFRI is expressed by most cell types, in contrast TNFR2 expression is limited
to a subset of cell types including endothelial cells and some B- and T-cells [39, 40]. While binding of
soluble vs. membrane bound TNF to the respective TNFR leads to different intracellular signaling
pathways and according to the cell type to differing cellular responses, binding of soluble TNF usually
leads to activation of the canonical NF«B signaling pathway, while binding of membrane-bound TNF
usually leads to activation of the non-canonical NF«xB pathway [32]. In addition, while the canonical
NF«B pathway usually results in rapid activation of pro-inflammatory target genes, activation of the
non-canonical pathway is slower and sustained and promotes cell survival and proliferation. Both TNFR
belong to the type 1 membrane protein family and consist of an extracellular domain, a transmembrane
domain and an intracellular domain [41]. However while the TNFR1 contains an intracellular death
domain for interaction with adaptor proteins, the TNFR2 lacks this domain [39]. In the canonical NFkB
signaling, binding of soluble TNF to TNR1 induces the trimerization of the receptor, leading to exposure
of the intracellular death domain (DD; Fig. 3). The DD recruits the TNFR1-associated death domain
(TRADD) protein. TRADD functions as an adaptor protein by recruiting the TNF receptor-associated
factor 2 (TRAF2) or TRAFS, as well as the receptor-interacting serine/threonine protein-kinase 1
(RIPK1) [42, 43]. TRAF2/5 then recruits the cellular inhibitor of apoptosis protein (cIAP) 1 and cIAP2,
completing the formation of the core NFkB signaling complex [44, 45]. The TRAF and cIAP proteins
contain an E3 ubiquitin-ligase function and add ubiquitin chains to RIPK1, which, similar to the
inflammatory response following pattern recognition, serve as scaffold for binding of the TAK1-TAB
complex, leading to further pro-inflammatory signaling and cell survival [45, 46]. Incomplete
ubiquitination of RIPK1 will, depending on the presence of caspases, induce apoptosis or necroptosis,
terminating the inflammatory response [32, 47]. However, full ubiquitination of RIPK1 recruits and
activates the TAK1-TAB2/3 complex via its ubiquitin-binding domain and also recruits the kB kinase
complex (IKK) consisting of IKKa, IKKf and the regulatory subunit IKKYy, also called the essential
NF«B modulator (NEMO), via the ubiquitin-binding function of the latter [48—50]. The IKK complex
is then activated by the TAK1-TAB complex via phosphorylation of IKKf3 [30, 50]. Activated IKK then
phosphorylates and deactivates the proteins of the kB family of proteins, i.e. [kBa, which sequester the
NF«B dimer in cytosol by masking its nuclear translocation signal (NLS). After phosphorylation, the
IkB protein are ubiquitinated and degraded by the proteasome and the NF«B transcription factor, usually
consisting of the most transcriptionally active p65:p50 heterodimer, can enter the nucleus where it
induces the transcription of pro-inflammatory target genes. In the non-canonical NFkB signaling

pathway via the TNFR2 receptor that lacks the intracellular DD, signal propagation is still achieved via
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interaction of TRAF2 and TRAF1 or TRAF3, as well as cIAP1 and 2, albeit with lower binding affinity
[51-53]. In the basal state, TRAF2/3 and cIAP1/2 is in complex with the NF«xB-inducible kinase (NIK),
keeping NIK in an inactive state [54, 55]. Upon recruiting TRAF2, this complex is disrupted, and the
active NIK can phosphorylate IKKa [56]. Active IKKa then induces the proteolytical procession of
p100 to p52, which activates an alternative NF«B transcription factor consisting of p52:RelB. In addition

TNFR2
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Figure 3. TNFR1-induced canonical NFkB signaling and TNFR2-induced non-canonical NFkB signaling
cascades. Association of the DD of TNFR1 with adaptor proteins leads to the formation of the NFkB signaling
complex consisting of TRADD, TRAFs, cIAPs and RIPK. TRAFs and cIAPs add ubiquitin chains to RIPK, which
serve as binding platform for the TAK1-TAB complex. The TAK1-TAB complex activates IKK, which in turn
deactivates IxB proteins leading to their ubiquitination and proteasomal degradation. Subsequently, NF«B is free
to translocate into the nucleus and binds to target genes. In the non-canonical TNFR2 signaling, TRAF proteins
interact with TNFR2 and recruit NIK, which activates IKKa leading to p100 phosphorylation, ubiquitination and
proteasomal procession to p52. The p52-RelB dimer subsequently translocates to the nucleus to induce target
genes. Adapted from [56].

U

to its kinase function during NF«B signaling, TAK1, also known as mitogen-activated protein 3 kinase
7, functions as a tier 3 MAPK leading to downstream activation of the pro-inflammatory MAPKs p38
and JNK. This demonstrates the crosstalk between different pro-inflammatory signaling cascades upon

stimulation with TNF.
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1.3.2 The MAPK signaling cascades

The MAPKSs are a family of serine/threonine kinases that react to a wide variety of stimuli like
inflammatory cytokines, but also osmotic stress, heat shock or mitogens leading to different cellular
responses. This includes the propagation of inflammation, cell proliferation and differentiation and cell
survival or apoptosis. The mammalian MAPKs primarily include the extracellular signal-regulated
kinase 1 and 2 (ERK1/2), the different tissue and cell-type specific p38 MAP kinase isoforms p38a,
p38PB, p38y and p389, as well as the INK isoforms JNK1, 2 and 3 [57-59]. Each of the MAP kinase
pathways consists of three tiers of MAPK modules, also termed MAPKKK (tier 3), MAPKK (tier 2)
and the actual MAPKs (tier 1) ERK, p38 and JNK, with the higher tier MAPKSs activating the lower tier
MAPKSs by phosphorylation [60, 61] (Fig. 4). ERKs are mainly involved in cell differentiation, while

) _ Stress, Stress,
Stimuli Gr(o:vxf[’;hk;‘r?g;or, Growth factor, Growth factor,
y Cytokines Cytokines
v v v
MAPKKK c-Raf MEKK1-4, MEKK1/4,
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Figure 4. ERK, p38 and JNK MAPK signaling cascades in mammals. Each MAPK signaling cascades consists of
three MAPK modules (MAPKKK, MAPKK and MAPK). Adapted from [61].

p38 and JNK mainly react to pro-inflammatory stimuli. Activation of the ERK pathway is usually
coupled to growth factor detection via receptor tyrosine kinases (RTKs), leading to activation of the
MAPKKK c-raf-1, which activates the downstream MAPKKs MAP kinase kinase 1 and 2 (MKK1/2),
which in turn phosphorylate and activate the MAPKs ERK1/2 [62]. ERK1 and 2 activate a variety of
substrates involved in cellular proliferation, differentiation and development, i.e. transcriptions factors
of the erythroblast transformation specific (Ets) family like the ETS-like protein 1 (Elk1), MYC (c-Myc)
or the signal transducer and activator of transcription 1 and 3 (STAT1/3), microtubule-associated
proteins (MAPs), or kinases like the MAP kinase-interacting serine/threonine-protein kinase 1 and 2

(MNK1/2) and 90 kDa ribosomal S6 kinase (p90™), which targets the transcription factors NFxB, cFos
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as component of the AP-1 complex or the glycogen synthase kinase 3 (GSK3) [63]. The p38 MAPK
pathway is usually activated by cell stress, i.e. osmotic stress, ultra-violet radiation, heat shock,
cytokines (TNF), or growth factors, which activates the MAPKKKs, MEKK 1-4, mixed-lineage kinases
(MLKSs), apoptosis-signal related kinases (ASKs), as well as TAK1 of the TAK1-TAB complex. These
MAPKKKs activate the MAPKKs MKK3/6 and MKK4, which in turn activate the different p38
isoforms p38a/B/y and & [64]. Substrates of the p38 kinase include transcription factors like the
activating-transcription factor 2 (ATF-2), but also NFxB via induction of the p300 histone
acetyltransferase, or kinases of the MAPK-activated protein kinase (MAPKAPKSs) family, which are
involved in the regulation of RNA-binding proteins and hence, mRNA stability [65, 66]. The JNK
pathways is similarly induced by cellular stress, cytokines or growth factors that induce the activity of
the MAPKKKs MEKK1 and 4, MLKs, ASK and TAK]1, demonstrating the cross-linkage of p38 and
JNK pathway activation. The MAPKKSs of the JNK pathway are MKK4 and MKK?7, which activate the
three different INK isoforms JNK1/2 and 3 [67—69]. Substrates of the JNKSs are the transcription factors
cJun, ATF-2, p53 or the nuclear factors of activated T-cells 4 (NFAT4) [70]. In case of cJun, which
together with cFos constitutes the main component of the AP-1 transcription factor, JNK induces the

transactivatory activity by phosphorylation, enabling the transcription of pro-inflammatory target genes.
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1.3.3 Additional pro-inflammatory signaling cascades

In addition to the pro-inflammatory NFkB and AP-1 signaling cascades, a variety of other signaling
cascades exist that assist in the expression of pro-inflammatory target genes. This includes the Janus
kinase (JAK)-induced activation of the STAT transcription factor family, the phosphoinositide 3-kinase
(PI3K)-ASK-GSK3B-GATAG6-transcription factor axis or the interferon-regulatory factor (IRF)
signaling [71-73] (Fig. 5). Binding of an extracellular ligand in form of cytokines, i.e. IL-6 or growth

RTK
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Figure 5. Pro-inflammatory JAK-STAT, PI3K-AKT-GATAG6 and IRF signaling cascades. Signal recognition by
an RTK leads to intracellular activation of JAKs, and STATS or activation of PI3K, which phosphorylates PIP2 to
produce PIP3, leading to AKT activation and deactivation of GSK3, releasing GATAG. Interferon signaling is
usually integrated by TLRs, which activate IRFs in a Myd88-dependent or —independent manner.

factors to a JAK-associated receptor, induces conformational changes in the receptor that allows the
intracellularly bound JAKs to phosphorylate and activate one another [74]. The activated JAKs then
phosphorylate and activate the members of the STAT family, which subsequently dimerize and
translocate to the nucleus to induce the activity of target genes [75]. In mammals, four different JAKs
are known that induce the activity of seven STATs [76]. PI3K is similarly induced by binding of
cytokines or hormones to PI3K-related receptors, inducing the phosphorylation of phosphatidylinositol-
4,5-bisphosphate (PIP2) to produce phosphatidylinositol-3,4,5-triphosphate (PIP3) by PI3K leading to
AKT activation [77-79]. AKT negatively regulates the activity of GSK3[, which in its active state binds
to the pro-inflammatory transcription factor GATA-6, keeping it in an inactive state. Phosphorylation
of GSK3p by AKT releases GATA-6 and induces its promoter activity [72]. Activation of IRF signaling
is achieved by a large variety of different receptors like PRRs. Activation of IRFs can be achieved by
MyD88-independent TLR signaling via activation of TRIF, but can also be MyD88-dependent via
activation of IKKa [80-82]. To this date, nine different members of the IRF family are known to be
expressed in mammals (IRF-1-9) [83]. Upon phosphorylation, these transcription factors dimerize and

bind to the promoters of target genes. In general, the activity of many transcription factors is not only
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achieved by post-translational modification, but also by transcriptional regulation. The irf-/ gene for
example contains bindings sites for IRF-1 and NF«xB [84]. TNF induces the expression of many
transcription factors that are involved in the induction of pro-inflammatory target genes by induction of
NF«B or AP-1, which themselves are regulated by post-translational modifications (NFxB or AP-1) or

transcriptional regulation (AP-1).
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1.4. NFxB and AP-1 activity
1.4.1 Modulation of NFkB activity

The NF«B transcription factor mainly consists of the p65:p50 heterodimer, which has the highest DNA-
binding affinity to the kB DNA binding motif of all NFxB constituents [85]. In addition, several other
NF«B proteins exist that can form alternative NFxB complexes, like c-Rel and RelB, which can replace
p65 in the NFxB dimer, or p52, which can replace p50 [86, 87]. While the p65:p50 heterodimer has the
highest binding affinity to the to kB DNA consensus motif, the different NFkB forms have differing
specificities to various kB binding sites [88, 89]. All of the Rel proteins share a Rel homology DNA-
binding domain (RHD) in their amino-terminus, as well as a transactivation domain (TAD) for
interaction with additional factors in their carboxy-terminal domain [90]. In contrast, p50 and p52 only
contain a RHD and have no intrinsic transcriptional activity, and while the p65:p65 homodimer can still
induce expression, the p50:p50 homodimers are thought to repress the transcription of target genes [91,
92]. The p50 and p52 proteins are expressed as the precursors p105 and p100, respectively, and are only
activated after procession by the proteasome [93-95]. However, while p105 is constitutively processed
to p50, p100 procession to p52 is largely regulated and affords the activation of NIK and IKKa [96, 97].
Upon activation of NFkB by release from kB proteins, especially the p65 protein undergoes significant
phosphorylation and acetylation events to further activate NFkB or ‘fine-tune’ the NF«B specificity to
different target genes. To date, several p65 phosphorylation sites have been postulated including p65-
S276 in the RHD and p65-S468, -S536 in the TAD of p65 (Fig. 6). Phosphorylation of p65 at S276 is

p300/ IKKB/e, IKKa/B/e,
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Figure 6. Representation of NFkB-p65 with phosphorylation sites and acetylation sites and correlated kinases, as
well as NFxB-p50.

usually performed by protein kinase A (PKA), which is bound to the cytosolic IkB:NF«xB complex in
an inactive state [98, 99]. Release of NFxB during the inflammatory response also releases PKA, which
subsequently phosphorylates p65 at S276. This phosphorylation induces conformational changes in p65
that facilitate the interaction with transcriptional co-activators such as the cAMP response element-
binding protein (CREB)-binding protein (CBP) or the homologue p300, which are histone-
acetyltransferases (HATS) that acetylate p65 or induce chromatin opening by acetylation of histones
[100]. Several kinases have been identified in phosphorylation of S468 in the p65 TAD, which have
differing impacts depending on the cellular context or cell-type. This includes GSK3p, which
phosphorylates p65 in unstimulated cells to negatively regulate the p65 basal activity, as well as IKKf,
which has been shown to phosphorylate p65 leading to a slight inhibition of p65 activity [101, 102].

Inhibition of p65 transcriptional activity via S468 phosphorylation is sought to be related to increased
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interaction with the histone deacetylase general control non-depressible protein 5 (GCNS5), which
deacetylates histones leading to chromatin closure. In addition, GCN5 has also been shown to facilitate
the recruitment of an E3-ubiquitin ligase complex to the promoters of target genes, inducing p65
ubiquitination and degradation, limiting the p65 transcriptional response in a gene specific manner [103,
104]. However, p65-S468 phosphorylation by IKK¢ has also been shown to increase the transcriptional
activity of p65 upon co-stimulation of T-cells, demonstrating the cell-type specificity of the functionality
of p65 phosphorylation [105]. Similar to S468, phosphorylation of p65 at S536 also induces enhanced
transactivation by increasing the interaction of p65 with CBP/p300, inducing chromatin opening and
p65 acetylation [106]. However studies in mice have also correlated increased S536 phosphorylation in
macrophages with reduced p65 stability, supporting the resolution of inflammation [107].
Phosphorylation of p65 at S536 has been linked to the activities of a variety of kinases including IKK o/f3
and ¢ and ribosomal S6 kinase 1 (RSK1) [108—111]. Similar to p65 phosphorylation, acetylation of p65
leads to different functional outcomes depending of the acetylation site [112, 113]. p65 is known to be
acetylated at K122, K123,K218,K221 and K310 by CBP/p300. Acetylation on K310 is known to enable
binding of the bromodomain-containing protein 4 (Brd4), which in turn serves as a transcriptional
coactivator and recruits and activates the positive transcription elongation factor b (pTEFD), thereby
having a particularly important function in the regulation of NFxB-dependent target genes [114].
However, p65 can also be monomethylated at K310 by the protein lysine methyltransferase SET-domain
containing 6 (SETD6) [115]. Methylation of p65 on K310 recruits the euchromatic histone-lysine N-
methyltransferases 1 (EHMT1 or GLP), which represses the NFkB transcriptional activity at target genes
under basal conditions. Of note, activation of NFkB and the concomitant phosphorylation of S311 by
the protein kinase C {-type (PKC() competes with methylation of K310 by SETD6 [116]. Acetylation
of p65 at K218 and K221 has been shown to increase the NFkB response by inducing DNA-binding and
decreasing the interaction with nuclear IkB proteins, inhibiting re-translocation of NFkB to the
cytoplasm [117]. In contrast, acetylation of p65 at K122 and K123 has been shown to decrease the NFkB
DNA-binding affinity, facilitating the re-capture of NF«xB by IkB proteins and terminating the NFkB
response [118].
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1.4.2 Modulation of AP-1 activity

The AP-1 transcription factor is mainly composed of the members of the Jun and Fos family of
transcription factors cJun and cFos. Additional members of the Jun and Fos family are JunB and JunD
and FosB, FosL.1 and FosL.2, respectively. However, members of the Jun family can also interact with
the activating transcription factor (ATF) family of proteins. Dimerizing occurs via the basic region
leucine zipper (bZIP) domain of these proteins, which is also implied in DNA binding [119]. Similarly
to the p65:p50 heterodimer, the cJun:cFos dimer has the highest DNA-binding activity and stability of
the possible AP-1 complexes [120]. cJun can also form homodimers, albeit with lower DNA-binding
activity [121, 122]. In contrast, Fos proteins cannot dimerize with themselves but need to be in complex
with a Jun protein in order to bind to DNA. The activity of cJun is largely regulated by JNK via
phosphorylation of residues in the transactivation domain of cJun [123-125] (Fig. 7). Upon binding to
the JNK docking motif close to the amino-terminus of cJun, JNK phosphorylates S63, S73, T93 as well
as T95 in order to increase interaction of cJun with transcriptional co-factors [126, 127]. As part of cJun
turn-over, T239 and S243 form a phosphodegron motif, which is positioned close to the DNA-binding
domain of cJun [128]. After priming of cJun S243 by JNK, GSK3 is thought to recognize this priming
site and induce phosphorylation of T239 [129, 130]. After phosphorylation of both residues, this
phosphodegron serves as a motif for the FBW7 ubiquitin ligase, which ubiquitinates cJun in order to
induce its degradation. In addition, phosphorylation of these residues has been shown to reduce the
DNA-binding affinity of cJun. Interestingly, while low levels of JNK activity lead to a strong cJun
activation, high and sustained activation of JNK is known to negatively regulate cJun activity and protein
levels by phosphorylating T239 and S243 independently of GSK3p activity [131]. In contrast to the
NF«B transcription factor, cJun and cFos are present in the cell only in low levels under basal condition
and are rapidly upregulated on an expressional level upon pro-inflammatory induction. Thus, the cjun
and cfos genes are also termed immediate early response genes [132, 133]. cJun is known to auto-induce
itself, in addition, the cFos promoter contains a NF«xB binding motif, leading to a rapid and strong
upregulation of cJun and cFos levels upon stimulation with TNF [134, 135]. Unlike p50 in NFkB, cFos
contains a transactivatory potential, which is stimulated by phosphorylation of T232, T325, T331 and
T374 by the ERK MAPK [136].
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Figure 7. Representation of the domain structure of cJun and cFos with phosphorylation sites. Normal JNK activity
leads to phosphorylation of TAD, thus activating cJun. High JNK activity can also phosphorylate a phosphodegron
motif, leading to cJun inactivation and degradation.
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Taken together, NFxB and AP-1 induce the expression of a multitude of pro-inflammatory target genes.
During the initial inflammatory response, this entails the upregulation of chemokine and cytokine
secretion by tissue sentinel cells, which attract leukocytes circulating in the blood stream to the site of

inflammation and activate the immediate cellular environment in a pro-inflammatory manner.
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1.5 The vascular endothelium and the leukocyte adhesion cascade

The vascular endothelium, which lines the insides of the blood vessels has a crucial role in the
inflammatory response because it serves as a scaffold for interaction with leukocytes in order to enable
leukocyte extravasation into the underlying inflamed tissues. Exposure of endothelial cells to cytokines
such as TNF and the resulting pro-inflammatory signaling cascades induce the upregulation or
redistribution of cell adhesion molecules (CAMs) on the endothelial surface for interaction with
leukocytes. This includes members of the selectin family, E-selectin, L-selectin and P-selectin, members
of the immunoglobulin superfamily such as the intracellular adhesion molecule 1 (ICAM-1), the
vascular cell adhesion molecule 1 (VCAM-1), but also the platelet and endothelial cell adhesion
molecule 1 (PECAM-1), the junction adhesion molecules A to C (JAM-A to JAM-C), the endothelial
selective adhesion molecule (ESAM) and the non-immunoglobulin molecule CD99. These factors act
together to enable the tightly regulated steps of the leukocyte adhesion cascade in the form of initial
capture and rolling of the leukocytes on the endothelial surface, the firm arrest of leukocytes and the
transmigration of leukocytes through the endothelial layer [137]. First capture and rolling of the

leukocytes is enabled primarily by the selectins, which are rapidly expressed upon inflammatory
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Figure 8. The leukocyte adhesion cascade represented by initial capture, rolling, activation and firm adhesion of
leukocytes on the TNF-activated endothelium.

induction (Fig. 8). L-selectin is expressed by most leukocytes, but E-and P-selectin are exclusively
expressed by activated endothelial cells [138]. These adhesion molecule interact with the P-selectin
glycoprotein ligand 1 (PSGL1) on the surface of leukocytes, but also other glycosylated ligands [139].
The interaction of selectins with PSGL1 enables binding of the leukocyte under blood flow conditions,
because of the high on/off rate character of this interaction, as well as the fact that binding of PSGL1 to
L- and P-selectin is strengthened under shear stress [140—143]. The integrin binding partners of ICAM-
1 and VCAM-1, termed lymphocyte function-associated antigen 1 (LFA-1, B, integrin) and very late
antigen 4 (VLA-4, o4 integrin), respectively, also participate in rolling of non-activated leukocytes
[144-146]. Upon rolling on the endothelium, the leukocytes come in contact with chemokines expressed

by the endothelial cells or deposited on the endothelial surface by immune cells, like CXCL or CCL
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proteins, which bind to G protein-coupled receptors (GPCRs) on the surface of leukocytes, inducing a
switch of the integrins LFA-1 and VLA-4 from a low-affinity state that enables rolling to a high-affinity
states, which induces the firm arrest [147, 148]. The intracellular signaling events leading to the
conformational changes in LFA1 and VLA4 are poorly understood, but entail GPCR induced activation
of phospholipase C (PLC), the activation of small GTPases, as well as the induction of conformational
changes in LFA1 and VLA4 by the intracellular association with actin-binding proteins like talin-1
[149-153]. Upon firm arrest of the leukocytes, the adhesion is further strengthened by signaling events
in the leukocytes and endothelial cells, leading to a clustering of the integrins and ICAM-1 and VCAM-
1 on the endothelium. The transmigration of leukocytes through the endothelium can either occur via a
paracellular route (through cellular gaps) or a transcellular route (through endothelial cells; Fig. 9). The

transmigration is preceded by the ICAM-1-dependent crawling of the leukocytes on the endothelium in
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Figure 9. Paracellular (top) and transcellular (bottom) migration of leukocytes through the endothelium. In the
paracellular migration, leukocytes follow a CAM gradient into the endothelial gap. Cadherins are transported off
the gap, and the leukocyte migrates through the opened junction, where the underlying extracellular matrix (ECM)
is thin due to the localization of pericytes. Transcellular migration is correlated with caveolin-based ICAM-1
uptake and the production of VVOs that form a channel trough the endothelial cell. ECM components are degraded
by matrix metalloproteases (MMPs) on the leukocyte surface, facilitating the extravasation.

order to seek sites of preferred transmigration marked by chemoattractants, which induce transcellular
migration, or the presence of endothelial gaps, which are rich in PECAM-1 and JAM-A, guiding the
leukocytes to the endothelial junctions [154—158]. Many of the CAMs involved in the leukocyte
adhesion cascade induce paracellular transmigration, like ICAM-1, JAM-A to JAM-C or ESAM and
CD99 [158]. Upon binding to their ligands, these endothelial CAMs induce intracellular signaling events
leading to the loosening of the endothelial cell junctional contacts, contraction of the endothelial cells
and redistribution of surface markers such as VE-cadherin, which oppose leukocyte transmigration
[159]. Compared to the paracellular migration through endothelial gaps, the transcellular migration

occurs less frequently and is related to the presence of so called vesiculo-vacuolar organelles (VVO),
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which are small passageways in endothelial cells suggested to act as a ‘gateway’ for transcellular
migration [160, 161]. Clustering of I[CAM-1 triggers intracellular signaling in endothelial cells that
induce the caveolin-1-based uptake of ICAM-1 and redistribution of these vesicles to the VVOs, which
subsequently form an F-actin stabilized channel through the endothelial cell [156, 162]. Upon passing
the endothelial layer, leukocytes have to cross the underlying basement membrane and pericyte sheath.
The endothelial basement is largely constituted by extracellular matrix (ECM) proteins like collagen
and laminins. Pericytes contribute to the formation of the ECM and gaps between pericytes co-localize
with decreased levels of collagen and laminins [163]. These sites represent the path of least resistance
for the migrating leukocytes and might also facilitate the migration by permitting increased levels of
chemoattractants produced in the underlying inflamed tissue. The expression of matrix metalloproteases
(MMPs) on the surface of the leukocytes further facilitates migration of leukocytes through the

endothelial basement membrane.

Due to their importance in the leukocyte adhesion cascade, the TNF-based upregulation of the CAMs
E-selectin, ICAM-1 and VCAM-1 involved in first capture, rolling and firm adhesion are of crucial
importance for enabling the inflammatory response via the leukocyte adhesion cascade. The genes of E-

selectin, [ICAM-1 and VCAM-1 all contain binding sites for NFxB and AP-1 in their promoters.



INTRODUCTION 20

1.6 Cell adhesion molecule induction
1.6.1 Cell adhesion molecule promoters and transcriptional regulation

Induction of the e-selectin (e-sele), icam-1 and vcam-1 genes is highly dependent on the activity of
NF«B and AP-1. Consequently, the promoters of all of these genes contain binding motifs for NFxB
and AP-1 and, depending on the gene, several other motifs for additional pro-inflammatory transcription
factors [164—-167] (Fig. 10). The promoter of e-sele contains one AP-1 binding site as well as three
successive NFkB binding motifs. Compared to icam-1 and vcam-1, the e-sele promoter is small,
representing the fast response character of this gene upon pro-inflammatory induction. The icam-1
promoter contains four AP-1 binding motifs that in part also serve as antioxidant-response elements
(ARE), but only one NF«xB binding site, indicating increased sensitivity to AP-1 induction. In addition,
the icam-1 promoter contains an interferon-response element (IRE) for binding of STAT transcription
factors [168]. The vcam-1 promoter only contains one AP-1 binding motif, but two adjacent NFxB
binding site close to the TATA-box and an additional IRF-1 binding motif downstream of the TATA-
box [169, 170]. In addition, the veam-1 promoter also contains two GATA transcription factor binding
sites [171]. While the three CAM promoters show variable sensitivity to different transcription factors,
binding of NF«B to its respective binding sites in the promoters of the CAMs has been shown to be of
crucial importance for full CAM induction [165, 167, 172—-176]. Of note, the promoters of the e-sele
and vcam-1 genes contain one TATA-box for transcriptional induction in their promoters, while the
icam-1 promoter contains an additional TATA-Box upstream of the TSS, indicating further means of

transcriptional regulation. The presence of these transcription factors in the promoters of the CAMs (or
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Figure 10. Schematic representation of the promoter structure of e-sele, icam-1 and vcam-1. In addition to the pro-
inflammatory transcription factor motifs, the icam-1 and vcam-1 promoters contains several additional motifs for
C/EBP, Ets, SP-1, AP-2, octamer and TEF-1 factors.

in other genes) induce the formation of the pre-initiation complex (PIC), which consists of the RNA

polymerase II (Pol II) and several general transcription factors, like the transcription factor II D (TFIID),
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which directly binds to the TATA-box via its TATA-binding protein (TBP) subunit [177]. The PIC is
also important for positioning the Pol II close to the transcription start site (TSS), denaturing the DNA
and positioning of the DNA in the active center of the Pol II to enable transcription [178]. Successful
initiation of transcription also involves association of the PIC with the mediator complex, which serves
as a transcriptional co-activator and consists of a variety of different proteins that connect the
transcription factors in the core promoter with the RNA polymerase and also binds to enhancer elements
that regulate transcription far off the core promoter elements [179, 180]. Exit of the Pol II from the
initiation site is induced by phosphorylation of the carboxy-terminal domain of Pol II in form of S5
phosphorylation by TFIIH (cyclin-dependent kinase 7; CDK7) [181]. Upon phosphorylation, the Pol II
moves into the non-translated region following the TSS and is stalled, in order for additional regulatory

mechanism to occur that induce productive elongation of the target gene.
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1.6.2 Post-promoter regulation of transcription

The recruitment of the Pol II to the promoter of target genes has largely been believed to be the rate
limiting step in transcription. However, more recent studies suggest that in many inducible mammalian
genes, Pol II is kept in a stalled state approx. 20 to 70 nucleotides downstream of the TSS and that
activation of the stalled Pol II represents the rate limiting step in transcription [182—186]. Several
additional factors have been implied in stalling and release of the stalled Pol II, which either directly
interact with the Pol II or participate in modification of the chromatin environment in form of HATs or
histone methyltransferases (HMTs). In general, stalling of Pol II has been associated with the presence
of active histone modifications like trimethylation of lysine 4 on histone 3 (H3K4me3) and acetylation
of H3 lysine 9 and 14 (H3K9ac and H3K14ac), indicating that stalling might provide the basis for
generation of an active chromatin environment [183]. Additional studies suggest that stalling of Pol II
might assist in 5’-capping of the nascent mRNA [187]. Stalling is mainly induced by the interaction of
Pol II with the negative elongation factor (NELF) and the DRB sensitivity-inducing factor (DSIF) [188,
189]. While NELF also binds to the nascent mRNA, DSIF only interacts with Pol II. The release of Pol
II from its stalled state is induced by interaction with the positive elongation transcription factor b
(pTEFD), consisting of CDK9 and cyclin T [190, 191]. Most of the pTEFb is present in an inactive state
in the nucleus of cells by association with a 7SK RNA complex and HEXIM1 [192]. Certain signaling
cues in form of nuclear phosphatases can inactivate this complex and release pTEFb. pTEFb is then
recruited to the stalled Pol II and phosphorylates NELF and DSIF, which induces conformational
changes that release the bound NELF and induces DSIF to become a positive transcription factor. In
addition, CDK9 phosphorylates the S2 residues in the carboxy-terminal domain of Pol II, initiating the
release of the stalled Pol II to enter productive elongation. The phosphorylated DSIF and pTEFb remain
associated with the elongating Pol II to further stimulate productive transcription, which is assisted by
the presence of additional factors like eleven-nineteen lysine-rich in leukemia (ELL) and elongin [182]

(Fig. 11).
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Figure 11. After formation of the PIC the Pol II will exit the promoter and stall in the untranslated region due
to the actions of NELF and DSIF. pTEFb consisting of CDK9 and cyclin T is recruited and activated by Brd4,
inducing phosphorylation of both proteins and initiation of productive elongation, which is marked by S2-
phosphorylation of the Pol II carboxy-terminal domain.
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Especially for NFkB-dependent target genes, the presence of additional factors like Brd4 has been
shown to be of crucial importance for initiating transcription [193]. Brd4 is a member of the
bromodomain and extra terminal domain (BET) family of proteins. Brd4 consists of two bromodomains
(BD1 and BD2) that recognize and bind to acetylated lysin residues [194, 195]. Brd4 has been shown to
directly recruit and activate pTEFb in order to induce the release of the stalled Pol I1 [196]. Additional
studies have also implied Brd4 in directly phosphorylating the S2 residues in the stalled Pol 11, as well
as having an acetyltransferase function in order to evict nucleosomes from chromatin and induce
chromatin opening [197, 198]. In general, Brd4 binds to acetylated histones and is thought to play a role
in maintaining the epigenetic ‘memory’ [199]. However, newer studies have shown that Brd4 can
directly interact with NFxB acetylated on K310 and induces transcriptional elongation by the
recruitment and activation pTEFb at NFkB-dependent target genes [114]. In addition, Brd4 is also
implied in interacting with several other co-factors that enable chromatin opening and constructive
elongation during transcription, like the histone acetyltransferase p300, the histone demethylase jumonji
domain containing 6 (JMJD6), as well as the chromodomain-helicase-DNA-binding protein 4 (CHD4),

a member of the nuclear remodeling and deacetylase repressor complex [200-202].
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1.7 Anti-inflammatory drugs

The occurrence of SCI and the resulting morbidities demonstrates the necessity for anti-inflammatory
drugs. In general, such drugs can largely be divided into corticosteroids, nonsteroidal anti-inflammatory
drugs (NSAIDs), disease-modifying anti-rheumatic drugs (DMARDs) and further anti-inflammatory

natural products.
1.7.1 Corticosteroids

Corticosteroids are a class of steroid hormones that are released by the adrenal cortex and primarily have
arole in the glucose, fat and protein metabolism in the body [203]. While the corticosteroids, which are
released by the adrenal gland, comprises mineralocorticoids as well as glucocorticoids (GCs), the term
corticosteroids is commonly used to refer to the latter [204]. GCs act by binding to the glucocorticoid
receptor (GR) in the cytoplasm of cells. In the inactive state, the GR is localized in the cytoplasm of the
cells as part of a multiprotein complex with chaperone proteins and immunophilins [205]. Binding of a
GC induces conformational changes in the complex and phosphorylation of the GR leading to the release
of the GR, exposure of nuclear translocation signals and subsequent translocation into the nucleus. The
dimerized form of the GR binds to the palindromic GR element (GRE) and induces the expression of
anti-inflammatory genes [206]. Apart from the GRE, a negative GRE (nGRE) DNA-binding element
has been identified, which confers GC-dependent repression of pro-inflammatory target genes, by
recruitment co-repressors and histone-deacetylases (HDACs) [207]. Genome-wide studies of the
binding behavior of the GR have also shown a transrepressional influence on the NFxB and AP-1
induced expression of pro-inflammatory target genes. This genome wide repression of pro-inflammatory
target genes is accomplished by either direct interaction of the GR with NFkB and AP-1 or by binding
of the GR in close proximity to the NFkB and AP-1 DNA binding sites [208—210]. Since the first use
of GCs in the treatment of rheumatic arthritis in 1949, efforts have been undertaken to minimize the site
effects of the synthetic GCs (i.e. hydrocortisone, prednisolone) in treatment of SCIs. Nevertheless, the
usage of GCs is associated with a large number of adverse effects (AEs), which minimize the clinical
applicability of GCs. Commonly known AEs that correlate with the usage of GCs are weight-gaining,

skin-thinning, insomnia, neuropsychiatric disorders and osteoporosis [211].
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1.7.2 Nonsteroidal anti-inflammatory drugs (NSAIDs)

Another class of anti-inflammatory agents are the nonsteroidal anti-inflammatory drugs (NSAIDs),
which circumvent many of the AEs associated with the use of GCs. While the first use of NSAIDs in
the treatment of inflammation can be traced back thousands of years to the use of extracts of the willow
bark and leaves, the active ingredient, today known to be salicin, has only been identified in the late 17
century [212-214] and has led to the development of acetylsalicylic acid (Aspirin) in the late 19 century
[215]. However, the actual mechanism underlying the anti-inflammatory effects of aspirin are only
known since the 1970s when Vane et al. discovered that aspirin inhibits the cyclooxygenase-1 (COX-
1) enzyme, which induces the synthesis of the prostaglandins [216]. The lipids of the prostaglandin
family are known to be involved in the induction of pain, fever and inflammation, as well as the
prevention of gastric damage by protecting the gastric mucosa. These discoveries also explained the
most common AE known to be associated with the usage of NSAIDs, which is gastric toxicity and the
formation of stomach ulcers. The following discovery of the inducible COX isoform COX-2, which is
functionally implicated to play a more important role in inflammation than in gastric protection, as well
as the finding that aspirin non-specifically inhibits both isoforms, paved the way for selective COX-2
inhibitors, also termed coxibs (i.e. celecoxib) [217, 218]. These were thought to evade the gastric toxicity
of the non-specifical NSAIDs. However, while clinical application of COX-2 inhibitors has shown that
the selective targeting of COX-2 minimizes the risk of gastric toxicity, the risk for cardiovascular events
(i.e. stroke and myocardial infarction) is increased. The increased risk for cardiovascular AEs due to
COX-2 inhibitors is attributed to the inhibition of the endothelial production of COX-2 induced
prostacyclins, while not inhibiting the COX-1 induced formation of thromboxane A2 in platelets,
thereby increasing the risk for formation of blood clots [219, 220]. Today, NSAIDs are largely classified
by their chemical structure and their selectivity for the COX isoforms. Apart from aspirin, further non-
selective NSAIDs have been developed. These are comprised of non-acetylated salicylates (diflunisal,
salsalate), propionic acids (naproxen, ibuprofen), acetic acids (diclofenac), enolic acids (meloxicam,
piroxicam), anthranilic acids (meclofenamate, mefenamic acid) and naphthylalanine (nabumetone)
[221]. Today, NSAIDs are the most commonly prescribed class of medications used for the treatment
of pain and inflammation, responsible for up to 10 % of all medications prescribed worldwide [222,

223].
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1.7.3 Disease-modifying anti-rheumatic drugs (DMARDs)

Disease-modifying anti-rheumatic drugs (DMARDs) are a class of immunomodulating and
immunosuppressive agents. These drugs are mainly used in the treatment of inflammatory arthritides,
like rheumatic arthritis (RA) and psoriatic arthritis as well as other inflammatory diseases like myositis,
vasculitis, uveitis and inflammatory bowel disease (IBD). Each DMARD has a unique mechanism of
action and influences specific inflammatory pathways. DMARDs can largely by subdivided into
conventional and synthetic DMARDs (csDMARDs) and biological DMARDs (bDMARDs), which are
selective for a molecular target. Commonly used csDMARDs used in treatment of RA include
methotrexate (MTX) and hydroxychloroquine. MTX is a folic acid analog, which inhibits the 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase, involved in purine nucleotide
synthesis. Inhibition of this enzyme leads to AICAR accumulation in the cell and a resulting inhibition
of the adenosine deaminase. This in turn induces increased extracellular levels of adenosine [224-227].
The anti-inflammatory effect is thereby enacted by binding of adenosine to the leukocyte adenosine
receptor reducing the chemotaxis of leukocytes, oxidative inflammation in neutrophils and monocytes
and cytokine synthesis in monocytes and macrophages. In addition, MTX is known to inhibit the
dihydrofolate reductase (DHFR), which catalyzes the reaction of dihydrofolate (DHF) to
tetrahydrofolate (THF). THF acts as a methyl donor, which is essential for the formation of folate
cofactors required for the purine and pyrimidine synthesis, with decreased THF levels leading to
apoptosis of peripheral T-cells in RA [228]. The reduced levels of methyl donors by MTX are also
thought to decrease the synthesis of polyamines (e.g. spermine and spermidine), involved in the
induction of inflammatory pain and edema in RA, as wells as lymphotoxins, like ammonia and hydrogen
peroxide [229, 230]. The anti-inflammatory mechanism of the antimalarial hydroxychloroquine (and
also chloroquine) is poorly understood, but is thought to be correlated to regulation of cytokine
production, stabilization of lysosomes and interference with antigen-presentation and TLR activation as
well as beneficial metabolic and anti-atherosclerotic effects [231-233]. Additional csDMARDs that
have shown to be effective in treatment of RA are leflunomide and sulfasalazine [234]. bDMARDs were
first introduced in the 1990s and are used when the conventional therapy fails or in combination with
csDMARDs. bDMARDs are comprised of monoclonal antibodies, chimeric humanized fusion
antibodies or receptors that are fused to human immunoglobulins or small molecules. Due to their nature,
these drugs are highly selective and usually interfere with cytokine production and function, as well as
T-cell activation and B-cell depletion. These include TNF inhibitors (i.e. infliximab; a chimeric
monoclonal antibody targeting TNF), IL-6 inhibitors (i.e. tocilizumab; a humanized monoclonal
antibody targeting the IL-6 receptor), T-cell inhibitors (abatacept; a human fusion protein that targets
CD80/86 costimulatory antigens, thereby inhibiting T-cell activation) and B-cell depleting agents
(rituximab; a chimeric murine-human monoclonal antibody targeting CD20) [235]. Newer classes of
synthetic, but specific small molecule DMARDs are the JAK inhibitors, like tofacitinib, a non-selective

JAK inhibitor that inhibits STAT activity, or phosphodiesterase-4 (PDE-4) inhibitors, like apremilast
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that is used in the treatment of psoriatic arthritis [236, 237]. Based on their diverse functions, DMARDs
have several unique AEs. However, especially csDMARDs are known to increase the risk of infection,

induce gastrointestinal distress, bone marrow suppression and hepatotoxicity.

In addition to the above-mentioned drugs, antibodies drugs have been established that directly target the
leukocyte adhesion cascade in order to reduce leukocyte infiltration. This includes the monoclonal
antibody drugs natalizumab, vedolizumab and crizanlizumab used for the treatment of multiple
sclerosis, familial Mediterranean fever and Crohn’s disease, ulcerative colitis or vaso-occlusive crisis in
sickle-cell disease, respectively [238—241]. Natalizumab selectively binds to a4f; integrins, blocking the
interaction with VCAM-1 or other o4f3; binding molecules. Vedolizumab binds to a4f7 integrins resulting
in gut-selective inhibition of inflammation, and crizanlizumab binds to P-selectins reducing the effects

of vaso-occlusive crisis during sickle-cell anemia.
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1.7.4 Anti-inflammatory natural products (NPs)

The use of natural products (NPs) as a remedy for inflammation goes back to ancient times. Apart from
the anti-inflammatory effects of salicins, a plethora of NPs with potential beneficial effects on health
and in disease have been identified and have also set the basis for the synthesis of chemically synthesized
analogues. These include plant derived anti-inflammatory NPs in the form of terpenoids, flavonoids,
phenolic and polyphenolic compounds as well as sulphur-containing compounds [242], fungus-derived
antibiotic compounds like penicillin [243] or marine-based NPs, like the saponines present in sponges
[244]. The following gives a brief overview over some NPs involved in inhibiting the NFkB and MAPK
based pro-inflammatory signaling cascades. One of the most studied and well-known plant-based and
anti-inflammatory NP is curcumin, derived from the rhizome of the Curcuma longa plant. Curcumin
has been shown to inhibit NFkB and MAPK signaling by directly targeting the IKK complex, as well as
the MAPKs ERK, p38 and JNK, thereby reducing the inflammatory response [245-247].
Concomitantly, curcumin has been shown to inhibit the arachidonic metabolism, involved in pain
response, COX activity as well as cytokine synthesis [248—252]. Another anti-inflammatory NP is the
parthenolide, a sesqueterpene lactone found in Mexican medicinal plants and feverfew (Tanacetum
parthenium) [253]. Parthenolide has been shown to have strong anti-inflammatory effects in vivo and is
traditionally used as a treatment for fever, migraine and arthritis [254-257]. The anti-inflammatory
effects of parthenolide have been shown to be based on inhibition of NFkB and MAPK activity, thereby
reducing the expression of the pro-inflammatory nitric oxide (NO) synthase, CAMs as well as cytokines
[258-262]. Another group of anti-inflammatory NPs are the flavonoids. These are phenolic compounds
with variable structures that are distributed widely over the plant kingdom. These include flavones,
flavanones, catechins and anthocyanins [263]. An example for a well-known and studied flavone is
quercetin, found in plants like Gingko biloba. Quercetin has been shown to reduce interleukin levels and
decrease the transcriptional activity of NF«xB [264—266]. The diverse function and applicability of NPs
is the result of the evolutionary adaption of organisms to their environment. Hence, while the essential
metabolism of the biosynthesis and breakdown of carbohydrates, fats and proteins is very similar over
different organisms (primary metabolism), NPs are usually the result of secondary metabolic pathways
that organisms had to evolve to overcome the limitations in their surroundings [267]. Many of the most
important secondary metabolites that give rise to NPs are derived from metabolic intermediates (also
termed shunt metabolites) like acetyl coenzyme A, shikimic acid, mevalonic acid and 1-deoxyxylulose-
5-phosphate. From an evolutionary perspective, it comes as no surprise that many secondary metabolites
and hence NPs have been developed to defend an organism against other organisms. Some of the longest
known and pharmaceutically used NPs that organisms produce for protection against other organism
and that are widely distributed over the plant and prokaryotic kingdoms are the microtubule-targeting
agents (MTAs), which target the eukaryotic microtubule cytoskeleton. MTAs have a long tradition in

their usage against cancer as well as inflammatory diseases.



INTRODUCTION 29

1.8 Microtubule-targeting agents (MTAs) and the microtubule cytoskeleton

Microtubule-targeting agents (MTAs) are a large and diverse family of chemical or biological agents
that target the microtubule skeleton of eukaryotic cells. Based on their functionality, MTAs are
subdivided into microtubule-stabilizing agents (MSAs) and microtubule-destabilizing agents (MDAs).
Hence, these compounds alter the microtubule dynamics in favor of microtubule stabilization or

destabilization.
1.8.1 Microtubule structure and dynamics

Microtubules are cytoplasmic based, hollow polymers, which consist of a- and B-tubulin heterodimers.
They are involved in a variety of cellular functions like intracellular trafficking and positioning of
organelles, cell shape and morphology, cell motility and migration as well as the assembly of the mitotic
spindle apparatus and chromosome segregation during cell division [268, 269]. Tubulin is a 50 kDa
GTP-binding protein with a globular structure. Each subunit in the heterodimer has the capability to
bind GTP, but only the B-tubulin subunits have the ability to hydrolyze GTP during microtubule

polymerization (Fig. 12). The soluble a- and B-tubulin heterodimers arrange into protofilaments, with
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Figure 12. The structure of microtubules and microtubule dynamics. Both subunits in the a- and B-tubulin
heterodimers can bind GTP, but only the B-subunits has a GTPase function. Tubulin heterodimers form
protofilaments that arrange at the GTP-cap during microtubule polymerization to form a microtubule consisting
of 13 protofilaments. During polymerization at the cap, GTP is hydrolyzed and the protofilaments arrange to the
rigid, but unstable GDP-bound microtubule lattice. Low concentrations of free GTP-bound tubulin or increased
hydrolysis of the cap lead to rapid microtubule depolymerization. The GDP in the B-tubulin subunits of the free
heterodimers is exchange for GTP to again enable microtubule polymerization. Adapted from [269].
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the prototypical microtubule having a width of approximately 25 nm and consisting of 13 filaments.
Apart from the microtubule ”seam” (red dotted line in figure 12), each a- and B-tubulin subunit in the
microtubule structure is positioned next the a- and p-tubulin subunit in the adjacent filament. Due to the
polarity of the polymerized tubulin heterodimers, each microtubule has a minus end as well as a plus
end, where polymerization and depolymerization occur. At their minus end, microtubules are usually
stabilized by a microtubule-organizing center (MTOC). Microtubules are anchored to the MTOC via a
ring of y-tubulin, also termed y-tubulin ring complex (y-TuRC) that serves as a nucleator for tubulin
polymerization. Additional proteins like the patronin family of proteins exist, which stabilize the
microtubule around the MTOC, as well as anchoring proteins like ninein, which anchor the MTOC to
compartments of the cell [270, 271]. According to the cap-model of microtubule dynamics and dynamic
microtubule instability, GTP-bound tubulin heterodimers arrange at the plus end of the microtubule to
form a GTP-tubulin-rich cap [272]. This cap stabilizes the more rigid, but under physiological tubulin
concentration unstable underlying GDP-rich microtubule structure, also termed GPD lattice. If GTP in
the cap is hydrolyzed too fast, or the GTP-bound tubulin heterodimers dissociate, the microtubule
depolymerizes. This rapid depolymerization is also termed “catastrophe” and can be reversed by
rearrangement of a GTP-tubulin cap, termed microtubule “rescue”. In case depolymerization occurs, the
GDP in the B-tubulin subunits of the free tubulin heterodimers is replaced by GTP to enable further
microtubule polymerization. Due to that, microtubules are under constant dynamics of polymerization
and depolymerization, depending on the concentration of free GTP-bound tubulin heterodimers [273].
Two-models exist that aim at explaining the structural instability of the GDP-lattice based on
conformational changes that occur in the tubulin heterodimers during GTP hydrolysis (Fig. 13). In the
allosteric model, the GTP-bound heterodimers have a straight conformation. Hydrolysis of GTP during
the microtubule polymerization induces conformational changes in the heterodimer, inducing a curved
conformation. However, the structural incorporation of the filaments into the microtubules inhibits
curvature of the heterodimers, thereby exerting allosteric strain and instability onto the microtubules
[274]. In the lattice model, GTP- and GDP-bound tubulin heterodimers are both in a curved
conformation and the incorporation into the microtubules during polymerization induces straitening of
the dimers. In this model, conformational changes in the GTP-bound heterodimers in the GTP cap
induce stronger lateral bonds or a lower bending stiffness between the filaments. GTP hydrolysis thereby
induces conformational changes in the heterodimers that reduce the strength of the lateral bonds between

the filaments or increase the overall bending stiffness, hence increasing microtubule instability [275—
278].
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Figure 13. The allosteric and lattice model of conformational changes in the tubulin heterodimers that explain the
instability of the microtubules. In the allosteric model, GTP hydrolysis induces a curved conformation in the
heterodimers, which is straightened after incorporation into the microtubule lattice, thereby exerting strain (red
line) and instability on the polymer. In the lattice model, GTP- and GDP-bound heterodimers both have a curved
conformation. After incorporation into the lattice, both states are straightened, but conformational changes in the
GTP-bound state increase lateral interactions between the filaments, which are lost after hydrolysis, thereby
explaining the microtubule instability. Adapted from [273].

1.8.2 Microtubule-associated proteins (MAPs)

Several classes of proteins have been shown to interact directly with the microtubule skeleton. These
microtubule —associated proteins (MAPs) can be involved in microtubule dynamics by either stabilizing
or destabilizing the microtubules, capping proteins that stabilize the GTP cap, cross-linking proteins,
which associate microtubules laterally, or cytoskeletal integrators that bind organelles to microtubules
for spatial organization. In addition to proteins that are involved in microtubule dynamics, a variety of
proteins are known to associate with the microtubule skeleton. This includes the microtubule motor
proteins kinesin and dynein, which are involved in cellular transport, the associated dynactin complex
as well as motor modulators like the tau and ensconcin proteins [279-282]. Several MAPKSs like INK
have been shown to directly interact with the microtubule skeleton over INK-interacting proteins (JIPs),
which localize JNK to kinesin motor proteins [283]. JIP-1 has been shown to co-localize upstream
MAPKs with JNK, thereby facilitating JNK activation [284]. Opposed to MAPK activation, many
phosphatases have been shown to bind to the microtubules. This includes the general phosphatase 2 A
(PP2A) or the JNK-specific phosphatase protein Ser/Thr metallophosphatase PPM1J (PP2C() [285].
Association of many of the components involved in MAPK signaling is thought to provide the spatial

localization important for proper signal integration as well as propagation.
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1.8.3 The effects of MTAs on the microtubule dynamics

MTAs influence the microtubule dynamics by binding to the tubulin heterodimers. To this date, eight
different binding sites for MTAs have been characterized depending on their position on the tubulin
heterodimer. This includes the vinca site, the maytansine site, the laulimalide site, the taxane site, the
colchicine site and the adjacent gatorbuline site as well as the pirotenin site and the adjacent todalam

site (Fig. 14) [286]. Binding of an MSA to the taxane site either stabilizes the straight conformation of
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Figure 14. Sphere representation of the tubulin heterodimer (left) and transparent view of the heterodimer with
colored contact surface involved in MTA interactions in sphere representation (right). Original structure; PDB:
1TUB, Maytansine site; PDB: 4TVS, vinca site; PDB: 5J2T, taxane site; PDB: 5LXT, laulimalide site; PDB:
404H, colchicine site; PDB: 402B, pironetin site; PDB: SLA6, gatorbuline site; PDB: 7ALR, todalam site; PDB:
5SBS5. Created with PyMOL.

the tubulin heterodimer (e.g. paclitaxel) or leads to conformational changes that promote the lateral
interactions between the filaments in the microtubule (e.g. epothilone A), thereby stabilizing the
microtubule cytoskeleton [287-290]. The laulimalide site is positioned at the lateral filament interface.
Similar to the taxanes, binding of a laulimalide agent (e.g. laulimalide) also stabilizes the interaction
between neighboring tubulin filaments [291, 292]. The colchicine site is positioned at the intra-dimer
interface between the a- and B-tubulin subunits. Binding of a colchicine site-binding agent (e.g.
colchicine) locks the tubulin heterodimer in the curved conformation by inhibiting conformational
changes during the curved-to-straight transition [293, 294]. One of the best-studied MDA sites is the
vinca site, which is positioned at the longitudinal interface between the tubulin heterodimers. Vinca site-
binding agents (e.g. vinca alkaloids like vincristine) destabilize the microtubules by inducing a “wedge”
at the top of the B-tubulin subunit, which prevents the straightening of the dimers and also promotes the
formation of small helical tubulin polymers, thereby reducing the concentration of polymerization-
competent free tubulin heterodimers [295]. In addition to these conformational changes, vinca site
agents have also been shown to interfere with the GTP hydrolysis by hindering the alignment of the

residues of the catalytic center necessary for hydrolyzation [296, 297]. The maytansine site is positioned
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at the exposed inter-dimer interface on the B-tubulin subunit. Binding of a maytansine agent (e.g.
maytansine) inhibits binding of additional tubulin heterodimers, thereby preventing polymerization
[298]. Pirotenin is the only MTA that is known to exclusively interact with residues in the a-tubulin
subunit. Pirotenin binds covalently to its binding pocket. Similar to the maytansine agents, pirotenin
exerts its destabilizing effect by blocking the binding of the a-subunits to the B-tubulin subunit of another
tubulin heterodimer [299, 300]. The gatorbuline and todalam sites are the newest MDA binding sites
described on the tubulin heterodimer. Similar to the vinca agents, binding of gatorbuline or todalam is
thought to induce a “wedge” in the heterodimer conformation, thereby preventing polymerization [301—
303]. The gatorbuline site is position next to the colchicine site at the intra-dimer interface. Todalam is
the first rationally designed MDA. The binding site of todalam is positioned on the B-tubulin subunit at
the inter-dimer interface next to the pirotenin site and the maytansine site on the a-tubulin subunit of the

following tubulin heterodimer.
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1.8.4 The MTAs vincristine, paclitaxel and colchicine

The main mechanism of action of MTAs in the treatment of cancer is the interference with microtubule
dynamics, the concomitant cell-cycle arrest and subsequent apoptosis that is especially affecting fast
dividing cells, like cancer cells. However, especially colchicine has a long tradition in its use against

inflammatory diseases.
1.8.4.1 The microtubule-destabilizer vincristine (VIN)

The secondary metabolite vincristine (VIN; Fig. 15) belongs to
the family of the vinca alkaloids derived from the Madagascan
periwinkle plant (Catharanthus roseus) [304, 305]. Like for all
MTAs, the main mechanism of action for the MDA VIN is the
interference with microtubule dynamics and the subsequent cell-

cycle metaphase arrest [306]. VIN has been approved by the

American food and drug agency (FDA) for the treatment of
Figure 15. The structure of vincristine.  several malignancies like acute lymphatic leukemia (ALL),
Burkitt lymphoma, B-cell ALL, lymphoid blast crisis of chronic myeloid leukemia, neuroblastoma,
rhabdomyosarcoma, Wilms tumor, as well as Hodgkin and non-Hodgkin lymphomas. In addition, VIN
is also used off-label for several further malignancies, i.e. central-nervous system tumors, sarcomas and
lung cancer. Apart from their actions on cancer, vinca alkaloids have also been shown to affect malignant
angiogenesis by inhibiting endothelial proliferation and chemotaxis necessary for new blood vessel
formation [307]. Other vinca alkaloids that are in clinical use are the derivatives vinblastine, vinorelbine
and vindesine. AEs that correlate with the usage of vinca alkaloids include peripheral neuropathy, due
to the influence on axonal transport processes, as well as effects on physiological function that are related
to fast cellular turn-over which lead to gastrointestinal toxicity, bone marrow suppression and alopecia

[308].
1.8.4.2 The microtubule-stabilizer paclitaxel (PAC)

Paclitaxel (PAC; Fig. 16), which is sold under its trademark name
Q
>—O O OH Taxol is one of the most used anti-cancer agents. It is a secondary

P NH 6 metabolite of the diterpene family originally isolated from the
H pacific yew (Taxus brevifolia) [309]. The main mechanism of

Q/\C;J\O OH f) Hd}_o action for PAC is the stabilization of the microtubule skeleton

©_<0 ¢ and the subsequent cell cycle arrest [310]. It is approved by the
Figure 16. The structure of paclitaxel. ~ FDA for several malignancies like breast cancer, lung cancer and
ovarian cancer and is also used for several other indications like esophageal and gastric cancers, as well
as sarcoma and cervical cancers [311-315]. Apart from its effects on mitosis, PAC is assumed to also

induce metabolic apoptosis by activation of p53, increase in reactive oxygen species (ROS) and
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induction of proteins related to stress of the endoplasmic reticulum as well as a downregulation of the
anti-apoptotic B-cell Leukemia 2 (Bcl-2) protein and upregulation of the pro-apoptotic Bcl-2-associated
X protein (BAX) [316-321]. Like for other MTAs, AEs include neuropathy, bone marrow suppression,

gastric toxicity and alopecia.
1.8.4.3 The microtubule-destabilizer colchicine (COL)

Q Colchicine (COL; Fig. 17) was first used in the form autumn
HN )\CHa crocus (Colchicum autumnale) to treat joint pain and swelling as
«H early as 1500 B.C. [322]. While COL has been shown to have anti-

cancer activity, its increased toxicity has historically excluded it
from its pharmacological use in the treatment of cancer [323].
Nevertheless, COL is known for its therapeutical applicability in
H;C o~CHa  several inflammatory diseases like gout, familial Mediterranean

CHs fever (FMF), Behcet’s disease, pericarditis as well as coronary

Figure 17. The structure of colchicine. artery diseases. On a molecular basis, COL has been shown to
affect the formation of the inflammasome in leukocytes and to affect leukocyte migration by
depolymerizing the microtubule skeleton necessary for migration and concomitant down-regulation of
genes involved in the migration of leukocytes [324—327]. In addition, colchicine is known to affect the
distribution of E-selectin in endothelial cells, thereby decreasing leukocyte adhesion [328]. Newer
studies also show a reduced infarct incidence in atherosclerosis patients after colchicine treatment, by
reducing the formation of aortic plaques due to decreased aortic inflammation in cells of the vascular
endothelium [329, 330]. The AEs related to the use of COL are similar to those of other MTAs.
However, COL is usually applied in lower concentrations compared to MTAs used during
chemotherapy. The most common side effect is gastric toxicity, which usually leads to nausea, vomiting

and diarrhea.
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1.8.4.3.1 The anti-inflammatory effects of COL

COL is well known for its efficacy in the treatment of gout [331]. Hence, much of the knowledge
concerning the biomolecular background of the anti-inflammatory effects of COL is the result of
research on the effects of COL in the treatment of this disease. The central mechanism in acute gouty
arthritis is the formation and precipitation of monosodium urate (MSU) crystals from uric acid in and
around the joints of patients. MSU crystals have been shown to directly interact with the membrane of
dendritic cells, leading to intracellular Syk kinase and dendritic cell activation [332]. In addition, MSU
crystals have been shown to act as DAMPs and to directly bind to TLRs on the surface of immune and
non-immune cells to induce MyD88-dependent NF«B-signaling cascades and the production of ROS
[333-335]. TLR-induced activation of immune cells like neutrophils, macrophages, dendritic cells or
mast cells usually leads to the expression of pro-inflammatory cytokines like TNFa, IL-1p or IL-6 [336,
337]. The expression of these cytokines induce the pro-inflammatory activation of endothelial cells in
and around the joints, leading to the expression of the CAMs and leukocyte infiltration [338].
Additionally, MSU crystals can be internalized by immune cells via phagocytosis. Phagocytosis of MSU
crystal induces phagolysosomal damage, leading to K* influx into cells. In the presence of the
nucleotide-binding domain, leucine-rich repeat-containing 3 (NLR3) receptor, as well as the apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC), the increased intracellular
K" and ROS levels induce the formation of the NLRP3 inflammasome complex [339-341]. The active
inflammasome complex processes the pro-caspase-1, leading to its activation and concomitant IL1{
procession and activation. COL has been shown to inhibit the molecular mechanisms leading to MSU-
crystal induced inflammation in gouty arthritis in a multimodular manner. Martinon et al. have shown
that COL interferes with inflammasome activation via disruption of the microtubule skeleton, thereby
preventing co-localization of mitochondria, where ASC is localized, with the endoplasmic reticulum,
where NLR3 is localized [340]. While the primary effects of COL on leukocyte migration are thought
to be based on microtubule disruption, Ben-Cherit et al. could show that long-term treatment with COL
also inhibits the expression of factors involved in leukocyte migration [326], thereby minimizing
systemic leukocyte chemotaxis. In addition, studies have shown that the effectiveness of the
chemotactical inhibition in leukocytes after COL treatment are increased due to enrichment of COL in
leukocytes [342]. Further studies by Ding et al. have correlated treatment with COL with decreased
levels of the TNFR1 on macrophages and endothelial cells [343]. Jackman et al. reported that COL
treatment and the concomitant microtubule disruption impeded the TNF-induced intracellular NFxB
signaling, leading to decreased promoter activity of NFkB [344]. However, in this study, Jackman et al.
showed that treatment of C2C12 muscle cells with 100 pM of COL for 4 h had no inhibitory effects on
the NFkB promoter activity following 2 days of p65 overexpression and hence argued that COL must
enact its effects prior to the release and degradation of IkBa. Roberge et al. and Chia ef al. could show
that COL reduced the MSU-induced production of ROS in neutrophils and hence impeded neutrophil
activation [345, 346]. Cronstein et al. could show that treatment of neutrophils with COL decreased the
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expression of L-selectin and in addition, that microtubule disruption in endothelial cells altered the
qualitative display of E-selectin on the endothelial cell surface, thereby reducing leukocyte adhesion
[328]. The beneficial effect of COL in patients with FMF has also been attributed to its inhibitory effects
on the inflammasome. FMF is correlated to mutations in the MEFV gene on chromosome 16, which
encodes the pyrin/marenostrin protein [347—349]. These mutations are known to induce a constitutively
active form of the pyrin/marenostrin protein, hence leading to pathological inflammasome activation.
The Behcet’s disease is an inflammatory disorder that is characterized by auto-inflammation of blood
vessels (vasculitis) leading to mucosal ulcers and arthritis [350]. COL is known to be effective in the
treatment of Behcet’s disease phenotypes involving pathological alteration of the skin, mucosa and joints
[351-353]. However, the molecular basis for these effects is poorly researched. Newer clinical studies
have shown beneficial effects of COL in patients with pericarditis, by minimizing the recurrence of
pericarditis and post-pericardiotomy syndrome, as well as coronary artery disease and atrial fibrillation
[354-357]. In addition, several clinical studies have shown the efficacy of COL in reducing the
incidence of stroke in patients with high cardiovascular risk [329]. In one of the newest studies
concerning the effects on COL on atherosclerosis, Meyer-Lindemann et al. could show that treatment
with COL in mice with early atherosclerosis or post-myocardial infarction decreased the levels of
leukocyte adhesion molecules and receptors for chemoattractants on neutrophils and macrophages,
thereby reducing vascular inflammation [330]. Interestingly, Weng ef al. showed that COL also acts
selectively in the liver to increase the expression of anti-inflammatory hepatokines in hepatocytes, which

systemically inhibit myeloid cell activation [358].

In conclusion, the main anti-inflammatory effects of COL are due to decreased chemotaxis of
leukocytes, as well as an inhibition of the inflammasome complex and decreased intracellular NFxB
signaling cascades, thereby reducing the expression of pro-inflammatory cytokines. Many clinical
studies show beneficial effects of COL in treating inflammatory disorders. However, especially how
COL or other microtubule-depolymerizers enact their effects on NFxB signaling and how MTAs affect
the pro-inflammatory state in cells of the endothelium that act as a central interface for leukocyte

infiltration in many inflammatory disorders, is still largely unknown.
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1.8.5 The microtubule-destabilizer pretubulysin (PT)

The microtubule destabilizer pretubulysin (PT) constitutes a precursor of the tubulysins, which have
initially been discovered in strains of the myxobaterium Angiococcus disciformis. It constitutes the first
enzyme-free intermediate during biosynthesis of the tubulysins [359]. The tubulysins are synthesized
by a polyketide synthase/non-ribosomal peptide synthetase pathway that produces linear tetrapeptides
consisting of an amino-terminal N-methyl pipecolic acid, an isoleucine, as well as the unusual amino
acid tubuvaline and an a-methylated aromatic y-amino acid derived from tyrosine or phenylalanine.
These tetrapeptides are known to bind to the vinca site of microtubules, thereby destabilizing the
microtubule skeleton. However, the presence of a labile N,O-acetal group at the amino-terminus of

tubuvaline limits the chemical accessibility of the tubulysins. In contrast, PT (Fig. 18) lacks this group

Figure 18. The structure of pretubulysin.

and can be synthesized in large quantities, while largely retaining the efficacy of the tubulysins in view
of microtubule destabilization. PT has been shown to destabilize the microtubule cytoskeleton in
endothelial cells already after 1 h treatment with 30 nM and to effectively depolymerize the entire

endothelial microtubule network at a concentration of 300 nM [360].

1.8.5.1 Anti-cancer and anti-angiogenic effects of PT

In one of the first studies involving the effects of PT in view of its anti-cancer capabilities, Hermann et
al. [361] could show that PT induces a significant mitotic G»/M-phase arrest in human HepG2
hepatocellular carcinoma cells at concentrations starting at 50 nM following 24 h of treatment. Testing
of the anti-proliferative effects of PT on human L3.6pl pancreatic cancer cells showed that already 5 nM
of PT significantly reduces the clonogenic survival of the cells following 6 days of treatment. In addition,
Hermann et al. proved that treatment of human U-2 OS osteosarcoma cells with 25 nM PT resulted in
partial fragmentation of the nuclei and full depolymerization of the microtubule skeleton after treatment
with concentrations of 50 nM of PT. The increased pro-apoptotic activity of PT in L3.6pl cells was
shown to be partially based on the transiently increased phosphorylation and inhibition of the anti-
apoptotic Bcl-2 protein, with significantly increased apoptosis already being observable after 48 h of
treatment with 1 nM of PT. Additionally, PT was shown to significantly inhibit the fetal calf serum
(FCS) induced migration of L3.6pl cells after treatment with a concentration of 1 nM and more. In a

further study, Braig et al. [362] could show that the anti-proliferative effects of PT also extends to the
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highly aggressive and metastatic T24 and MDA-MB-231 cancer cell lines, with PT inhibiting the
proliferation of these cells after 72 h of treatment significantly with ICso values of 1.6 nM and 2.4 nM,
respectively. In addition, Braig et al. could show that the pro-apoptotic effects of PT in these cell lines
are due to activation of caspase-8 and -3, as well as cleavage and activation of the BH3 interacting-
domain death agonist (BID) protein and poly(ADP-ribose)-polymerase 1 (PARP), as well as increased
Bax activity and cytochrome C release. By using an in vivo chicken chorioallantoic membrane (CHAM)
model implanted with T24 cells as well as an in vivo mouse model with subcutaneously implanted MDA -
MB-231 cells, Braig et al. could show that PT significantly inhibits the tumor growth and metastasis in
vivo after treatment with 10 nM of PT over 3 days (CHAM model) or treatment with 0.1 mg/kg every
second day for 4 weeks (mice xenograft model). In addition, Braig et al. found that the pro-apoptotic
effects of PT also correlate to increased phosphorylation and degradation of the anti-apoptotic protein
Mcl-1. Further studies concerning the anti-metastatic effects of PT by Schwenk et al. [363] showed that
PT induces a retraction of endothelial cells leading to increased and B1-integrin-dependent interactions
of MDA-MB-231 tumor cells with the underlying ECM, thereby reducing tumor cell transmigration and
extravasation. Rath et al. [364] examined the anti-angiogenic effects of PT on human umbilical vein
endothelial cells (HUVECs) and cells of the human dermal microvascular endothelial cell line-1
(HMEC-1) and found that PT inhibits the FCS induced migration and chemotaxis of HUVECs with an
ECso of 5.3 nM. Consequently, Rath ef al. tested the Matrigel-based endothelial tube formation with
HMEC-1 cells and found that treatment with 30 nM of PT over 16 h significantly reduced the formation
of endothelial tubes compared to the control. In addition, by using an in vivo xenograft tumor model
with hepatocellular carcinoma HUH7 cells, they could show that consecutive application of 0.1 mg/kg
PT significantly reduced the mean tumor mass, as well as tumor neovascularization 16 days after
xenograft implantation. In an up-following study, Kretzschmann et al. [360] extended on the anti-
vascular properties of PT. They found that in addition to the depolymerization of the microtubules and
the concomitant disassembly of cell—cell connections and retraction of endothelial cells, PT induces the
formation of actin stress fibers by activation of the RhoA/Rho-associated protein kinase/myosin light
chain pathway. Interestingly, they also found that extended treatment with PT induces slight, but fully
reversible cytotoxic stress in endothelial cells. By employing an ectopic B16-F1 mouse melanoma tumor
model, they could show that a single application of 10 mg/kg of PT and treatment for 24 h significantly
reduced the tumor vessel perfusion and induces central necrosis in the tumor mass and that application
of 10 mg/kg of PT every third day over 7 days significantly reduces the increase in tumor volume

compared to the control animals.
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1.9 Motivation and aims

The research on colchicine still leads to new finding of this very old drug in view of its anti-inflammatory
potential. However, especially the effects that MTAs have on the interaction of leukocytes with the
vascular endothelium during the leukocyte adhesion cascade as well as the underlying mechanisms that
MTAs induce in the cells of the vascular endothelium are still largely unknown. The fact that clinical
studies still find new therapeutical application areas for colchicine makes the research of the underlying
mechanisms in endothelial cells worthwhile. On this basis, this study aimed at using the novel and potent
MTA pretubulysin and the already clinically established MTAs colchicine, vincristine and paclitaxel, to
elucidate the anti-inflammatory potential of these MTAs in vivo and to study their action in vitro in
human umbilical vein endothelial cells (HUVECsS) on the expression of the CAMs ICAM-1 and VCAM-
1 as well as E-selectin. In addition, by utilizing pretubulysin, this study aimed at elucidating the
underlying mechanisms that MTAs induce in endothelial cells to provide a baseline for future research

of the anti-inflammatory effects of MTAs in the vascular endothelial cells.

To address these questions, the anti-inflammatory potential of PT is first tested in an in vivo psoriasiform
dermatitis mouse model. To assess the influence of PT on the leukocyte adhesion in vivo, PT is tested
towards its effects on the TNF induced adhesion of leukocytes in post-capillary venules of the mouse
cremaster muscle. In addition, these results are confirmed in an in vitro leukocyte adhesion under flow
model. Subsequently, PT and the additional MTAs VIN, COL and PAC are tested towards their potential
influence on cell viability and protein translation in HUVECs in the in vitro cell culture setting. To
analyze if the effects of PT and the additional MTAs are the result of an inhibition of the central and
TNF-induced CAMs E-selectin, ICAM-1 and VCAM-1, flow cytometric experiments are performed
and consolidated by western blot analysis and qRT-PCR analysis of the respective mRNA levels. Further
analysis involves the assessment of the influence of PT on the main pro-inflammatory NF«xB and AP-1
signaling pathways and MAPKs as well as the transcriptional activity of NFkB and AP-1 by utilizing
western blot analysis and reporter gene assays. The influence of PT on the TNF-induced DNA binding
behavior of NFkB and AP-1 to their respective binding sites in the CAM promoters are tested over time
by chromatin immunoprecipitation and compared to the respective binding behavior of the RNA
polymerase II. In addition, the effects of PT on the mRNA levels of the CAMs and several transcription
factors are tested over time. Further analysis involves testing of the influence of the MAPK JNK on
expression of the CAMs by utilizing the JNK inhibitor JNKINS. Finally, the effects of PT on the
presence of the bromodomain-containing protein 4 (Brd4) at the respective CAM promoters and genes
are elucidated with and without inhibition of JNK by chromatin immunoprecipitation and the importance

of Brd4 for the effects of PT on the CAM expression are analyzed by knock-down experiments.
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2.1 Materials
2.1.1 Compounds

Pretubulysin was synthesized as previously described [PMID: 19431172] [365] and kindly provided by
Prof. Dr. Uli Kazmaier. Colchicine (CAS 64-86-8), vincristine (CAS 2068-78-2) and paclitaxel (CAS
33069-62-4) were obtained from Biomol (Hamburg, Germany). The compounds were dissolved in
DMSO to a concentration of 10 mM and stored at -20 °C. For experiments, compounds were further
diluted in cell culture medium prior to application at the concentrations indicated in the figure legends,

while not exceeding a final DMSO concentration of 0.01 % during treatment in in vitro assays.

2.1.2 Chemicals and reagents

Table 2. Chemicals and reagents used in this project.

Reagent
1,4-Dithiothreitol (DTT)

2-Mercaptoethanol

Agarose Ultra-pure

Ammonium persulfate (APS)

Bovine serum albumin (BSA)

Bovine serum albumin (BSA, fraction V)
Calcium chloride dihydrate, CaCl, - 2 H,O
CellTracker Green CMFDA dye

Dimethyl sulfoxid (DMSO)

Disodium hydrogen phophate dihydrate,
Na,HPO; - 2 H,O

Disuccinimidyl glutarate (DSG)

Ethylene glycol-bis(B-aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA)

Ethylenediaminetetraacetic acid (EDTA)

Formaldehyde (FA), 16 % ultrapure

Supplier
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

ThermoFisher Scientific, Dreieich, Germany

Carl Roth GmbH, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Life Technologies GmbH, Darmstadt,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Carl Roth GmbH, Karlsruhe, Germany

SantaCruz Biotechnologies, Heidelberg,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Polysciences Europe GmbH, Hirschberg
(Bergstral3e), Germany
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Table 2. Continuation of the chemicals and reagents used in this project.

Reagent

Glycerol

Glycine PUFFERAN > 99 %, p.a.
HEPES-potassium hydroxide (KOH)
Herring sperm DNA

Hydrogen peroxide, HO; (30 % solution)
Lithium chloride (LiCl)

Luminol

Magnesium chloride hexahydrate, MgCl - 6 H,O
Sodium bicabonate, NaHCO3

Nonidet P40 substitute (NP40)
p-Coumaric acid > 98.0 %

peqGOLD dNTP-Set

peqGOLD Protein Marker IV, 10-170 kDa
Potassium chloride, KCI

Potassium dihydrogen phosphate, KH>PO4
Powdered milk (low fat, blotting grade)
Propidium iodide (PI)

Protein A/G magnetic beads

Pyronin Y

Roti-Histofix 4 %

Rotiphorese Gel 30

Sodium chloride, NaCl

Sodium deoxycholate > 97 %

Supplier
Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Promega GmbH, Mannheim, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Carl Roth GmbH, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

VWR International GmbH, Darmstadt,
Germany

VWR International GmbH, Darmstadt,
Germany

Merck KGaA, Darmstadt, Germany
Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

ThermoFisher Scientific, Dreieich, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany

Carl Roth GmbH, Karlsruhe, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
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Table 2. Continuation of the chemicals and reagents used in this project.

Reagent
Sodium dodecyl sulfate (SDS)

Spectra Multicolor High Range Protein Ladder
40-300 kDa

Tetramethylethylenediamine (TEMED)
Tris hydrochloric acid (HCI)

TRIS PUFFERAN >99.3 %

Triton X-100

Tween 20

Table 3. Inhibitors used in this project.

Inhibitor
Actinomycin D (ActD)

cOmplete, Mini, EDTA-free Protease Inhibitor
Cocktail

Cycloheximide (CHX)

JNK inhibitor, INKINS
Phenylmethylsulfonyl fluoride (PMSF)
Recombinant RNasin, Ribonuclease Inhibitor
Sodium fluoride, NaF

Sodium orthovanadate, Na;VOq

Sodium pyrophosphate

Staurosporine

B-Glycerophophate

Supplier
Carl Roth GmbH, Karlsruhe, Germany

ThermoFisher Scientific, Dreieich, Germany

Bio-Rad Laboratories GmbH, Munich,
Germany

Carl Roth GmbH, Karlsruhe, Germany
Carl Roth GmbH, Karlsruhe, Germany

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Supplier

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Roche Diagnostics Deutschland GmbH,
Mannheim, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Promega GmbH, Mannheim, Germany

Merck KGaA, Darmstadt, Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany

Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany
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Table 4. Enzymes, enzyme mixes and protein reagents used in this project.
Reagent Supplier
Interleukin-1p (IL-1p) PeproTech GmbH, Hamburg, Germany
Proteinase K Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
RNase A Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany
RNase-Free DNase Set Qiagen GmbH, Hilden, Germany
SuperScript Il Reverse Transcriptase ThermoFisher Scientific, Dreieich, Germany
SYBR Green PCR Master Mix ThermoFisher Scientific, Dreieich, Germany
Tumor necrosis factor-a (TNFa) PeproTech GmbH, Hamburg, Germany

Table 5. Cell culture reagents and media used in this project.

Reagent
Amphotericin B (250 pg/mL)

Brd4 siRNA (smart pool)

Collagen G

Collagenase A

EASY Endothelial cell growth medium (ECGM)
Fetal Calf Serum (FCS), Superior

HyClone RPMI-1640 medium

HyClone™ HyQTase Cell Detachment Reagent
Medium 199 (M199)

Non-targeting siRNA

Penicillin-Streptomycin (P: 10,000 U/mL, S:
10 mg/mL)

Trypsi/EDTA mix

Supplier
PAN-Biotech GmbH, Aidenbach, Germany

Dharmacon, Lafayette, Colorado, U.S.A
Biochrom AG, Berlin, Germany

Merck KGaA, Darmstadt, Germany

PELOBiotech GmbH, Planegg/Martinsried,
Germany

Biochrom AG, Berlin, Germany

GE Healthcare Life Sciences, Freiburg,
Germany

GE Healthcare Life Sciences, Freiburg,
Germany

GE Healthcare Life Sciences, Freiburg,
Germany

Dharmacon, Lafayette, Colorado, U.S.A
PAN-Biotech GmbH, Aidenbach, Germany

Biochrom AG, Berlin, Germany
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2.1.3 Buffers, solution and media

Table 6. Cell culture buffers and solutions used in this project.

Buffer or Solution

CellTracker Green
solution

ECGM

Freezing medium
PBS (pH 7.4)
PBS" (pH 7.4)
PBSA (pH 7.4)
RPMI

Stopping medium

Composition
5 uM CellTracker Green CMFDA dye, in serum-free RPMI

10 % FCS Superior, 2.5 % supplement Mix, 1 % penicillin, 1 %
streptomycin, 1 % amphotericin B, in EASY ECGM

10 % DMSO, in FCS

137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOq - 2 H,0, 2 mM KH,PO,,
in dist. water

137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,HPOj - 2 H,0O, 1.5 mM
KH,POs, 0.5 mM MgCl; - 6 H;0, 0.7 mM CacCl; - 2 H;O, in dist. water

0.2 % BSA, in PBS

10 % FCS Superior, 1 % penicillin, 1 % streptomycin, in HyClone RPMI-
1640

10 % FCS Superior, 1 % penicillin, 1 % streptomycin, in Medium 199

Trypsin/EDTA solution = 0.05 % Trypsin, 0.02 % EDTA, in PBS

Table 7. Buffers and solutions used for in vitro assay.

Buffer or solution

1x sample buffer
5x sample buffer
Blotto-T (1 %/5 %)
BSA-T (1 %/5 %)

ChIP elution buffer

ChIP high salt wash
buffer

ChIP LiCl wash buffer

ChIP low salt wash
buffer

ChIP Lysis buffer

cOmplet mini solution

Composition

125 mM Tris-HCI (pH 6.8), 20 % glycerol, 4 % SDS, 0.8 % DTT,
0.01 % Pyronin Y, in dist. water

312.5 mM Tris-HCI (pH 6.8), 50 % glycerol, 5 % SDS, 2 % DTT,
0.025 % Pyronin Y, in dist. water

1 %/5 % powdered milk, in TBS-T
1 %/5 % BSA, in TBS-T

100 mM NaHCOs3, 1 % SDS, in dist. water

500 mM NacCl, 20 mM TRIS-HCL (pH 8.0), 2 mM EDTA (pH 8.0), 1 %
Triton X-100, 0.1 % SDS, in dist. water

250 mM LiCl, 10 mM TRIS-HCL (pH 8.0), | mM EDTA (pH 8.0), 1 %
NP40, 1 % sodium deoxycholate, in dist. water

150 mM NaCl, 20 mM TRIS-HCL (pH 8.0), 2 mM EDTA (pH 8.0), 1 %
Triton X-100, 0.1 % SDS, in dist. water

140 mM NaCl, 50 mM HEPES-KOH (pH 7.5), 1 mM EDTA (pH 8.0),
1 % SDS, 1 % Titon X-100, 0.1 % sodium deoxycholate, in dist. water

1 tablet, in 1.5 mL dist. water
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Table 7. Continuation of the buffers and solutions used for in vitro assay.

Buffer or solution

ECL solution
Electrophoresis buffer

HFS-PI solution

Hypotonic buffer

Isotonic buffer

Luminol solution

p-Coumaric acid
solution

Protein reagent diluent
RIPA

RIPA Lysis buffer
Separation gel (5 %)
Separation gel (10 %)
Separation gel (15 %)

Stacking gel (4 %)

Stripping buffer, pH-
based

Stripping buffer,
stringent

TBS-T (pH 7.4-7.5)
Tris-EDTA buffer

Triton X-100 (0.2 %)

Western blot transfer
buffer

Composition

98.5 mM Tris-HCI (pH 8.5), 1 % luminol solution, 0.4 % p-coumaric
acid solution, 0.02 % H202, in dist. water

192 mM glycine, 25 mM Tris, 0.1 % SDS, in dist. water

0.1 % Triton X-100, 0.1 % sodium citrate, 50 pg/mL propidium iodide,
in PBS

20 mM Tris-HCI (pH 7.4), 10 mM KCIl, 2 mM MgClL", 1 mM EGTA,

2 % cOmplete solution, ] mM NaF, 1 mM PMSF, 1 mM Na3;VO,, 1| mM
B-glycerophosphate, 1 mM sodium-pyrophosphate, 0.5 mM DTT in dist.
water

20 mM Tris-HCI (pH 7.4), 150 mM KCI1, 2 mM MgCl,", 1 mM EGTA,
0.3 % NP40, 2 % cOmplete solution, 1 mM NaF, 1 mM PMSF, 1 mM
NazVOs, 1 mM B-glycerophosphate, 1 mM sodium-pyrophosphate,

0.5 mM DTT in dist. water

250 mM luminol, in DMSO
90 mM p-coumaric acid, in DMSO

1 % BSA (fraction V), in PBS

150 mM NaCl, 50 mM Tris HCL, 1 mM EDTA, 1 % NP40, 0.5 %
sodium deoxycholate, 0.1 % SDS in dist. water

2 % cOmplete solution, 1 mM NaF, 1 mM PMSF, 1 mM Na3;VOs4, 1| mM
B-glycerophosphate, 1 mM sodium-pyrophosphate in RIPA

17.3 % Rotiphorese Gel 30, 375 mM Tris-HCI (pH 8.8), 0.1 % SDS,
0.1 % TEMED, 0.05 % APS, in dist. water

33.4 % Rotiphorese Gel 30, 375 mM Tris-HCI (pH 8.8), 0.1 % SDS,
0.1 % TEMED, 0.05 % APS, in dist. water

49.6 % Rotiphorese Gel 30, 375 mM Tris-HCI (pH 8.8), 0.1 % SDS,
0.1 % TEMED, 0.05 % APS, in dist. water

16.7 % Rotiphorese Gel 30, 125 mM Tris-HCI (pH 6.8), 0.1 % SDS,
0.2 % TEMED, 0.1 % APS, in dist. water

200 mM Glycine (pH 2.2), 1 % Tween 20, 1 % SDS, in dist. water
62.5 mM Tris, 2 % SDS, 0.8 % 2-mercaptoethanol, in dist. water
25 mM Tris, 150 mM NacCl, 0.05 % Tween 20, in dist. water

10 mM Tris (pH 8.0), | mM EDTA (pH 8.0), in dist. water

0.2 % Triton X-100, in PBS, in dist. water

192 mM glycine, 25 mM Tris, 20 % methanol, in dist. water

47
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2.1.4 Commercial Kits

Table 8. Commercially obtained Kits used in this project.

Kit
CellTiter-Blue Cell Viability Assay

ChIP DNA-clean and concentrator

CytoTox 96 Non-Radioactive Cytotoxicity
Assay

Dual-Luciferase Reporter Assay System
GeneTrans II transfection reagent
HUVEC Nucleofector Kit

MiraCLEAN Endotoxin Removal Kit
Pierce BCA Protein Assay Kit
PureYield Plasmid Maxiprep System

RNeasy Mini Kit

2.1.5 Antibodies

Supplier
Promega GmbH, Mannheim, Germany

Zymo Research Europe GmbH, Freiburg,
Germany

Promega GmbH, Mannheim, Germany
Promega GmbH, Mannheim, Germany
MoBiTec, Goettingen, Germany

Lonza Cologne GmbH, Cologne, Germany

Mirus Bio LLC, Madison, WI, USA

Thermo Fisher Scientific GmbH, Dreieich,
Germany

Promega GmbH, Mannheim, Germany

Qiagen GmbH, Hilden, Germany

The following tables list the antibodies used for different application. For western blot analysis,

antibodies were routinely used in a 1:1000 dilution. For chromatin immunoprecipitation assays, 1 pg of

the respective binding or non-binding antibody was used.

Table 9. Primary antibodies used for western blot analysis.

Immunogen, Ref. Tvpe
number yp

CD54/ICAM-1, 4915 rabbit, polyclonal

Akt, 9272 rabbit, polyclonal

AP-1-cJun, sc-74543 mouse, monoclonal

Brd4, sc-48772 rabbit, polyclonal

Supplier Solution
Cell Signaling Technology

Europe B.V., Frankfurt am 5 % BSA-T
Main, Germany

Cell Signaling Technology

Europe B.V., Frankfurt am 5% BSA-T

Main, Germany

SantaCruz Biotechnologies,

0 -
Heidelberg, Germany 5 % Blotto-T

SantaCruz Biotechnologies,

0 -
Heidelberg, Germany 5 % Blotto-T
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Table 9. Continuation of the primary antibodies used for western blot analysis.
Immunogen, Ref. . .
number Type Supplier Solution
Cell Signaling Technology
elF2a, 9722 rabbit, polyclonal Europe B.V., Frankfurt am 5 % BSA-T

E-selectin, sc-137054

Histone 3 (H3), 9751

IKKp, 8943

IRF-1, sc-514544

IxBa, 4812

NF«kB1 p105/p50, 13586

NFxB-p65, sc-8008

p38 MAPK, 9212

p44/42 (Erk1/2), 9106

Phospho-Akt (Ser473),
9271

Phospho-AP-1-cJun
(Ser243), A27328

Phospho-IKKo/B
(Ser176/180), 2697

Phospho-IxBa (Ser32),
2859

Phospho-NF«xB p65
(Ser468), 3039

Phospho-NF«B p65
(Ser536), 3033

Phospho-p38 MAPK
(Thr180/Tyr182), 9211

Phospho-p44/42 (Erk1/2)
(Thr202/ Tyr204), 9106

mouse, monoclonal

rabbit, monoclonal

rabbit, monoclonal

mouse, monoclonal

rabbit, monoclonal

rabbit, monoclonal

mouse, monoclonal

rabbit, polyclonal

mouse, monoclonal

rabbit, polyclonal

rabbit, polyclonal

rabbit, monoclonal

rabbit, monoclonal

rabbit, polyclonal

rabbit, polyclonal

rabbit, polyclonal

rabbit, polyclonal

Main, Germany

SantaCruz Biotechnologies,
Heidelberg, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

SantaCruz Biotechnologies,
Heidelberg, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

SantaCruz Biotechnologies,
Heidelberg, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

Bioworld Technology,Inc.,
Minessota, U.S.A

Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany
Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany
Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany
Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany
Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany
Cell Signaling Technology
Europe B.V., Frankfurt am
Main, Germany

5 % Blotto-T

5 % BSA-T

5% BSA-T

5 % Blotto-T

5% BSA-T

5 % BSA-T

5 % Blotto-T

5 % BSA-T

5 % BSA-T

5 % BSA-T

5% BSA-T

5 % BSA-T

5% BSA-T

5 % BSA-T

5% BSA-T

5 % BSA-T

5% BSA-T
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Table 9. Continuation of the primary antibodies used for western blot analysis.
Immunogen, Ref.
number

Phospho-SAPK/INK
(Thr183/Tyr185), 4668

Type Supplier Solution

Cell Signaling Technology
rabbit, polyclonal Europe B.V., Frankfurt am 5% BSA-T
Main, Germany
Cell Signaling Technology
SAPK/JNK, 9252 rabbit, polyclonal Europe B.V., Frankfurt am 5% BSA-T
Main, Germany
SantaCruz Biotechnologies,

VCAM-1 , sc-13160 mouse, monoclonal bl Gamoemy

5 % Blotto-T

Table 10. Secondary antibodies used for western blot analysis.

Antibody, Ref. number Supplier Solution

Goat-anti-rabbit [gG-HRP, SantaCruz Biotechnologies, Heidelberg,

0 -
sc-2004 Germany 5 % Blotto-T

Goat-anti-mouse [gG-HRP, SantaCruz Biotechnologies, Heidelberg,

0 -
sc-2005 Germany 5 % Blotto-T

Table 11. Antibodies used for flow cytometry.

Antibody, Ref. number Label Type Supplier Dilution
Bio-Rad Laboratories
FITC-CD54 (ICAM-1), mouse, ) )
MCA1615F FITC monoclonal GmbH, Munich, 1:20
Germany
mouse, BD Biosciences, )
PE-CD106 (VCAM-1), 555647  PE monoclonal Heidelberg, Germany 120
PE-CD62 antigen-like family PE mouse, BD Biosciences, 1:20
member E (E-selectin), 551145 monoclonal Heidelberg, Germany ’
Table 12. Antibodies used for chromatin immunoprecipitation.
Antibody, Ref. number Type Supplier
rabbit, . . .
NFxB-p65, C15310256 o Diagenode, Seraing, Belgium
mouse, . . .
RNA polymerase 11, C15200004 monolonal Diagenode, Seraing, Belgium
Brd4, C15410337 ell1E Diagenode, Seraing, Belgium
polyclonal
IgG non-binding mouse, C15400001 fnouse, Diagenode, Seraing, Belgium
monolonal
o . rabbit, . . .
IgG non-binding rabbit, C15410206 selyelonl Diagenode, Seraing, Belgium
rabbit, Proteintech Germany GmbH,
AP-1-clun, 24909-1-AP polyclonal Planegg-Martinsried, Germany
rabbit,

H3K9me3, ab8898 Abcam, Cambrige, UK

monoclonal
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2.1.6 Oligonucleotides

All oligonucleotides in form of primers used for this project were purchased by Eurofins Genomics

Europe Shared Services GmbH (Ebersberg, Germany)

Table 13. Primers used for quantitative real-time polymerase chain reaction analysis.

Gene

Brd4
cFos

cJun
E-selectin
GAPDH
ICAM-1
IRF-1
IxBa
pl05

p65

VCAM-1

Sequence forward

AAT AGC AGC AAC AGC AAT GTG AG

GGG GCA AGGTGG AACAGTTA

ATC AAG GCG GAG AGG AAG CG

AGA TGA GGA CTG CGT GGA GA

CCA CAT CGC TCA GAC ACC AT

CTG CTC GGG GCT CTG TTC

ACA AGG ATG CCT GTT TGT TCC

GTG ACC CTA GTG GCT CATCG

CAT CCC ATG GTG GACTACCT

GGG GAC TAC GAC CTG AAT GC

CCA CAG TAA GGC AGG CTG TAA

Sequence reverse

CTT CCT CCG ACT CAT ACG TG
G

AGG TTG GCA ATCTCG GTC TG
TGA GCA TGT TGG CCG TGG AC

GTG GCC ACT GCA GGA TGT AT

TGA AGG GGT CAT TGA TGG
CAA

AAC AACTTG GGC TGG TCA CA
TGG AAG CAT CCG GTA CACTC
GGC GCCCTATAAACGCTIGG

GGG CAT GCA GGT GGA TATTT
GAT CTT GAG CTC GGC AGT GT

GCT GGA ACA GGT CAT GGT CA

Table 14. Primers used for chromatin immunoprecipitation-quantitative real-time polymerase chain reaction

analysis.

Gene

Sequence forward

TAC GAT ATA AAG GCA TGG

E-selectin cJun

E-selectin p65

E-selectin Pol II

ACA AAG G

TAC GAT ATA AAG GCA TGG

ACA AAGG

promoter

E-selectin Pol II
stalling region

ICAM-1 cJun

ICAM-1 p65

CCC GGG AAA GTT TTT GGA TGC

TCC TAT AAA AGG GCCTCA
GCCG

ACA ATA ACA GTC TCC ACT CTC
CG

GGA AAC GGG AGG CGT GG

Sequence reverse

GGA GGG ATT GCT TCC TGT
GAA

GGA GGG ATT GCT TCC TGT
GAA

AGC GTT CTG CACTTACCGTT

GCC CTT ATA AAG CGT TCT
GCACT

AGG GCG ATG ACC CCG

GAG AGG GTC ATC CTC CCT
CG
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Table 14. Continuation of the primers used for chromatin immunoprecipitation-quantitative real-time polymerase

chain reaction analysis.

Gene

ICAM-1 Pol I
promoter

ICAM-1 Pol IT
stalling region

VCAM-1 cJun

VCAM-1 p65

VCAM-1 Pol I
promoter

VCAM-1 Pol IT
stalling region

rpll13a 3'-UTR

Sequence forward

GGG AAG GCG CGA GGTTT

ATA AAG GAT CAC GCG CCC CA

GTT GAT GTT TGT TGC TAA AAG
AACT

GAA CTT GGC TGG GTG TCT GT

GAG GAG CTT CAG CAG TGA
GAG

AAA GCA CAGACTTTCTAT TTC
ACTC

CCA GGT CTC CAC GCT AAA CA

2.1.7 Primary cells and cell lines

Table 15. Primary cells and cell lines used in this project.

Primary cells/ cell line

HUVECs

HMEC-1

THP-1

Supplier
PELOBiotech GmbH,

Sequence reverse
CGG GGC TTC GGA GAA CTG

CTT CGG AGA ACT GGC CCG
AC

ACG ACT ATG CCA TGT GAA
TTG AT

AAG GGT CTT GTT GCA GAG
GC

GAGGCCCGATGCAGATACC

TTT GAG GCT CCA AGG ATC
ACG

AAT CTT GGC ATC CAA CCG
CA

Reference number

PB-CH-190-8013

Planegg/Martinsried, Germany

American Type Culture Collection
(ATCC), LGC Standards GmbH,

Wesel, Germany

Leibniz Institute for German
Collection of Microorganisms and

Cell Cultures (DSMZ),
Braunschweig, Germany

2.1.8 Technical equipment

Table 16. Technical equipment used in this project.

Device

Autoclave: Systec VX-95

Bioruptor Puls System

Supplier

ATCC
CRL-3243

ACC-16

Systec GmbH, Linden, Germany

Diagenode, Serainge, Belgium
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Table 16. Continuation of the technical equipment used in this project.

Device

Blotter: Criterion Blotter
Centrifuge: Heraeus Megafuge 16R
Centrifuge: MICRO STAR 17R
Centrifuge: Mini Star silverline

Current source: PowerPacTM HC

Electrophoresis system: Mini-
PROTEAN Tetra System

Electroporator: Nucleofector 2b
Flow cytometer: FACSVerse
Fluorescence microscope: LSM 510
Heatblock

Hemocytometer: Neubauer-improved
Incubator: HERACell 1501

Inverted microscope: DM IL LED

Liquid nitrogen storage system:
ARPEGE 110

Magnetic stirrer: IKA RH basic 2
Microplate reader: Infinite F200 pro
Microplate reader: Varioskan Flash
Nanophotometer: P 330

Orbital shaker: Sea Star

pH meter: FE20

Pipette: Eppendorf Multipette plus

Pipettes: Eppendorf Research plus

Supplier
Bio-Rad Laboratories GmbH, Munich, Germany

Thermo Fisher Scientific, Dreieich, Germany
VWR International GmbH, Darmstadt, Germany
VWR International GmbH, Darmstadt, Germany
Bio-Rad Laboratories GmbH, Munich, Germany
Bio-Rad Laboratories GmbH, Munich, Germany
Lonza Cologne GmbH, Cologne, Germany

BD Biosciences, Heidelberg, Germany

Carl Zeiss AG, Jena, Germany

VWR International GmbH, Darmstadt, Germany

Paul Marienfeld GmbH & Co. KG, Lauda-Koénigshofen,
Germany

Thermo Fisher Scientific, Dreieich, Germany
Leica Microsystems, Wetzlar, Germany

Air Liquide S.A., Paris, France

IKA-Werke GmbH & Co. KG, Staufen, Germany
Tecan Trading AG, Méannedorf, Switzerland
Thermo Fisher Scientific, Dreieich, Germany
Implen GmbH, Munich, Germany

Heathrow Scientific, Vernon Hills, IL, USA
Mettler-Toledo GmbH, Giellen, Germany
Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany
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Table 16. Continuation of the technical equipment used in this project.

Device
Pipettor: Pipetus

gRT-PCR system: StepOnePlus
System

Scale: Mettler-Toledo (0.1-200 mg)

Scale: PIONEER (10-1000 g)
Sterile bench: SAFE 2020

Tube roller: Stuart SRT9D
Ultra-pure water system: Astacus
Ultrasonic cleaner: USC300TH
Vacuum pump: Integra Vacusafe
Vortexer: Vortex Genie 2

Water bath: Julabo ED

X-ray Film processor: Agfa CP 1000

2.1.9 Consumables

Table 17. Consumables used in this project.

Consumable

8-well p-slides: p-Slide 8 well, ibiTreat

Microplates for absorbance measurements: Nunc MicroWell

96-Well (269620)

Cell culture dishes (10 cm)

Cell culture flasks (25 cm?, 75 ¢cm?)

Cell culture plates (6-, 12-, 24-, 48-, 96-well)

Cell scraper

Supplier

Hirschmann Laborgerdte GmbH & Co. KG, Eberstadt,
Germany

Applied Biosystems GmbH, Darmstadt, Germany
Mettler-Toledo GmbH, GieBen, Germany

Ohaus Europe GmbH, Greifensee, Switzerland
Thermo Fisher Scientific, Dreieich, Germany
Bibby Scientific Limited, Staffordshire, UK
MembraPure GmbH, Berlin, Germany

VWR International GmbH, Darmstadt, Germany
INTEGRA Biosciences GmbH, Biebertal, Germany
Scientific Industries, Inc., Bohemia, NY, USA
JULABO GmbH, Seelbach, Germany

AGFA, Cologne, Germany

Supplier

ibidi GmbH, Planegg-Martinsried,
Germany

Thermo Fisher Scientific GmbH,
Dreieich, Germany

Sarstedt AG & Co., Niimbrecht,
Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany

TPP Techno Plastic Products AG,
Trasadingen, Switzerland
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Table 17. Continuation of the consumables used in this project.

Consumable

Centrifuge tubes (15 mL, 50 mL)
Cover slips

Cryo vials

Eppendorf Combitips advanced

Low-binding tubes (1.5 mL)

Microplates for fluorescence measurements: Nunc
MicroWell 96-Well (265301)

Microplates for luminescence measurements: Corning 96
well NBS Microplate

Microplates for qRT-PCR: MicroAmp Fast Optical 96-Well
Reaction Plate

Pipette tips (standard, 10 pL, 100 pL, 300 pL, 1000 pL)
Pipette tips with filter: ART Aerosol Resistant Tips (10 puL)
Pipette tips with filter: Biosphere (200 uL, 1000 puL)
PVDF membrane: Immun-Blot PVDF

Reaction tubes (0.2 mL, 1.5 mL, 2 mL)

Sealing tape for qRT-PCR: StarSeal Sealing Tape Polyolefin
Film (E2796-9795)

Serological pipettes (5 mL, 10 mL, 25 mL)

TPX-tubes

Transwell Insert (polycarbonate membrane,
diameter 6.5 mm, pore size 8§ um)

Whatman filter paper

X-ray films: Super RX-N

Supplier

Greiner Bio-One GmbH,
Frickenhausen, Germany

Helmut Saur, Reutlingen, Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany

Eppendorf AG, Hamburg, Germany

Sarstedt AG & Co., Niimbrecht,
Germany

Thermo Fisher Scientific GmbH,
Dreieich, Germany

Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany
Applied Biosystems GmbH,
Darmstadt, Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany

Thermo Fisher Scientific GmbH,
Dreieich, Germany

Sarstedt AG & Co., Niimbrecht,
Germany

Bio-Rad Laboratories GmbH,
Munich, Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany
STARLAB INTERNATIONAL
GmbH, Hamburg, Germany

Greiner Bio-One GmbH,
Frickenhausen, Germany

Diagenode, Serainge, Belgium

Corning, New York, USA

Bio-Rad Laboratories GmbH,
Munich, Germany

FUJIFILM Europe GmbH,
Diisseldorf, Germany
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2.2 Methods
2.2.1 Cell culture

Primary cells and cell lines were cultured in cell culture incubators under constant humidity at 37 °C
and 5 % CO,. Growth and morphology of the cells was routinely observed microscopically by using an
inverted Leica DM IL LED microscope (Leica Microsystems, Wetzlar, Germany). Unless otherwise

stated, all buffers, solution and media were pre-warmed to 37 °C before application to the cells.

2.2.2 Primary cells and cell lines

All adherent cells were cultivated in culture flasks pre-coated with collagen G (10 pg/mL) in PBS for

30 min at 37 °C before use.

2.2.2.1 Human umbilical vein endothelial cells (HUVECsS)

Primary human umbilical vein endothelial cells (HUVECs) were obtained commercially or prepared
from umbilical cords (2.2.3). HUVECs were cultivated in endothelial cell growth medium (ECGM) and
were used to study the influence of MTAs on the leukocyte-endothelial cell interactions as well as the

underlying mechanisms.

2.2.2.2 Human dermal microvascular cell line 1 (HMEC-1)

The cells of the human dermal microvascular cell line 1 (HMEC-1) constitute an immortalized cell line
created by transfecting human dermal microvascular endothelial cells with a PBR-322-based plasmid
containing the simian virus 40 A, large T antigen [366]. The resulting cell line (CDC/EU.HMEC-1) has
been shown to retain the morphology, phenotype and functional characteristics of normal human dermal
microvascular endothelial cells. HMEC-1 cells were used in this project to confirm the effects observed

in primary HUVECs.

2.2.2.3 Human monocytic leukemia cell line 1 (THP-1)

The human monocyte-like cell line THP-1 constitutes cells that were initially isolated from the
peripheral blood of an acute monocytic leukemia (AML) patient [367]. THP-1 cell were exclusively

used for testing the adhesion of the cells to endothelial monolayers. The cells were cultivated in RPML
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2.2.2.4 Passaging of cells

To passage confluent adherent HUVECs or HMEC:s, the cell culture medium was subtracted, and the
cells were washed twice with phosphate-buffered saline (PBS, pH 7.4) and incubated with 2 mL of
Trypsin/EDTA solution at 37 °C until the cells were detached. After detachment, the enzymatic reaction
was stopped by addition of stopping medium. The cells were sedimented by centrifugation (300 g, 5 min
at RT) and resuspended in ECGM and either transferred into new culture flasks (75 cm?) or seeded into

cell culture dishes or plates. Endothelial cells were passaged three times a week in a 1:3 ratio.

For passaging of THP-1 cells growing in suspension, the cell number was determined using a
hemocytometer and the cell count was adjusted to 3 x 10° cells per mL. The appropriate number of cells
was sedimented (300 g, 5 min at RT), resuspended in RPMI and transferred into a new cell culture flask.

The THP-1 cells were passaged three times a week.

2.2.2.5 Freezing and thawing of cells

For freezing of cells, confluent adherent HUVECs or HMECs were detached as described above and
sedimented by centrifugation (300 g, 5 min at RT). The cells were resuspended in freezing medium
(2 mL per 75 cm? flask or 6 x 10° cells) and transferred into cryovials and frozen at -80 °C overnight.

Subsequently, the frozen cells were transferred into liquid nitrogen for long-term storage.

For thawing, frozen cells were rapidly thawed at 37 °C and immediately transferred into 10 mL ice-cold
culture medium to dilute the DMSO in the freezing medium. The cells were harvested by centrifugation

(300 g, 5 min at RT) and seeded into 75 cm? (endothelial cells) or 25 cm? (THP-1 cells) culture flasks.

2.2.3 Preparation of primary human umbilical vein endothelial cells (HUVECs)

Primary HUVECs were isolated from the veins of umbilical cords of healthy donors based on the method
developed by Jaffe e al. [368]. A waiver (no. W1/21Fii) has been granted for the use of anonymized
human material on September 15", 2021, issued by the head of the Research Ethics
Committee/Institutional Review Board. For isolation, the cord vein was cannulated from both sites with
injection needles. The needles were clamped with ties, and the veins were washed from both sites with
pre-warmed PBS containing Ca?* and Mg?* (PBS") to wash out blood. The cords were allowed to drain
and filled tightly with collagenase A (0.1 mg/mL in PBS"), sealed with a multi-way valve and were
incubated for 45 min at 37 °C. After incubation, the veins were flushed from both sites with medium
199 (M199) supplemented with 10 % FCS, 100 U/mL penicillin and 100 pg/mL streptomycin. After
centrifugation, the isolated cells were resuspended in pre-warmed ECGM, seeded into a T25 flask and

were incubated for 24 h. The adherent cells were washed twice with PBS" and were supplied with fresh
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ECGM. After reaching confluency, HUVECs were passaged and used for experiments in the third

passage.

2.2.4. Protein translation inhibition assay

The protein translation inhibition assay was used to test the influence of MTAs on the translation
machinery of HUVECs. This assay was performed with the ClickIT Plus OPP Protein Synthesis assay
Kit (Thermo Fisher, Dreieich, Germany). In this assay, translation is detected by addition of O-
propargyl-puromycin (OPP) to the culture medium, which is taken up by the cell and incorporated into
nascent polypeptide chains, disrupting peptide transfer on the ribosome and inducing premature chain
termination. Addition of an AlexaFluor 488 picolyl azide dye together with different reagents allows for
chemoselective ligation of the dye with the alkyne group of OPP and enables fluorescence-based

imaging for detection.

The assay was performed according to the manufacturer’s instructions. Briefly, HUVECs were seeded
into 8-well p-ibidi slides (ibidi GmbH, Germany), grown to confluency and treated as indicated in the
figure legends. After treatment, the OPP reagent was added, and the cells were incubated for 30 min at
37 °C. After the incubation, the cells were washed once with PBS™ and fixated with 4 % Histofix (Roth,
Germany) formaldehyde solution for 15 min at RT. The fixed cells were washed once with PBS and
permeabilized using 0.2 % Triton X-100 (Merck, Germany) in PBS for 15 min. Subsequently, the cells
were washed twice with PBS and the ClickIT OPP reaction cocktail was added and let to incubate for
30 min at RT under exclusion of light. The cells were washed once with ClickIT Reaction rinse buffer.
To stain the nuclei, HCS NuclearMask blue stain was diluted 1:2000 in PBS, applied to the cells and
incubated for 30 min at RT and protected from light. Subsequently, the cells were washed twice with

PBS and sealed by the addition of one drop of FluorSave Reagent (Merck) and a coverslip.

Images were taken with a DMI 6000B (Leica Microsystems, Wetzlar, Germany) fluorescence
microscope. Analysis of fluorescence signals was performed using Imagel] (National Institutes of
Health, USA), by measuring the fluorescence of the nuclei in the AlexaFluor 488 channel and

normalizing it on the core fluorescence in the HCS NuclearMask channel.
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2.2.5 Cytotoxicity assays

Cytotoxicity assays were performed to test the influence of the MTAs on the viability of HUVECs.
Metabolic activity was analyzed with the CellTiter-Blue cell viability assay, membrane integrity was
analyzed based on the release of lactate dehydrogenase (LDH) by the CytoTox 96 non-radioactive
cytotoxicity assay and the rate of apoptosis was determined based on the sub-diploidy state of the DNA
by the method described by Nicoletti ef al. [369].

2.2.5.1 Metabolic activity assay

The effects of the MTAs on the metabolic activity of HUVECs was analyzed by the CellTiter-Blue cell
viability assay (Promega GmbH, Mannheim, Germany). This assay is based on the principle that viable
cells retain the ability to reduce the dye resazurin into the fluorescent product resorufin. Non-viable cells

lose the ability to reduce the resazurin dye and hence, do not generate a fluorescent signal.

The assay was performed based on the manufacturer’s instructions. HUVECs were grown to confluence
in 96-well cell culture plates. The CellTiter-Blue agent was added to the culture medium in a 1:10 ratio
for the last 4 h of treatment and the reduction of resazurin into resorufin was determined by fluorescence
measurements (ex.: 579 nm, em.: 584 nm) using an Infinite F200 pro microplate reader (Tecan Trading

AG, Minnedorf, Switzerland).

2.2.5.2 Lactate dehydrogenase release assay

The membrane integrity was measured based on the release of lactate dehydrogenase (LDH) into the
cell culture supernatant by using the CytoTox 96 non-radioactive cytotoxicity assay (Promega GmbH).
This assay is based on the LDH-catalyzed conversion of oxidized nicotinamide adenine dinucleotide
(NAD") into the reduced NADH and the coupled conversion of an iodonitrotetrazolium salt into an
absorbance active formazan product and NAD". Since the amount of the generated formazan product is
proportional to the amount of released LDH, it can be used to analyze the membrane integrity and hence,

viability of the cells.

The assay was performed based on the manufacturer’s instructions. Briefly, HUVECs were seeded into
96-well cell culture plates, grown to confluency and treated with MTAs as described. For positive
control, lysis solution was added to the cells in a 1:10 ratio and incubated for the last 45 min of treatment.
50 pL of the respective supernatant were transferred into a new 96-well cell culture plate, and 50 pL of
CytoTox 96 reagent was added and incubated for 30 min at RT. The reaction was stopped by the addition
of 50 uL of stopping solution and the absorbance of the formazan product was measured at 490 nm

using a Varioskan Flash microplate reader (Thermo Fisher Scientific, Dreieich, Germany).
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2.2.5.3 Cell apoptosis assay

The rate of apoptosis was measured by the method described by Nicoletti ef al. This method is based on
the principle that the apoptosis of cells is accompanied by fragmentation of the DNA due to the activity
of endonucleases. The fragmentation state of the DNA can be visualized by the addition of DNA

intercalating agents like propidium iodide (PI) and measured by flow cytometry.

HUVECs were grown to confluency in 24-well cell culture plates and treated with MTAs as indicated.
The cell culture supernatants were collected, and the cells were washed twice with PBS. The wash
fractions were combined with the supernatants and the cells were detached as described. The detached
cells were added to the collected supernatant and wash fractions and sedimented by centrifugation
(300 g, 10 min at 4 °C). The cells were washed once by resuspension in ice-cold PBS and harvested by
centrifugation (300 g, 10 min at 4 °C) and were resuspended in hypotonic fluorochrome solution (HFS)
containing PI (HFS-PI) and incubated overnight at 4 °C protected from light. The fragmentation state
was measured based on the PI fluorescence signal by flow cytometry using a FACSVerse (BD

Biosciences, Heidelberg, Germany).

2.2.6 Animal experiments
2.2.6.1 Animals

In vivo experiments were performed using 8-10 week-old male or female C57BL/6N mice obtained from
Charles River Laboratories (Wilmington, Ma, USA). Mice were housed based on a 12 h light/dark cycle

with free access to food and water.

2.2.6.2 Imiquimod-induced psoriasiform dermatitis mouse model

The imiquimod (IMQ)-induced psoriasis mouse model was performed and skin severity was assessed
as previously described by van der Fits ef al. [370]. IMQ is a TLR7 agonist and used to initiate the
inflammatory response and to induce the psoriasiform dermatitis in mice [371, 372]. Therefore, the
mouse back skin was shaved one day before starting the experiment. 62.5 mg commercially available
cream containing 5% IMQ (Aldara; 3M Pharmaceuticals, Neuss, Germany) was daily applied on the
back skin of 8—10 weeks old male or female mice for 6 consecutive days. Skin severity was evaluated
according to the psoriasis area and severity index (PASI) scoring system based on the extent of skin
thickness, redness and scaling for up to 10 days. Additionally, the mice received s.c. injections of
1 mg/kg PT or vehicle (PBS) on day 1, 3, and 5. All mouse experiments were approved by and followed

the guidelines of the Hessian animal care and use committee (FU/2064).
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2.2.6.3 Intravital microscopy of the mouse cremaster muscle

Intravital microscopy was used to assay the effects of PT on the classical steps of the leukocyte adhesion
cascade, i.e. rolling, firm adhesion and transmigration, in vivo. The interaction of the endothelium with
leukocytes (Gr-1" and classical monocytes) in the TNF-activated mouse cremaster muscle was analyzed
based on the technic developed by Baez et al. [373, 374]. 30 min after intraperitoneal application of
pretubulysin (1 mg/kg) or drug vehicle, TNF (25 pg/kg) was injected intrascrotally to induce leukocyte
recruitment to the cremaster muscle. After 4 h, mice were anesthetized (ketamine/xylazine) and the right
cremaster muscle was prepared. Intravital microscopy of the cremaster muscle was performed using an
Olympus BX 50 upright microscope (Olympus, Tokyo, Japan). Analysis was conducted with the Cap-
Image analysis software (Dr. Zeintl, Heidelberg, Germany). All experiments were approved by the local
governmental authorities under the reference number 55.2-1-54-2531-84-09, Regierung von

Oberbayern.

2.2.7 Cell adhesion assay under flow conditions

The cell adhesion assay under flow condition constitutes an advanced method of assaying the adhesion
of cells under more physiological conditions, compared to the static assay environment. The adhesion
of THP-1 cells to MTA-treated HUVEC monolayers under flow condition was analyzed by using an
ibidi pump system (ibidi, Gréfelfing, Germany) that mimics the flow conditions of the blood.

HUVECs (1.6 x 10° cells/mL) were seeded into collagen G-precoated p-slide 1°® Luer channel slides
(ibidi, Germany), let to attach for 2 h and subjected to 1 h of 1 dyn/cm?, 1 h of 3 dyn/cm? and constant
5 dyn/cm? shear pressure overnight under cell culture conditions. After overnight cultivation and
subsequent treatment, the monolayers were tested for the adhesion of THP-1 cells (8 x 10° cells/mL),
which were stained with 5 uM CellTracker Green (CTG) in serum-free RPMI for 30 min according to
the manufacturer’s instructions. Adhesion was performed for 10 min at 0.5 dyn/cm? under cell culture
conditions. Non-adherent THP-1 cells were removed by washing once with PBS* and the cells were
lysed using RIPA lysis buffer and frozen at -80 °C. Quantification of the THP-1 cell adhesion was
performed by fluorescence measurement (ex.: 485 nm, em.: 535 nm) of the obtained lysates by using an

Infinite F200 pro microplate reader (Tecan Trading AG, Switzerland).
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2.2.8 Flow cytometric analysis

Flow cytometry constitutes a technic for measuring the physical and chemical characteristics such as
the morphology of cells or the presence of cell surface markers of different cell populations. The cells
are thereby injected in the flow cytometer and funneled into a laminar flow that enables measurement
of singular cells based on light scattering. In case of labeling the cells with fluorescent markers, flow-
cytometry can also be used to analyze the cell surface levels of membrane proteins such as cell adhesion

molecules.

For preparation of cells prior to the flow cytometry measurement, MTA-treated HUVECs were washed
twice with PBS and detached with HyQTase (GE Healthcare, Solingen, Germany) by incubation at
37 °C. The detachment reaction was stopped by addition of ice-cold stopping medium, and PBS with
0.2 % BSA (PBSA) was added in an equal amount to the cell suspension. The cells were sedimented at
4 °C and resuspended in ice-cold PBSA containing either FITC-labeled anti-human CD54 (ICAM-1)
antibody (MCA1615F, Biozol, Eching, Germany), PE-labeled anti-human CD106 (VCAM-1) antibody
(555647, Becton Dickinson, Heidelberg, Germany) or PE-labeled anti-human CD62 antigen-like family
member E (E-selectin) antibody (551145, Becton Dickinson, Germany) and were incubated on ice for
45 min. For more details on the used antibody solutions see section 2.1.5; Tab. 11. Unbound antibody
was removed by washing twice with PBSA. The protein levels on the endothelial cell surface were

analyzed by using a FACSVerse flow cytometer (Becton Dickinson).

2.2.9 Western blot analysis

Western blot analysis was used to detect and quantify the content of proteins in endothelial cells after
treatment with MTAs. The immunogenic detection of proteins is preceded by the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), in which proteins are separated based on their
molecular weight. Then, the separated proteins are transferred onto a membrane for detection. The

western blot technique, also termed immunoblotting, was first described by Towbin et al. [375].

2.2.9.1 Sample preparation

For preparation of lysates for western blot analysis, HUVECs or HMECs were grown to confluency in
6-well plates and treated with MTA as described. The cells were washed once with PBS and lysed with
RIPA lysis buffer and frozen at -80 °C for at least 1 h.
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2.2.9.2 Protein quantification and sample adjustment

The total protein amount of the obtained lysates was determined using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific GmbH). This assay is based on the reduction of Cu?* to Cu" by the peptide
bonds of polypeptides in an alkaline environment and the complexation with bicinchoninic acid (BCA)
to form purple complexes. These complexes can be measured by absorbance reading and compared to

a protein standard to determine the total protein content of the lysates.

The quantification of the total protein content was performed based on the manufacturer’s instruction.
Briefly, lysates were thawed on ice, scraped off the plates and transferred to pre-cooled tubes. For
immunodetection of proteins contained in the RIPA-insoluble fraction, lysates were transferred to TPX-
tubes (Diagenode, Seraing, Belgium) and sonicated at ‘high’ setting in a Bioruptor plus system
(Diagenode, Belgium) for 2 cycles with 30 s on- and 30 s off-intervals at 4 °C. Subsequently, the cells
were centrifuged at 17,000 g for 10 min at 4 °C, and the supernatant was transferred to a new tube. For
protein quantification, the lysates were diluted in a 1:10 ratio in distilled water. The protein content was
calculated based on linear regression of a bovine serum albumin (BSA) standard concentration row (0,
50, 100, 150, 200, 300, 400, 500 pg/mL) which was diluted from a 2 mg/mL stock solution. 10 uL of
the respective standard or lysate solution was supplemented with 190 uL of the BCA working solution
and incubated at 37 °C for 30 min. The absorbance was measured at 562 nm using an Infinite F200 pro
microplate reader (Tecan Trading AG). After determination of the total protein content, the lysates were
supplemented with 5x SDS-PAGE sample buffer and corrected with 1x SDS-PAGE sample buffer to
the concentration of the lowest concentrated sample. Samples were boiled at 95 °C for 5 min to promote

solubilization and were stored at -20 °C until usage.

2.2.9.3 Sodium dodecyl sulfate gel electrophoresis (SDS-PAGE)

The SDS-PAGE is a technique for separation of proteins based on their size in an electric field. SDS
solubilizes the proteins and binds to nonpolar amino acid residues via its alkyl function, introducing
negative charges to the proteins. This enables migration of the protein in an electric field and a size-
dependent separation based on the density of the polyacrylamide mesh in the gel. In the discontinuous
SDS-PAGE according to Lammli et al. [376] the gel is separated into a focusing gel and a separation
gel. In the focusing gel, the pH of 6.8 introduces a positive charge to glycine, which weakly migrates in
the applied electric field. Proteins are focused based on their negative electric charge due to the field-
gradient between the fast-migrating chloride ions and the slow-migrating positively charged glycine.
Stacking of proteins enables better entry and separation of proteins in the separating gel. Due to the
higher pH (8.8) glycine is deprotonated and the proteins are separated based on their size due to the

increased polyacrylamide concentration in the separation gel.
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Discontinuous SDS-PAGE was performed with a vertical electrophoresis system (Mini-PROTEAN
Tetra System, Bio-Rad Laboratories GmbH, Munich, Germany). The polyacrylamide (Rotiphorese Gel
30, Carl Roth GmbH, Karlsruhe, Germany) concentration was adapted based on the molecular weight
of the separated proteins to 5, 10 or 15 % polyacrylamide. Gels were run at 80 V and constant current

for focusing and above 120 V for separation.

2.2.9.4 Immunoblotting

During immunoblotting, the separated and negatively charged proteins are transferred from the gel by
an electric field onto a carrier membrane that enables immunodetection. Binding of the proteins via
interaction of nonpolar residues with the membrane requires alcohol (methanol)-based separation of

SDS from the proteins during the transfer.

Proteins separated by SDS-PAGE were transferred to a polyvinylidene difluoride (PVDF) membrane
(Immun-Blot PVDF, Bio-Rad Laboratories GmbH) in a vertical blotting system (Criterion Blotter, Bio-
Rad Laboratories GmbH). Therefore, membranes were activated in methanol, applied to the gels, and

transfer was performed at 100 V and constant current for 1 h at 4 °C or overnight at 30 V and 4 °C.

2.2.9.5 Immunodetection

The immunodetection of proteins during western blot analysis is usually achieved by a horse-radish
peroxidase (HRP)-catalyzed luminescence reaction. HRP catalyzes the chemiluminescent oxidation of
luminol under consumption of H>O,. The chemiluminescence reaction can be imaged by usage of
radiographic films (RX-N, FUJIFILM Europe GmbH, Diisseldorf, Germany), which in turn can be
developed photographically (Agfa CP 1000 X-ray film processor; AGFA, Cologne, Germany).

After immunoblotting, the membranes were blocked towards unspecific antibody binding with either
5 % non-fat dry milk in Tris-buffered saline with Tween 20 (TBS-T) or 5 % BSA in TBS-T for 1 h at
RT while rolling or overnight at 4 °C. Subsequently, the blocked membranes were incubated with
primary antibody solution (2.1.5; Tab. 9) overnight at 4 °C, washed three times with TBS-T and
incubated with the respective HRP-coupled secondary antibody (2.1.5; Tab. 10) for 2 h at RT while
rolling. The membranes were again washed with TBS-T and enhanced chemiluminescence (ECL) was
applied to enable detection. Western blot results were analyzed by densitometric analysis using the
software ImageJ (National Institutes of Health, USA) and were normalized on the respective levels of a

housekeeping gene for normalization.
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2.2.9.6 Stripping of membranes

Membranes were stripped from proteins to enable subsequent immunodetection of proteins with a
similar size. Depending on the protein and purity requirements for stripping, membranes were either
stripped pH-based by application of a low pH buffer or stringently by usage of SDS for solubilization

and 2-mercaptoethanol to denature the antibodies.

In case of stringent stripping, membranes were incubated in stringent stripping buffer at 50 °C for 30 min
and subsequently washed extensively in TBS-T to remove the 2-mercaptoethanol. After the wash, the
membranes were blocked again as already described and used for further immunodetection. For pH-
based stripping, membranes were incubated in pH-based stripping buffer (pH 2.2) and incubated for
10 min at RT while shaking. The buffer was replaced, and the incubation step was repeated.
Subsequently, the membranes were washed twice in PBS for 10 min at RT, washed twice in TBS-T for

5 min at RT and were again blocked and re-used for immunodetection as already described.

2.2.9.7 Western blot analysis of cell fractions

To analyze the protein content in the cytoplasmic fraction and the nuclear fraction of endothelial cells,
cell fractionation was performed based on the application of detergents that solubilize the outer
membrane of cells in combination with shearing of the obtained nuclei to enable total detection of

proteins in the nuclear compartment.

HUVECs were seeded into 10 cm cell culture dishes, grown to confluency and treated with PT as
indicated. After treatment, the cells were washed once with ice-cold PBS, transferred into pre-cooled
tubes and sedimented by centrifugation at 500 g for 5 min at 4 °C. The pellets were resuspended in
hypotonic buffer and incubated on ice for 15 min. Subsequently, the cells were supplemented with
0.75 % NP40 and directly vortexed at maximum setting for 10 s. The nuclei were separated from the
cytoplasm by centrifugation at 17,000 g for 1 min at 4 °C. The supernatant (cytoplasm) was transferred
to fresh tubes, and the nuclei were washed once by resuspension in isotonic buffer and incubated for
5 min at 4 °C and were sedimented by centrifugation at 3,000 g for 3 min at 4 °C. The supernatant was
subtracted, and the nuclei were resuspended in 50 pL of RIPA lysis buffer supplemented with 0.5 mM
DTT, transferred into TPX-tubes (Diagenode, Belgium) and sonicated at ‘high’ setting in a Bioruptor
plus system (Diagenode, Belgium) for 2—4 cycles with 30 s on- and 30 s off-intervals at 4 °C. The
obtained lysates were centrifuged at 17,000 g for 5 min at 4 °C and transferred to fresh tubes. The total
protein content for each fraction was analyzed as already described and the samples were supplemented

with 5x SDS-PAGE sample buffer, boiled at 95 °C for 5 min and used for western blot analysis.
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2.2.10 Quantitative real-time polymerase chain reaction (QRT-PCR) analysis

The quantitative real-time polymerase chain reaction (qQRT-PCR) was used to compare the mRNA
content of different proteins in endothelial cells after treatment with MTAs. This method utilizes the
ability of fluorescent DNA-binding dyes to intercalate into DNA and hence, can be used as a measure
to compare the DNA content in different samples. Since qRT-PCR utilizes DNA, the initially isolated
RNA has to be transcribed into complementary DNA (cDNA) by a reverse transcriptase reaction.
Quantification of the qRT-PCR results was performed based on the 224t method [377].

2.2.10.1 Sample preparation and RNA isolation

HUVECs or HMECs were grown to confluency in 6-well cell culture plates and treated with MTAs as
indicated. After treatment, the cells were washed once with PBS and lysed by the addition of 350 pL of
RLT buffer (RNeasy Mini Kit, Qiagen GmbH, Hilden, Germany) supplemented with 2-mercaptoethanol
(1:100) and frozen at -80 °C for at least 1 h. Isolation of the total RNA was performed with the RNeasy
Mini Kit (Qiagen GmbH) including on-column-based DNA digestion with the RNase-free DNase Set
(Qiagen GmbH) according to the manufacturer’s instruction. Briefly, the lysates were thawed on ice,
scraped off the plates and transferred into fresh tubes. An equal amount of 70 % ethanol was added,
mixed by pipetting and the solution was transferred into an RNeasy spin-column and centrifuged. The
flow-though was discarded, and the column was washed once with 500 uL of RW1 buffer, centrifuged
again and supplemented with 80 uL of DNase I mix for 15 min at RT. After the incubation, the columns
were washed again with RW1 buffer and subsequently washed twice with 500 uL. of RPE buffer. RNA
was eluted by addition of 30 uL of RNase-free water and the RNA concentration in each sample was

measured by absorbance at 260 nm using a P 330 nanophotometer (Implen GmbH, Munich, Germany).

2.2.10.2 Reverse transcription reaction

Isolated RNA was reversely transcribed into cDNA using the SuperScript II Reverse Transcriptase
(Thermo Fisher Scientific GmbH). For this, 1 pg of the respective RNA was adjusted to 7 puL with
RNase-free water and supplemented with 1 uL of random primer N6 (100 pmol) and 4 pL of a ANTP
mix (2 mM).The samples were heated for 10 min at 70 °C and cooled on ice for 2 min. Subsequently,
4 uL of 5x reverse transcriptase reaction buffer, 2 pL of DTT (100 mM), 1 uL. RNasine and 1 pL of
reverse transcriptase were added to each sample and incubated at RT for 10 min. Reverse transcription
was performed at 42 °C for 1 h. The reaction was stopped by the addition of 80 puL of dist. water and
incubation at 70 °C for 10 min. The obtained cDNA was stored at -20 °C until further use.
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2.2.10.3 qRT-PCR

gqRT-PCR based on the 222 method was performed with a StepOnePlus System (Applied Biosystems
GmbH) and the Power SYBR Green PCR Master Mix (Life Technologies GmbH, Darmstadt, Germany).
All standard qRT-PCR reaction were performed with 10 pL of sample volume. For this, the respective
primer pair (2.1.6, Tab. 13) was diluted to 4 uM in 2.5 pL to reach a final concentration of 1 uM. 2.5 uL
of the primer dilution was mixed with 2.5 pL of a 1:5 cDNA dilution and 5 pL. of SYBR Green PCR
master mix was added. The qRT-PCR plate was sealed with a plate sealer for optical analysis and
centrifuged briefly to sediment all liquid. Results were normalized on the respective levels of the

GAPDH mRNA. Table 18 shows the qRT-PCR program that was used.

Table 18. Program for the quantitative real-time polymerase chain reaction.

Reaction step Temperature Time period Cycle number
Initial heating 95 °C 10 min 1
Denaturing,

95 °C 15s

annealing and 40
60 °C 60 s

elongation
95 °C 15s
Melt curve stage 60 °C 60 s 1

95 °C 15s

2.2.10.4 mRNA decay

mRNA decay experiments were performed to test the decay rate of VCAM-1 mRNA after treatment of
HUVECs with the MTAs. This assay utilizes the ability of actinomycin D (ActD) to inhibit transcription,
thus enabling analysis of the given VCAM-1 mRNA levels over time.

To test the decay rate of the VCAM-1 mRNA, HUVECs were seeded into 6-well cell culture plates,
grown to confluency and activated with TNF (10 ng/mL) for 12 h. Subsequently, the TNF containing
medium was replaced and 1.6 pM of ActD (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was
added to inhibit transcription. The respective MTA was added to 300 nM and samples were taken at
different treatment times. Isolation of RNA and subsequent qRT-PCR analysis was performed as

described above. Results were normalized on the GAPDH content of the TNF-only treated samples.
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2.2.11 Chromatin immunoprecipitation (ChIP) — qRT-PCR

To test the enrichment of different proteins at target genes, chromatin immunoprecipitation (ChIP) was
used. In this method, proteins such as transcription factors are cross-linked to the DNA by chemical
agents and subsequently sheared by sonication to generate DNA fragments with a size distribution of
approx. 200—600 bp length. The chromatin fragments can then be immunoprecipitated with a respective
target-binding antibody and isolated using beads. After elution, the immunoprecipitated DNA fragments
can be used to analyze the enrichment of the target proteins for different samples via qRT-PCR analysis

by the use of primers encompassing the respective protein-binding sites.

2.2.11.1 Sample preparation, cross-linking reaction and chromatin shearing

HUVECs were grown to confluency in 10 cm dishes and treated as indicated. After treatment, the cells
were washed once with ice-cold PBS and protein complexes were cross-linked using 2 mM
disuccinimidyl glutarate (DSG; SantaCruz Biotechnologies, Germany) in PBS for 45 min at room
temperature while shaking. Subsequently, the cells were washed three times with PBS and proteins were
cross-linked to the DNA by adding 1 % (v/v) methanol-free formaldehyde (Polysciences, Hirschberg an
der Bergstrae, Germany) in PBS for 10 min at room temperature. The cross-linking reaction was
quenched by addition of 125 mM glycine for 5 min at room temperature. The cross-linked cells were
washed twice with ice-cold PBS, scraped off and sedimented at 1,000 g and 4 °C for 5 min and
resuspended in 375 pL of ChIP lysis buffer supplemented with PMSF and Complete Mini and incubated
on ice for 10 min while shaking. Subsequently, 187.5 uL of lysates were transferred into 1.5 mL TPX-
tubes (Diagenode, Belgium) and the chromatin was sheared at the ‘high’ setting with a Bioruptor plus
system (Diagenode, Belgium) at 4 °C for three times with 10 cycles at 30 s on- and 30 s off-intervals to

obtain chromatin fragments of 200—600 bp length.

2.2.11.2 Immunoprecipitation

After shearing, cell debris was sedimented by centrifugation at 8,000 g for 10 min at 4 °C and 100 pL
of the obtained supernatant was diluted 1:10 in RIPA supplemented with 1 mM PMSF and Complete
Mini. 1 pg of the respective antigen-binding or negative control antibody (2.1.5; Tab. 12) was added
and samples were incubated overnight at 4 °C while rotating. Prior to the immunoprecipitation, Protein
A/G magnetic beads (Thermo Fisher, Germany) were pre-blocked with 75 ng/pL herring sperm DNA
(Promega GmbH) per pL of beads and 0.1 pg/uL BSA per pL of beads in RIPA for 30 min at 4 °C while
rotating. Subsequently, the beads were washed twice with RIPA to remove access blocking reagent. The
beads were resuspended in RIPA to their initial volume, and 20 pL of bead solution was added to each
chromatin sample and incubated for 4 h at 4 °C while rotating in order to immunoprecipitate chromatin-

antibody complexes. Subsequently, the beads were washed once with ChIP low salt washing buffer,
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high salt washing buffer and lithium chloride-containing washing buffer by resuspension and eluted in
120 pL of ChIP elution buffer at 30 °C for 15 min while shaking. After removal of the beads, 4.8 uL of
5 M NaCl and 2 pL of 10 mg/mL RNase A (Roche, Germany) was added and incubated overnight at
65 °C. On the next day, 2 pL of 20 mg/mL proteinase K (Thermo Fisher Scientific) was added and
incubated for 1 h at 60 °C. In case of percent-input ChIP, 50 uL of the initially sheared chromatin lysate

were supplemented with 70 pL of elution buffer and subjected to the same treatment as described above.

2.2.11.3 Isolation of immunoprecipitated chromatin

The immunoprecipitated DNA was isolated using the ChIP DNA Clean and Concentrator Kit (Zymo
Research, Freiburg, Germany) according to the manufacturer’s instructions and used for qRT-PCR
analysis. Briefly, the samples were supplemented with 600 pL of ChIP DNA binding buffer, vortexed
and transferred into the ChIP DNA Clean and Concentrator tubes. After centrifugation, the flow-through
was discarded and the columns were washed twice with 200 puL of ChIP washing buffer. After
centrifugation, the DNA fragments were eluted with ChIP DNA elution buffer. To generate samples
containing 2 % of the total immunoprecipitated DNA for percent-input ChIP. The respective input
sample was eluted in 125 pL of elution buffer. All remaining samples were eluted in 100 pL of elution
bufter.

2.2.11.4 ChIP-qRT-PCR

ChIP-qRT-PCR was performed as described above. However, ChIP-qRT-PCR runs were performed
with a 20 pL reaction volume to enable higher accuracy. ChIP-qRT-PCR was performed with primers
encompassing the most proximal transcription factor binding sites in the promoters of target genes (p65,
cJun) or untranslated regions downstream of the transcription start site, where RNA polymerase stalling
occurs (RNA polymerase Il and Brd4). The ChIP primers are listed in section 2.1.6; Tab. 14. For analysis
of transcription factor and RNA polymerase enrichment, data was normalized on the background levels
of a sequence of the rp/l3a 3’-untranslated region. Brd4 enrichment data was analyzed based on the

percent-input method using the equation: 100 x 2(Ctinput=Ctip)
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2.2.12 Reporter gene assay

The reporter gene assay is a sensitive method used to examine the gene expression activity of a target
gene. In this study, the Dual-Luciferase reporter assay system (Promega GmbH) was used to study the
influence of the MTAs on the NF«kB- and AP-1-induced promoter activity. This assay utilizes the
fluorescence activity of the firefly luciferase (Photinus pyralis) gene under control of the NFxB or AP-
1 response elements in combination with the Renilla luciferase (Renilla reniformis) gene downstream
of the constitutionally expressed herpes simplex virus (HSV) thymidine kinase (TK) promoter as an
internal control. Figure 19 shows the respective plasmids containing the NFxB-induced firefly luciferase

(left) and the AP-1-induced firefly luciferase (right) as well as the Renilla luciferase (bottom):
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Figure 19. Map of pGL4.32[/uc2p/NFxB-RE/Hygro] (left) and pGL4.44[luc2P/AP1-RE/Hygro] (right) vectors
containing the Photinus luciferase gene /uc2P under control of the NFkB or AP-1 response element (RE),
respectively. In addition, these vectors contain two additional resistance markers for ampicillin and hygromycin.
(bottom) Map of the pGL4.74[hRIuc/TK] vector containing the Renilla luciferase under control of the HSV-TK
promoter used for normalization. Vector maps taken from Promega.

The respective plasmids (obtained from Promega) were amplified in £. coli DH5a, isolated and purified

and used to transfect endothelial cells prior to the reporter gene assay.
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2.2.12.1 Transformation of E. coli DH50.

Chemically competent E. coli DH5a cells were thawed on ice, and 0.5 uL (approx. 500 ng) of the
respective plasmid was added and the cells were incubated on ice for 30 min. The cells were subjected
to heat shock at 42 °C for 45 s and cooled down on ice for 2 min. Subsequently, cells were supplemented
with 500 pL of LB medium. For recuperation, cells were incubated at 37 °C, shaking for 1 h. After
incubation, the transformed cells were plated on LB agar plates containing the respective antibiotic

(100 pg/mL ampicillin) and incubated overnight at 37 °C.

2.2.12.2 Plasmid preparation and endotoxin removal

Plasmids were prepared from 100 mL overnight cultures with the PureYield Plasmid Midiprep System
(Promega GmbH) according to the manufacturer’s manual. After the plasmid preparation, residual
endotoxins were removed using the MiraCleanKit (Mirus Bio LLC, Medison, Wisconsin, USA)
according to the manufacturer’s instructions. Briefly, the plasmids were supplemented with the EndoGO
Reagent and incubated on ice for 5 min and subsequently incubated for 30 min at 50 °C. The mixture
was again incubated for 5 min on ice and centrifuged at 14,000 g for 1 min at RT. The upper phase,
containing the endotoxins was removed and the procedure was repeated at least twice to sufficiently
remove any endotoxin. Subsequently, the DNA was precipitated by adding pure ethanol cooled
to -20 °C, and the samples were incubated at -20 °C for 30 min. The DNA was pelleted by centrifugation
at 17,000 g for 20 min at 4 °C and allowed to air-dry and resuspended in DNase/RNase-free water.

2.2.12.3 Plasmid transfection and sample preparation

For reporter gene assays, endothelial cells were transfected with the purified reporter gene plasmids
using the HUVEC Nucleofactor Kit (Lonza Cologne GmbH, Cologne, Germany), which is based on
electroporation of the target cells, according to the manufacturer’s instructions. Therefore, confluent
endothelial cells were detached, and the number of cells was determined using a hemocytometer.
1x10° cells were pelleted at 300 g for 5 min at RT and resuspended in 100 puL of Nucleofactor solution.
Subsequently, 3.5 pg of the firefly reporter plasmid and 1.4 pg of the Renilla reporter plasmid were
added to the suspension, and the mixture was directly transferred into Nucleofactor cuvettes and
electroporated using the Nucleofactor program A034 of the electroporator Nucleofactor 2b (Lonza
Cologne GmbH). After electroporation, 560 pL of ECGM was added, and the cells were seeded into
collagen pre-coated 48 well plates (1.25x10° cells per well), prefilled with 500 uLL ECGM and incubated
at 37 °C and 5 % CO,. After 5 h, the medium was changed to remove the Nucleofactor solution.
Approximately 24 h after transfection, the cells were treated as indicated and were washed once with
500 uL of PBS, lysed with 65 uL of passive lysis buffer (PLB) and stored at -80 °C until usage in the

Dual-Luciferase reporter assay.
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2.2.12.4 Dual-Luciferase reporter assay

The Dual-Luciferase reporter assay is based on the co-transfection of two separately expressed reporter
genes in one sample. While one of the reporter genes, in this case the Phontinus firefly luciferase, is
under control of the NFxkB or AP-1 promoter of interest (pGL4.32[/uc2p/NFxB-RE/Hygro] or
pGL4.44[luc2P/AP-1-RE/Hygro)), the other reporter gene, namely the Renilla luciferase, is under
control of a constitutively expressed HSV-TK promotor (pGL4.74[hRIuc/TK]). This assay correlates
the activity of the promoter of interest to the light emitting reaction catalyzed by the firefly luciferase.
Since the reporter gene is located downstream to the promoter of interest, any light emission is directly
proportional to the activity of the promoter. While the firefly luciferase catalyzes the ATP-dependent
reaction of luciferin to oxyluciferin, the Renilla luciferase catalyzes the oxygen-dependent reaction of
coelenterazine to coelenteramide, both of which emit light at their respective wavelength (550-580 nm
for firefly and 480 nm for Renilla). The addition of a second constitutively expressed Renilla luciferase
serves as an internal control, on which the experimentally obtained values can be normalized to achieve

higher accuracy.

The assay was performed according to the manufacturer’s instructions. Therefore, the cell lysates were
thawed at RT while gently shaking. To remove cell debris, lysates were centrifuged at 17,000 g for
1 min at RT and 10 pL of the supernatant were transferred into a 96 well plate suitable for luminescence
measurements. The luciferase substrate solutions LARII and Stop&Glo were freshly prepared and
separately transferred into the injectors of an Infinite Pro F200 plate reader (Tecan Trading AG). The
injectors were primed with the respective substrate solution and the light emitting reaction of the
Photinus luciferase was induced by addition of 50 pL. of LARII to each well and the luminescence
activity was measured. Subsequently, 50 puL of Stop&Glo were added to each well to quench the
Photinus luciferase luminescence reaction and induce the Renilla luciferase luminescence reaction
followed by luminescence measurements. All measurements were performed with a 2 s delay after
substrate injection with a read time of 10 s. The obtained values for the AP-1-induced Photinus

luciferase luminescence were normalized to the obtained Renilla luciferase luminescence values.

2.2.13 Small interfering RNA transfection

Transfection of HUVECs with small interfering RNA (siRNA) was used to test the effects of Brd4
knock-down on the cell surface expression of ICAM-1 and VCAM-1. The transfection of HUVECs with
siRNA was performed chemically with the GeneTrans II transfection reagent (MoBiTec, Goettingen,
Germany). The chemical transfection of cells is usually performed by adding plasmids to a positively
charged transfection reagent that enables adhesion to the negatively charged cell surface and subsequent

endocytosis of the DNA-reagent complexes.
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Transfection of HUVECs was performed with the GeneTrans II transfection reagent (MoBiTec) based
on the manufacturer’s instructions. Briefly, HUVECs were seeded into 6-well plates (25,000 cells/cm?)
and cultivated overnight. Transfection was performed at a confluency of 70-80 % with either smart-
pool non-targeting siRNA or smart-pool siRNA targeting Brd4 purchased from Dharmacon (Lafayette,
Colorado, USA) in FCS-free ECGM supplemented with 2 mM of L-glutamine (Thermo Fisher
Scientific) under cell culture conditions. After 4 h, the transfected cells were supplied with fresh ECGM
and were incubated overnight. On the next day, transfected cells were again supplied with fresh medium.
The knock-down efficiency was tested by western blot analysis of Brd4. Experiments were performed
48 h after the initial transfection, and transfected cells were used for flow cytometric analysis of the

ICAM-1 and VCAM-1 cell surface levels as described.

2.2.14 Statistic analysis

Data analysis was performed with the software GraphPad Prism 7.0 (GraphPad Software, USA). The
One-way ANOVA and Tukey’s post-hoc test was used for evaluation of data resulting from three or
more independently performed experiments. The numbers of performed replicates (n) are shown in the

figure legends. Results were considered as statistically significant when P < 0.05.

2.2.15 Images and schematics

Images in the introduction, results and discussion sections were created with BioRender.com.


https://biorender.com/

3. Results
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3.1 Evaluation of the anti-inflammatory potential of PT in vivo
3.1.1 The influence of PT on inflammation in a murine psoriasiform dermatitis model

To initially assess the anti-inflammatory potential of PT in vivo, the compound was tested towards it
effects on the imiquimod (IMQ)-induced psoriasiform dermatitis in mice. The topically applied IMQ,
which is a TLR7 ligand (2.2.6.2), induces an inflammatory response and leads to alterations of the
epidermis, skin erythema, thickening and scaling of the skin as well as infiltration of leukocytes.
Evaluation of the anti-inflammatory effects in the psoriasiform dermatitis mouse model is achieved via
analyzation of the redness, thickness and scaling of the skin, represented by a score, the cumulative

Psoriasiform Area Severity Index (PASI; Fig. 20).
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Figure 20. Pretubulysin reduces inflammation in a murine psoriasiform dermatitis model. Mice were treated
by topical application of 62.5 mg of IMQ for 4 consecutive days (starting at day 1). PT (1 mg/kg) was
administered s.c. at day 1, 3 and 5, and the redness, thickness and scaling were analyzed daily and combined
to the cumulative PASI score. Data derived are expressed as mean + SEM. *p < 0.05 versus IMQ control for
5 individual animals.

The psoriasiform dermatitis peaked at day 4 after IMQ application, as seen by the scores for redness,
thickness and scaling of the skin as well as the resulting PASI (Fig. 20). Treatment of mice with PT
(1 mg/kg) significantly reduced the redness and thickness of the skin at day 4 by approx. 50 % and 30 %,
respectively, while not influencing the skin scaling. This led to a reduction of the PASI for the PT-
treated animals by approx. 33 %. Interestingly, while PT reduced the amplitude of skin redness,
formation and resolution were not influenced. In contrast, the resolution of the increased skin thickness
was accelerated for the PT-treated animals, represented by the decreased scores at day 5 and 6 as well

the fact that the skin thickness already approached baseline levels 7 days after initial IMQ application.
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3.1.2 The influence of PT on the inflammatory leukocyte adhesion cascade in the mouse cremaster

muscle

To further analyze if the anti-inflammatory effects of PT are related to an inhibition of the leukocyte
adhesion cascade, the compound was tested towards its influence on the interaction of leukocytes with
the endothelium via intravital microscopy of the TNF-activated mouse cremaster muscle. The classic
steps of the leukocyte adhesion cascade were analyzed, i.e. rolling, firm adhesion and transmigration

(Fig. 21).
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Figure 21. Pretubulysin reduces the interaction of leukocytes with the endothelium in vivo. Intravital
microscopy of the cremaster muscle. Mice were injected with PT (1 mg/kg i.p.) or vehicle. After 30 min, TNF
(25 pg/kg) was injected intrascrotally for 4 h, and intravital microscopy was performed to detect intravascular
rolling, adhesion and transmigration of leukocytes to the activated endothelium in postcapillary venules of the

mouse cremaster muscle. (n=3) Data are expressed as mean = SEM. #p <0.05 versus control, *p < 0.05 versus
TNF control.

Pre-treatment of mice with PT (1 mg/kg) induced a slight, non-significant increase in the TNF-induced
rolling flux of leukocytes on the endothelium by approx. 25 %, but strongly decreased the firm adhesion
and transmigration of leukocytes onto and through the endothelium of postcapillary mouse venules by

approx. 75 % and 65 %, respectively (Fig. 21).

These results show that the anti-inflammatory effects observed for PT can be related to an inhibition of
the leukocyte adhesion cascade as well as the resulting transmigration in vivo. In order to extend the
analysis of PT and the clinically used MTAs vincristine (VIN), colchicine (COL) and paclitaxel (PAC)

to the in vitro setting, the compounds were first tested in cell viability assays.
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3.2 The influence of MTAs on cell viability and protein translation

To exclude the possibility that the effects of PT (and of the other MTAs) are associated with any
cytotoxic activity, PT, VIN, COL and PAC were tested in cell viability assays in HUVECs. The

metabolic activity was analyzed based on the metabolism-dependent reduction of the dye resazurin into

the fluorescent dye resorufin. The membrane-integrity of the cells was analyzed based on the release of

lactate dehydrogenase (LDH) and the concomitant reduction of an iodonitrotetrazolium salt to an

absorbance active formazan product (Fig. 22).

N
(o] N
o o
1 1

metabolic activity
[% control]
N
o
L

o

- 10 30 100 3001000 PT [nM]

120

80

40

metabolic activity
[% control]

0 T T

- 10 30 100 3001000 COL [nM]

LDH release
[x-fold control]

LDH release
[x-fold control]

100

10 30 100 3001000 PT [nM]

10 30 100 3001000 COL [nM]

lysis

lysis

1204

80+

404

120

80

40

10 30 100 3001000 VIN[nM]

10 30 100 3001000 PAC [nM]

N

LI

10 30 100 3001000 VIN [nM]

LI

lysis

10 30 100 3001000 PAC [nM]

lysis

Figure 22. Pretubulysin and the other MTAs do not significantly impact the metabolic activity and membrane
integrity of HUVECs. Confluent HUVECs were treated with different concentrations (10, 30, 100, 300,
1000 nM) of PT, VIN, COL or PAC for 24 h. (a) Metabolic activity measured by fluorescence reading and (b)
the membrane integrity as measured by absorbance reading. For control, cells were lysed with detergent (n=4).

Data are expressed as mean + SEM. #p < 0.05 versus control.



RESULTS 78

Treatment of HUVECs with PT, VIN, COL or PAC for 24 h did not negatively influence the metabolic
activity (Fig. 22a) or membrane integrity (Fig. 22b) of HUVECs compared to the control cells at any

tested concentration.

Due to the known characteristics of MTAs to induce mitotic arrest, the compounds were also tested for
an increased apoptosis rate by measuring the number of HUVECs with a sub-diploidic state after

treatment by flow cytometry (Nicoletti assay, Fig. 23).
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Figure 23. MTAs do not significantly increase apoptosis in HUVECs. Flow cytometric analysis of the number
of subdiploidic cells. Confluent HUVECs were treated with different concentrations (10, 30, 100, 300,
1000 nM) of PT, VIN, COL or PAC for 24 h or were treated with 10 uM staurosporine for 24 h. (n=4) Data

are expressed as mean £ SEM. #p <0.05 versus control.

Compared to the staurosporine control, treatment of HUVECs for 24 h with any of the MTAs did not
induce a significant increase in the rate of apoptosis for any of the concentration tested here (Fig. 23).
Only in case of PT, treatment with 1000 nM induced a slight increase in the number of apoptotic cells,
albeit without statistical significance. Based on these results, it is evident that PT and the other MTAs
have no significant cytotoxic effects on HUVECs at the treatment conditions tested here. Due to the
observed slight increase in the rate of apoptosis after treatment with 1000 nM of PT, further testing of

the compounds was mainly performed with a concentration of 300 nM to exclude any cytotoxicity.
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To exclude the possibility of an MTA-induced impairment of the translation machinery, the de novo
polypeptide synthesis was analyzed microscopically. This assay is based on the incorporation of an O-
propargyl-puromycin (OPP), which is incorporated into nascent polypetides chains, leading to chain
termination and the chemoselective coupling of a fluorescent picolyl azide dye, which enables

visualization of the nascent polypeptide synthesis (2.2.4) (Fig. 24).
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Figure 24. Pretubulysin and the other MT As do not negatively impact de novo protein synthesis. Microscopical
analysis of de novo protein synthesis via immunostaining of HUVECs. Confluent HUVECS were treated with
PT for different durations (6, 16, 24 h; a) or pre-treated with PT for 30 min and/or activated with TNF
(10 ng/mL) for 24 h (b) or treated with PT, VIN, COL or PAC for 24 h (c). 24 h of cycloheximide (1 pg/mL)

treatment was used as positive control. (n=3) Data are expressed as mean + SEM. #p < 0.05 versus control, *p
< 0.05 versus TNF control. The bar represents 20 pm distance.

Treatment of HUVECs with 300 nM of PT did not negatively impact the total protein synthesis, as
compared to the cycloheximide-treated cells (Fig. 24a). In contrast, treatment induced a time-dependent

increase in the de novo protein synthesis over the control HUVECs. This behaviour was also observed
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independent of the addition of TNF (Fig. 24b). Notably, stimulation of HUVECs with PT alone induced
an increase in the overall polypetide synthesis comparabel to the TNF treatment. The other microtubule-
destabilizers VIN and COL also led to an increase in the overall polypetide synthesis comparabel to PT

(Fig. 24c). In contrast, the microtubule stabilizer PAC did not influence the protein synthesis.

3.3. Evaluation of the anti-inflammatory potential of PT concerning the leukocyte adhesion in vitro
3.3.1 The influence of PT on the leukocyte adhesion cascade in vitro

Neither PT nor any of the other MTAs showed any detrimental effects on the cell viability or protein
translation machinery. In order to confirm the inhibitory effects of PT on leukocyte adhesion in vitro,
PT was analyzed regarding its influence on the adhesion of the human monocytic cell line THP-1 to a

PT-treated and TNF-stimulated HUVEC monolayer under flow conditions (Fig. 25).
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Figure 25. Pretubulysin reduces the interaction of leukocytes with the endothelium in vitro. THP-1 cell

adhesion to endothelial cells under flow condition. HUVECs were cultivated under constant flow (5 dyn/cmz)
and pre-treated with PT (300 nM) for 30 min. TNF (10 ng/mL) was added for 24 h and fluorescence-labeled

THP-1 cells were let to adhere at constant shear pressure (0.5 dyn/cmz) for 10 min. Phase-contrast images were
taken and the fluorescence signal of the adherent THP-1 cells was measured after cell lysis. (n=3) Data are

expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

24 h of TNF stimulation strongly induced the adhesion of the THP-1 cells to the endothelial cell
monolayer (EC; Fig. 25). In contrast, pre-treatment of the HUVECs with 300 nM of PT significantly
reduced the TNF-induced adhesion of the THP-1 cells to the ECs by approx. 65 % compared to the TNF

control cells.

PT reduced the TNF-induced adhesion of leukocytes in vivo and in vitro. The upregulation of CAM
expression in endothelial cells is a pre-requisite for the interaction with leukocytes during the leukocyte
adhesion cascade. Due to that, PT and the other MTAs were subsequently tested towards a potential

influence on the endothelial CAMs.
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3.4 The Influence of PT on endothelial components of the leukocyte adhesion cascade
3.4.1 The influence of PT on the cell surface levels of endothelial cell adhesion molecules

The cytokine-induced expression and upregulation of the cell surface protein levels of the endothelial
CAMs ICAM-1, VCAM-1 and E-selectin are integral parts of the leukocyte adhesion cascade (1.5).
Therefore, the influence of PT on the cell surface levels of ICAM-1, VCAM-1 and E-selectin was tested
by flow cytometry in TNF-activated HUVECs (Fig. 26).
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Figure 26. Pretubulysin decreases the cell surface levels of CAMs. Flow cytometric analysis of the cell surface
protein levels of ICAM-1, VCAM-1 and E-selectin. Confluent HUVECs were pre-treated with different
concentrations of PT (10, 30, 100, 300, 1000 nM) for 30 min and activated with TNF (10 ng/mL) for 24 h
(ICAM-1 and VCAM-1) or pre-treated with PT for 20 h and activated with TNF for 4 h (E-selectin). (n>3)

Data are expressed as mean = SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

Low concentrations of PT (10 nM) had no apparent effect on the TNF-induced ICAM-1 cell surface
levels (Fig. 26). In contrast, the VCAM-1 levels were slightly, but significantly increased. At higher
concentrations (30, 100, 300, 1000 nM) PT treatment led to a significant and concentration-dependent
reduction of the cell surface levels of ICAM-1 and VCAM-1. The ICAM-1 levels were reduced to
approx. 35 % at 300 nM and 15 % at 1000 nM of PT, while the VCAM-1 levels were reduced to approx.
10 % at 300 nM and 5 % at 1000 nM of PT. For E-selectin, low concentrations of PT of 10 and 30 nM
marginally increased the TNF-induced E-selectin levels, while PT concentration-dependently decreased
the levels from 100 to 1000 nM. PT only slightly reduced the E-selectin levels by approx. 10 % at a
concentration of 300 nM and by approx. 25 % at a concentration of 1000 nM.
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The effects of PT on the cell surface expression of VCAM-1 have also been tested upon stimulation
with IL-1p, to prove the effectiveness of PT outside of TNF-induced pro-inflammatory signaling (Fig.
27).
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Figure 27. PT decreases the cell surface levels of VCAM-1 in a concentration-dependent manner upon
stimulation with IL-1p. Flow cytometric analysis of the cell surface levels of VCAM-1 after treatment with
PT. Confluent HUVECs were pre-treated with different concentrations (1, 3, 10, 30, 100, 300, 1000 nM) of PT

for 30 min and activated with IL-1f (5 ng/mL) for 24 h. (n=3) Data are expressed as mean = SEM. #p <0.05
versus control, *p < 0.05 versus IL-1f control.

PT was shown to be equally effective in inhibiting the VCAM-1 synthesis upon stimulation with IL-1f3
(Fig. 27). Treatment with 1 to 10 nM of PT had no significant influence on the IL-1p induced VCAM-
1 levels. However, concentration of 30 nM of PT and more led to a significant inhibition of VCAM-1
on the cell surface of HUVECs with 30 nM reducing the VCAM-1 levels to approx. 24 %, 100 nM to
approx. 11 % and concentrations of 300 nM and 1000 nM reducing the cell surface levels of VCAM-1

to baseline levels with 6 % and 5 % compared to the TNF control, respectively.
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3.4.2 The influence of VIN, COL and PAC on the cell surface levels of the endothelial cell adhesion
molecules ICAM-1 and VCAM-1

To compare the effects of PT with other MTAs, the influence of VIN, COL and PAC on the cell surface
levels of ICAM-1 and VCAM-1 were tested by flow cytometry (Fig. 28).
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Figure 28. The depolymerizing MTAs decrease the cell surface levels of ICAM-1 and VCAM-1 in a
concentration-dependent manner. Flow cytometric analysis of the cell surface levels of ICAM-1 (a, b, c; left)
and VCAM-1 (a, b, c; right) after treatment with depolymerizing or stabilizing MTAs. Confluent HUVECs
were pre-treated with different concentrations (10, 30, 100, 300, 1000 nM) of VIN, COL or PAC for 30 min

and activated with TNF (10 ng/mL) for 24 h. (n=3) Data are expressed as mean £ SEM. #p < 0.05 versus
control, *p < 0.05 versus TNF control.

Treatment of HUVECs with VIN and COL led to a concentration-dependent inhibition of the [CAM-1
and VCAM-1 cell surface levels similar to PT (Fig. 28). In contrast, treatment with concentrations of
100 nM or more of the microtubule stabilizer PAC increased the ICAM-1 and VCAM-1 cell surface
levels after 24 h of TNF stimulation by approx. 30 % compared to the TNF control cells.
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3.4.3 Influence of MTAs on protein and mRNA levels of endothelial cell adhesion molecules

Treatment with PT or the other destabilizing MTAs significantly reduced the cell surface levels of
ICAM-1 and VCAM-1. To exclude the possibility that the observed effects are due to an impairment of
the secretory pathway after microtubule depolymerization, the MTAs were tested for their influence on

the CAM total protein and mRNA levels (Fig. 29).
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Figure 29. The destabilizing MTAs reduce the protein levels and mRNA levels of ICAM-1 and VCAM-1 and
E-selectin. Western blot analysis of the total ICAM-, VCAM-1 and E-selectin protein levels (a, b and c, left)
and qRT-PCR analysis of the mRNA levels (a, b and c, right). Confluent HUVECs were pre-treated with
300 nM of PT, VIN, COL or PAC and activated with TNF (10 ng/mL) for 24 h (a and b, left) or 12 h (aand b,
right) or pre-treated with 300 nM MTA for 20 h and activated with TNF for 4 h (c, left) or pre-treated with
MTA for 10 h and activated with TNF for 2 h (c, right). Western blot results were normalized to the respective
B-actin levels, and qRT-PCR results were normalized on the respective GAPDH mRNA levels. (n=3) Data are

expressed as mean = SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.
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Treatment with PT reduced the ICAM-1 protein and mRNA levels by approx. 75 % compared to the
TNF control cells (Fig. 29a). The TNF-induced VCAM-1 protein and mRNA levels were reduced to
baseline values, suggesting near complete inhibition of the TNF-induced VCAM-1 synthesis (Fig. 29b).
Interestingly, PT also significantly reduced the E-selectin protein and mRNA levels by approx. 60 %
(Fig. 29¢). Compared to PT, treatment with VIN and COL lead to a similar, albeit slightly weaker
reduction of the CAM protein and mRNA levels. The microtubule stabilizer PAC had no effect on the
ICAM-1 protein levels, slightly induced the protein levels of VCAM-1, but reduced the E-selectin
protein levels to a similar extent as the depolymerizing agents. In contrast, the mRNA levels of ICAM-

1, VCAM-1 and E-selectin were reduced by approx. 10 % after treatment with PAC.

Taken together, these results show that the PT-induced inhibition of the cell surface levels of the CAMs
in HUVECs also extends to the total protein and mRNA levels and are hence not the result of an
impairment of the secretory pathways. To consolidate these results, the influence of the MTAs on the
components of the leukocyte adhesion cascade ICAM-1 and VCAM-1 were also tested in microvascular

endothelial cells.



RESULTS 86

3.4.4 Effects of PT, VIN, COL and PAC on the adhesion molecules ICAM-1 and VCAM-1 in cells

of the human dermal microvascular endothelial cell line 1 (HMEC-1)

In order to confirm the results of the actions of the MTAs on the components of the leukocyte adhesion
cascade obtained from HUVECs, the MTAs were also tested towards their influence on the cell surface
levels (Fig. 30) and total protein levels, as well as mRNA levels (Fig. 31) of ICAM-1 and VCAM-1 in

cells of the human dermal microvascular cell line-1 (HMEC-1).
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Figure 30. The depolymerizing MTAs decrease the cell surface levels of ICAM-1 and VCAM-1 in a
concentration-dependent manner in HMEC-1. Flow cytometric analysis of the cell surface levels of ICAM-1
(a) and VCAM-1 (b) after treatment with depolymerizing or stabilizing MTAs. Confluent HMECs were pre-
treated with different concentrations (10, 30, 100, 300, 1000 nM) of PT, VIN, COL or PAC for 30 min and

activated with TNF (10 ng/mL) for 24 h. (n=3) Data are expressed as mean + SEM. #p <0.05 versus control,
*p < 0.05 versus TNF control.
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Figure 31. The destabilizing MTAs reduce the protein levels and mRNA levels of ICAM-1 and VCAM-1 in
HMEC-1. Western blot analysis of the total ICAM-1 and VCAM-1 protein levels and qRT-PCR analysis of
the respective mRNA levels. Confluent HMECs were pre-treated with 300 nM of PT, VIN, COL or PAC and
activated with TNF (10 ng/mL) for 24 h (left) or 12 h (right). Western blot results were normalized on the
respective B-actin and qRT-PCR results were normalized on the respective GAPDH mRNA levels. (n=3) Data

are expressed as mean £ SEM. #p <0.05 versus control, *p < 0.05 versus TNF control.

Analysis of the cell surface levels of ICAM-1 and VCAM-1 in HMEC-1 cells after treatment with the
depolymerizing MTAs revealed a concentration-dependent downregulation of the TNF-induced CAMs
comparable to HUVECs (Fig. 30). Compared to the TNF controls, treatment with 300 nM of PT, VIN
or COL led to an approx. 60 % reduction of the ICAM-1 and an approx. 90 % reduction of the VCAM-
1 cell surface levels following 24 h of treatment. The inhibitory effects of treatment with 300 nM of the
destabilizers also extended to the total protein and mRNA level (Fig. 31). In case of the microtubule-
stabilizer PAC, treatment of HMECs with concentrations of 100 nM and more did not induce a
significant increase in [CAM-1 cell surface levels comparable to HUVECs, with ICAM-1 total protein
and mRNA levels being largely not influenced by PAC. Interestingly, treatment with 10 nM of PAC
increased the cell surface levels of VCAM-1 by approx. 40 % compared to the TNF control. However,
treatment with 30 nM to 1000 nM of PAC induced a concentration-dependent downregulation of the
VCAM-1 cell surface levels, with VCAM-1 levels being reduced by approx. 60 % compared to the TNF
control cells, which could not be observed in HUVECs. In addition, treatment of HMECs with 300 nM
of PAC also led to a reduction of the VCAM-1 total protein levels and reduced the VCAM-1 mRNA
levels comparable to HUVECs.
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3.5 The influence of PT on pro-inflammatory signaling cascades

PT did not impair the secretory pathway, but significantly reduced the expression of the CAMs ICAM-
1 and VCAM-1. Due to that, the influence of PT on the pro-inflammatory NFxB and AP-1 signaling

cascades and also additional pro-inflammatory factors that are involved in CAM induction was tested.

3.5.1 The NFkB signaling cascade
3.5.1.1 The TNF receptor 1

The NF«B signaling cascade constitutes one of the most important pro-inflammatory signaling cascades
for CAM induction (1.6.1). The first step is thereby the integration of external stimuli by binding of
TNF to the TNFRI1. Earlier studies have correlated treatment of endothelial cells with colchicine with a
down-regulation of TNFR1 and a resulting desensitization of endothelial cells to TNF (1.8.4.3.1).
Therefore, the protein levels of the TNFR1 were analyzed after short and long treatment with PT (Fig.
32).
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Figure 32. Pretubulysin does not affect the total TNFR1 protein levels. Western blot analysis of the TNFR1
protein levels. Confluent HUVECs were treated with PT (300 nM) for 0.5 h or 24 h. Results were normalized
on the respective B-actin levels. (n=3)

PT did not affect the TNFR1 protein levels after short (0.5 h) or long (24 h) treatment in a negative
manner (Fig. 32). Based on this, it is to argue that neither short nor long pre-stimulation with PT affects
the TNFR1 levels in a way that could negatively influence the induction of the pro-inflammatory

signaling cascades.
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3.5.1.2 Influence of PT on the activity of the IkB kinase and IxB degradation

Due to its function in deactivating the proteins of the IxB family, the IKK plays a central role in the
activation of NFkB (1.3.1). The influence of PT on the activity of IKK and the resulting degradation of

IkBa was tested by western blot analysis (Fig. 33).
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Figure 33. Pretubulysin treatment leads to increased IKK activity and IkBa degradation. Western blot analysis
of the IKK (left) and IxBa phosphorylation ratio (right). Confluent HUVECs were pre-treated with PT
(300 nM) for 30 min and activated with TNF (10 ng/mL) for different durations (0.5, 2, 6, 16 h). Results were
normalized on the respective histone 3 (H3) levels. (n=3)

Stimulation with TNF for 0.5 h strongly induced the phosphorylation and hence activity of the IxB
kinase (IKK) approx. 5-fold over the control cells, which subsequently diminished over extended
treatment times to approx. 2-fold after 2 and 6 h and 1.5-fold after 16 h. In contrast, PT-treatment
increased the phosphorylation of IKK compared to the TNF-treated control cells at all tested treatment
times (Fig. 33, left). PT slightly increased the IKK phosphorylation after short TNF stimulation times
of 0.5 h, but notably induced the IKK phosphorylation after extended stimulation times of 2, 6 and 16 h,
when the IKK phosphorylation in the TNF-control cells already diminished. Extended stimulation with
TNF also induced a small decrease in the total IKK protein levels independent of PT treatment. TNF
stimulation strongly increased the IKK-dependent phosphorylation and strongly reduced the total
protein levels of IkBa after 0.5 h, which increased again following longer stimulation times of 2, 6 and
16 h (Fig. 33, right). Treatment with PT induced an even stronger degradation of [kBa at 0.5, 2 and 16 h
of TNF stimulation, but led to a slight induction of the IkBa total protein levels after 6 h of stimulation,

compared to the TNF control.
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Based on this, the influence of PT on the IxBa protein levels at mean treatment times of 10 h and 12 h

was measured by western blot analysis (Fig. 34).
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Figure 34. Pretubulysin increases the IkBa total protein levels at mean treatment times. Western blot analysis
of the IkBa protein levels. Confluent HUVECs were pre-treated with PT for 30 min and activated with TNF
(10 ng/mL) for 10 or 12 h. Results were normalized on the respective histone 3 (H3) levels. (n=3)

10 and 12 h of TNF stimulation led to a strong decrease of the IkBa protein levels. In comparison,
treatment with PT increased the IkBa protein levels by approx. 55 % after 10 h and by 25 % after 12 h
of TNF stimulation compared to the TNF control (Fig. 34). Due to the apparent increase in the IkBa
protein levels, it is likely that PT induces a time-dependent differential expressional pattern of [kBa,
which might negatively impact the NFkB response at these treatment times. However, due to the lasting
activation of IKK and the again increased degradation of IkBa after longer treatment with PT, it can be
assumed that the overall influence of PT on the IKK signaling and resulting [kB degradation is not the

main cause for the decreased CAM synthesis.
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3.5.1.3 Translocation of NFkB-p65 into the nucleus and p65 mRNA levels

PT did not negatively affect the activity of IKK and the resulting degradation of IxBa. Hence, the NF«kB-
p65 protein levels in the cytoplasm and nucleus were analyzed by western blot analysis of cell fractions.
In addition, PT was tested for its influence on the NFxB-p65 mRNA levels by qRT-PCR analysis (Fig.
35).
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Figure 35. PT does only affect the NFkB-p65 levels after extended treatment times and has no negative impact
on the p65 mRNA levels. (a) Western blot analysis of the NFkB-p65 levels in cell fractions. Confluent
HUVECs were pre-treated with PT (300 nM) and activated with TNF (10 ng/mL) for different duration (2, 6,
16 h). Results were normalized on the respective elongation initiation factor 2a (elF2a) levels (cytoplasmic
fraction) or H3 levels (nuclear fraction). (b) qRT-PCR analysis of the p65 mRNA levels. Confluent HUVECs
were pre-treated with pretubulysin (300 nM) for 30 min and activated with TNF (10 ng/mL) for different
durations (0.5, 2, 6 h). Results were normalized on the respective GAPDH mRNA levels. (n=3) Data are

expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

2 h of TNF stimulation led to a strong translocation of NFkB-p65 into the nucleus of HUVECs, which
only slightly diminished after 16 h of TNF stimulation (Fig. 35a). In comparison, treatment with PT did
not negatively influence the nuclear p65 levels after 2 or 6 h of treatment, but lead to a noticeable
decrease of the p65 levels in the cytoplasmic and nuclear fractions after 16 h of treatment. Concerning
the p65 mRNA levels, stimulation with TNF only increased the mRNA levels of p65 after 2 h, which
were further increased after 6 h of stimulation (Fig. 35b). Additional treatment with PT further induced
the mRNA levels compared to the TNF controls.
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3.5.1.4 The influence of PT on NFxkB-p50 protein and mRNA levels

NF«B is mainly comprised of the transcriptionally most active p65:p50 heterodimer (1.4.1). Due to that,
the influence of PT on the p50 protein and the mRNA levels of the pS0 precursor p105 was tested (Fig.
36).
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Figure 36. Pretubulysin negatively influences the total NFkB-p50 levels. Western blot analysis of the total pS0
protein levels and (left) qRT-PCR analysis of the pl05 mRNA levels (right) .Confluent HUVECs were pre-
treated with PT (300 nM) for 30 min and activated with TNF (10 ng/mL) for different duration (0.5, 2, 6 h).
Results were normalized on the respective histone 3 (H3; left) or GAPDH mRNA levels (right). (n=3) Data

are expressed as mean + SEM. #p <0.05 versus control, *p < 0.05 versus TNF control.

TNF stimulation did not alter the p50 protein levels after 0.5 h or 2 h of stimulation, but slightly reduced
the p50 levels after 6 h (Fig. 36, left). PT treatment also had no influence on the p50 protein levels after
0.5 h and 2 h, but reduced the p50 levels after 6 h of treatment by approx. 40 % compared to the TNF
control. The mRNA levels of the p50 precursor p105 were only induced after 2 h of TNF stimulation
(Fig. 36, right). PT slightly induced the p105 levels after 2 h compared to the TNF control cells and
slightly reduced the mRNA levels after 6 h of treatment.

The decrease in p50 protein levels after 6 h of treatment with PT suggests a deregulation of the relative
p65:p50 levels over time. To analyze the transcriptional activity of NFxB, the influence of PT on the

NF«B transcriptional activity was tested in a reporter gene assay.
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3.5.1.5 The influence of MTAs on the transcriptional activity of NFkB

The influence of PT and the other MTAs on the transcriptional activity of NFxB was tested by a dual-
luciferase reporter gene assay. To exclusively analyze the transcriptional activity of NF«B, the reporter
gene assay was performed after 6 h of PT treatment, when the p65 protein levels are not negatively

influenced by PT (Fig. 37).
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Figure 37. MTAs decrease the NFkB promoter activity. Reporter gene assay of the NFkB promoter activity
after treatment with PT (a), VIN (b), COL (c¢) and PAC (d). HUVECs were transfected with
pGLA4.32[luc2p/NFxB-RE/Hygro] or pGL4.44[luc2p/AP-1-RE/Hygro] and pGL4.74[hRluc/TK] for
normalization and were pre-treated with different concentrations (30, 100, 300, 1000 nM) of VIN, COL or
PAC for 30 min and then activated with TNF (10 ng/mL) for 6 h. (n=3) Data are expressed as mean + SEM.

#p < 0.05 versus control, *p < 0.05 versus TNF control.

PT treatment of HUVECs with concentrations of 100 nM or more significantly decreased the
transcriptional activity of NFkB by approx. 60 % (Fig. 37). Treatment with VIN lead to a reduction of
the NF«B transcriptional activity comparable to PT. The effects of COL were much weaker, with only
1000 nM significantly reducing the transcriptional activity of NFkB by approx. 40 % compared to the
TNF control. Treatment with PAC also slightly influenced the transcriptional activity of NF«B, albeit

without statistical significance.

The NFxB-p65 S468 and S536 phosphorylation sites are implied in regulating the transactivatory
potential and hence, the transcriptional activity of NFxB (1.4.1). Thus, PT was tested for its influence
on S468 and S536 phosphorylation.
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3.5.1.6 The impact of PT on phosphorylation of NFkB-p65

Several studies have correlated an increased IKK activity with a decreased NFkB-p65 transactivatory
potential at the promoters of ICAM-1 and VCAM-1 via an increased phosphorylation of NFxB-p65 at
serine 468 (1.4.1). In addition, other studies have implied the NFxB-p65 phosphorylation at serine 536
to negatively influence the stability of NFkB-p65 (1.4.1). Based on the increased IKK activity after
treatment with PT, the influence of PT on the p65-S468 and p65-S536 phosphorylation levels were
analyzed by western blotting (Fig. 38).
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Figure 38. Pretubulysin has no significant influence on the NFkB p65-S468 (left) and p65-S536 (right)
phosphorylation levels. Confluent HUVECs were pre-treated with PT (300 nM) for 30 min and activated with
TNF (10 ng/mL) for different duration (0.5, 2, 6, 16 h). Results were normalized on the respective histone 3

(H3) levels. (n=3)

The levels of both phosphorylation sites were only marginally influenced by PT treatment (Fig. 38). The

increase in the phosphorylation ratio after 16 h of treatment is largely based on the decreased levels of

p65 after extended treatment times.
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3.5.2 The JNK-AP-1 signaling cascade
3.5.2.1 Influence of PT on the c-Jun-N-terminal kinase

To evaluate the influence of PT and the other MTAs on the INK-AP-1 signaling cascade, the activity of
the cJun-upstream kinase JNK was tested by western blot analysis (Fig. 39).
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Figure 39. Pretubulysin treatment leads to a strong induction of JNK activity. Western blot analysis of the JNK
phosphorylation ratio. (a) Western blot analysis of the total JNK phosphorylation ratio after MTA treatment.
Confluent HUVECs were pre-treated with MTA for 30 min and activate with TNF (10 ng/mL) for 2 h. Results
were normalized to the f-actin content. (b) Western blot analysis of the total JNK phosphorylation ratio after
different treatment times. Confluent HUVECs were pre-treated with pretubulysin (PT) for 30 min and activate
with TNF (10 ng/mL) for different durations (0.5, 2, 6, 16 h). Results were normalized to the respective histone
3 (H3) levels. (c) Western blot analysis of the JNK phosphorylation ratio in cell fractions. Confluent HUVECs
were pre-treated with pretubulysin (300 nM) for 30 min and activated with TNF (10 ng/mL) for different
duration (2, 6, 16 h). Results were normalized on the respective elongation initiation factor 2a (elF2a) levels
(cytoplasmic fraction) or H3 levels (nuclear fraction). (n=3)

Analysis of the effects of the MTAs revealed that upon 2 h of treatment especially PT and VIN led to a
significant induction of JNK activity to approx. 500 %, while treatment with COL and PAC had little
influence (Fig. 39a). Analyzing the phosphorylation and hence, activity of JNK upon 0.5 h of TNF
stimulation revealed an approx. 4-fold increase in phosphorylation compared to the control cells (Fig.
39b). Longer stimulation increased the phosphorylation ratio to 5-fold after 2 h and approx. 10-fold after
16 h. The JNK activity in the PT-treated cells was again significantly higher, with PT inducing the
activity of JNK to approx. 30- to 40-fold compared to the control cells at all treatment times tested.
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Highly active JNK was also present in the nucleus of HUVECs (Fig. 39¢). Notably, the JNK activity in
the TNF-stimulated cells reached its maximum after 6 h of stimulation and declined again after 16 h of

stimulation with TNF.

To further analyze the intensity of JNK activation after extended pre-treatment with the MTAs,
HUVECs were pre-treated for 24 h with PT, VIN, COL and PAC (Fig. 40).
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Figure 40. The MTAs induce the activity of JNK after extended pre-treatment. Western blot analysis of the
total JNK phosphorylation ratio after long pre-treatment with MTAs. Confluent HUVECs were pre-treated
with 300 nM of PT, VIN, COL or PAC for 24 h and activated with TNF (10 ng/mL) for 30 min. Western blot
results were normalized on the respective f-actin levels. (n=3)
Extended pre-treatment with the MTAs for 24 h and 0.5 h of TNF stimulation led to a further increase
in JNK phosphorylation compared to 2 h of treatment (Fig. 40). Treatment with the destabilizing MTAs
induced the phosphorylation of JNK to approx. 2500 % compared to the TNF control. Interestingly,
extended pre-treatment with PAC also increased the JNK phosphorylation significantly, compared to

only 2 h of treatment, with JNK phosphorylation being increased to approx. 500 %.
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3.5.2.2 Influence of PT on AP-1-cJun protein and mRNA levels

Based on the significantly increased activity of JNK after treatment and the fact that high and lasting
JNK activity is known to deregulate cJun activity (1.4.2), PT was tested towards its influence on the

cJun protein and mRNA levels (Fig. 41).
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Figure 41. Pretubulysin treatment leads to increased cJun protein and mRNA levels. Western blot analysis of
the total cJun protein levels (left) and qRT-PCR analysis of the cJun mRNA levels (right). Confluent HUVECs
were pre-treated with PT for 30 min and activate with TNF (10 ng/mL) for 0.5, 2, 6, 16 h (left) or 0.5,2, 6 h
(right). Western blot results were normalized on the respective histone 3 (H3) levels and qRT-PCR Results

were normalized on the respective GAPDH mRNA levels. (n=3) Data are expressed as mean = SEM. #p <0.05
versus control, *p < 0.05 versus TNF control.

Treatment with PT increased the cJun protein levels compared to the TNF controls after all stimulation
times tested (Fig. 41, left). Stimulation with TNF for 0.5 h induced a phosphorylation-dependent
electromobility shift of cJun, as seen by the emergence of an additional cJun protein fraction. Treatment
with PT led to a further increase of the apparent electromobility-shift, which is also present following
16 h of TNF stimulation, when it is almost fully lost in the TNF control cells. This indicates the induction
of high and lasting cJun activity due to PT. cJun is known to auto-induce itself by binding to the cjun
promoter (1.4.2). Due to that, the relative cJun mRNA levels were tested upon treatment with PT (Fig.
41, right). In accordance with the elevated cJun protein levels, PT treatment induced the cJun mRNA
levels by approx. 50 % after 0.5 h of TNF stimulation, compared to the TNF control. Longer stimulation
periods did not induce the cJun mRNA levels above the values of the negative control under any of the

treatment conditions tested.
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3.5.2.3 The influence of MTAs on the transcriptional activity of AP-1

To further analyze the effects of PT and the other MTAs on AP-1, the transcriptional activity of AP-1

was determined in a reporter gene assay (Fig. 42).
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Figure 42. MTAs decrease the AP-1 promoter activity. Reporter gene assay of the AP-1 promoter activity after
treatment with PT (a), VIN (b), COL (c) and PAC (d). HUVECs were transfected with pGL4.44[luc2p/AP-1-
RE/Hygro] and pGL4.74[hRIuc/TK] for normalization and were pre-treated with different concentrations (30,
100, 300, 1000 nM) of MTA for 30 min and then activated with TNF (10 ng/mL) for 6 h. (n=3) Data are

expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

PT treatment significantly reduced the promoter activity of AP-1 (Fig. 42a). Similar to NF«xB,
concentrations of 100 nM or more reduced the AP-1 promoter activity by approx. 50 %. Treatment with
VIN and COL led to a reduction of the AP-1 promoter activity similar to PT (Fig. 42b/c). The
microtubule stabilizer PAC also reduced AP-1 activity, albeit to a weaker extent than the destabilizers,

with 1000 nM of PAC reducing the activity by approx. 40 % compared to the TNF control (Fig. 42d).

JNK is known to induce the transactivatory potential of cJun by phosphorylating residues in the cJun
transactivation domain (1.4.2). High and lasting JNK activity is thought to also induce phosphorylation
in the phosphodegron motif of cJun, reducing its DNA-binding activity (1.4.2).
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3.5.2.4 The impact of PT on phosphorylation of AP-1-cJun

The S243 site constitutes one of the phosphorylation sites in the phosphodegron motif of cJun that
induces cJun degradation and reduces the DNA-binding affinity of cJun (1.4.2). The influence of PT on
the cJun-S243 phosphorylation levels was analyzed by western blotting. In addition, the nuclear protein
levels of GSK3p, which is implied in phosphorylating the cJun phosphodegron under normal cJun turn-
over conditions (1.4.2), was analyzed (Fig. 43).
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Figure 43. Pretubulysin slightly increases cJun S243 phosphorylation and nuclear GSK3p levels. Western blot
analysis of the cJun S243 phosphorylation ratio (left) and nuclear protein levels of GSK3p (right). Confluent
HUVECs were pre-treated with PT (300 nM) for 30 min and activated with TNF (10 ng/mL) for 0.5,2,6, 16 h
(left) or 0.5, 2 and 6 h and cell fraction was performed (right). Results were normalized on the respective
histone 3 (H3) levels. (n=3)

TNF stimulation for 0.5 h reduced the levels of the inhibitory S243 phosphorylation, which subsequently
increased over the treatment time, until approaching the phosphorylation ratio of the control cells after
16 h of stimulation (Fig. 43, left). PT increased the inhibitory S243 phosphorylation compared to the
respective TNF control at all treatment times tested, reaching twice the phosphorylation ratio after 16 h
of treatment. In case of GSK3p, initial TNF stimulation for 0.5 h increased the nuclear protein levels
slightly, which decreased to approx. 75 % after 6 h of stimulation (Fig. 43, right). In contrast, treatment
with PT increased the nuclear levels of GSK3p, which were elevated by approx. 25 % after 6 h of

treatment, compared to the respective TNF control.
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3.5.2.5 Summary for the PT-induced effects on NFkB and AP-1 signaling and the resulting CAM

expression
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Figure 44. Graphical summary for the effects on NF«kB and AP-1 signaling and the resulting CAM expression
after treatment with 300 nM of PT. Percentual representation of induction or inhibition due to PT. For time
rows, the percentual increase or decrease represents the mean value over the treatment time.

Treatment of HUVECs with PT did not affect the total protein levels of the TNFR1, but induced the

activity IKK and significantly induced the activity of JNK (Fig. 44). The increase in IKK activity

resulted in an increase in [kBa degradation. The steady-state levels of NFxB were largely uninfluenced.

However, in case of AP-1-cJun, the increased JNK activity resulted in an overall increase of cJun protein

levels. While the translocation of NFxB and AP-1 appeared to be not influenced by PT, the

transcriptional activity of NFxB and AP-1 were reduced. This led to decreased levels of CAM mRNAs,

total protein levels and cell surface levels, while not negatively influencing the overall polypeptide

synthesis. The reduced cell surface levels of the CAMs resulted in a decreased leukocyte adhesion.
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3.5.3 Additional pro-inflammatory signaling kinases and factors

In addition to the main pro-inflammatory NFxB and AP-1 signaling, PT was also tested towards its
influence on other kinases like AKT and the MAPKs p38 and ERK as well as the IRF-1 transcription
factor, which is involved in the induction of VCAM-1 (1.6.1).

3.5.3.1 AKT activity

AKT or protein kinase B (PKB) is involved in pro-inflammatory signaling by activation of GATA6
(1.3.3). The activity of AKT after PT treatment was tested by western blot analysis (Fig. 45).
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Figure 45. Pretubulysin increases AKT activity. AKT phosphorylation ratio after treatment with PT analyzed
by western blot analysis. Confluent HUVECs were treated with PT (300 nM) for 8 h under starvation conditions
and activated with FCS (10 %) or TNF (10 ng/mL) for 15 min. Results were normalized to the respective [3-

actin levels. (n=3) Data are expressed as mean = SEM. #p <0.05 versus control, *p <0.05 versus TNF control.

Stimulation of HUVECSs with FCS for 15 min increased AKT phosphorylation approx. 2-fold compared
to the control cells (Fig. 45). Stimulation with TNF led to a stronger induction, with AKT
phosphorylation being increased approx. 3.5-fold. While treatment with only PT had no effect on AKT
phosphorylation, combination with FCS or TNF induced AKT activity approx. 4-fold, compared to the
untreated control HUVECs.
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3.5.3.2 IRF-1 activity

The activity of IRFs like IRF-1 is largely connected to a TLR-induced MyD88-dependent activation
(1.3.3). However, the activity of IRF-1 is also highly regulated on an expressional level upon NFxB
induction (1.3.3). Based on this, the nuclear protein levels of IRF-1 and the IRF-1 mRNA levels were

investigated by western blot analysis of the nuclear fraction and qRT-PCR analysis, respectively (Fig.

46).
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Figure 46. Pretubulysin reduces the nuclear IRF-1 protein and overall mRNA levels. Western blot analysis of
the nuclear IRF-1 protein levels (left) and qRT-PCR analysis of the IRF-1 mRNA levels (right) after PT
treatment. Confluent HUVECs were pre-treated with PT (300 nM) for 30 min and activated with TNF
(10 ng/mL) for 0.5, 2 or 6 h. Western blot results were normalized on the respective histone 3 (H3) levels and
qRT-PCR results were normalized on the respective GAPDH mRNA levels. (n=3) Data are expressed as mean

+ SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

PT had no effect on the nuclear IRF-1 levels after 0.5 h of treatment, but significantly reduced the nuclear
levels after 2 h of treatment by approx. 60 % (Fig. 46, left). The PT-induced effects on IRF-1 also
extended to the mRNA level (Fig. 46, right), with PT significantly reducing the IRF-1 mRNA levels at

all treatment times tested.



RESULTS 103

3.5.3.3. p38 MAPK activity

As part of the MAPK signaling pathways, the activity of the p38 kinase also participates in pro-
inflammatory signaling, but also regulates the activity of mRNA binding proteins and hence transcript

stability (1.3.2). The activity of the p38 kinase was analyzed by western blotting of cell fractions (Fig.
47).

0
<4 »
E,_15 E,_15
£ 0 3
© T £ © - £
®5 £ 10 cg_g c 10
588 2838
®» 5o
Egg 5 i .’l‘i &§‘§ 5
NG 0
© X o X
e @)
<§: O ITI T T 1 g 0
© pri————— o s K 1o pp38
e - 00 p38
.-----‘ eiF2a S — i -~ |3
- - + - + - + PT - - + - + - + PT
- 0505 2 2 6 6 TNF[h - 0505 2 2 6 6 TNF[h]

Figure 47. Pretubulysin induces nuclear translocation of p38 but reduces nuclear p38 phosphorylation.
Western blot analysis of the p38 phosphorylation ratio in the cytoplasmic fraction (left) and nuclear fraction
(right). Confluent HUVECs were pre-treated with PT (300 nM) and activated with TNF for different durations
(0.5, 2, 6 h). Results were normalized on the respective elongation initiation factor 2 a (eIF2a, cytoplasmic
fraction) or histone 3 (H3, nuclear fraction). (n>3)

Treatment with PT induced the translocation of the p38 kinase into the nucleus of HUVECs (Fig. 47),
as based on the reduced cytoplasmic p38 protein levels and the increased levels in the nuclear fraction.

The phosphorylation levels of the cytoplasmic fraction appeared to be increased. In contrast, the nuclear

phosphorylation levels were decreased, demonstrating the nuclear presence of inactive p38 upon

treatment with PT.
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3.5.3.3.1 The influence of PT on VCAM-1 mRNA stability

Since the p38 kinase is involved in regulating mRNA transcript stability via induction of MAPKAPKs
that induce phosphorylation of mRNA-binding proteins (1.3.2), PT and the other MTAs were

investigated for their influence on the decay rate of the VCAM-1 mRNA (Fig. 48).
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Figure 48. Pretubulysin and the other destabilizing MTAs increase the half-live (t, ,) of the VCAM-1 mRNA.

qRT-PCR analysis of the VCAM-1 mRNA levels after actinomycin D addition. Confluent HUVECs were
treated with TNF (10 ng/mL) for 12 h. Actinomycin D (ActD; 2 pg/mL) was added to inhibit mRNA expression
and 300 nM of pretubulysin (PT), vincristine (VIN), colchicine (COL) or paclitaxel (PAC) was added under
continuous TNF treatment for different durations (5 min, 15 min, 1 h, 4 h, 8 h, 12 h, 16 h and 24 h). Results
were normalized on the respective GAPDH mRNA levels of the TNF control. The non-linear regression is

based on the GraphPad Prism ‘one-phase decay‘. The corresponding R’ values are shown in round brackets.
(n=3)

Decay rate measurements of the VCAM-1 mRNA in the absence of MTA treatment revealed a half-life
of ti, = 3.6 h (Fig. 48). Addition of any of the destabilizing MTAs significantly increased the half-life
of the VCAM-1 mRNA. Only the microtubule stabilizer PAC decreased the VCAM-1 mRNA transcript
stability. These results show that the inhibitory effects of the depolymerizing MTAs on VCAM-1 are
not due to an increased decay of the VCAM-1 mRNA.



RESULTS 105

3.5.3.4 ERK activity

The ERK MAPK is primarily involved in developmental processes, but is also known to partake in
inflammatory activation by phosphorylation of cFos (1.3.2). Therefore, PT was tested for its influence

on the activity of ERK (Fig. 49).
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Figure 49. Pretubulysin reduces the ERK phosphorylation and slightly reduces total protein levels. Western
blot analysis of the ERK phosphorylation ratio in the cytoplasmic fraction (left) and nuclear fraction (right).
Confluent HUVECs were pre-treated with PT (300 nM) and activated with TNF for different durations (0.5, 2,
6 h). Results were normalized on the respective elongation initiation factor 2 o (elF2a, cytoplasmic fraction)
or histone 3 (H3, nuclear fraction). (n>3)

Short treatment of HUVECs with PT for 0.5 h had no significant effect on the cytoplasmic or nuclear
activity of ERK (Fig. 49). Extended treatment of 2 h and 6 h slightly reduced the ERK phosphorylation
and protein levels in the cytoplasm and nucleus, suggesting an increased degradation of ERK upon
treatment with PT. However, based on the intensity of the effects, it is evident that PT does not

significantly influence ERK activity.
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3.5.3.5 Summary of the PT-induced effects on MAPKs, AKT, as well as mRNA decay of VCAM-
1 mRNA and mRNA and protein levels of IRF-1

PIP2 . PIP3

v ' v v
() (D (wa) 040
. W’ . Effects of PT
' ! | o
- @8'350% 1"80% 1‘40% 'oer Week
. . t Induction
{ l 1 — No effect
¥
- 1@ =B~ &
@"‘100/ 1‘40/ ﬂ. e
+

Inhibition
Weak
derate

IRFs ‘ 50 %
' 9
rep) ° T
T e
VCAM-1 s @LLLLI L R A -2 " 66 % IRF-1 - ope ‘ 50 %

mRNA stability mRNA levels

Figure 50. Graphical summary for the effects on the MAPKs JNK, p38 and ERK (left total protein, right
activity) in the cytoplasm and in the nucleus, total AKT activity, VCAM-1 mRNA stability and mRNA and
nuclear protein levels of IRF-1 after treatment with 300 nM of PT. Percentual representation of induction or
inhibition due to PT. For time rows, the percentual increase or decrease represents the mean value over the
treatment time.

Treatment with PT significantly induced the cytoplasmic and nuclear activity of JNK (Fig. 50). For p38,
the cytoplasmic total protein levels were slightly reduced, while the phosphorylation levels appeared to
be largely uninfluenced, leading to the presence of a cytoplasmic p38 fraction with increased activity.
The nuclear total protein levels of p38 were increased after treatment with PT, but the phosphorylation
was reduced. p38 also regulates the mRNA stability via MAPKAPKSs and RNA-binding proteins (RBP).
The stability of VCAM-1 mRNA was increased after treatment with PT. The cytoplasmic and nuclear
ERK total protein and phosphorylation levels were also reduced. The activity of AKT, which is involved
in the induction of GATA transcription factors, was induced. The levels of IRF-1 mRNA were reduced,

leading to a decrease of the nuclear IRF-1 protein levels.

3.6 The influence of PT on the NFkB and AP-1 DNA-binding activity at the icam-1, vcam-1 and e-

sele promoters

PT had no negative influence on the signaling events that precede activation of the NFxB and AP-1
transcription factors, but significantly reduced the transcriptional activity of both factors. Based on this,

PT was tested towards its influence on the DNA-binding activity of both transcription factors.
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3.6.1. Impact of PT on NFkB enrichment in the promoters of icam-1, vcam-1 and e-sele

The DNA-binding behavior of NFkB-p65 was tested by chromatin immunoprecipitation (ChIP), with
primers encompassing the most promoter proximal NFxB-binding sites in the promoters of icam-1,

vecam-1 and e-sele (Fig. 51)
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Figure 51. Pretubulysin increases the NF«kB p65 promoter enrichment at short treatment times and leads to a
time dependent decrease in p65 enrichment in the icam-1 and vcam-1 and e-sele promoters. Enrichment of
NFkB-p65 in the icam-1 (a) and vcam-1 (b) and e-sele (c) promoters as shown by chromatin
immunoprecipitation (ChIP). Confluent HUVECs were pre-treated with pretubulysin (PT; 300 nM) for 30 min
and activated with TNF (10 ng/mL) for a duration of 2, 6, 16 h. ChIP was performed with a p65 binding
antibody and the respective 1gG mock antibody. Results were normalized on the background levels of a
sequence of the rp/l3a 3‘-untranslated region. (n=3) Data are expressed as mean + SEM. #p < 0.05 versus
control, *p < 0.05 versus TNF control.

Treatment with PT for 2 h significantly increased the p65 enrichment in the promoter of icam-1 by
approx. 75 %, vcam-1 by approx. 40 % and e-sele by approx. 70 % (Fig. 51). For icam-1 and e-sele

enrichment remained high after 6 h of treatment. In contrast, the p65 enrichment in the vcam- 1 promoter
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was reduced to the levels of the TNF control following 6 h of treatment. Extended treatment of 16 h
reduced the p65 enrichment in the icam-1 and e-sele promoters to the level of the TNF control, but
significantly reduced the enrichment in the vcam-I promoter to approx. 50 % of the TNF control

HUVECs.

3.6.2. Impact of PT on AP-1 enrichment in the promoters of icam-1, vcam-1 and e-sele

In addition to NFkB, PT was also tested towards its influence on the enrichment of AP-1-cJun in the

CAM promoters (Fig. 52).
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Figure 52. Pretubulysin increases the AP-1-cJun enrichment in the icam-1 and vcam-1 and e-sele promoters.
Enrichment of AP-1-cJun in the icam-1 (a), vcam-1 (b) and e-sele (c) promoters as shown by chromatin
immunoprecipitation (ChIP). Confluent HUVECs were pre-treated with pretubulysin (PT; 300 nM) for 30 min
and activated with TNF (10 ng/mL) for a duration of 2 or 6 h. ChIP was performed with a cJun binding antibody
and the respective IgG mock antibody. Results were normalized on the background levels of a sequence of the

rpll3a 3 -untranslated region. (n=3) Data are expressed as mean = SEM. #p < 0.05 versus control, *p < 0.05
versus TNF control.

PT only marginally increased the enrichment of cJun in the icam-1 and e-sele promoters following 2 h
of treatment, but significantly increased the cJun enrichment in the vcam-1 promoter (Fig. 52). In
contrast, cJun was significantly enriched in the promoters of all CAMs following 6 h of treatment, when
the overall cJun activity at the CAM promoters appeared to decrease, as seen by the lack of induction

(control vs. TNF control).
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3.7 Influence of PT on the recruitment of the RNA polymerase II to the CAM genes
3.7.1 Impact on RNA polymerase II enrichment at the CAM gene promoters

PT had no negative effect on the enrichment of NFxB and AP-1 at the CAM promoters and only reduced
the NFxB-p65 levels in the vcam-1 promoter after extended treatment. Based on the lack of negative
regulation by PT, the compound was tested towards its effects on the recruitment of the RNA polymerase

II (Pol IT) to the CAM promoters (Fig. 53).
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Figure 53. Pretubulysin decreases the RNA polymerase Il enrichment at the icam-1, vcam-1 and e-sele
promoters in a time-dependent manner. Enrichment of the RNA polymerase II in the promoters of icam-1 (a),
vcam-1 (b) and e-sele (c) as shown by chromatin immunoprecipitation (ChIP). Confluent HUVECs were pre-
treated with PT (300 nM) for 30 min and activated with TNF (10 ng/mL) for different durations (2, 6, 16 h).
ChIP was performed with an RNA II polymerase antibody and the respective IgG mock antibody. Results were
normalized on the background levels of a sequence of the 7pl/3a 3°-untranslated region. (n=3) Data are

expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

PT moderately decreased the enrichment of Pol Il upon 2 h of treatment in the promoters of all CAMs

by approx. 50 % compared to the TNF control (Fig. 53). Interestingly, after 6 h of treatment the effects
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decreased and were nearly fully lost in case of e-sele. Extended treatment of 16 h again reduced the

enrichment of the Pol II at the CAM promoters. For icam-1 and e-sele Pol 11 enrichment was decreased

by approx. 75 % and 80 %. In case of vcam-1 enrichment was reduced to the level of the control cells,

suggesting total inhibition of the VCAM-1 synthesis after 16 h of treatment.

3.7.2 Impact on RNA polymerase II enrichment at the CAM gene Pol II stalling sites

In addition to the CAM promoters, PT was also analyzed for effects on Pol II enrichment at the CAM

gene Pol II stalling sites (Fig. 54).
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Figure 54. Pretubulysin decreases the RNA polymerase II enrichment at the icam-1, vcam-1 and e-sele Pol 11
stalling sites in a time-dependent manner. Enrichment of the RNA polymerase II at the Pol I stalling sites of
icam-1 (a), vcam-1 (b) and e-sele (c) as shown by chromatin immunoprecipitation (ChIP). Confluent HUVECs
were pre-treated with PT (300 nM) for 30 min and activated with TNF (10 ng/mL) for different durations (2,
6, 16 h). ChIP was performed with an RNA II polymerase antibody and the respective IgG mock antibody.
Results were normalized on the background levels of a sequence of the rp//3a 3‘-untranslated region. (n=3)

Data are expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.
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The Pol II enrichment at the CAM gene stalling sites highly resembled that of the CAM promoters (Fig.
53), with a moderate decrease in Pol II enrichment after 2 h of treatment that is largely lost upon 6 h of

treatment, but again strongly decreased after 16 h of treatment (Fig. 54).

3.7.3 Summary for the p65, cJun and Pol II enrichment at the icam-1, vcam-1 and e-sele gene
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Figure 55. Percentual change in enrichment of p65, cJun and Pol II (stalling enrichment) at the
promoters/genes icam-1, vcam-1 and e-sele, in relation to the respective TNF control.

Comparison of the enrichment of p65 and cJun as well as the Pol II shows that the PT-induced changes
in enrichment follow a similar behavior at the icam-1 and e-sele promoters/genes (Fig. 55). For both
genes, cJun levels were only slightly elevated after 2 h, but significantly increased after 6 h of treatment.
In contrast, the induction of the cJun levels at the promoter of vcam-1 was comparably stronger after 2 h
of treatment, but did not increase further after 6 h of treatment. In addition, while the levels of p65 were
similarly increased at the promoters of icam-1 and e-sele, extended treatment did not induce a decrease
in p65 enrichment below the value of the TNF control. In case of vcam-1, enrichment already
approached TNF control levels after 6 h of treatment and decreased further to approx. 50 % of the
corresponding TNF control after 16 h of treatment. The change in enrichment for Pol II was strikingly
similar for all three genes tested. However, the magnitude of the change in enrichment of the Pol II was
nearly identical for icam-1 and e-sele. For vcam- 1, the overall decrease of Pol II enrichment was slightly
stronger with Pol II levels also being decreased after 6 h of treatment, when the Pol II levels were largely

not influenced at the icam-1 and e-sele gene.
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3.7.4 Influence of different PT pre-treatment times on CAM transcript levels

PT induced a time-dependent pattern of Pol II enrichment at the CAM genes. To test how different pre-
treatment times with PT influence the transcriptional activity at the CAM genes, the CAM mRNA levels
were analyzed by qRT-PCR analysis after different pre-treatment times with PT (Fig. 56).
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Figure 56. Pretubulysin increases CAM mRNA levels at mean pre-treatment times. qRT-PCR analysis of the
mRNA levels of ICAM-1 (a), VCAM-1 (b) and E-selectin (c). Confluent HUVECs were pre-treated with PT
(300 nM) for different durations (0.5, 1,2, 4, 6, 8, 16, 24 h) and activated with TNF (10 ng/mL) for 1 h. Results

were normalized on the respective GAPDH mRNA levels. (n=3) Data are expressed as mean = SEM. #p <0.05
versus control, *p < 0.05 versus TNF control.

Stimulation with TNF for 1 h led to an approx. 10-fold increase in transcript levels for ICAM-1 and
VCAM-1, but increased the E-selectin mRNA levels approx. 300-fold over the control cells (Fig. 56).
Pre-treatment times with PT of 0.5 to 2 h decreased the mRNA levels of all CAMs in a time-dependent
manner. Strikingly, the mRNA levels of all CAMs were increased again following pre-treatment times
of 4 to 8 h and peaked at 6 h of pre-treatment with PT with an approx. 40-fold induction for the ICAM-
1 mRNA, 100-fold induction for the VCAM-1 mRNA and 300-fold induction for the E-selectin mRNA.
For ICAM-1 and VCAM-1 the mRNA levels following 6 h of pre-treatment were induced significantly
over the TNF control, while the E-selectin mRNA levels approached the levels of the TNF control.
Following 16 or 24 h of pre-treatment, the mRNA levels of all CAMs were reduced to the levels of the

control cells.
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3.7.5 Influence of different PT pre-treatment times on transcript levels of additional factors

PT was also analyzed for pre-treatment time-dependent induction of the transcript levels of the

additional factors cJun, cFos, IRF-1 and IxBa (Fig. 57).

a b
» 8 * P 125
EEG # %Emo x
c C
<Z(84 * <Z(8 75 # *
X * * 0k x
E% * EE 50
u—2 * w.,Q *
5 X ox 25 * * %
3 5
0 0
- -051 2 46 81624 PT(h) - -051 2 46 81624 PT(h)
-+ + 4+ + + + + + + TNF -+ + 4+ + + + + + + TNF
c d
o 6 # Q 150
g: 0 =
28 SE 00 £ *
-0—44 _—
<Z):g ** ** <5 % *
£o Z O *
- * X o * * * %
fgz . ES 50
LoX * % B X,
4
T 9 = 0
- -051 2 46 81624 PT(h) - -051 2 4 6 81624 PT(h)
-+ + + + + + + + + TNF -+ + 4+ + + + + + + TNF

Figure 57. Different pre-treatment times with pretubulysin have a differential effect on the transcript levels of
cJun, cFos, IRF-1 and IkBa. qRT-PCR analysis of the mRNA levels of cJun (a), cFos (b), IRF-1 (c) and IkBa
(d). Confluent HUVECs were pre-treated with PT (300 nM) for different durations (0.5, 1, 2, 4, 6, 8, 16, 24 h)
and activated with TNF (10 ng/mL) for 0.5 h. Results were normalized on the respective GAPDH mRNA

levels. (n=3) Data are expressed as mean + SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control.

Investigations of the influence of different pre-treatment times with PT revealed differential effects for
different genes (Fig. 57). The transcript levels of the fast-response genes cjun and cfos were significantly
increased upon short pre-treatment, but time-dependently reduced after longer pre-treatment times with
PT (Fig. 57a/b). In contrast, the transcript levels of IRF-1 and IxBa were, similar to the CAMs, reduced
after short pre-treatment with PT and increased at mean pre-treatment times, but again decreased after

longer pre-treatment (Fig. 57¢/d).
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3.8 The influence of JNK activity on the PT-evoked effects on the CAMs synthesis

Based on the highly increased activity of the MAPK JNK after treatment with PT, the dependency of
the PT-evoked effects on the activity of INK was analyzed.

3.8.1 Influence of different PT treatment times on CAM transcript levels and sensitivity to JNK

activity

PT exerted time-dependent effects on the recruitment of Pol II to the CAM genes and reduced the CAM
mRNA levels at short and extended pre-treatment. Based on this, the dependency of the PT-evoked
effects on the activity of INK were determined by qRT-PCR analysis after short and extended treatment
with PT (Fig. 58).
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Figure 58. The pretubulysin-induced down-regulation of the ICAM-1 and VCAM-1 and E-selectin mRNAs
and can be recovered by long-term inhibition of JNK activity. qRT-PCR analysis of the mRNA levels of
ICAM-1 (a), VCAM-1 (b) and E-selectin (c) in dependency of different TNF induction and long-term JNKINS8
treatment time (left) and percentual representation of long-term TNF induction and JNK inhibition (middle)
and short-term TNF induction and JNK inhibition (right). For inhibition of JNK activity HUVECs were pre-
treated with INKINS (5 uM) for 30 min, treated with PT (300 nM) for further 30 min and activated with TNF
(10 ng/mL) for 16 h (a, b and c, left/middle; long-term JNK inhibition) or 1 h (a, b and c, right; short-term JNK
inhibition). qRT-PCR analysis results were normalized on the respective GAPDH mRNA levels. (n>3) Data

are expressed as mean = SEM. #p < 0.05 versus control, *p < 0.05 versus TNF control. The bar with asterisk
represents statistical significance over the corresponding data groups with p < 0.05.
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TNF stimulation for 0.5 h only induced a 5-fold increase of ICAM-1 (Fig. 58a, left) and VCAM-1 (Fig.
58b, left) mRNA, but induced an approx. 150-fold increase in E-selectin mRNA (Fig. 58c, left).
Following 2 h of stimulation, the mRNA levels of ICAM-1 and VCAM-1 were induced approx. 200-
fold and 1500-fold, respectively, and did not decrease below these values after 6 h or 16 h of TNF
stimulation. In case of E-selectin, transcript levels were increased above 3000-fold after 2 h and 6 h of
stimulation, but declined to approx. 1500-fold after 16 h of stimulation. PT treatment strongly reduced
the levels of all CAM mRNAs at all treatment times. Inhibition of JNK activity by the irreversible JNK
inhibitor JNKIN8 and TNF stimulation for 16 h decreased the relative ICAM-1 mRNA levels to approx.
60 % and E-selectin mRNA levels to approx. 40 %, but did not affect the VCAM-1 mRNA levels.
Inhibition of JNK in the PT-treated cells recovered the ICAM-1 and E-selectin mRNA levels from
approx. 30 % to 55 % (Fig. 58a, left and mid) and from approx. 5 % to 25 %, respectively, suggesting a
nearly full recovery of the PT-induced effects on relative ICAM-1 and E-selectin mRNA levels. In case
of VCAM-1, inhibition of JNK recovered the mRNA levels for the PT-treated cells from approx. 2 %
to 30 %. Inhibition of JNK and stimulation with TNF for 1 h decreased the relative mRNA levels of all
CAMs by approx. 50 % (Fig. 58a/b/c, right). In contrast to the inhibition of the JNK activity after
extended PT treatment, JNK inhibition in the short-term PT-treated HUVECs did not lead to recovery,
but further decreased the relative mRNA levels.

3.8.2 Influence of JNK-inhibition on the induction of the fast-response gene cfos

cFos is known to be rapidly induced upon pro-inflammatory stimulation of cells (1.4.2). Since PT
significantly increased the mRNA levels of cFos after short pre-stimulation, the increased cFos mRNA

levels were tested towards sensitivity of JNK inhibition (Fig. 59).
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Figure 60. The pretubulysin-evoked induction of cFos mRNA is sensitive to JNK inhibition. qRT-PCR
analysis of the mRNA levels of cFos in dependency of JNK inhibition. Confluent HUVECs were pre-treated
with JNKIN8 (5 uM) for 30 min and treated with PT (300 nM) for 30 min and were activated with TNF
(10 ng/mL) for 0.5 h. qRT-PCR analysis results were normalized on the respective GAPDH mRNA levels.

(n=3) Data are expressed as mean + SEM. #p <0.05 versus control, *p < 0.05 versus TNF control. The bar with
asterisk represents statistical significance over the corresponding data groups with p < 0.05.



RESULTS 116

Inhibition of the JNK activity with JNKINS significantly reduced the PT-induced increase in cFos
mRNA to the level of the TNF control cells, confirming the involvement of JNK activity in the PT-
induced increase in cFos mRNA (Fig. 59).

3.8.3 Influence of JNK inhibition on the PT-induced down-regulation of the ICAM-1 and VCAM-

1 cell surface levels

Inhibition of the activity of JNK after extended PT treatment notably recovered the mRNA levels of
ICAM-1, VCAM-1 and E-selectin. In consequence, the effects of JNK inhibition on the PT-induced
down-regulation of the ICAM-1 and VCAM-1 cell surface levels were investigated by flow cytometry
(Fig. 60).
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Figure 60. The pretubulysin-induced down-regulation the ICAM-1 and VCAM-1 cell surface protein levels
can be recovered by long-term inhibition of JNK activity. Flow cytometric analysis of the effects of JNK
inhibition on the PT-induced downregulation of ICAM-1 (left) and VCAM-1 (right) cell surface levels.
Confluent HUVECs were pre-treated with JNKINS (5 pM) for 30 min and treated with different concentrations
of PT (30, 100, 300, 1000 nM) and activated with TNF (10 ng/mL) for 24 h. (n>3). The bar with asterisk
represents statistical significance over the corresponding data groups with p < 0.05.

Inhibition of JNK reduced the cell surface levels of ICAM-1 by approx. 50 % and those of VCAM-1 by
approx. 20 % following 24 h of TNF stimulation, indicating an increased sensitivity of the ICAM-1
promoter to JNK activity (Fig. 60). Inhibition of JNK in the PT-treated HUVECs recovered the cell
surface levels of both CAMs at all concentrations tested. Recovery was significantly stronger for
VCAM-1 with cell surface levels being recovered from 5 % to 30 % after treatment with 300 nM of PT
and ICAM-1 levels being recovered from 40 % to 50 % of the TNF control.
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3.9 Influence of PT on post-promoter transcriptional regulation

3.9.1 Influence of PT on the recruitment of the bromodomain-containing protein 4 at the icam-1

and vcam-1 genes

Short treatment with PT led to a reduction of the respective CAM mRNAs but increased mRNA levels
for the fast-response genes like cJun and cFos. In contrast, transcript levels were significantly reduced
after extended treatment with PT irrespective of the gene tested. In addition, the enrichment of the main
transcription factors NFkB and AP-1 was strikingly increased after short treatment and only moderately
reduced in case of the vcam-1 gene after extended treatment. Based on this, PT was tested for its
influence on the recruitment of the bromodomain-containing protein 4 (Brd4), responsible for recruiting
pTEFb and enabling the release of the stalled Pol II from the stalling sites in the icam-1 and vcam-1
genes (Fig. 61).

a

2 h TNF 6 h TNF 16 h TNF

|5

% 250 * 150 150

=S 200

G 1004 Z * 1004 #

= g 150

Iy #

< Z 100 50 50

2 50

@ R

‘g 0 0 0

s B - -+ - -+ PT - -+ - -+ PT

= -+ + - + + TNF -+ + - + + TNF -+ + - + + TNF
Brd4 IgG  mock IgG Brd4 IgG  mock IgG Brd4 IgG  mock IgG

b

- 2 h TNF 6 h TNF 16 h TNF

T

€

§:200 . 150 150

=e]

C o

= 150 1004 100 &

T 8 # * *

£ 5 100

SEFE 50 50 50

R

E 0 0 0

S - -+ - -+ PT - -+ - -+ PT - -+ - -+ PT

= -+ + - + + TNF -+ 4+ - + + TNF -+ + - + + TNF
Brd4 IgG  mock IgG Brd4 IgG  mock IgG Brd4 IgG  mock IgG

Figure 61. Pretubulysin increases Brd4 enrichment at short treatment times and leads to a time-dependent
decrease in Brd4 enrichment at the icam-1 and vcam-1 RNA polymerase I stall site. Enrichment of Brd4 at
the RNA polymerase stall sites in the icam-1 (a) or veam-1 (b) after different treatment times with PT as shown
by ChIP. Confluent HUVECs were pre-treated with PT (300 nM) and activated with TNF (10 ng/mL) for
different durations (2, 6, 16 h). ChIP was performed with a Brd4 antibody and the respective IgG mock

antibody. Results were derived based on 2 % of input DNA. (n=3) Data are expressed as mean + SEM. #p <
0.05 versus control, *p < 0.05 versus TNF control.

After 2 h of TNF stimulation, PT induced a significant increase in Brd4 enrichment in the Pol II stalling
regions of icam-1 and vcam-1. The Brd4 enrichment for icam-1 was increased by approx. 90 % and for
veam-1 by approx. 50 % compared to the TNF control cells (Fig. 61a/b). After 6 h of treatment time, the

Brd4 enrichment was decreased to approx. 95 % in the icam-1 stalling region and to 70 % in the vcam-
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1 stalling region. Longer TNF stimulation and PT treatment of 16 h led only to a minor further decrease
of Brd4 enrichment for icam-1, but further decreased the Brd4 enrichment in the veam-1 stalling region

to approx. 50 % compared to the TNF control.

3.9.2 Summary for the p65, cJun, Pol II and Brd4 enrichment at the icam-1 and vcam-1 gene
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Figure 62. Percentual change in enrichment of p65, cJun, Pol II and Brd4 at the promoters/genes icam-1 and
veam-1 in relation to the respective TNF control.

Addition of the PT-induced change in enrichment for Brd4 at the icam-1 and vcam-1 genes revealed that
for both genes, the Brd4 and Pol II enrichment followed an opposing pattern of enrichment (Fig. 62).
The initial increase in Brd4 enrichment after 2 h of treatment was strikingly stronger in case of icam-1,
compared to vcam-1. After 6 h of treatment, the change in Brd4 and Pol II enrichment for both genes
was strikingly similar. Of note, pre-stimulation for 6 h led to a strong induction of the respective CAM
mRNAs. Extended treatment of 16 h led only to a minor further decrease in Brd4 enrichment for both

genes. However, it is evident that the change in enrichment for Brd4 closely resembles that of p65.
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3.9.3 The dependency of the PT-evoked deregulation of Brd4 at the icam-1 and vcam-1 Pol 11
stalling sites on the activity of JNK

The PT-induced down-regulation of the CAMs is highly dependent on the activity of JNK. Due to that
the influence of the JNK activity on the deregulation of Brd4 was tested by ChIP (Fig. 63).
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Figure 63. The pretubulysin-induced reduction of Brd4 enrichment in the icam-I and vcam-1I RNA
polymerase stalling sites can be reversed by inhibition of INK. ChIP-based enrichment of Brd4 at the icam-1
(left) and vcam-1 (right) RNA polymerase stalling sites in dependency of JNK inhibition. Confluent HUVECs
were pre-treated with JNKINS8 (5 uM) for 30 min, treated with PT (300 nM) for further 30 min and activated
with TNF (10 ng/mL) for 6 h. ChIP was performed with an antibody against Brd4 or the respective mock
antibody. Results were obtained based on 2 % of input. (n=3) The bar with asterisk represents statistical
significance over the corresponding data groups with p <0.05.

Inhibition of JNK increased the TNF-induced enrichment of Brd4 at the icam-1 and vcam-1 stalling site
significantly, with Brd4 levels being increased to approx. 150 % for icam-1 and 230 % for vcam-1 (Fig.
63). Inhibiting the activity of JNK in the PT-treated HUVEC: also significantly increased the enrichment
of Brd4 for icam-1 from approx. 85 % to 115 % and for vcam-1 from approx. 75 % to 150 %.
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3.9.4 The influence of the PT-induced JNK activity on Brd4 protein levels

Analysis of the dependency of the Brd4 enrichment on the activity of JNK clearly showed that the
association of Brd4 with the icam-1 and vcam-1 genes is negatively regulated by JNK. To further
understand how PT influences Brd4, the effects of PT on the total protein levels of Brd4 and the
dependency of the Brd4 levels on the activity of JNK were tested by western blot analysis of the nuclear

fraction (Brd4 could only be detected in the nucleus of HUVECs, Fig. 64).
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Figure 64. Pretubulysin treatment leads to a reduction of the Brd4 levels in the nuclear fraction, which can be
reversed by inhibition of JNK. Western blot analysis of the Brd4 protein levels in the nuclear fraction (a), qRT-
PCR analysis of the Brd4 mRNA levels (b) and nuclear Brd4 levels in dependency of JNK inhibition (c).
Confluent HUVECs were pre-treated with PT (300 nM) for 30 min and activated with TNF (10 ng/mL) for
durations of 2, 6 or 16 h (a) or 0.5, 2 and 6 h (b) or pre-treated with JNKINS8 (5 uM) for 30 min, treated with
PT (300 nM) for further 30 min and activated with TNF (10 ng/mL) for 6 h (c). Western blot results were
normalized on the respective histone 3 (H3) levels and qRT-PCR results were normalized on the respective
GAPDH mRNA levels. (n=3)

Stimulation with TNF slightly increased the nuclear Brd4 protein levels after 2 h of stimulation, which
decreased over the stimulation time to approx. 50 % of the control cells after 16 h of stimulation (Fig.
64a). Treatment with PT increased the apparent reduction of the Brd4 protein levels compared to the
respective TNF controls, while not negatively affecting the Brd4 mRNA levels (Fig. 64b). Inhibition of
JNK activity by JNKIN8 markedly reversed the reduction of the Brd4 protein levels after 6 h of TNF

stimulation (Fig. 64c). This effect was also present in the PT-treated cells, albeit to a much lesser extent.
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3.9.5 Influence of Brd4 knock-down on the cell surface levels of ICAM-1 and VCAM-1

PT induced an increased enrichment of Brd4 at the icam-1 and vcam-1 genes after short treatment, but
decreased the enrichment after extended treatment times. While the Brd4 levels for icam-1 were only
slightly negatively influenced, Brd4 levels at the vcam-1 gene were markedly decreased. Based on this
differential enrichment at both genes, the effects of Brd4 knock-down on the cell surface levels of

ICAM-1 and VCAM-1 were tested by flow cytometry (Fig. 65).
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Figure 65. Knock-down of Brd4 leads to increased ICAM-1 cell surface levels, but reduced VCAM-1 levels.
Western blot analysis of the total Brd4 protein levels (left) or flow-cytometric analysis of the ICAM-1 and
VCAM-1 cell surface levels (middle and right) after Brd4 knock-down. Sub-confluent HUVECs were
transfected with 100 nM of Brd4 siRNA or non-targeting siRNA and incubated for 48 h, pre-treated with PT
(300 nM) for 30 min and activates with TNF (10 ng/mL) for 24 h and were used for flow-cytometry or western
blot analysis. Western blot results were normalized on the respective B-actin levels (left). (n=3) Data are

expressed as mean + SEM. #p < 0.05 versus control. The bar with asterisk represents statistical significance
over the corresponding data groups with p < 0.05.

Transfection of HUVECs with Brd4 siRNA (Brd4si) and incubation for 48 h reduced the Brd4 protein
levels by approx. 50 % compared to the control cells transfected with non-targeting siRNA (Fig. 65,
left). Knock-down of Brd4 significantly increased the TNF-induced cell surface levels of ICAM-1 by
approx. 66 % (Fig. 65, mid), but reduced the VCAM-1 cell surface levels after 24 h of TNF stimulation
by approx. 80 % (Fig. 65, right). Interestingly, addition of PT increased the ICAM-1 levels in the Brd4
knock-down cells further, but had no effect of the already significantly reduced VCAM-1 cell surface

levels.
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3.9.6 Influence of PT on repressional chromatin marks in the icam-1 and vcam-1 gene

PT deregulated Brd4 in both CAM genes. However, the knock-down of Brd4 revealed a different
functionality of Brd4 at the genes of ICAM-1 and VCAM-1. To test how PT influences the overall
transcriptional activity of the genes of ICAM-1 and VCAM-1, the icam-1 and vcam-1 genes were tested

towards the presence of the repressional histone 3 lysine 9 tri-methylation marks (H3K9me3) after

extended treatment with PT (Fig. 66).
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Figure 66. Pretubulysin increases H3K9me3 enrichment in the gene body of icam- 1 and vcam-1 after extended
treatment times. Enrichment of H3K9me3 in the gene body of icam-1 (left) and veam-1 (right) as shown by
ChIP. Confluent HUVECs were pre-treated with PT (300 nM) and activated with TNF (10 ng/mL) for 16 h.
ChIP was performed with an H3K9me3 antibody and the respective IgG mock antibody. Results were derived
based on 2 % of input DNA. (n=3) Data are expressed as mean + SEM. *p < 0.05 versus TNF control.

Compared to the control cells, TNF induction for 16 h decreased the levels of H3K9me3 in the icam-1
gene to an approx. 50 % and in the veam-1 gene to approx. 40 % (Fig. 66). Surprisingly, treatment with
PT increased the enrichment of H3K9me3 in both CAM genes to a similar extend. The H3K9me3 marks

were increased by PT treatment to approx. 140 % for icam-1 and 125 % for vcam-1.



4. Discussion
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4.1 The destabilizing MTA PT reduces inflammation-associated processes in vascular endothelial

cells

This project aimed at elucidating the anti-inflammatory potential of the destabilizing MTA PT and of
MTAs already in clinical use with regard to the leukocyte adhesion cascade. By testing the anti-
inflammatory effects of PT in a murine imiquimod-induced psoriasiform dermatitis (IMQPD) model,
we clearly showed that PT reduces the cardinal signs of inflammation (redness, stiffness) in vivo. Testing
of the effects of PT on the TNF-induced leukocyte adhesion in the murine cremaster muscle by intravital
microscopy and in the in vitro setting under flow condition demonstrated that treatment with PT
significantly reduces the adhesion of leukocytes to the vascular endothelial cells. The decreased firm
adhesion of leukocytes is thereby based on the PT-induced and JNK activity-dependent inhibition of the
synthesis of the CAMs ICAM-1 and VCAM-1, which is especially in case of VCAM-1, is connected to
the deregulation of the recruitment of Brd4. The other destabilizing MTAs VIN and COL also inhibited
the synthesis of ICAM-1 and VCAM-1. This is also represented by the fact that especially the
depolymerizing MTAs reduced the promoter activity of AP-1 and NF«B to a different extent. Studies
performed by Wang et al. (2018) [378] have already shown that treatment with the Brd-inhibitor JQ1
leads to a reduction of the generall promoter activity of NFkB. The observed differences in inhibition
of the promoter activity of NFxB and AP-1 by the MTAs can be explained by the different potentials to
depolymerize the microtubule skeleton. Over the course of this study, Filip¢ik et al. (2020) [379] have
shown that the JNK upstream kinase MAPK kinase kinase 1 (MAP3K1, MEKKI1) contains a cryptic
tubulin-binding domain that binds to free tubulin and leads to kinase activation. Hence the strong
increase in JNK activity upon treatment with depolymerizing MTAs and the resulting inhibition of the
CAM synthesis are directly linked to the depolymerization of the microtubule cytoskeleton.
Interestingly, testing the effects of the MTAs on the activity of JNK following 2 h of treatment revealed
that especially PT and VIN induce a significant induction of JNK activity compared to the TNF-treated
cells, while COL (and PAC) showed little effect on the phosphorylation of JNK. In addition, the effect
of COL on the NFxB and AP-1 promoter activity after 6 h were slightly less pronounced compared to
PT and VIN. This might be explained by a higher affinity of PT and VIN to depolymerize the
microtubule skeleton. However, since COL also led to a reduction of the promoter affinity after 6 h of
treatment, it is likely that the kinetics underlying the PT- and VIN-induced microtubule polymerization
are faster compared to those for COL. This is also underlined by the fact that extended pre-treatment

with any of the depolymerizing MTAs for 24 h induced the activity of JNK to a similar extent.
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4.1.1 The microtubule-stabilizer PAC bears no anti-inflammatory potential

Interestingly, the microtubule stabilizer PAC also reduced the promoter activity of NFkB and AP-1,
albeit to a lesser extent than the depolymerizing agents. This might be explained by the fact that PAC
also led to an over-induction of JNK activity after extended treatment, which might also deregulate
Brd4. It is known that many phosphatases, i.e. phosphatase 20, associate with the microtubule
cytoskeleton [380]. The increased stabilization of the microtubule skeleton by PAC might thereby
reduce the overall activity of phosphatases that counteract the phosphorylation and hence activation of
kinase targets. Hence, even though PAC might slightly deregulate Brd4, which leads to a decreased
promoter activity, the overall outcome of the treatment with this stabilizing MTA concerning the
leukocyte adhesion cascade is pro-inflammatory. This is also represented by the fact that PAC increased
the cell surface levels of ICAM-1 and VCAM-1. In fact, several studies show a pro-inflammatory
function of PAC. Son et al (2019) [381] could show that treatment of bone marrow-derived
macrophages with PAC induces TLR4-based activation of JNK and deactivation of IkB proteins, as well
as increasing pro-inflammatory cytokine mRNA levels. In addition, they could show that PAC induced
priming of the NLRP3 inflammasome, thereby facilitating the inflammatory response. Zhang et al.
(2023) [382] examined the effects of PAC treatment in HUVECs and found that PAC increased the
expression of pro-inflammatory factors, like TNF, IL-2 and IL-6, as well as the monocyte
chemoattractant protein-1 (MCP-1) and CD137, which has been shown to induce CAMs in ECs [383,
384]. Additionally, they could show that treatment of mice with PAC significantly increased the
expression of the CAMs E-selectin and VCAM-1 in mouse aortic ECs in vivo [382].

4.2 The effects of PT on the MAPKSs p38 and ERK

While PT induced striking effects on the activity of JNK, the activities of p38 and ERK were only
slightly influenced. The effects on JNK are directly connected to the depolymerization of the
microtubule skeleton via induction of MAP3K 1. Like JNK, the p38 kinase is also known to be activated
by conditions that exert cellular stress [385-387]. Hence, the increased cytoplasmic activity and
translocation of p38 into the nucleus of HUVECs after treatment with PT might correlate to the cell
stress induced by microtubule depolymerization. In general, MAPKs are known to associate to the
microtubules via JNK-interacting protein (JIPs) [388—391]. Direct binding or indirect binding of
MAPKSs via MAPK associated proteins to JIPs is thought to enable spatial localization of MAPKs for
interaction with higher tier MAPKSs or proteins of the dual-specificity phosphatase family (DUSPs) that
deactivate the MAPKs [392-396]. The depolymerization of the microtubule cytoskeleton by MTAs
might influence the activation of the p38 MAPK by impairing the spatial localization of the activating
or deactivating MAPK signaling components. Treatment with PT induced the activity of p38 in the
cytoplasm of the cells and while it increased the total protein levels of p38 in the nucleus of HUVECs,

the activity of this nuclear p38 fraction was decreased compared to the TNF-stimulated control cells.
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mRNA decay takes place in the cytoplasm of cells and is dependent on interaction of RBPs with AU-
rich regions in the 3’ non-translated regions of the mRNAs [397, 398]. The p38 kinase is known to be
involved in activating proteins that stabilize or destabilize the mRNA via activation of nuclear
MAPKAP?2 [399, 400]. Upon activation by p38, the nuclear MAPKAP?2 translocates to the cytoplasm
of cells, were it regulates the activity of stabilizing or destabilizing RBPs. Hence, the decreased nuclear
activity of p38 upon treatment with PT might also decrease the activation and nuclear export of
MAPKAP?2 and hence, omit the activation of the cytoplasmic RBPs. This could explain the increased
half-life of the VCAM-1 mRNA after treatment with the depolymerizing MTAs.

Interestingly, PT reduced the total protein content of the MAPK ERK in the cytoplasm and the nucleus
of HUVECs. This is of particular interest, because Lu et al. (2002) [401] have shown that the ERK
kinase is regulated by ubiquitination through MAP3K1, which, next to its tubulin-binding domain, also
contains a RING-domain with ubiquitin ligase activity. The increased MAP3K1 activity might thereby
also deregulate ERK by inducing its degradation.

4.3 Depolymerizing MTAs induce pro-inflammatory NFkB and AP-1 signaling but disconnect

promoter activity from constructive elongation

Based on the observed effects of PT on the pro-inflammatory NFkB and AP-1 signaling cascades it is
evident that PT induces pro-inflammatory signaling. PT induced the activity of IKK and strongly
induced the activity of JNK. Earlier studies have already demonstrated the pro-inflammatory behavior
of the clinically used MTA COL via induction of the promoter activity of NFkB in the absence of pro-
inflammatory stimuli [402]. Analyzing the effects of PT on the promoter enrichment of NFxB clearly
showed an increased enrichment of this transcription factor after short treatment times and a general
induction of AP-1-cJun as seen by ChIP and western blot analysis. The over-induction of JNK and the
slightly increased nuclear GSK3f protein levels appeared to also increase the inhibitory phosphorylation
in the phosphodegron motif of cJun. However, based on the intensity of the shifted cJun-phospho-S243
fractions compared to the total cJun fraction and the increased cJun enrichment in the CAM promoters,
it is likely that the increased auto-induction of the cjun gene by cJun outweighs the inhibitory cJun
phosphorylation by JNK or GSK3f. In case of NF«B, extended treatment led to a decrease in p65
enrichment in the promoter of vcam-1 at a treatment time when the total p65 protein content was reduced
by PT, while p65 enrichment in the icam-1 promoter was not reduced below the levels of the TNF
control. This might be explained by the reduced p65 protein levels and potential different affinities of
NF«B to the NFkB-binding motifs in the CAM promoters. The NFkB-p50 protein levels were reduced
already 6 h after treatment with PT. This fact also suggests a deregulation of the relative p65:p50 levels
over time, which might further decrease the activity of NFxB at the promoters of target genes, because
the p65:p50 NFkB heterodimer is known to have the highest DNA-binding affinity of the potential

NF«B constituents [85]. The additional increase of IkBa protein levels after 10 h and 12 h of treatment
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might also decrease the NF«kB activity at these times and might be partially responsible for the decreased
nuclear p65 levels at later treatment times. However, studies concerning the effects of the Brd-inhibitor
JQ1 have shown that treatment with this inhibitor induces the ubiquitination and degradation of NF«B,
suggesting a protective function of Brd4 on the activity of NF«kB at target genes [403]. Thus, it might
be possible that the INK-induced eviction of Brd4 from the target genes also induces the degradation of
NF«B, resulting in overall decreased p65 promoter activity. Based on the increased enrichment of NFxB
after short treatment times and the general induction of AP-1-cJun, it is clear that PT rather induces pro-
inflammatory signaling. However, these increased pro-inflammatory signaling events do not lead to
increased expression of target genes, as seen by the reduced recruitment of Pol II at the same treatments
times when the NFxB and AP-1 enrichment at the CAM promoters was significantly enriched.
Comparison of the Pol II enrichment at the CAM promoters and the stalling regions suggests that exit
of the Pol II from the promoter to the stalling site is not influenced by PT. However, the close proximity
of both sites makes it difficult to distinguish the Pol II enrichment via ChIP. Nevertheless, especially
with view on the deregulation of Brd4 after extended treatment with PT, it is clear that treatment with

PT prevents the entry of the Pol II into constructive elongation.

4.4 PT induces different mechanisms of action based on the treatment time

PT significantly induced the enrichment of Brd4 at the genes of ICAM-1 and VCAM-1 following 2 h
of treatment, which decreased over the treatment time and especially led to reduced Brd4 enrichment in
the vcam-1 gene. The initial increase in Brd4 at the CAM genes appeared to approximately follow the
enrichment of NFkB-p65, which is in accordance with the fact that Brd4 binds directly to acetylated p65
(K310ac) [114]. However, following 6 h of treatment, the loss of Brd4 becomes more pronounced than
the loss of p65 at the CAM genes, marking the beginning of the JNK-induced deregulation of Brd4 and
the likely loss of pTEFD recruitment and activation by Brd4. Nishiyama et al. (2006) [404] have shown
that Brd4 dissociates from chromosomes following treatment of cells with the microtubule-destabilizer
nocodazole. In addition, they show that this mechanism is dependent on the activity of the INK pathway
and residues in the carboxy-terminal domain of Brd4. Based on this, we assume that the initial increase
in Brd4 binding simply follows the enrichment of NFxB at the CAM genes. However, Song et al. (2020)
[405] have shown that inhibition of the activity of JNK prior to 2 h of UV light exposure reduces the
UV light damage-induced interaction of Brd4 with pTEFb. This indicates a positive regulation of the
Brd4:pTEFb interaction due to the activity of JNK. Based on this, it might be possible that the activation
of JNK initially stimulates the binding of Brd4 to acetylated p65 and association of Brd4 with pTEFb,
but leads to reduced Brd4 binding over time. This behavior would fit well to the initial increase in
expression for some target genes after treatment with PT, like the fast-response genes cjun and cfos and
might reflect the functionality of Brd4 at different target genes. The fact that the initial increase in cFos

mRNA was sensitive to JNK activity underlines this potential functionality. However, due to the fact
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that both genes are sensitive to AP-1 induction, and in light of the strong activation of JNK by PT
treatment, distinguishing both functionalities is difficult. With view on the CAMs, testing of the mRNA
levels after different pre-treatment times revealed that PT inhibits the synthesis of CAM mRNAs after
short pre-treatment times, induces the mRNA levels after mean pre-treatment times and (again)
significantly reduces the mRNA levels after extended treatment periods. Comparison with the Brd4 and
Pol II enrichment after 6 h of treatment, when the enrichment is largely not influenced by PT, and the
general increased NFkB and AP-1 enrichment after short treatment, suggests that constructive
transcription is not inhibited at these times. This is also demonstrated by the increased induction of the
CAM mRNA after mean pre-treatment times with PT. However, under constant TNF stimulation,
mRNA levels were also decreased at mean pre-treatment times, which suggests an involvement of
additional mechanisms. Testing the effects of JNK inhibition upon extended treatment with PT clearly
showed that JNK negatively regulates the DNA enrichment of Brd4 over time and increases the levels
of the repressive H3K9me3 histone markers in the icam-1 and vcam-1 genes, inhibiting the expression
of both genes. The increase in the repressive histone marks is likely based on the fact that Brd4 can no
longer exert its function in recruiting and activating pTEFb and enable the release of the stalled Pol II
as well as the initiation of the productive transcript elogantion (Fig. 67). Jackman et al. [344] argued
that COL must enact its effects on the NFxB signaling cascade by disrupting the TNFR1 interaction
with the intracellular NFkB signaling components due to microtubule depolymerization. However in
this study, following 0.5 h or 2 h of treatment with PT, the nuclear NFxB-p65 protein levels were not
negatively influenced and the NFkB-p65 levels in the CAM gene promoters were significantly increased

and did not decrease below the levels of the TNF control after 6 h of treatment. Even following 16 h of
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Figure 67. Mechanism for the effect of extended treatment with PT. Under normal conditions (left), TNF
stimulation induces a correct functionality of Brd4, which binds to either NFxB and/or associates with the
stalled Pol II in order to enable phosphorylation of NELF and DSIF, thus inducing constructive elongation.
The strong activation of INK after depolymerization of the microtubules due to PT (right) negatively regulates
the association of Brd4 with acetylated NFkB or the stalling region. This prevents recruitment and activation
of CDK9 and, hence, the exit of the stalled polymerase and also prevents the formation of an active chromatin
environment for constructive transcription.

treatment with PT, the nuclear NFkB levels were only slightly reduced and the p65 levels at the

promoters of icam-1 and e-sele were not influenced. In addition, the PT-induced effects after extended
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treatment are clearly reversible by JNK inhibition. Due to that, it is to argue that the increased JNK
activity and the correlated eviction of Brd4 or related factors from the promoters/genes are the primary
effects of the MDA-induced inhibition of NFkB-dependent pro-inflammatory target gene expression.
While the inhibition of the CAM synthesis after extended treatment with PT is clearly the result of the
elevated JNK activity, as seen by the sensitivity of the CAM mRNA levels to JNK inhibition, the mRNA
levels could not be recovered upon inhibition of JNK and short treatment with PT. Due to that it is
evident that the inhibition of the CAM synthesis after short treatment is based on a different mechanism.
Under baseline conditions, the majority of the nuclear pTEFDb is sequestered by association with
HEXIM1 and a 7SK small nuclear RNA, thereby keeping it in an inactive state [192]. Upon the induction
of cell stress, like present after depolymerization of the microtubule cytoskeleton, phosphatases enter
the nucleus of cells, where they dephosphorylate CDK9 in the pTEFb:HEXIM1:7SK complex leading
to the dissociation of the complex and the release of the sequestered pTEFb [406, 407]. However,
Ouchida et al. (2003) [408] have shown that HEXIMI1 itself can repress the transcriptional activity of
NF«B by binding to the promoter bound NF«B, thereby inhibiting the association with transcriptional
coactivators like p300. Thus, it might be possible that the initial and JNK-independent decrease in icam-
1 and vcam-1 expression is due to a cell stress-induced repressional activity of the released HEXIM-1
(Fig. 68). Further studies are needed to clarify if HEXIM1 plays a role in the mechanism of repression
of the CAMs after short treatment with depolymerizing MTAs.
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Figure 68. Potential mechanism for the effect of short time treatment with PT. Cell stress induced by
microtubule depolymerization leads to the activation of phosphatases. Several phosphatases have been shown
to dephosphorylate CDK9 in the pTEFb:HEXIM1:7SK RNA complex under conditions of cellular stress.
Dephosphorylation of CDK9 induces the dissociation of the inhibitory complex and releases inactive CDK9
and HEXIM1, which might bind to NFkB and prevents association with transcriptional co-activators like p300,
thus preventing proper formation of the PIC. PT treatment leads to activation of JNK, which might initially
induce the interaction of Brd4 with CDK9 and enrichment at the stalling region. However, due to the improper
formation of the PIC, transcription is reduced.
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4.5 The effects of PT on the recruitment and activity of the Pol II at target genes

Treatment with PT interestingly led to a time-dependent and differential recruitment of Pol II to the
promoters/genes of the CAMs. While the TNF-induced recruitment of Pol II was moderately reduced
after short-treatment, it increased again after mean treatment times and approached the level of the TNF
control. Extended treatment led to a significant reduction of Pol II at the CAM promoters and genes.
This behavior might resemble the dual mechanism of PT after short and extended treatment. In case the
effects observed after short treatment are induced by transcriptional repression of NFkB due to
HEXIMI, it s likely that HEXIM 1 reduces the transcriptional activity of NFkB by inhibiting association
with transcriptional co-activators and hence impairs the formation of the PIC. This is also implied by
the fact that the promoter exit of the Pol II appeared to not be inhibited by PT, since the enrichment of
the Pol II at the promoters and the respective stalling sites was not differentially influenced. However,
like already stated, the close proximity of both sites together with the given length of the chromatin
fragments of up to 600 bp length makes analysis of stalling difficult. In addition, stalled polymerase has
also been shown to back-track to the promoter region [409, 410]. The fact that the Pol II enrichment was
only marginally influenced after mean treatment times with PT might correlate with the time-dependent
loss of the activity of HEXIM1, which could increase the Pol II recruitment after these treatment times.
After extended treatment, comparison of the Brd4 enrichment with the Pol II enrichment and the
presence of the repressive H3K9me3 histone marks clearly shows that the loss of Brd4 omits the
formation of an transcriptionally active histone environment, at least in case of the vcam-1 gene. The
fact that Brd4 recruits pTEFb and that pTEFbD is responsible for the release of the stalled Pol II by
phosphorylation of Pol II, NELF and DSIF makes it possible that stalling occurs. Proteomics approaches
have also indicated a differential phosphorylation behavior concerning NELF subunits following
treatment with nocodazole [411], but the physiological implications remains largely unclear. Studies
concerning the stalling behavior of Pol Il have shown that increased stalling reduces the recruitment of
Pol II to the promoters of target genes and is also correlated with proteasome-based degradation of the
stalled Pol II via ubiquitination of the Pol II Rbp1 subunit, which constitutes the catalytic center of Pol
II [412—-416]. Studies in yeast have correlated the E3 ubiquitin-ligase activity of elongin with poly-
ubiquitination of the stalled Pol II [417]. In this study, knock-out of elongin inhibited the UV-light
induced poly-ubiquitination and degradation of the Rbpl subunit of Pol II. Based on this, it is also
possible that PT increases stalling over time (represented by the again increased enrichment after 6 h of
PT treatment) but leads to ubiquitination and degradation of the stalled Pol II, which is represented by
the strongly decreased enrichment after extended treatment. Additional studies are needed to clarify if
MTA treatment induces increased stalling of the Pol II or if different factors are involved in the time-

dependent and differential recruitment of the Pol II.
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4.6 Brd4 has a different functionality at the genes of ICAM-1 and VCAM-1

Analysis of the dependency of the association of Brd4 with the CAM genes on JNK activity clearly
showed that Brd4 is negatively regulated by JNK. The increased JNK activity after PT treatment also
induced the degradation of Brd4, which could be recovered by JNK inhibition. However, analysis of the
time-dependent enrichment of Brd4 showed a much stronger decrease in case of vcam-1 after extended
PT treatment. In addition, the knock-down of Brd4 evoked increased ICAM-1 cell surface levels, but
led to the expected reduction of the VCAM-1 levels in HUVECs. This clearly shows that Brd4 has a
different functionality at both CAM genes. Earlier studies by Song et al. (2020) [405] have already
demonstrated that Brd4 can either have an inductive or repressive function depending on the target gene.
However, in this study, Song ef al. have shown that for Brd4-repressed genes, knock-down of Brd4 still
leads to a reduced recruitment of pTEFb to target genes, but does not influence the transcriptional
activity of Pol II. This suggests the involvement of additional factors that confer transcriptional
activation in Brd4-repressed genes. However, since the PT-induced inhibition of both CAMs after
extended treatment with PT is sensitive to the activity of JNK, it is clear that these potential additional
factors also react to increased JNK activity. This is also evident by the fact that for both genes, icam-1
and vcam-1, extended PT treatment led to increased levels of the repressive H3K9me3 marks.
Comparison of mRNA levels of the genes of cJun, cFos, IRF-1 and IxBa after different pre-stimulation
times also demonstrated that different genes react differentially to PT treatment. While the fast-response
genes cjun and cfos were highly induced after short treatment, the irf~/ and ixba genes were affected
similar to the CAM genes, which in turn led to reduced nuclear levels of IRF-1 after short treatment, but

likely also increased levels of [kBa after longer treatment times.
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4.7 The effects of the PT-induced JNK activity on the functionality of Brd4

PT initially increased the association of Brd4 with target genes after short treatment with PT and led to
a time dependent decrease in the association of Brd4 with the target genes. In addition, PT also slightly
increased the degradation of Brd4, which could be reversed by JNK inhibition. By employing deletion
studies, Nishiyama et al. (2006) [404] could show that the release of Brd4 from chromosomes after
microtubule depolymerization is based on modification of residues in the C-terminal domain of Brd4,
because mutants with deleted C-terminal domain were insensitive to microtubule depolymerization. The
C-terminal domain of Brd4 is also implied in interaction with pTEFb and the RNA polymerase II [407,
418, 419]. Several studies, including this one, show that the initial INK activation (by UV-light, Song
et al. (2020) [405] or microtubule depolymerization, this study) likely induces the association of Brd4
with target genes. After extended treatment, the increased JNK activity appears to switch to a negative
regulation of Brd4 and target gene association. This behavior is very similar to the mechanism
underlying cJun activity, which is initially induced by JNK, but deactivated upon extended JNK activity,
which also induces the degradation of cJun. The MAPKs, including JNK are proline-directed kinases,
which target Ser/Thr residues that are followed by a proline [420]. JNK thereby binds the so called D-
motif in its targets, i.e. in cJun, by binding this motif via its docking groove. The D-motifs are short and
linear peptide sequences that are approx. 9 to 18 amino acids long and usually located on the N-terminus
of the proteins [421]. However, the Brd4 sequence does not contain a motif similar to the D-motif of
cJun. In addition, no direct interaction between JNK and Brd4 could be shown to this day. A general
motif search concerning potential phosphorylation sites in the Brd4 sequence primarily results in
potential phosphorylation sites for the casein kinase II and the protein kinase C, none of which are
implied for being targeted by JNK. However, JNK has been shown to phosphorylate and activate the E3
ubiquitin ligase Itch, which is also implied in cJun turnover [422-425]. Itch has been shown to bind to
proline-rich regions in target proteins that contain either of the proline-rich PPXY or PPLP consensus
sequences in proteins via its WW (TrpTrp) domain and induce their ubiquitination and hence
degradation [426—431]. In fact, Brd4 contains a proline-rich region in its C-terminal domain, which also
harbors a PPLP motif (Fig. 69). The presence of the PPLP motif in the proline-rich region implies that
Brd4 could be a target of the E3 ubiquitin ligase Itch. Hence, it is possible that the extended JNK activity
upon PT treatment induces the activity of this ubiquitin ligase, which in turn ubiquitinates Brd4 to target
it for proteasomal degradation. This explanation fits well to the fact that treatment with PT led to

decreased protein levels of Brd4, which could be reversed by inhibition of JINK.
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MSAE SGPGTRLRNLPVMGDGL ETSQMSTTQAQAQPQPANAAS TNPPPPETSHNPNKPKRQTNQLOYL LRVVLKTLW
KHQF AWPFQQPVDAVK LNLPDYYK L TKTPMDMGT IKKRL ENNYYWNAQEC TQDF N TMFTNCY TYNKPGDDIVLMA
EALEKLFLQK INELPTEETEIMIVQAKGRGRGRK E TG TAKPGVS TVPNTTQASTPPQTQTPQPNPPPVOATPHPF
PAVTPDLIVQTPVMTVVPPQPLOTPPPVPPOPQPPPAPAPQPVOSHPPI IAATPQPVKTKKGVKRKADT TTPTTI
DPIHEPPSLPPEPK TTKLGQRRESSRPVKPPKKDVPDSQOHPAPEKSSKVSEQLK CCSGILKEMFAKKHAAYAKP
FYKPVDVEALGLHDYCDIIKHPMDMS TIKSKLEAREYRDAQE FGADVRLMFSNCYKYNPPDHEVVAMARK LODVF
EMRFAKMPDEPEEPVVAVS SPAVPPPTKVVAPPSSSDSSSDSSSDSDSS TDDSE EERAQRLAELQEQLKAVHEQL
AALSQPQONKPKKK EKDKK EKKKEKHKRK EEVEENKK SKAKEPPPKK TKKNNSSNSNVSKKEPAPMKSKPPPTYE
SEEEDKCKPMSYEEKRQLSLDINK LPGEKLGRWHIIQSREPSLKNSNPDEIEIDFETLKPSTLRELERYVTSCL
RKKRKPQAEKVDVIAGSSKMKGFSSSESESSSESSSSDSEDS ETEMAPK SKKKGHPGREQKKHHHHHHQOMQOAP
APVPQQPPPPPQQPPPPPPPQQQQQPPPPPPPPSMPQOAAPAMKS SPPPF IATQVPVLEPQLPGSVFDPIGHFTQ b 1in o ik
PILHLPQPELPPHLPQPPEHSTPPHLNQHAVVSPPALHNALPQQPSRPSNRAAAL PPKPARPPAVSPALTQTPLL
PQPPMAQPPQVLLEDEEPPAPPLTSMQMQLYLQQLQKVQPPTPLLPSVKVQSQPPPPLPPPPHPSVQROLQQQPP  region with
PPPPPQPQPPPQUQHQPPPRPVHLQPMQFS THIQQPPPPQGQQPPHPPPGOQPPPPQPAKPQQVIQHHHSPRHHK ) i o i
SDPYSTGHLREAPSPLMIHSPQMSQFQSLTHQSPPOONVOPKKQELRAASVVOPQPLVVVKEEK THSPTIRSEPF

SPSLRPEPPKHPES IKAPVHL PQRPEMKPVDVGRPVIRPP EQNAPPPGAPDK DKQKQEPKTPVAPKKDLK TKNMG

SWAS LVQKHPTTPSSTAKSSSDSF EQFRRAAREK EEREKALKAQAEHAEK EK ERL ROERMRSREDEDAL EQARRA

HEEARRRQEQQQOQRQEQDQQQOQOAAAVAAAAT PQAQSSQPQSMLDQOR ELARK REQERRRREAMAAT IDMNFQ
SDLLSIFEENLF

Figure 69. Brd4 contains a proline-rich region and a PPLP motif. The amino acid sequence of human Brd4
(060885, BRD4 HUMAN) obtained from UniProt. The positions of the bromodomains (BD1 and BD2) in the
N-terminal region of Brd4 (based on the Pfam search for known protein domains) and the proline-rich region
in the C-terminus of the protein with the PPLP motif implied in binding of the E3 ubiquitin ligase Itch.

4.8 PT has differing effects concerning the CAM inhibition

Treatment with PT led to a clear reduction of the expression of the genes of E-selectin, ICAM-1 and
VCAM-1. Based on the deregulation of Brd4 by the elevated JNK activity and the likely differing
functionality of Brd4 at the CAM genes, it is difficult to analyze the influence of the differential
transcription factor activity in regards to the actions of Brd4 and the resulting CAM expression.
However, the fact that the PT-induced effects on the mRNA levels of the CAMs ICAM-1 and E-selectin
could be reversed by inhibition of JNK to the levels of the INKINS8-treated TNF controls, indicates that
for these genes the JNK activity-induced eviction of Brd4 is likely the main reason for the PT-induced
inhibition of ICAM-1 and E-selectin. In case of VCAM-1, the respective mRNA levels could only
partially be reversed, indicating the influence of additional factors that contribute to the decreased
VCAM-1 expression. Neish ef al. (1995) [170] have demonstrated that IRF-1 has a crucial function in
the expression of VCAM-1, with VCAM-1 reporter constructs being highly sensitive to the presence of
IRF-1. In addition, IRF-1 has also been shown to directly interact with NFxB, which is also a prerequisite
to enable full VCAM-1 expression [170, 432, 433]. Application of PT for durations that exceed the
treatment times tested in this project will likely influence the expression of numerous transcription
factors that are sensitive to the activity of NFkB and Brd4. However, in the scope of the treatment times
tested in this project, treatment with PT induced a strong decrease in the TNF-induced IRF-1 mRNA
and protein levels. It is likely that the decreased IRF-1 protein levels are partially responsible for the

strong decrease in VCAM-1 expression due to PT.
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4.9 The feasibility of the usage of PT in the treatment of inflammatory diseases

Based on their effects on the microtubule cytoskeleton, MTAs are largely known for their usage as
chemotherapeutics. Application of MTAs in inflammatory diseases has been largely limited to COL.
COL has been shown to be effective in the treatment of acute gout and acute calcium pyrophosphate
crystal arthritis [434, 435], familial Mediterranean fever by inhibiting the inflammasome and reducing
the frequency of fever attacks and the risk of amyloid renal failure [436—438] and Behget’s disease by
significantly reducing the formation of different forms of aphthae or arthritis [353, 439, 440]. Additional
studies have shown the effectiveness of COL in chronic cutaneous vasculitis, as well as initial and
recurrent pericarditis [356, 441-446]. Newer clinical studies have also proven the effects of COL in
treatment of stable coronary diseases by reducing cardiac arrest, acute coronary symptoms and
myocardial infarction [447-449]. Just recently, COL has been shown to reduce the formation of plaques
during atherosclerosis, which is connected to reduced leukocyte migration in cells of the aortic
endothelium [330]. Testing of the concentration of COL in the plasma and in leukocytes have shown
that colchicine is enriched in leukocytes [342]. It is likely, that the enrichment of COL in leukocytes
significantly increases the effectiveness of COL on the migration and hence, infiltration of leukocyte
during chronic inflammatory diseases. For PT, it is not known if leukocyte enrichment occurs. Based on
this, it is not clear if PT has the same effects on the chemotactic migration of leukocytes over time.
However, the comparison of the induction of JNK after short treatment with PT and COL showed that
PT induces the activity of JNK much faster. This suggests the possibility that PT might be applicable at
lower concentrations compared to COL while retaining the same efficacy, which might in turn reduce
the adverse effects that are known to occur after treatment with MTAs. If PT does not lead to systemic
inhibition of leukocyte migration, it might be applicable in a more targeted way to exclusively inhibit
leukocyte adhesion during the leukocyte adhesion cascade, while not generally reducing the systemic
activity of all leukocytes. However, more research into the effects of PT on systemic pro-inflammatory
events is necessary to analyze how PT influences the immune system in a global manner and especially,
how effective PT is in reducing systemic inflammation at concentration that are tolerable for in vivo

application.
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5. Conclusion and outlook

In conclusion, this study demonstrates that PT and other destabilizing MTAs clearly have an anti-
inflammatory potential concerning the vascular endothelium by inhibiting the synthesis of the crucial
pro-inflammatory adhesion cascade components ICAM-1 and VCAM-1. This, in turn, leads to reduced
leukocyte adhesion to the endothelium. In addition, this study showed that the inhibition of CAM
synthesis is the direct consequence of the microtubule depolymerization and the resulting activation of
JNK and that this negatively regulates the association of Brd4 with target genes. Especially for the Brd4-
induced vcam-1 gene, the eviction of Brd4 leads to transcriptional repression. However, the JNK-
dependent inhibition of the Brd4-repressed icam-1 gene suggests the involvement of additional factors
that confer transcriptional activation. Future studies should clarify the identity and role of these factors
and how these factors react to the MTA-induced JNK activity, leading to inhibition of Brd4-repressed
genes like icam-1. Several studies, including this one, show a dependency of the functionality of Brd4
on JNK activity. However, the molecular interactions leading to this dependency are unknown. Future
studies should clarify if there is a direct interaction between JNK and Brd4, if this dependency is
conveyed via additional factors downstream of JNK activity or if Brd4 is a target of the E3 ubiquitin
ligase Itch and also, if this might have implications for the functionality of Brd4. In general, the time-
dependent deregulation of the activity of Brd4 upon PT treatment suggests an influence on
transcriptional events on a genome-wide scale. Future studies should analyze how depolymerizing
MTAs influence the transcriptome of cells over time and in dependency of Brd4. Analysis of the mRNA
transcriptome and comparison with Brd4 ChIP-coupled DNA-sequencing might reveal how MTAs
influence the expression of Brd4-induced and -repressed target genes. In addition, further studies should
tackle the pharmacokinetic properties of PT and other MTAs in comparison to COL, which is known to
be enriched in leukocytes but appears to have a lower efficacy concerning the activation of JNK over

time.
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Chronic inflammatory diseases and the resulting morbidities belong to the leading causes of early death
in humans. One of the main factors leading to the deterioration of health in patients with chronic
inflammatory diseases is the pathological infiltration of leukocytes in healthy tissues, which leads to
tissue damage and the propagation of sickness. The vascular endothelium, which lines the inside of the
blood vessels, plays a crucial role in the inflammatory response, because it acts as an interface for
interaction with leukocyte in order to enable leukocyte extravasation from the blood stream into the
tissues. The adhesion of leukocytes to the cells of the endothelium during the leukocyte adhesion cascade
are thereby mainly enabled via the cytokine-induced pro-inflammatory NFxB and AP-1 signaling
cascades, which induce the upregulation of the main endothelial cell adhesion molecules ICAM-1,
VCAM-1 and E-selectin. One of the most important pro-inflammatory cytokines is TNF, which induces
the inflammatory state in cells by binding to the TNF receptor, leading to the activation of the before
mentioned intracellular NFkB and AP-1 signaling cascades. A class of agents that are known for their
anti-inflammatory properties and benefits in the treatment of chronic inflammatory diseases are the
microtubule-targeting agents, which have been shown to also influence the inflammatory state in cells
of the endothelium and the leukocyte adhesion cascade. Microtubule-targeting agents can be subdivided
into microtubule destabilizers, which induce depolymerization of the microtubule cytoskeleton, and
microtubule stabilizers, which impede the depolymerization of the microtubules. However, the
underlying biomolecular events and effects exerted by microtubule-targeting agents on the cells of the
vascular endothelium, and mechanisms how they affect the leukocyte adhesion cascade are largely

unknown.

This study aimed at elucidating the effects of the novel microtubule-destabilizing agent pretubulysin, a
precursor of the tubulysins inititally discovered in strains of the myxobacterium Angiococcus disciformis
and the already clinically established microtubule-destabilizing agents colchicine, vincristine as well as
the microtubule-stabilizer paclitaxel on the inflammatory processes that enable the leukocyte adhesion

in TNF-activated human umbilical vein endothelial cells.

The anti-inflammatory potential of pretubulysin was first tested in vivo in an imiquimod-induced
psoriasiform dermatitis mouse model. Compared to the control animals, treatment with pretubulysin
significantly reduced the thickness as well as redness of the psoriasiform dermatitis lesions on the
murine skin, showing that pretubulysin decreases the inflammatory state. To prove that this anti-
inflammatory function is related to a decreased interaction of leukocytes with the endothelium,
pretubulysin was tested in vivo by intravital microscopy of the TNF-activated mouse cremaster muscle.
Treatment with pretubulysin led to a significantly decreased adhesion of leukocytes to the murine
vascular endothelium, while slightly increasing the rolling flux of the leukocytes. In addition, treatment
with pretubulysin significantly reduced the transmigration of the leukocytes through the endothelial cell
layer and hence the leukocyte extravasation. The decreased leukocyte adhesion to endothelial cells due

to pretubulysin was also confirmed in the in vitro setting by testing the adhesion of monocytic THP-1
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cells under flow conditions. In this assay, treatment of TNF-activated human umbilical vein endothelial

cell monolayers with pretubulysin led to a significant reduction of the THP-1 cell adhesion.

By utilizing flow cytometry, it could be shown that treatment of human umbilical vein endothelial cells
with pretubulysin led to a concentration-dependent and significant inhibition of the TNF-induced cell
surface levels of the main cell adhesion molecules ICAM-1 and VCAM-1, while the E-selectin levels
remained largely unchanged. The effects of pretubulysin where comparable to those of the microtubule-
destabilizers vincristine and colchicine and could also be confirmed in cells of the human dermal
microvascular endothelial cell line 1. Treatment of human umbilical vein endothelial cells with the
microtubule-stabilizer paclitaxel did not negatively influence the cell surface levels of ICAM-1 and
VCAM-1. Instead, treatment with paclitaxel induced the cell surface levels to an even greater extent
than TNF at the same concentrations that led to the aforementioned inhibition. This shows that paclitaxel

has no anti-inflammatory potential in endothelial cells concerning the leukocyte adhesion cascade.

In addition, the influence of the microtubule-targeting agents on the total protein and mRNA levels of
the cell adhesion molecules I[CAM-1, VCAM-1 and E-selectin were tested by western blot and qRT-
PCR analysis in human umbilical vein endothelial cells. Pretubulysin, vincristine and colchicine
significantly reduced the total protein and mRNA levels of [ICAM-1 and led to an almost full inhibition
of the VCAM-1 total protein and mRNA levels. In contrast, treatment with paclitaxel had no discernible
influence on the ICAM-1 and VCAM-1 total protein levels and only slightly reduced the respective
mRNA levels. In case of E-selectin, all compounds reduced the total protein levels in an even manner,
but only the microtubule-destabilizers led to a clear reduction of the mRNA levels, while paclitaxel
again exhibited only a very slight reducing effect.

To exclude the possibility that any of these effects are based on cytotoxicity, the microtubule-targeting
agents were also tested in cytotoxicity assays in human umbilical vein endothelial cells. Neither of the
compounds had any significant negative effects on the metabolic activity, membrane integrity or cell
viability. In addition, testing of the influence of pretubulysin and the other microtubule-targeting agents
on the total de novo protein synthesis showed that the microtubule-destabilizers increased the total

protein synthesis, while paclitaxel had no effect.

Testing of the influence of pretubulysin on the total TNF-receptor 1 levels by western blot analysis
showed that the levels of this receptor remained stable after short and extended treatment periods with
pretubulysin. Subsequent western blot analysis of the activity and protein levels of the TNF-induced
NF«B-activating kinase IKK revealed that pretubulysin increases the phosphorylation and hence activity
of this kinase at all tested treatment times, which also lead to increased IxBa degradation after short
treatment times with pretubulysin. Further western blot analysis of cell fractions showed that the nuclear
levels of NFkB-p65 were not influenced by pretubulysin after short and mean treatment times but led to
a moderate reduction of the cytoplasmic and nuclear NFkB-p65 protein levels after extended treatment.

The TNF-induced promoter activity of NFkB was tested by a reporter gene assay at times when the
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NF«B-p65 levels were not influenced by pretubulysin. Treatment with pretubulysin decreased the
promoter activity of NFxB significantly. Only treatment with vincristine led to results comparable to
pretubulysin, with colchicine significantly reducing the promoter activity only at high concentration and
paclitaxel having only a very slight negative influence. Wwestern blot analysis of the NFxB-p65
phosporylation levels at serine 468 and serine 536, which have been implied in decreasing the
transactivatory potential and stability of NFkB-p65, showed that the respective phosphorylation levels

remained largely unaffected.

Concerning the activity of the AP-1-inducing kinase JNK, western blot analysis revealed a strong
increase in phosphorylation of this kinase after treatment with pretubulysin and also vincristine after
short treatment, with colchicine having only very minor effects and paclitaxel having no influence on
JNK phosphorylation. Only after prolonged treatment did colchicine induce the JNK activity
comparable to pretubulysin and vincristine. However, extended treatment with paclitaxel also induced
an increase in phosphorylation compared to the TNF control. Further western blot analysis of the AP-1-
cJun protein levels showed that treatment with pretubulysin increased the protein levels of this
transcription factor, which could also be traced back to increased mRNA levels of cJun, as shown by
qRT-PCR analysis. Interestingly, treatment with pretubulysin induced an apparent and likely
phosphorylation-dependent electromobility shift of cJun in the western blot analysis. Reporter gene
analysis of the promoter activity of cJun showed that all microtubule-targeting agents decreased the
promoter activity of AP-1, but treatment with the microtubule-destabilizers led to stronger effects
compared to paclitaxel. Investigation of the inhibitory serine 243 phosphorylation of cJun by western
blot analysis revealed that the phosphorylation levels were increased upon treatment with pretubulysin,
which might in part also correlate to increased nuclear levels of GSK3. While the cytoplasmic activity
of the MAPK ERK was reduced upon treatment with pretubulysin, as shown by western blot analysis
of cell fractions, the nuclear protein levels of this kinase were reduced, implying increased degradation.
In addition, treatment with pretubulysin appeared to increase the translocation of the MAPK p38 into
the nucleus of human umbilical vein endothelial cells but led to decreased activatory phosphorylation
levels in the nuclear fraction, while increasing the phosphorylation levels in the cytoplasmic fraction.
Due to the involvement of the p38 kinase in the regulation of the activity of RNA-binding protein, which
regulate the stability of mRNAs, the VCAM-1 mRNA decay was tested upon treatment with the
microtubule-targeting agents by qRT-PCR analysis. This revealed that treatment with the microtubule-
destabilizers increased the half-life of the VCAM-1 mRNA, while treatment with paclitaxel led to a

slight decrease.

Testing of the TNF-induced enrichment of NFkB-p65 in the promoters of icam-1, vcam-1 and e-sele by
chromatin-immunoprecipitation showed that pretubulysin induced the enrichment of this transcription
factor at all three genes upon short treatment and only led to a significant reduction of the p65 levels at
the promoter of vcam-1 upon extended treatment. In comparison AP-1-cJun was enriched at the

promoters of the cell adhesion molecules at all tested treatment times. Due to the fact that the enrichment
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of NF«xB-p65 and AP-1-cJun was largely not decreased by pretubulysin, the TNF-induced enrichment
of the RNA polymerase II at the promoters of the cell adhesion molecules was also tested by chomatin-
immunoprecipitation over time. This showed that pretubulysin moderately reduced the RNA polymerase
IT enrichment at all three cell adhesion molecule genes at short treatment times. These effects were
largely lost at mean treatment times, but significantly increased after prolonged treatment periods with
pretubulysin. Examination of the mRNA levels of the cell adhesion molecules in dependency of the pre-
treatment time with pretubulysin by qRT-PCR analysis showed a comparable reduction of the respective
mRNA levels after short pre-treatment, a significant induction of the mRNA levels at mean pre-

treatment times, but a full repression of the mRNA levels after extended pre-treatment.

Due to the strong activation of JNK upon treatment with pretubulysin, the decreased cell adhesion
molecule mRNA levels at short and extended treatment times were tested towards the sensitivity on the
activity of JNK by utilizing a JNK inhibitor. Inhibition of JNK could partially reverse the effects on the
cell adhesion molecule mRNA levels after extended treatment periods but had no effect concerning the
decreased mRNA levels after short treatment with pretubulysin. In addition, flow cytometric analysis
revealed that inhibition of JNK could also partially reverse the effects on the cell surface levels of

ICAM-1 and VCAM-1.

Subsequent examination of the enrichment of the bromodomain-containing protein 4, responsible for
recruiting the positive transcription elongation factor b that induces the release of stalled RNA
polymerase Il in genes, revealed that treatment with pretubulysin increased the enrichment of this factor
around the RNA polymerase stalling site in the genes of ICAM-1 and VCAM-1 at short treatment times.
However, extended treatment with pretubulysin induced a decrease of the enrichment of the
bromodomain-containing protein 4, which was more pronounced in the case of the vcam-I gene.
Investigation into the dependency of the icam-1 and vcam-1 gene enrichment of the bromodomain-
containing protein 4 on the activity of JNK showed that inhibition of JNK significantly increased the
enrichment of this factor, suggesting that the bromodomain-containing protein 4 is negatively regulated
by JNK activity. In addition, western blot analysis revealed that treatment with pretubulysin led to
decreased levels of the bromodomain-containing protein 4, which could also be reversed by JNK
inhibition. This showed that treatment with pretubulysin induced increased and JNK-dependent
degradation of this factor. Further examination into the dependency of the ICAM-1 and VCAM-1 cell
surface levels on the bromodomain-containing protein 4 by knock-down experiments revealed that the
veam-1 gene is positively regulated by this factor, while the icam-1 gene was negatively regulated, as
shown by decreased VCAM-1 and increased ICAM-1 cell surface levels upon knock-down.
Nevertheless, chromatin-immunoprecipitation experiments showed that in case of both genes, extended
treatment with pretubulysin increased the enrichment of repressive histone-3 lysine-9 trimethylation
marks. This implies the presence of additional factors that confer the transcriptional repression of the
icam-1 genes upon treatment with pretubulysin, which are also negatively regulated by the increased

JNK activity. Figure 70 summarizes the main results for the in vitro experiments performed in this study.
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Figure 70. Graphical summary for the effects of pretubulysin (PT) (and vincristine, colchicine and paclitaxel)
on inflammatory processes in endothelial cells (after treatment with 300 nM; decrease or increase in relation
to the respective TNF control). Association of TNF with the TNF receptor leads to signal integration and
intracellular activation of the IKK kinase in the NF«xB pathway, as well as the c-Jun-N-terminal kinase (JNK)
of the AP-1 activating pathway. Treatment with PT increased the phosphorylation and hence activation of IKK
and the downstream degradation of IkBa, which sequesters NF«B in the cytosol, leading to the release of NFkB
and subsequent translocation into the nucleus of the cells. PT-evoked microtubule depolymerization increases
the concentration of soluble tubulin heterodimers. The increased cytosolic concentration of tubulin activates
the tier 3 JNK upstream MAP kinase MAP3K, which has been shown to be activated upon binding of soluble
tubulin. The increased MAP3K1 activity significantly induces the activity of JNK. The strongly activated INK
activates cJun in the AP-1 transcription factor, leading to the autoinduction of cJun transcription by activated
clJun, increasing the cJun protein levels. NFkB and AP-1 both bind to the promoters of the cell adhesion
molecules (CAMs), however the transcriptional activity of both factors is significantly reduced after treatment
with the destabilizing microtubule-targeting agents (MTAs). TNF stimulation induces association of the
bromodomain-containing protein 4 (Brd4,which contains two bromodomains, BD1 and BD2) with the positive
transcription elongation factor b (pTEFb) in order to release the stalled RNA polymerase II in the non-
translated regions downstream of the transcription start sites of the CAM promoters. The increased JNK
activity upon PT was shown to negatively regulate the association of Brd4 with chromatin, likely preventing
the proper formation of the pTEFb:Brd4 complex necessary for release of stalled RNA polymerase II.
Additionally, treatment with PT also reduces the levels of the RNA polymerase in the promoters and stalling
regions of the CAMs. The effects of the depolymerizing MTA resulted in decreased expression of CAM mRNA

and total CAM protein levels as well as cell surface levels, which also led to reduce leukocyte adhesion to the
endothelial cells.



7. Zusammenfassung
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Chronische Entziindungen und die daraus resultierenden Morbidititen gehdren zu den haufigsten
Ursachen fiir einen frithen Tod beim Menschen. Einer der Hauptfaktoren fiir die Verschlechterung des
Gesundheitszustands bei Patienten mit chronischen-entziindlichen Erkrankungen ist die pathologische
Infiltration von Leukozyten in gesundes Gewebe, die zu Gewebeschidden und dem Fortschreiten der
Krankheit fiihrt. Das vaskuldre Endothel, das die Innenseite der Blutgefille auskleidet, spielt eine
entscheidende Rolle bei der Entziindungsreaktion, da es als Schnittstelle fiir die Interaktion mit
Leukozyten fungiert, um die Extravasation von Leukozyten aus dem Blutstrom in das Gewebe zu
ermdglichen. Die Adhédsion von Leukozyten an die Zellen des Endothels wihrend der Leukozyten-
Adhisionskaskade wird dabei hauptséchlich durch die Zytokin-induzierten pro-inflammatorischen
NF«B- und AP-1-Signalkaskaden ermoglicht, die die Hochregulierung der wichtigsten endothelialen
Adhésionsmolekiile — ICAM-1, VCAM-1 und E-Selektin — bewirken. Eines der wichtigsten pro-
inflammatorischen Zytokine ist TNF, das durch Bindung an den TNF-Rezeptor einen
Entziindungszustand in den Zellen auslost, der zur Aktivierung der zuvor erwéhnten intrazelluldren
NF«xB- und AP-1-Signalkaskaden fiihrt. Eine Klasse von Wirkstoffen, die fiir ihre
entziindungshemmenden Eigenschaften und ihren Nutzen bei der Behandlung chronischer
Entziindungskrankheiten bekannt sind, sind die Mikrotubuli-bindenden Substanzen (microtubule-
targeting agents, MTAs), die nachweislich auch den Entziindungszustand in Zellen des Endothels und
die Leukozyten-Adhisionskaskade beeinflussen konnen. MTAs lassen sich in Mikrotubuli-
Destabilisatoren, die eine Depolymerisation des Mikrotubuli-Zytoskeletts bewirken, und Mikrotubuli-
Stabilisatoren, die die Depolymerisation der Mikrotubuli verhindern, unterteilen. Die
zugrundeliegenden biomolekularen Vorgdnge und Wirkungen, die die MTAs auf die Zellen des
GefédBendothels haben, und wie MTAs die Adhésionskaskade der Leukozyten beeinflussen, sind jedoch

weitgehend unbekannt.

Ziel dieser Studie war es, die Auswirkungen des neuartigen Mikrotubuli-Destabilisators Prétubulysin,
eines Vorldufers der Tubulysine, die urspriinglich in Stdmmen des Myxobakteriums Angiococcus
disciformis entdeckt wurden, auf die entziindlichen Prozesse zu untersuchen, die die Leukozyten-
adhésion in TNF-aktivierten primédren Endothelzellen aus der menschlichen Nabelschnurvene
(HUVECs) ermoglichen. Zusétzlich wurden auch die Auswirkungen der bereits klinisch etablierten
Mikrotubuli-Destabilisatoren Colchicin und Vincristin sowie des Mikrotubuli-Stabilisators Paclitaxel

untersucht.

Das entziindungshemmende Potenzial von Préatubulysin wurde zundchst in vivo in einem Imiquimod-
induzierten psoriasiformen Dermatitis-Mausmodell getestet. Im Vergleich zu den Kontrolltieren
verringerte die Behandlung mit Pratubulysin die Dicke sowie die R6tung der psoriasiformen Dermatitis-
Lasionen auf der Maiusehaut signifikant. Dies zeigt, dass Priatubulysin den Entziindungszustand
verringert. Um zu beweisen, dass der entziindungshemmende Effekt mit einer verringerten Interaktion
von Leukozyten mit dem Endothel zusammenhéngt, wurde die Wirkung von Pritubulysin in vivo mittels

Intravitalmikroskopie des TNF-aktivierten Kremaster-Muskels der Maus untersucht: Die Behandlung



ZUSAMMENFASSUNG 144

mit Préitubulysin fithrte zu einer signifikant verringerten Adhdsion von Leukozyten an das murine
GefiaBendothel, wihrend das sog. Rollen der Leukozyten leicht anstieg. Dariiber hinaus verringerte die
Behandlung mit Prétubulysin die Transmigration der Leukozyten durch die Endothelzellschicht und
damit die Leukozytenextravasation erheblich. Die verringerte Adhdsion von Leukozyten an
Endothelzellen durch Pratubulysin wurde auch in vitro bestitigt, indem die Adhédsion von monozytiren
THP-1-Zellen unter Flussbedingungen getestet wurde. In diesem Test fiihrte die Behandlung einer TNF-
aktivierten HUVEC-Schicht mit Préitubulysin zu einer signifikanten Verringerung der THP-1-
Zelladhision.

Mittels Durchflusszytometrie konnte gezeigt werden, dass die Behandlung von HUVECs mit
Pratubulysin zu einer konzentrationsabhingigen, signifikanten Hemmung der TNF-induzierten
Zelloberflachenlevel der Zelladhdsionsmolekiile ICAM-1 und VCAM-1 fiihrte, wihrend die E-Selektin-
Level weitgehend unbeeinflusst blieben. Die Wirkungen von Pratubulysin waren vergleichbar mit denen
der Mikrotubuli-Destabilisatoren Vincristin und Colchicin und konnten auch in Zellen der humanen
dermalen mikrovaskuldren Endothelzelllinie HMEC-1 bestatigt werden. Die Behandlung von HUVECs
mit dem Mikrotubuli-Stabilisator Paclitaxel hatte keinen negativen Einfluss auf die Zelloberflachenlevel
von ICAM-1 und VCAM-1. Stattdessen induzierte die Behandlung mit Paclitaxel die
Zelloberflachenlevel tiber die der TNF-Kontrolle hinaus bei denselben Konzentrationen, die zu der
zuvor erwahnten Hemmung fiihrten. Dies zeigt, dass Paclitaxel kein entziindungshemmendes Potenzial

in Endothelzellen im Hinblick auf die Leukozyten-Adhédsionskaskade hat.

Dariiber hinaus wurde der Einfluss der MTAs auf die Gesamtprotein- und mRNA-Levels der
Zelladhdsionsmolekiile [ICAM-1, VCAM-1 und E-Selektin mittels Western Blot und qRT-PCR-Analyse
in HUVECs untersucht. Pratubulysin, Vincristin und Colchicin verringerten die Gesamtprotein- und
mRNA-Level von ICAM-1 signifikant und fithrten zu einer nahezu vollstindigen Hemmung der
VCAM-1-Gesamtprotein und -mRNA-Level. Im Gegensatz dazu hatte die Behandlung mit Paclitaxel
keinen erkennbaren Einfluss auf die ICAM-1- und VCAM-1-Gesamtproteinlevels und reduzierte die
jeweiligen mRNA-Level nur geringfiigig. Im Fall von E-Selektin verringerten alle MTAs die
Gesamtproteinlevel gleichmédBig, aber nur die Mikrotubuli-Destabilisatoren fiihrten zu einer deutlichen
Verringerung der mRNA-Level, wihrend Paclitaxel nur einen sehr geringen reduzierenden Effekt

zeigte.

Um auszuschlielen, dass diese Effekte durch Zytotoxizitit beeinflusst werden, wurden die MTAs in
Zytotoxizitdtstests HUVECs getestet. Keiner der Wirkstoffe hatte signifikante, negative Auswirkungen
auf die Stoffwechselaktivitit, die Membranintegritit oder die Viabilitét der Zellen. Die Priifung des
Einflusses von Priatubulysin und der anderen MTAs auf die gesamte De-novo-Proteinsynthese ergab,
dass die Mikrotubuli-Destabilisatoren die Proteinsynthese erhohten, wéhrend Paclitaxel keine Wirkung

zeigte.
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Die Priifung des Einflusses von Préitubulysin auf die Gesamtproteinlevel des TNF-Rezeptors 1 mittels
Western-Blot-Analyse ergab, dass die Proteinmenge dieses Rezeptors nach kurzer und lidngerer
Behandlung mit Préatubulysin stabil blieb. Eine anschlieBende Western-Blot-Analyse der Aktivitdt und
der Proteinlevel der TNF-induzierten NFxB-aktivierenden Kinase IKK ergab, dass Priatubulysin die
Phosphorylierung und damit die Aktivitét dieser Kinase bei allen getesteten Behandlungszeiten erhohte,
was auch zu einem erhohten IkBa-Abbau nach kurzen Behandlungszeiten mit Pratubulysin fiihrte.
Weitere Western-Blot-Analysen von Zellfraktionen zeigten, dass die nukledren Proteinlevel von NF«kB-
p65 nach kurzen und mittleren Behandlungszeiten durch Pratubulysin nicht beeinflusst wurden, nach
langerer Behandlung jedoch zu einer moderaten Verringerung der zytoplasmatischen und nukledren
NF«kB-p65-Proteinlevel fiithrten. Die TNF-induzierte Promotoraktivitit von NFkB wurde mit einem
Reportergen-Assay zu Zeiten getestet, in denen die NFxB-p65 Levels nicht durch Priatubulysin
beeinflusst wurden. Die Behandlung mit Préitubulysin verringerte die Promotoraktivitit von NFxB
signifikant. Nur die Behandlung mit Vincristin fiihrte zu Ergebnissen, die mit denen von Prétubulysin
vergleichbar waren, wihrend Colchicin die Promotoraktivitdt nur bei hoher Konzentration signifikant
verringerte und Paclitaxel nur einen sehr geringen negativen Einfluss hatte. Die Western-Blot-Analyse
der NFxB-p65-Phosphorylierungs an Serin 468 und Serin 536, von denen man annimmt, dass sie das
transaktivierende Potenzial und die Stabilitit von NFxB-p65 verringern, ergab, dass beide

Phosphorylierungsniveaus weitgehend unbeeinflusst blieben.

Was die Aktivitdt der AP-1-induzierenden Kinase JNK anbelangt, so ergab die Western-Blot-Analyse
einen starken Anstieg der Phosphorylierung dieser Kinase nach einer kurzen Behandlung mit
Priatubulysin und auch mit Vincristin, wobei Colchicin nur sehr geringe Auswirkungen hatte und
Paclitaxel keinen Einfluss auf die JNK-Phosphorylierung zeigte. Erst nach lédngerer Behandlung
induzierte Colchicin eine JNK-Aktivitdt, die mit der von Prétubulysin und Vincristin vergleichbar war.
Eine verlangerte Behandlung mit Paclitaxel induzierte ebenfalls einen Anstieg der Phosphorylierung im
Vergleich zur TNF-Kontrolle. Eine weitere Western-Blot-Analyse der AP-1-cJun-Proteinlevel zeigte,
dass die Behandlung mit Pratubulysin die Proteinlevel dieses Transkriptionsfaktors erhdhte, was auch
auf erhohte mRNA-Level von cJun zuriickgefiihrt werden konnte, wie eine qRT-PCR Analyse zeigte.
Interessanterweise fiihrte die Behandlung mit Pratubulysin zu einer offensichtlichen und wahrscheinlich
phosphorylierungsabhéngigen Verschiebung der Elektromobilitit von cJun in der Western-Blot-
Analyse. Die Reportergen-Analyse der Promotoraktivitit von clJun zeigte, dass alle MTAs die
Promotoraktivitit von AP-1 verringerten; die Behandlung mit den Mikrotubuli-Destabilisatoren fiihrte
aber zu stiarkeren Effekten im Vergleich zu Paclitaxel. Die Untersuchung der hemmenden Serin-243-
Phosphorylierung von cJun durch Western-Blot-Analyse ergab, dass die Phosphorylierung nach
Behandlung mit Pritubulysin verstdrkt war, was zum Teil auch mit erh6éhten nukledren Leveln der
Kinase GSK3p korrelieren konnte. Wahrend die zytoplasmatische Aktivitat der MAPK ERK nach der
Behandlung mit Pratubulysin reduziert war, wie die Western-Blot-Analyse von Zellfraktionen zeigte,

waren die nukledren Proteinlevel dieser Kinase reduziert, was auf einen erh6hten Abbau schlief3en lisst.
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Dariiber hinaus schien die Behandlung mit Priatubulysin die Translokation der MAPK p38 in den
Zellkern von HUVECs zu erhohen, fiihrte jedoch zu einem Riickgang der aktivierenden
Phosphorylierung von p38 in der nukledren Fraktion, wihrend das Phosphorylierungniveau in der
Zytoplasmafraktion anstieg. Aufgrund der Beteiligung der p38-Kinase an der Regulierung der Aktivitit
von RNA-bindenden Proteinen, die die Stabilitdt von mRNAs regulieren, wurde der VCAM-1-mRNA-
Zerfall nach Behandlung mit den MTAs durch qRT-PCR-Analyse getestet. Dabei zeigte sich, dass die
Behandlung mit den Mikrotubuli-Destabilisatoren die Halbwertszeit der VCAM-1-mRNA erhéhte,

wihrend die Behandlung mit Paclitaxel zu einer leichten Abnahme fiihrte.

Die Priifung der TNF-induzierten Anreicherung von NF«xB-p65 in den Promotoren von icam-1, vcam-1
und e-sele durch Chromatin-Immunprizipitation zeigte, dass Pritubulysin die Anreicherung dieses
Transkriptionsfaktors an allen drei Genen bei kurzer Behandlung induzierte und nur bei ldngerer
Behandlung zu einer signifikanten Verringerung der p65-Level am Promotor von vcam-1 fiihrte. Im
Vergleich dazu war AP-1-cJun in den Promotoren der Zelladhdasionsmolekiile bei allen getesteten
Behandlungszeiten angereichert. Da die Anreicherung von NFxB-p65 und AP-1-cJun durch
Pratubulysin nicht wesentlich verringert wurde, wurde die TNF-induzierte Anreicherung der RNA-
Polymerase II an den Promotoren der Zelladhdsionsmolekiile im Zeitverlauf getestet. Dabei zeigte sich,
dass Prétubulysin die RNA-Polymerase-II-Anreicherung an allen drei Zelladhdsionsmolekiil-Genen bei
kurzen Behandlungszeiten maBig reduzierte. Diese Effekte gingen bei mittlerer Behandlungsdauer
weitgehend verloren, nahmen aber nach lidngerer Behandlung mit Prdtubulysin deutlich zu. Die
Untersuchung der mRNA-Level der Zelladhdsionsmolekiile in Abhéingigkeit von der
Vorbehandlungszeit mit Pratubulysin durch qRT-PCR Analyse zeigte eine vergleichbare Verringerung
der jeweiligen mRNA-Level nach kurzer Vorbehandlung, eine signifikante Induktion der mRNA-Level
bei mittleren Vorbehandlungszeiten, aber eine vollstdndige Inhibition der mRNA-Level nach langerer

Vorbehandlung.

Aufgrund der starken Aktivierung von JNK nach der Behandlung mit Pritubulysin wurden die
verringerten Zelladhidsionsmolekiil-mRNA-Level nach kurzer und ldngerer Behandlung mit einem JNK-
Inhibitor auf ihre Empfindlichkeit gegeniiber der Aktivitiat von JNK getestet. Die Inhibition von JNK
konnte die Auswirkungen auf die mRNA-Level der Zelladhidsionsmolekiile nach ldngerer Behandlung
teilweise umkehren, hatte aber keine Auswirkungen auf die verringerten mRNA-Level nach kurzer
Behandlung mit Pratubulysin. Dariiber hinaus ergab eine durchflusszytometrische Analyse, dass die
Inhibition von JNK auch die Hemmung der Zelloberflichenlevel von ICAM-1 und VCAM-1 teilweise

umkehren konnte.

Eine anschlieBende Untersuchung der Anreicherung des Bromodoménen-enthaltenden Proteins 4, das
fiir die Rekrutierung des positiven Transkriptions-Elongationsfaktors b verantwortlich ist der die
Freisetzung der blockierten RNA-Polymerase Il in Genen induziert ergab, dass die Behandlung mit

Pritubulysin die Anreicherung dieses Faktors um die RNA-Polymerase-Stalling-Stelle an den Genen
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von ICAM-1 und VCAM-1 bei kurzen Behandlungszeiten erhohte. Eine ldngere Behandlung mit
Pratubulysin fiihrte jedoch zu einer Abnahme der Anreicherung des Bromodominen-enthaltenden
Proteins 4, die im Fall des vcam-1-Gens stirker ausgeprdgt war. Die Untersuchung der Abhéngigkeit
der Anreicherung des Bromodoménen-enthaltenden Proteins 4 im icam-1- und vcam-1-Gen von der
JNK-Aktivitdt ergab, dass die Inhibition von JNK die Anreicherung dieses Faktors signifikant erhdhte.
Dies zeigt, dass das Bromodoménen-enthaltende Protein 4 durch die JNK-Aktivitdt negativ reguliert
wird. Dariiber hinaus ergab eine Western-Blot-Analyse, dass die Behandlung mit Pratubulysin zu einer
Verringerung des Bromodoménen-enthaltenden Proteins 4 fiihrte, die auch durch eine JNK-Inhibition
riickgdngig gemacht werden konnte. Dies zeigte, dass die Behandlung mit Prétubulysin einen
verstarkten und JNK-abhidngigen Abbau dieses Faktors auslost. Weitere Untersuchungen zur
Abhéngigkeit der [CAM-1- und VCAM-1-Zelloberfldchenlevel von der Aktivitidt des Bromodoméinen-
enthaltenden Proteins 4 durch Knock-down Experimente ergaben, dass das vcam-1-Gen durch diesen
Faktor positiv reguliert wird, wiahrend das icam-1-Gen negativ reguliert wird, wie durch verringerte
VCAM-1- und erhohte ICAM-1-Zelloberflachenlevel nach Knock-down gezeigt wurde. Dennoch
ergaben Chromatin-Immunprézipitations-Experimente, dass bei beiden Genen eine verldngerte
Behandlung mit  Pritubulysin  die  Anreicherung von repressiven  Histon-3-Lysin-9-
Trimethylierungsmarkierungen erhohte. Dies deutet auf das Vorhandensein zusétzlicher Faktoren hin,
die die transkriptionale Repression des icam-1-Gens nach Behandlung mit Pratubulysin bewirken und

die ebenfalls durch die erhohte INK-Aktivitit negativ reguliert werden.
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Abbildung 71 fasst die wichtigsten Ergebnisse der in dieser Studie durchgefiihrten In-vitro-Experimente
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Abbildung 71. Grafische Zusammenfassung der Auswirkungen von Prétubulysin (PT) (und Vincristin,
Colchicin und Paclitaxel) auf Entziindungsprozesse in Endothelzellen (nach Behandlung mit 300 nM;
Abnahme oder Zunahme im Verhéltnis zur jeweiligen TNF-Kontrolle). Die Assoziation von TNF mit dem
TNF-Rezeptor fiihrt zur Signalintegration und intrazelluliren Aktivierung der IKK-Kinase im NFxB-Weg
sowie der c-Jun-N-terminalen Kinase (JNK) des AP-1-Aktivierungsweges. Die Behandlung mit PT erhdhte
die Phosphorylierung und damit die Aktivierung der IKK und den nachgeschalteten Abbau von IkBa, der
NF«B im Zytosol sequestriert, was zur Freisetzung von NF«B und der anschlieBenden Translokation in den
Zellkern fiihrt. Die Mikrotubuli-Depolymerisation durch PT erhéht die Konzentration der 16slichen Tubulin-
Heterodimere. Die erhohte zytosolische Tubulinkonzentration aktiviert die der JNK vorgeschaltete MAP-
Kinase MAP3K der Stufe 3, die nachweislich durch die Bindung von l6slichem Tubulin aktiviert wird. Die
erhohte MAP3K1-Aktivitdt induziert die Aktivitdt von JNK erheblich. Die stark aktivierte JNK aktiviert
ihrerseits cJun im Transkriptionsfaktor AP-1, was zur Autoinduktion der cJun-Transkription durch aktiviertes
cJun fiihrt und die cJun-Proteinlevel erhoht. Sowohl NFkB als auch AP-1 binden an die Promotoren der
Zelladhésionsmolekiile (ZAMs), wobei die Transkriptionsaktivitit beider Faktoren nach Behandlung mit den
destabilisierenden Mikrotubuli-Targeting-Agents (MTAs) deutlich reduziert wird. Die TNF-Stimulation
induziert die Assoziation des Bromodoménen-enthaltenden Proteins 4 (Brd4; enthélt zwei Bromodominen,
BDI1 und BD2) mit dem positiven Transkriptionselongationsfaktor b (pTEFb), um die blockierte RNA-
Polymerase II in den nicht-translatierten Regionen stromabwirts der Transkriptionsstartstellen der ZAM-
Promotoren freizusetzen. Es konnte gezeigt werden, dass die erhohte JNK-Aktivitit durch PT die Assoziation
von Brd4 mit Chromatin negativ reguliert und wahrscheinlich die ordnungsgemafie Bildung des pTEFb:Brd4-
Komplexes verhindert, der fiir die Freisetzung der blockierten RNA-Polymerase II erforderlich ist. Dariiber
hinaus verringert die Behandlung mit PT auch die Konzentration der RNA-Polymerase in den Promotoren und
den abgewiirgten Regionen der ZAMs. Die Wirkungen der depolymerisierenden MTAs fithren zu einer
verringerten Expression der ZAM-mRNA, der -Gesamtproteinlevel sowie der -Zelloberflichenlevel, was auch
eine verringerte Leukozytenadhdsion an den Endothelzellen bedingt.
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