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1 Introduction

Cardiovascular diseases due to atherosclerosis are the leading causes of death and loss

of productive life years in the western world.1–4 Lifetime risk for cardiovascular events

clearly exceeds 50 % even at an age of 75 years.5 Besides the reduction of risk factors

(e.g. hypertension or diabetes mellitus), interventional and surgical revascularisation-

strategies represent therapeutic cornerstones of these diseases. After Andreas Grüntzig

carried out the first coronary angioplasty (PTCA) in 1977, stent implantation became the

most important improvement of catheterization techniques in the treatment of coronary

artery disease just a few years later.6–8 Even though implantation of stents prevented

immediate elastic recoiling of the dilatated vessels, proliferation of intimal smooth mus-

cle cells (SMC) and subsequent in-stent restenosis (ISR) still limited the success of this

achievement.9 Drug-eluting stents (DES) coated with the mitotic inhibitor paclitaxel or

with cell cycle inhibitors like sirolimus (rapamycin) or one of its derivates (zotarolimus

or everolimus) reduced this complication compared to bare metal stents (BMS). However,

slowing down of re-endothelialization possibly increases the risk of stent thrombosis.10–14

Thus, national guidelines include strong limitations with regard to the use of DES and

recommend a dual anti-platelet therapy for at least twelve months.15,16 In order to develop

new and selective therapeutic approaches, which take into account prevention of neointima

formation as well as not interfering the re-endothelialization process at the same time, a

detailed understanding of the signaling mechanisms involved in the activation of SMC is

fundamental.

1.1 Atherosclerosis

Atherosclerosis is an inflammatory disease that represents a chronic arterial degeneration

with progressive modifications of the vessel wall.17 The major risk factors are hypertension,

diabetes mellitus, hypercholesteremia, hyperlipidemia, obesity, and cigarette smoking.18–21

Prolonged prevalence of these factors cause an alteration of the vascular endothelial cells

(EC), which triggers a cascade of events embedded in a proinflammatory state in general.22

Endothelial permeability changes due to extracellular matrix conversion beneath the

endothelium, which goes along with retention of cholesterol-containing low-density lipopro-

tein (LDL) particles in the arterial wall.23 Biochemically modified – mainly oxidized –

components of these particles may lead to the transcription of adhesion molecules such as

vascular cell adhesion molecule (VCAM)-1 mediated at least in part by nuclear factor-κb

(NF-κb).24,25 Subsequently, leukocytes stick to the EC surface, that physiologically resists

the firm attachment of white blood cells.26 In addition to VCAM-1, P- and E-selectin are
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Figure 1: Modificated LDL particles induce an upregulation of adhesion molecules on the endothelial

layer followed by rolling and transmigration of leukocytes. The modified LDL particles are ingested

by macrophages yielding foam cells. (adapted from Dzau et al.31)

suggestive to play a major role in this process of leukocyte recruitment.27 This process is

regulated by a wide range of pro-inflammatory cytokines produced in the inflamed intima,

especially RANTES (Regulated upon Activation, Normal T-cell Expressed and Secreted)

or the monocyte chemoattractant protein (MCP)-1.27,28 In detail, platelets are the trail-

blazer in adhesion to the activated endothelium followed by a rolling of predominantly

monocytes and T-cells, infiltrating the subendothelial space (fig. 1).29,30

Above mentioned oxidized LDL particles undergo endocytosis by monocyte-derived

macrophages, leading to intracellular cholesterol accumulation.32 The maturation from

monocytes to macrophages depends on the macrophage-colony stimulation factor (M-CSF)

and is characterized by the expression change of a special cell-surface receptor pattern.33,34

In time, the macrophages that internalized oxidized LDL yield large foam cells – a term

that refers to the microscopic appearance of these lipid-laden macrophages (fig. 1). This

early state of atherosclerosis appears as “fatty streaks”, which are prevalent even in young

people and can eventually disappear again (fig. 2).35,36 Furthermore, these modified but

intact particles induce the release of macrophage-derived prothrombotic microparticles

inter alia involving the caspase 3/7 signaling pathway.37

Atheroma formation involves the recruitment of SMC from the tunica media – the

middle layer of the arterial wall – to the tunica intima due to the release of cytokines and

growth factors by inflammatory and vascular cells.31 This pattern of growth factors and

cytokines includes among others platelet derived growth factor (PDGF), basic fibroblast

growth factor (bFGF), tumor necrosis factor (TNF)-α, transforming growth factor (TGF)-

β, several members of the interleukin (IL) and interferon (IFN) families, and angiotensin
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Figure 2: Fatty streaks consist of lipid-laden macrophages (“foam cells”) and smooth muscle cells as

well as T-lymphocytes. Growth factors secreted by these cells stimulate proliferation and migration

of SMC toward the intima. (adapted from Dzau et al.31)

II. Many of them – especially IL-6 – act at least in part via the Janus kinase (JAK)-

2/signal transducer and activator of transcription (STAT)-3 pathway.38 SMC undergo a

phenotypic switch caused by these factors. This shift from a quiescent “contractile” to an

active “synthetic” state is characterized by a decrease in contractile gene expression (e.g.

smooth muscle-myosin heavy chain (SM-MHC) and smoothelin) as well as an increase in

synthesis of extracellular matrix (ECM) components such as collagen, elastic fibers, and

proteoglycans on the luminal side of the vessel wall.39,40 Simultaneously, SMC migrate

toward the intimal layer, start to proliferate, and secrete further growth factors as well as

inflammatory mediators and vasoactive substances.31 The production of ECM molecules

leads to the formation of a fibrous cap that covers the atherosclerotic plaque and has a

protective function by endowing stability.41 The cap typically superposes a chunk of foam

cells and “synthetic” SMC. Some of them die (e.g. by apoptosis) and release lipids that

accumulate extracellularly. The deficiency of the process by which these dead cells should

be removed promotes the accumulation of cellular debris and extracellular lipids, appearing

as a lipid-rich pool called the necrotic core of the plaque (fig. 3).42 The local inflammatory

milieu of an atherosclerotic lesion can induce the secretion of extracellular proteases by

both, macrophages and vascular cells, thus rendering the fibrous cap weak susceptible to

rupture, mainly at the shoulder regions of the plaque.41 Plaque rupture causes exposure

of the pro-thrombotic content of the plaque to the blood, aggregation of platelets, and

dynamic growth of the thrombus resulting in flow obstruction and myocardial infarction

(fig. 4).43,44

3
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Figure 3: The lipid (or necrotic) core contains a mixture of leukocytes as well as foam cells, modified

LDL particle, and debris. It is highly thrombogenic and covered by a fibrous cap formed by SMC and

ECM. (adapted from Dzau et al.31)

Figure 4: Proteolytic enzymes as well as the phenotypic switch of SMC and its apoptosis cause

thinning of the fibrous cap and plaque rupture. Subsequently, a thrombus forms that can cause fatal

myocardial infarction.(adapted from Dzau et al.31)

4



1 INTRODUCTION

1.2 Neointima formation and restenosis

Restenosis means renarrowing of an arterial lumen in response to mechanical injury. Ironi-

cally, this clinical condition occures after procedures performed to treat stenotic atheroscle-

rotic lesions, e.g. PTCA. The term “restenosis” implicates neointima formation (i.e. SMC

migration/proliferation and ECM deposition).9 Mostly, coronary interventions go along

with implantation of an expandable polymere stent to keep the vessel open. The accompa-

nied and unavoidable endothelial injury is responsible for a process, which is pretty similar

to the above described course in atherosclerosis. However, it remains a distinct temporal

and pathophysiological process.

In 1991 Forrester and colleagues suggested 3 phases in neointima formation: an in-

flammatory phase, a granulation or cellular proliferation phase and a phase of remodeling

involving ECM protein synthesis.45 The whole cascade is initiated by the deposition of

platelets and fibrin at the injured site. Attachment of platelet adhesion molecules to

circulating white blood cells mediated by platelet P-selectin leads to a process of leuko-

cyte rolling along the injured surface. Subsequently, these cells bind firmly to the surface

through the interaction of a certain class of adhesion molecules called integrins on the

one hand and platelet receptors such as glycoprotein (GP) Ibα on the other hand. Cross-

linking with fibrinogen to the GP IIb/IIIa receptor strengthens this connection. Platelets

and leukocytes as well as SMC show an augmented release of growth factors in frame of

this process. This initiates Forrester’s second phase and culminates in the proliferation

and migration of resident SMC from the media to the intima (fig. 5). The resultant

neointimal tissue comprises these SMC as well as macrophages and ECM molecules. Cell

proliferation appears predominantly during this phase, which might be essential for the

subsequent development of restenosis. The third phase is associated by a shift to fewer

cellular elements and greater production of ECM.9,46 A murine model of wire induced

neointima formation of the femoral artery has been established by Sata and colleagues

(fig. 6).47

The spreading tissue can re-narrow the vessel lumen and limit the blood flow of the

artery, so that a further intervention is often necessary. To address this issue, researchers

investigated stents to directly deliver drugs to the target lesion at the same time. Thus,

a significant reduction in the rates of ISR could be observed.49 However, the success

of these stents was shortened by increased rates of stent thrombosis due to unspecific

inhibition of cell proliferation affecting SMC as well as EC, thereby leading to delayed

re-endothelialization. A recently published meta-analysis comparing DES with BMS in

patients with ST-segment elevated myocardial infarction found stent thrombosis rates of

5
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Figure 5: Dilatation of an atherosclerotic lesion is usually followed by stent insertion to prevent

elastic recoiling of the vessel. Angioplasty and stent implantation causes endothelial damage, which

is followed by an inflammatory situation. Growth factors secreted in frame of this process initiate

SMC proliferation and migration, which possibly re-narrow the lumen of the artery.

Figure 6: Hematoxylin and Eosin (H&E) staining of a developing neointima in a murine wire induced

injury model: Uninjured artery (a), dilatated artery at 3 days with hardly any remaining medial SMC

(b), dilatated artery at 14 days with adhering leukocytes forming the neointima (c), and at 28 days

after dilatation with a neointima consisting of SMC (d). Arrows mark medial layer and arrowheads

neointima formation.(adapted from Daniel48)
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1.2 % and 2.5 % at years 1-5 after intervention for BMS and DES, respectively. The

observed difference was highly significant.50

Along these lines, progress in development of drugs with cell-spefic effects is still needed

especially for the treatment of patients with multivessel disease and patients with diabetes

mellitus.51,52 Understanding of the molecular pathways that regulate restenosis will pro-

vide a biological context for the boost of new DES technologies that can inhibit neointimal

growth and preserve or even promote endothelial repair.

1.3 The JAK2/STAT3 pathway

Since hydrophilic molecules such as most growth factors and cytokines are not able to

pass the hydrophobic cell membrane, there is a biochemical need for signal transduction

systems located within the lipid double-layer. Therefore, three major classes of recep-

tors can be distinguished: G protein-coupled receptors, ion channel-linked receptors, and

enzyme-linked receptors. The last-mentioned class of receptors consists of six known

subtypes: receptor tyrosine kinases, tyrosine kinase associated receptors, receptor-like ty-

rosine phosphatases, receptor serine/threonine kinases, receptor guanylyl cyclases, and

histidine kinase associated receptors. The JAK/STAT system is classified as a tyrosine

kinase associated receptor and comprises three main components: a receptor, JAK pro-

teins, and STAT proteins. This pathway acts downstream from most cytokine, chemokine,

and growth factor receptors, thereby affecting basic cell functions, like cell growth, dif-

ferentiation, and death.53 As mentioned above, these functions are key processes in the

pathogenesis of vasculoproliferative diseases at the same time.54

1.3.1 Molecular mechanism

In ancient Roman mythology, Janus, the god of beginnings and transitions, is mostly

portrayed with two faces or heads looking at opposite directions (fig. 7). Since JAK

possess two near-identical phosphate-transferring domains, Janus’ name was borrowed

for these class of non-receptor tyrosine kinases. One of the domains exhibits the kinase

activity, while the other one negatively regulates the kinase activity of the first.

Unlike receptor tyrosine kinases, several cytokine receptors possess no intrinsic enzyme

activity. Thus, they rely on the JAK family of cytoplasmic tyrosine kinases to phospho-

rylate and activate downstream proteins involved in their signal transduction pathways,

thereby transmitting extracellular signals to the nucleus. The mammalian JAK family

consists of four members: JAK1, JAK2, JAK3, and TYK2. JAK3 and TYK2 fulfill their

obligations with the regulation of immune responses. Meanwhile, JAK1 and JAK2 have a

7
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Figure 7: A statue representing Janus Bifrons in the Vatican Museums.

wide range of functions comprising host defense and hematopoiesis as well as growth and

neural development. Deletion of JAK1 and JAK2 is lethal in mice.55

Cell surface receptors exist as paired polypeptides, thus presenting two intracellular

signal-transducing domains. After binding of the receptor’s respective cytokine/ligand,

two JAK proteins are recruited to the intracellular domains of the receptor. Subsequently,

the receptor undergoes a conformational change, thereby bringing the JAK proteins close

enough to phosphorylate each other. This modification causes an increase in their kinase

activity and is followed by the phosphorylation of tyrosine residues of the receptor. These

newly formed receptor phosphotyrosine residues serve as binding sites for Src-homology 2

(SH2) domains, which are expressed near the carboxyterminus of all known mammalian

STAT proteins (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6). SH2-

mediated binding of STAT proteins lead to JAK-dependent phosphorylation of STAT

tyrosine residues. As a result, SH2 binding sites arise at the surface of STAT proteins.

The phosphorylated STAT proteins dissociate from the receptor and form dimers before

translocating to the cell nucleus, where they act as transcription factors involved in the

regulation of cell proliferation, survival, and inflammation (fig. 8).53,54 Similar to the

above mentioned knockout of JAK1 and JAK2, mice completely deficient in STAT3 are

not viable.56

1.3.2 Clinical implications and ongoing research

Targeting the JAK2/STAT3 pathway is an upcoming therapeutic approach for the treat-

ment of a rising number of diseases (e.g. myelofibrosis, myeloproliferative disorders,

rheumatoid arthritis, and colitis ulcerosa).57–60 This strategy became important since

genetic variations for JAK2 have been identified in various proliferative diseases: In 1997,

Lacronique and colleagues found the TEL-JAK2 fusion protein causing constitutive ki-

8
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Figure 8: Binding of the receptor’s respective ligand induces JAK recruitment to the intracellular

domains and subsequent phosphorylation of the JAK proteins as well as of the receptor. This leads

to STAT protein binding and phosphorylation. Phosphorylated STAT proteins are able to dimerize,

translocate to the nucleus, and act as transcription factors.
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nase activity in human leukemia.61 In the following years, two more fusion proteins

were published and believed to cause constitutive kinase activity in leukemic diseases:

PCM1-JAK2 and BCR-JAK2.62–64 The probably most profound finding was shown by

two groups almost simultaneously in 2005. Both, Baxter and colleagues from Cambridge,

UK and Kralovics and colleagues from Basel, Switzerland found a change of valine to

phenylalanine at the 617 position (V617F) within the JH2 “kinaselike” domain which

is catalytically active and can phosphorylate and activate the kinase domain leading to

an over-activition of JAK2 in myeloproliferative disorders.56,65,66 This mutation appears

to render hematopoietic cells more sensitive to growth factors and increases the risk for

thrombembolic events inter alia due to high platelet counts in patients diseased with

myeloproliferative syndroms. Dominant-negative mutations in the DNA-binding and SH2

domains of STAT3 were described in 2007 to cause the autosomal dominant hyper-IgE (or

Job’s) syndrome, which goes along with vascular abnormalities such as coronary-artery

aneurysms.67–69 More recently, in 2012, Koskela and colleagues identified four somatic

STAT3 mutations in large granular lymphocytic leukemia by means of next-generation

exome sequencing: Y640F, D661V, D661Y, and N647I. All mutations were associated

with an increased transcriptional activity of STAT3 due to a more hydrophobic protein

surface.70 Two years after finding the V617F mutation, the first specific JAK2 inhibitor,

SD-1008, was designed.71 Hereby, the stage was set for targeting the JAK2/STAT3 path-

way in research and therapeutic settings.

Even though interfering the JAK2/STAT3 axis is no daily life practice in the treatment

of vascular proliferative or cardiac diseases yet, some promising in vitro and in vivo results

published by basic researchers are topics of current scientific discussions. In animal models

of cardiac hypertrophy and heart failure, STAT3 signaling contributes to cardioprotection

by activating survival pathways in cardiomyocytes. Additionally, STAT3 seems to have a

protective role on myocardial infarction size in the process of post-conditioning in mice.

These cardioprotective effects are suggestive to be rather independent of gene regulation,

but due to the inhibitory effect of STAT3 on the opening of mitochondrial permeability

transition pores.72,73 The JAK2/STAT3 pathway has even been shown to be involved

in vascular proliferative diseases. However, various STAT3 target genes have barely been

characterized in activated SMC in vitro and in vivo.74–76

1.4 Cyclin D1

The common final pathway of a plethora of growth factors is the cell cycle. There, quiescent

(G0) cells enter a gap period (G1) for gathering factors required for DNA replication and

increasing in size. Subsequently, cells get into the synthetic (S) phase, in which DNA

10
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Figure 9: Cyclin D1 interacts with CDK4 or CDK6 causing phosphorylation of transcritptional re-

pressors of the retinoblastoma family (pRb, p107, p130) with a peak in the late G1 phase. As a result,

E2F transcription factors are liberated allowing synthesis of S phase genes.

replication takes place. Between accomplishing DNA doubling and cell division, cells

continue to grow (G2). Mitosis (M) results in the splitting into two distinct cells and

completes the cycle. Duration and order of the whole sensitive system are supervised at

certain checkpoints. There, further progress of the pathway can be locked at the G1/S

transition as well as at the G2/M transition and within the M phase.77

Tandems of cyclins and cyclin-dependent kinases (CDK) play a key role in cell cycle

control by taking on jobs as gatekeepers at those checkpoints. Cyclins represent the

regulatory subunits, while CDK form the catalytic subunits of an activated heterodimer.

Cyclins have no intrinsic catalytic activity and CDK are inactive in the absence of their

respective partner cyclin.78 In this manner, cyclin D1 (encoded by the CCND1 gene) acts

as the regulatory subunit of CDK4 or CDK6 causing phosphorylation of transcriptional

repressors of the retinoblastoma family (pRb, p107, p130) with a peak in the late G1 phase.

As a result, E2F transcription factors are liberated ensuring orderly cell cycle progression

by inducing the transition from G1 to S-phase.79,80 The described process results in an

ultimate restart of proliferation in quiescent mammalian cells (fig. 9).81

Beyond that “classical” function of cyclin D1, new CDK-independent mechanisms of

cyclin D1 action have recently been described. Jirawatnotai and colleagues performed

a proteomic screen for cyclin D1 protein partners in several types of human tumors and

found cyclin D1 interacting with RAD51, a recombinase that drives the homologous recom-

bination process. In this manner, cyclin D1 seems to assemble and/or stabilize a complex

that acts on DNA double-strand breaks by homologous recombination. Depleted human

11
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cells of cyclin D1 were found to be slower to repair broken DNA within the advanced S

and G2 phase.82

Cytosolic mRNA and thereby protein levels of cyclin D1 are regulated by STAT3.83

Since an excessively active cyclin D1 pathway might be responsible for increased cellular

proliferation in cancers as well as in vascular smooth muscle cells in vitro, STAT3 seems

to be a promising target for the development of antiproliferative therapies in vascular

diseases as well.84–86

1.5 Survivin

Survivin (encoded by the BIRC5 gene) serves as an endogenous inhibitor of programmed

cell death and proliferation. A zinc-finger motif called inhibitor of apoptosis (IAP) domain

(also known as IAP repeat, Baculovirus Inhibitor of apoptosis protein Repeat or BIR),

which is present in proteins operating in context of apoptosis, cytokine production, and

chromosome segregation, can also be found in this protein. Survivin is expressed during

fetal development and not detectable in terminally differentiated adult tissues. In the late

1990s, the group of Dario Altieri could show that survivin becomes highly expressed in

tumor cell lines of the most common human cancers of lung, colon, pancreas, prostate, and

breast.87 Only a few years later, they could even identify survivin as a critical regulator

of SMC viability in neointimal formation after injury.88

Apoptosis involves several complex signaling cascades and molecular events not only

for well-arranged destruction and reconstruction of cellular structures during embryonic

development, but for keeping the balance between proliferation and cell death even in

differentiated adult tissues. The release of pro-apoptotic factors like cytochrome c (cyt

c) from mitochondria during apoptosis is such an event. Cyt c interacts with a calcium

receptor on the endoplasmatic reticulum (ER), causing calcium release. This increase in

calcium triggers in turn a release of cyt c in a positive feedback loop to maintain ER

calcium release.89 Thus, calcium concentration reaches cytotoxic levels. Additionally, cyt

c triggers certain caspases. Caspases are intracellular proteases degrading cellular contents

and can be divided into two types of apoptotic caspases. Initiator caspases (e.g. caspase-8

and -9) set off the final apoptotic process (e.g. activated by cyt c). They cleave pro-forms

of effector caspases (e.g. caspase-3, -7, and -6), which cleave cellular proteins (e.g. actin

and laminin) and activate the DNA cleaving enzyme nuclease.90

Although it is clearly established that survivin inhibits apoptosis, there is no convincing

determination of the mechanism by which this occurs. Survivin is believed to inhibit

apoptosis via at least two different mechanisms of action: prevention of the release of pro-

apoptotic factors from mitochondria and interaction with several caspases. Additionally,

12
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Figure 10: Survivin inhibits apoptosis by preventing the release of cytochrome c from mitochon-

dria and interacting with caspases. Beyond that, survivin acts pro-proliferative due to its role in

cytokinesis.

survivin is important during cell division due to the regulation of cytokinesis in the G2

and M-phase of the cell cycle, even though the detailed mechanisms still remain uncertain

(fig. 10).91–93 Since the expression of survivin requires the phosphorylation of STAT3,

STAT3 represents once again a critical regulator of cell death and proliferation.94,95

1.6 Inhibiting STAT3: WP1066

Since STAT3 controls the transcription of a wide range of genes and has a diverse biological

impact on oncogenesis, the JAK2/STAT3 pathway appeared to be a promising therapeu-

tic target in proliferative diseases back in 1999.96 A plethora of strategies to disrupt

STAT3 activity was developed in the subsequent years: i) inhibition of the receptor ligand

complexes, ii) blocking the kinases that phosphorylate the receptor’s cytoplasmic tail, iii)

inducing the activity of the phosphates that dephosphorylate STAT3, iv) inhibiting JAK

kinases and thereby stopping STAT3 dimerization, v) preventing migration of STAT3 to

the nucleus or blocking its export from the nucleus, vi) direct blocking of STAT3 DNA

binding and transcriptional activity, and vii) application of STAT3 antisense strategies

and decoy oligo-deoxynucleotides. The success of these initial attempts was often limited

by difficulties to include the putative drugs in clinical regimes (e.g. the efficient mode of

drug administration, toxicity in vivo, difficulties in attaining good cell permeability, and

in few cases the non-selective inhibitory nature of the compounds).97 Thus, the probably

most promising compounds that currently yield pivotal results in phase I and II studies,

are specific JAK2 inhibitors, that don’t affect other cellular pathways.57–60
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Figure 11: Structure of WP1066 [(E)-3(6-bromopyridin-2-yl)-2-cyano-N -((S0-1-

phenylethyl)acrylamide)] (bottom) and its parent compound AG490 [2-cyano-3-(3,4-

dihydroxyphenyl)-N -(benzyl)-2-propenamide] (top).

WP1066 is such a highly potent inhibitor of JAK2 firstly described in 2007.98 WP1066

inhibits the phosphorylation of JAK2 and thereby the activation of STAT3 similar to

its parent compound AG490 (fig. 11). But in contrast to AG490, WP1066 has also

been described to degrade JAK2 protein in certain cell types without affecting its mRNA

expression. Beyond that, WP1066 is shown to be up to 18-fold more potent and active

compared to AG490 in vitro and – unlike AG490 – exerted favorable in vivo results in tumor

models and did so even at low doses over a long time-period after the last injection.74,98,99
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2 AIMS

2 Aims

The importance of the JAK2/STAT3 axis in several proliferative diseases and especially

its implication in vasculoproliferative diseases suggest this pathway as a promising thera-

peutic target in the process of neointima formation.74,75 However, the evaluation of the

exact molecular mechanism and the preclinical use of a potent inhibitor of STAT3 in vas-

culoproliferative diseases remain elusive. Thus, the concrete aims of this project were to

answer the following questions:

1. Are there changes in the expression or in the activation (phosphorylation) of STAT3

following vascular injury?

2. How does the specific disruption of the STAT3 signaling cascade affect the response

of SMC to mitogenic stimulation in vitro?

3. Which genes are regulated by STAT3 activation in SMC in vitro and in the process

of neointima formation?

4. How does the specific disruption of the STAT3 signaling cascade by WP1066 affect

the neointima formation in a wire induced injury model in vivo?
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3 Materials and methods

3.1 Materials

3.1.1 Devices and software

Adobe Photoshop CS2 Adobe Systems Inc., San Jose, USA

Analytic Balances Sartorius, Göttingen, Germany

Biofuge Fresco and Pico Heraeus Instruments, Hanau, Germany

High Voltage Power Pack P30 Biometra, Göttingen, Germany

BlockThermostat 1302 Haep Labor Consult, Bovenden, Germany

Centrifuge Hettich Rotina 420R Hettich Zentrifugen, Tuttlingen, Germany

Cryostat Leica CM 1900 Leica Microsystems Nussloch GmbH,

Nussloch, Germany

FlashGel R©Camera Lonza, Basel, Switzerland

Fluorescence microscope Leica DMRB Leica Microsystems Wetzlar GmbH,

Wetzlar, Germany

Fume Hood HS18 Heraeus Instruments, Hanau, Germany

GraphPad R©Prism 5 (Trial) GraphPad Software Inc.

La Jolla, CA, USA

iBlot R©Gene Transfer Device Invitrogen
TM

, Darmstadt,

Germany

ImageJ 1.44p Wayne Rasband, NIH, Bethesda, MD, USA

JabRef 2.7 The JabRef Team

Magnetic Stirrer Ikamag R© IKA R©Werke GmbH & Co. KG, Staufen,

Germany

Metamorph Imaging Software 7.0 Molecular Devices, Downingtown, PA, USA

mFold web server Rensselaer Polytechnic Institute,

Albany, NY, USA

Microscope Leica DMIL Leica Microsystems Wetzlar GmbH,

Wetzlar, Germany

Microsoft R©Office R©2003 Microsoft Corporation, Redmond, WA, USA

Microsoft R©Windows R©7 Professional Microsoft Corporation, Redmond, WA, USA

MiKTEX 2.9 Christian Schenk, Berlin, Germany

Mx3000P qPCR System Stratagene R©, La Jolla, CA, USA

Oligo Analyzer 3.1 IDT R©Integrated DNA Technologies, Inc.,

Coralville, IA, USA

PC Intel R©Pentium R©D Adm. und. klin. Datenverarbeitung (AKAD),

16



3 MATERIALS AND METHODS

Gießen, Germany

GeneAmp PCR System 2400 PerkinElmer R©, Waltham, MA, USA

Photometer SLT Spectra SLT Labinstruments, Crailsheim, Germany

Pipetboy acu Integra Biosciences GmbH, Fernwald,

Germany

Platform shaker Duomax 1030 Heidolph, Kehlheim, Germany

Precision Balances Sartorius, Göttingen, Germany

Refrigerated centrifuge SIGMA 1-15K Sigma Laborzentrifugen GmbH,

Osterode am Harz, Germany

Spectrophotometer NanoDrop
TM

ND-1000 NanoDrop Products, Wilmington, DE, USA

TEXnicCenter 1.0 Sven Wiegand, Berlin, Germany

Tissue Grinder (No. 885470-0000) Kimble-Chase, Vineland, NJ, USA

X-Ray Cassette GE Healthcare Life Sciences,

Freiburg i.B., Germany

XCell SureLock R©Mini Cell Invitrogen
TM

, Darmstadt, Germany

3.1.2 Reagents

2-Mercaptoethanol Sigma-Aldrich Chemie, Munich, Germany

2-Propanol Merck, Darmstadt, Germany

Acetone 99.8% Merck, Darmstadt, Germany

Antibody diluent reagent solution Zymed R©Laboratories Inc.,

San Francisco, CA, USA

Aqua ad iniectabilia (H2Odd) Baxter, Unterschleißheim, Germany

Bovine serum albumine (BSA) Sigma-Aldrich Chemie, Munich, Germany

4.6-diamidino-2-phenylindole (DAPI) Linaris, Wertheim, Germany

Cell Death Detection ELISA Plus Roche, Mannheim, Germany

Cell Proliferation ELISA, BrdU Roche, Mannheim, Germany

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie, Munich, Germany

DNA-binding ELISA TransAM
TM

, ActiveMotif, via

THP Medical Products, Wien, Austria

Dulbecco’s modified eagle medium (DMEM)Invitrogen
TM

, Darmstadt, Germany

Dulbecco’s phosphate buffered saline (PBS) PAA Laboratories, Pasching, Austria

ECL Plus (WB detection reagent) GE Healthcare Life Sciences,

Freiburg i.B., Germany

Eosin Y Disoldium salt Sigma-Aldrich Chemie, Munich, Germany

Erythrocyte lysis buffer Biolegend, San Diego, CA, USA
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Ethanol Riedel-de Haën Sigma-Aldrich, Seelsze,

Germany

Fetal calf serum (FCS) Invitrogen
TM

, Darmstadt, Germany

Formalin solutionPFA Carl Roth, Karlsruhe, Germany

Glycerol Sigma-Aldrich, Munich, Germany

Glycine Sigma-Aldrich, Munich, Germany

Hematoxylin solution Merck, Darmstadt, Germany

Histofix 4% (PFA) Carl Roth, Karlsruhe, Germany

Hydrogene Peroxide 30% (H2O2) Merck KGaA, Darmstadt, Germany

Methanol Merck, Darmstadt, Germany

Non-immune goat serum 10% Zymed R©Laboratories Inc.,

San Francisco, CA, USA

Penicillin/Streptomycin PAA Laboratories, Pasching, Austria

Pluronic F-127 gel, 25% wt/vol Sigma-Aldrich Chemie, Munich, Germany

Protein Assay (A,B,C) Bio-Rad, Munich, Germany

Restore
TM

WB Stripping Buffer Pierce Biotechnology,

Rockford, IL, USA

RNeasy R©Mini Kit Qiagen R©, Venlo, The Netherlands

SensiMix Real-Time Kit PeqLab, Erlangen, Germany

Smooth muscle cell growth Provitro GmbH, Berlin, Germany

medium, basal (No.200 0601)

Smooth muscle cell growth Provitro GmbH, Berlin, Germany

medium, FCS (No.201 0601)

Sodium actetate Fluka Chemie, Buchs, Switzerland

Sodium chloride 0.9% (NaCl) B. Braun, Melsungen, Germany

Sodium chloride solution Baxter S.A., Lessines, Belgium

Sodium citrate Carl Roth, Karlsruhe, Germany

Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, Germany

STAT3 Inhibitor III, WP1066 Merck KGaA, Darmstadt, Germany

Triton X-100 Bio-Rad, Munich, Germany

Trypan blue solution (0.4%) Sigma-Aldrich Chemie, Munich, Germany

Trypsin Clonetics Cellsystem, St. Katharinen,

Germany

Tween 20 Sigma-Aldrich Chemie, Munich, Germany

Vectashield R©mounting medium H1000 Vector Laboratories, Burlington, CA, USA

Xylocaine 2 R©% AstraZeneca, Wedel, Germany

18



3 MATERIALS AND METHODS

3.1.3 Surgical instruments

Artery forceps BH111 Aesculap, Tuttlingen, Germany

Cautery ZIK-Medizintechnik, Marktheidenfeld,

Germany

Feather Disposable Scalpel Feather Safety Razor Co., Ltd., Osaka, Japan

Iris dissecting forceps OC021R Aesculap, Tuttlingen, Germany

Iris dissecting forceps OC022R Aesculap, Tuttlingen, Germany

Straight spring wire C-SF-15-20 William Cook Europe, Bjæverskov, Denmark

Vannas style Eye scissors OC498R Aesculap, Tuttlingen, Germany

3.1.4 Drugs used for anesthesia

Buprenorphine 0.3 mg/mL (Buprenovet R©) Bayer, Leverkusen, Germany

Glycopyrrolat 0.2 mg/mL (Robinul R©) Biosyn, Fellbach, Germany

Isoflurane Baxter, Unterschleißheim, Germany

Ketamine 50 mg/mL (Ketanest R©) Pharmacia/Pfizer, Mannheim, Germany

Xylazine 2% (Rompun R©) Bayer, Leverkusen, Germany

3.1.5 Further materials

Akku pipetting aid Hirschmann, Eberstadt, Germany

Amersham Hyperfilm ECL GE Healthcare Life Sciences,

Freiburg i.B., Germany

Butterfly perfusion set MicroFlo
TM

, Ind. Biomedica, Spa, Italy

0.5 × 20 mm (25 Gau)

Cell scraper Greiner Bio-One GmbH, Frickenhausen, Germany

Cellstar R©Cell Culture Flasks Greiner Bio-One GmbH, Frickenhausen, Germany

Combitips R© Eppendorf, Hamburg, Germany

Cover glass for slides (24 × 50 mm) Menzel, Braunschweig, Germany

Dako R©Pen DakoCytomation, Glostrup, Denmark

Elisa Plate 96 Well Greiner Bio-One GmbH, Frickenhausen, Germany

Ethilon R©6-0 Silk suture Ethicon R©, Johnson&Johnson, St. Stevens-Woluwe,

polyamid, not absorbable Belgium

Ethilon R©7-0 Silk suture Ethicon R©, Johnson&Johnson, St. Stevens-Woluwe,

polyamid, not absorbable Belgium

Ethilon R©8-0 Silk suture Ethicon R©, Johnson&Johnson, St. Stevens-Woluwe,

polyamid, not absorbable Belgium
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Filter pipette tips 10 µL-1,000 µL Nerbe Plus GmbH, Winsen, Germany

Fix-o-gum, Rubber-cement Marabuwerke, Tamm, Germany

FlashGel R©DNA Cassette Lonza, Basel, Switzerland

Multiwell Cell Culture Plates Greiner Bio-One GmbH, Frickenhausen,

Germany

NuPage R©Bis-Tris Gel Invitrogen
TM

, Darmstadt, Germany

Parafilm R© American National Can
TM

, Neenah, WI, USA

Pipetman R©10 µL-1,000 µL Gilson
TM

International B.V., Den Haag,

The Netherlands

PP tubes screw cap 15 mL/50 mL BD Biosciences, Franklin Lakes, NJ, USA

Safe Seal Microcentrifuge Tubes Sorenson
TM

Bioscience Inc., Salt Lake

0.65 mL/1.5 mL/2 mL City, UT, USA

Single-use syringe 1 mL, Inject R©F, B. Braun, Melsungen, Germany

Tuberkulin

Single-use syringe 5 mL, Injekt R©Solo B. Braun, Melsungen, Germany

Skin desinfection Softasept R© B. Braun, Melsungen, Germany

Slides SuperFrost R©Plus R. Langenbrinck, Emmendingen, Germany

Sterile needle, 20 Gau, 0.9 × 70 mm Terumo R©Europe, Leuven, Belgium

Sterile needle, 30 Gau, 0.3 × 13 mm Terumo R©Europe, Leuven, Belgium

Sterile needle, BD Microlance
TM

, BD Drogheda, Ireland

26 Gau, 0.45 × 13 mm

Thermo Scientific 0.2 mL Strips Thermo Fisher Scientific Inc., Waltham,

MA, USA

Thermo Scientific Dormed Cap Strips Thermo Fisher Scientific Inc., Waltham,

MA, USA

Thermo Scientific Ultra ClearCap Strips Thermo Fisher Scientific Inc., Waltham,

MA, USA

Tissue Tek R©OCT
TM

Compound Sakura Finetek Europe B.V.,

Zoeterwoude, The Netherlands

Transwell R©plates Corning R©Inc., Corning, NY, USA

Whatman filter paper Vogel GmbH & Co. KG, Giessen, Germany

3.1.6 Primers, antibodies and staining kits

Primers used for all experiments are listed in table 1. All primers were designed by

means of NCBI Primer-BLAST.100 Oligos were analyzed for self- and hetero-dimers using

OligoAnalyzer 3.1.101 Primers and expected PCR products were tested for hairpins (ionic
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conditions: [Na+]=50mM and [Mg++]=3mM, folding temperature: 60◦C) and finally pro-

duced by MWG-Biotech AG, Ebersberg, Germany.102 Primary and secondary antibodies

and staining kits are listed in tables 2 to 4.

3.2 Methods: in vitro

3.2.1 Cell culture

Human coronary artery SMC (HCASMC) were purchased from Lonza (Cologne, Ger-

many) and cultured in smooth muscle cell growth medium supplemented with 5% FCS,

0.5 ng/mL Epidermal Growth Factor, 2 ng/mL basic Fibroblast Growth Factor, 5 µg/mL

insulin (ProVitro GmbH, Berlin, Germany), according to the supplier’s protocol. For all

experiments cells between passages 3 and 6 were used. Cell culture was done at the sterile

hood and only with sterile materials.

3.2.2 Detection of proliferation

To evaluate the effect of STAT3 inhibiton on proliferation two different methods were

used: First, cells were counted directly using a hemocytometer. Second, proliferation was

measured using a cell proliferation ELISA (BrdU ELISA).

For direct cell count smooth muscle cells were seeded on 6-well-plates (35 × 103/well).

After incubation for a time-period of 48 hours the actual cell number was determined by

using the hemocytometer and set to 100%. The rest of the cells was incubated further in

presence either of FCS, of FCS and 2.5 µM WP1066 or of FCS and 10 µM WP1066 for

48 hours. Then, a further count was done.

Cell proliferation ELISA was performed according to the manufacturer’s instructions.

Functional base of the cell proliferation ELISA is the replacement of the synthetic

nucleoside Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) for thymidine. Incorpo-

rated BrdU can be detected by means of antibodies. Therefor HCASMC were seeded

on 96-well-plates (5 × 103/well) and were incubated in growth medium. 24 hours later

medium was changed to basal medium. After 20 hours different concentrations of WP1066

were added. 4 hours later basal medium was replaced with growth medium and inhibitors

to induce proliferation. Simultaneously BrdU labeling solution was added and cells were

incubated for 4 more hours at 37 ◦C. Then, medium was removed by flicking off and tap-

ping and fixing solution (200 µL/well) was added for a time period of 30 minutes at room

temperature. In the same step cells were fixed and DNA was denaturated and thereby

bared the incorporated BrdU. Thus, antibodies can bind to it. After removal of the fixing

solution by flicking off and tapping anti-BrdU working solution was added (100 µL/well)
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Gene Primers

Official Symbol Species fwd/rev Sequence

STAT3 human
fwd 5’-TTT GTC AGC GAT GGA GTA CG-3’

rev 5’-GCT GCA ACT CCT CCA GTT TC-3’

Stat3 mouse
fwd 5’-CAA TAC CAT TGA CCT GCC GAT-3’

rev 5’-GAG CGA CTC AAA CTG CCC T-3’

CCND1 human
fwd 5’-CCG TCC ATG CGG AAG ATC-3’

rev 5’-ATG GCC AGC GGG AAG AC-3’

Ccnd1 mouse
fwd 5’-TGT GCG CCC TCC GTA TCT TAC-3’

rev 5’-TTC TGC TCC TCA CAG ACC TCC A-3’

BIRC5 human
fwd 5’-TGC TGT GGA CCC TAC TGG GTT-3’

rev 5’-TGT CTG GGC AGA TGG CTG TTG-3’

Birc5 mouse
fwd 5’-ACC GAG AAC GAG CCT GAT TTG G-3’

rev 5’-GCT TTC TAT GCT CCT CTA TCG GGT T-3’

CCL5 human
fwd 5’-ATC AAG ACA GCA CGT GGA CCT C-3’

rev 5’-TGT GGT GTC CGA GGA ATA TGG G-3’

Ccl5 mouse
fwd 5’-TGC CGC GGG TAC CAT GAA GAT-3’

rev 5’-TCC GAG CCA TAT GGT GAG GCG-3’

GAPDH human
fwd 5’-TGC ACC ACC AAC TGC TTA GC-3’

rev 5’-GGC ATG GAC TGT GGT CAT GAG-3’

Gapdh mouse
fwd 5’-GTG TTC CTA CCC CCA ATG TG-3’

rev 5’-AGG AGA CAA CCT GGT CCT CA-3’

Table 1: Primer sequences
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Antibody Source Isotype Company

α-Smooth Muscle Actin mouse IgG2a monoclonal Sigmal-Aldrich Chemie GmbH,

Cy3 conjugated Munich, Germany

CD31 (PECAM-1) rat IgG2a, κ BD Pharmingen, Franklin

Lakes, NJ, USA

CD45 rat IgG2a, κ BD Pharmingen, Franklin

Lakes, NJ, USA

CD68 rat IgG2a monoclonal Serotec, Oxford, UK

STAT3 mouse IgG2a monoclonal Cell Signaling Technology,

Danvers, MA, USA

STAT3 rabbit IgG monoclonal Cell Signaling Technology,

Danvers, MA, USA

phosphorylated-STAT3 rabbit IgG polyclonal Cell Signaling Technology,

Danvers, MA, USA

RANTES rabbit IgG monoclonal Epitomics, Burlingame, CA, USA

RANTES rat IgG2a monoclonal R&D Systems GmbH,

Wiesbaden, Germany

β-Tubulin rabbit IgG monoclonal Epitomics, Burlingame, CA, USA

von Willebrand factor rabbit IgG polyclonal Dako, Glostrup, Denmark

Table 2: Primary antibodies

Antibody Source Isotype Company

Alexa Flour R©488 nm, green goat IgG polyclonal Molecular Probes

anti-rabbit Eugene, OR, USA

Alexa Flour R©546 nm, red goat IgG polyclonal Molecular Probes

anti-rat Eugene, OR, USA

Alexa Flour R©546 nm, red donkey IgG polyclonal Molecular Probes

anti-goat Eugene, OR, USA

IgG goat IgG-HRP Santa Cruz Biotechnology Inc.

anti-rabbit Santa Cruz, CA, USA

Table 3: Secondary antibodies
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Staining kit Company

Proliferation

PCNA Staining Kit, Lot No. 93-1143 Invitrogen
TM

, Darmstadt, Germany

Apoptosis

In Situ Cell Death Detection Kit Roche Diagnostics GmbH, Mannheim,

C 2156793 TMR red Germany

Table 4: Staining kits

and cells were incubated again, this time for 90 minutes. Then, wells were rinsed with

washing buffer (PBS, 1×) three times (200 µL/well). Immune complexes were detected by

the subsequent substrate reaction. Therefor substrate solution (100 µL/well) was added,

cells were incubated about 30 minutes, and reaction was stopped by adding H2SO4 to

each well. Finally absorbance of the samples was measured by means of ELISA reader at

450 nm (reference wavelength: 690 nm). The developed color and thereby the absorbance

values directly correlated to the amount of DNA synthesis and hereby to the number of

proliferating cells.

3.2.3 Detection of apoptosis

Cell Death detection assays were performed according to the manufacturer’s instructions.

Apoptosis is characterized inter alia by activation of an endogenous endonuclease,

which cleaves double stranded DNA at the most accessible internucleosomal linker re-

gion and hence generates mono- and oligonucleosomes. The DNA of these nucleosomes

is tightly complexed with core histones. Therefore, they cannot be cleaved by the en-

donuclease. Functional base of the cell death detection ELISA is a sandwich-enzyme-

immunoassay-principle using antibodies against the DNA and the histones of those mono-

and oligonucleotides.

HCASMC were seeded on 96-well-plates (5 × 103/well) and were incubated in growth

medium. 24 hours later medium was changed to basal medium. After 20 hours dif-

ferent concentrations of WP1066 were added. After 4 more hours basal medium was

replaced with growth medium and inhibitors to induce apoptosis and cells were incubated

again for 24 hours. Then, 96-well-plates were centrifuged (200×g for 10 minutes). Super-

natants were removed carefully and the cell pellets were resuspended in lysis buffer (150

µL/well). After incubation for 30 minutes plates were centrifuged again (200×g for 10

minutes) and 20 µL from the supernatants (=cytoplasmatic fraction) were transfered into
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streptavidin coated 96-well-plates. Antibodies were added subsequently (80 µL/well im-

munoreagent containing anti-histone-biotin antibody and anti-DNA-peroxidase antibody)

and microplate modules were put on a plate shaker (300 rpm, 2 hours). Solutions were

removed by flicking off and tapping and wells were rinsed three times with incubation

buffer (250 µL). Amount of the peroxidase retained in the immuncomplex (and hereby

amount of the mono- and oligonucleotides) was determined with ABTS (2,2’-azino-di-[3-

ethylbenzthiazoline sulfonate(6)], added to the wells and incubated for about 20 minutes),

as a substrate measured by photometric analysis (wavelength: 405 nm, reference wave-

length: 490 nm).

3.2.4 Detection of viability

Viable cells are not able to take up the trypan blue dye, while necrotic cells do so and

appear blue.

HCASMC were seeded on 24-well-plates (40 × 103/well) and were incubated in growth

medium. 24 hours later medium was changed to basal medium. After 20 hours different

concentrations of WP1066 were added. After 4 more hours basal medium was replaced

with growth medium and inhibitors and cells were incubated again for 24 hours. Cells in

the supernatant were collected and the remaining, attached SMC were trypsinized. Both

fractions were mixed and 50 µL were incubated with 50µL 0.4% trypan blue dye for 2

minutes. Then, 20 µL of this mixture was put into a hemocytometer and cells in four

squares were counted under a light microscope (enlargement 10×). Finally, concentration

of viable cells was calculated using the following term:

Viable cells(%) = Number of colored cells
Total number of cells × 100

3.2.5 Detection of migration

After incubation on basal medium for 24 hours HCASMC were seeded in the upper cham-

ber of a modified Boyden chamber (8 µm pore size, 25 × 103 cells/well)and were allowed

to attach. Chambers were placed in a 24-well culture dish containing smooth muscle cell

growth medium (600 µL) and PDGF-BB (20 ng/mL) and were allowed to migrate in the

absence or presence of different concentrations of WP1066 (2.5 µM, 5 µM, and 10 µM).

After 6 hours of incubation at 37 ◦C, 5% CO2, the remaining cells in the upper chamber

were removed with a cotton wool swab. The lower side of the filter was washed with 1×

PBS and fixed with 2% paraformaldehyde. For quantification, cell nuclei were stained

with DAPI. Migrating cells into the lower chamber were counted in three randomized

fields under a fluorescence microscope (enlargement 40×).
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3.2.6 STAT3 promotor-binding

TransAM
TM

assays were performed according to the manufacturer’s instructions.

The TransAM
TM

STAT3 kit consists of a 96-well-plate on which oligonucleotides con-

taining a STAT consensus binding site (5’-TTCCCGGAA-3’) has been immobilized. Acti-

vated nuclear extract from cells either treated with WP1066 or not was added to each well

and activated STAT3 bound specifically to these oligonucleotides. Thus, bound STAT3

was detected through use of an antibody against STAT3. Followed incubation with a sec-

ondary antibody, which was conjugated to horseradish peroxidase, and developing solution

provided calorimetric readout that was quantified by spectrophotometry at 450 nm.

3.2.7 Western blot

Preparation of Cell Lysates First, cells were lysated. Therefor lysis buffer (RIPA

and inhibitors) was added to the wells (100 µL/9.6 cm2-well) and cells were detached by

means of cell scrapers. After incubation on ice for a time period of 15 minutes cells were

centrifugated in a refrigerated centrifuge (15 minutes, 13,000 rpm, 4 ◦C).

Protein measurement Protein measurement with DC Protein Assay were performed

according to the manufacture’s manuals. BSA (bovine serum albumine) was used as an

internal standard for protein measurement in µg/µL. RIPA buffer was also measured and

the result was subtracted from the results of the probes. Every measurement was done

twice to minimize pipetting inaccuracies.

Protein processing All of the following steps were done on ice. Lysat volumes that

corresponded to chosen protein amounts were added to loading buffer (10×) in reaction

tubes (1.5 mL) and filled up with distilled water. The loading buffer contained SDS, that

wrapped up the proteins and thus marked them with negative charge according to their

length. Weight standards were treated in the same way.

Electrophoresis Electrophoresis was done during a time period for 1.5 hours at 90

volt. The visible protein bands of the weight standards provided information of sufficient

tracking. Blotting was performed via iBlot according to the manufacture’s manuals. The

protein bands of the weight standards provided a control in this case, too.

Immunodetection First, the membrane was incubated with blocking solution for 1

hour to disable unspecific binding sites. Subsequently, the particular primary antibody

was diluted in blocking solution, added to the membrane, and incubated over night. The
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next day, the membrane was rinsed with washing buffer 3 × 5 minutes to remove unbound

antibodies. Then, the membrane was incubated with the secondary antibody for 1 hour

according to the manufacturer’s instructions. The membrane was finally rinsed again.

Specific detection of proteins was done using the chemoluminiscence system ECL+ of

Amersham. The membrane was incubated in presence of the ECL+ solution to activate a

secondary-antibody-bound horseradish peroxidase the membrane. After 5 minutes it was

exposed to a high-sensitive x-ray film and the film was processed.

Densitometry Developed films were scanned and quantification was done using ImageJ

1.44p and Microsoft R©Office Excel
TM

2007.

3.2.8 Real-time quantitative RT-PCR

RNA isolation RNA isolation was performed according to the manufacturer’s manuals

using QIAGEN RNeasy R©mini kits. Concentrations of RNA was determined in a spec-

trophotometric measurement using the ND-1000 (NanoDrop Products, Wilmington, DE,

USA).

cDNA synthesis For amplification of DNA in polymerase chain reaction an enzyme

called DNA polymerase is used. It can act only on DNA templates, i.e. it is not able to

amplify RNA. Thus, reverse transcriptase was used to rewrite RNA to cDNA. Therefore,

5×buffer (4 µL), Cleland’s reagent (dithiothreitol, DTT, 2.5 µL), RNAse inhibitor (0.5

µL), random primer (1.5 µL), desoxyribonucleotidetriphosphates (dNTPs, 1 µL), and re-

verse transcriptase (1 µL) were added to 10.5 ng of RNA placed in dormed cap strips.

Reverse transcription reaction proceeded in GeneAmp PCR System 2400 [37 ◦C (60 min-

utes), 90 ◦C (15 minutes)]. Then, probes were cooled down to 4 ◦C and were stored at

-20 ◦C.

Real-time quantitative RT-PCR Real-time PCR was performed on a Stratagene

MX3000 quantitative PCR System using the SensiMix real-time kit. PCR-mix (10 µL),

SYBR Green (0.4 µL), H2O (7.4 µL), and primers (0.675 µL for each one) were added to

cDNA (1 µL) according to manufacturer’s manual. The reaction was run at the default

setting program [95 ◦C (15 seconds), 60 ◦C (1 minute), 40 cycles]. Primers are described

above (table 1).

SYBR Green, a DNA-binding dye binds to all double-stranded (ds)DNA in PCR. The

resulting DNA-fluorescence dye-complex absorbs blue light at λmax =494 nm and emits

green light at λmax =521 nm. An increase in DNA product during PCR therefore leads to
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an change in fluorescence intensity of different wavelengths and is measured at each cycle,

thus allowing DNA concentrations to be quantified.

All analyses were performed in triplicates, and either the DNA template or the reverse

transcriptase was omitted for control reactions.

Evaluation For quantification of gene expression changes, the ∆∆Ct method was used

to calculate relative fold changes normalized against the glyceraldehydes-3-phosphate de-

hydrogenase (GAPDH). Ct (Cycle Threshold) values describe the start of exponential

curves, i.e. they mark the part of the curves where the fluorescence exceeds background

fluorescence the first time. The more DNA is in there before PCR starts, the more copies

are created during the cycles and the faster fluorescence is measured. Comparison of Ct val-

ues of different probes determines, which probe included more DNA before amplification.

Therefore the following calculations were done (using Microsoft R©Office Excel
TM

2007):

∆Ct(sample) = Ct(target) − Ct(GAPDH)

∆Ct(calibrator) = Ct(target) − Ct(GAPDH)

∆∆Ct = ∆Ct(sample) − Ct(calibrator)

relative quantity = 2−∆∆Ct

3.3 Methods: in vivo

3.3.1 Laboratory Animals

All in vivo experiments were performed on C57BL/6J mice purchased from Charles River

(Sulzfeld, Germany). All procedures concerning animal experiments were in accordance

with the Directive 2010/63/EU on the protection of animals used for scientific purposes

and the GermanTierschutzgesetz. All procedures had been approved by the responsible

governmental authorities (Regierungspräsidium Giessen (V54-19c 20-15 (1) GI 20/10 Nr.

16/2011) and Nds. Landesamt für Verbraucherschutz und Lebensmittelsicherheit (33.14-

42502-04-14/1472)).

3.3.2 Mouse femoral artery injury model of neointimal hyperplasia

For all the experiments, WP1066 was retained in a buffer (5 mM sodium citrate, 50

mM sodium chloride, 250 mM arginine, and 200 mM lysine; 200 µg WP1066/mL buffer).

Controls were performed by adding the same volume of the buffer.

Anesthesia and analgesia Mice were anesthetized by an intraperitoneal injection of

100 mg ketamine per kg body weight and 16 mg xylazine (Rompun R©) per kg body weight
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Figure 12: Left femoral artery disscetion and ligation of both, femoral and profunda femoris artery.

Figure 13: Insertion of the straight spring wire into the profunda femoris artery.

diluted in 0.9% sodium chloride solution. Prior, 0.01 mg glycopyrrolat (Robinul R©) per kg

body weight was injected subcutaneaously to antagonize the vagal effects of the anesthesia.

Postoperative analgesia was performed by subcutaneous injection of 0.1 mg buprenor-

phine (Buprenovet R©) per kg body weight twice daily for the duration of three days.

Surgery Surgery was carried out using a dissecting microscope. Following anesthesia,

the mice were fixed on a warming plate and underwent transluminal mechanical injury of

the left femoral artery by insertion of a straight spring wire (0.38 mm in diameter) for >1

cm toward the iliac artery. This method was previously described by Sata and co-workers

and has been modified by our group as described below.47

In brief, the fur of the left hind limb was carefully removed with a special trimmer for

laboratory animals and afterwards the region of operation was disinfected. The skin was

cut off from the distal end of the leg in proximal direction for approximately 1 cm. The

Figure 14: Tying off the proximal portion of the profunda femoris branch and restoration of blood

flow.
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connective tissue around the femoral artery was removed with microsurgery forceps and the

femoral nerve and femoral vein were carefully separated from the femoral artery by blunted

dissection. This process was followed by preparation of the profunda femoris artery and

carrying out of the arteriotomy to insert the spring wire. For this purpose, the femoral

artery was looped proximally (Ligation I) with 7-0 silk suture for temporary vascular

control during the procedure. In addition, the profunda femoris artery was ligated distally

(Ligation II) with Ethilon 8-0 silk sutures. In preparation of the following dilatation,

the ligations were stretched to prevent blood flow during the insertion of the wire. The

exposed profunda femoris branch was dilatated by topical application of xylocaine (2%).

Transverse arteriotomy was performed on the profunda femoris artery using Vannas style

eye scissors (fig. 12).

The straight spring wire was then carefully inserted into the profunda femoris branch

and pushed forward to injure the femoral artery for approximately 1cm. The wire was

moved back and forth at least five times to denude and dilatate the artery (fig. 13).

The wire was removed, and the silk suture looped at the proximal portion of the

profunda femoris artery was laced up to prevent blood loss from the arteriotomy. Blood

flow of the femoral artery was restored by releasing the suture placed at the proximal side

of the femoral artery (fig. 14).

Immediately after dilatation, the artery was covered with 75 µL of a 25% thermosensi-

tive self-degrading pluronic F-127 gel containing WP1066 (200 µg/mL) or buffer control.

The fluid pluronic F-127 gel was administered at a temperature of 4 ◦C and then solidified

around the artery. The skin incision was closed with a 6-0 Prolene R©silk suture.

Vessel harvesting At the time points indicated, the mice were killed by an overdose

of CO2. At death, the mice were perfused via the left ventricle either with 2% PFA in

PBS (pH 7.4) or with 0.9% sodium chloride depending on the respective experiment. The

femoral arteries were carefully excised, rinsed in PBS to remove remained blood, and

post-fixed in 2% PFA overnight at 4 ◦C. The arteries prepared for RT-qPCR and western

blot have not been fixed, respectively. Afterwards, the arteries were embedded in Tissue

Tek R©snap-frozen in liquid nitrogen and stored at -80 ◦C until use. The whole arteries were

systematically sectioned on a cryostat. The cross-sections (6 µm) were placed on poly-

L-lysine coated slides for further staining. Samples used for protein and mRNA analysis

were chopped using tissue grinder and processed as described above.
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3.3.3 Morphometry

Hematoxylin and Eosin (H&E) Staining Hematoxylin and eosin staining was used

for distinct staining of nuclei and cytoplasm of certain tissues. Cryoslides containing sam-

ples were fixed in 4% PFA at room temperature for 10 minutes first and rehydrated with

PBS for 15 minutes afterwards. Hematoxylin staining of nuclei (blue) was performed using

Gill’s hematoxylin III for 6 seconds and non-specific hematoxylin staining was removed

by rinsing the slides with acetic acid. The slides were washed in running tap water for 10

minutes and then immersed in the eosin staining solution for 5 seconds to stain cytoplasm

(red). The solution was prepared with 100 mL Eosin, 10 mL Phloxin, 4 mL acetic acid,

and filled up to the volume of 1l with 95% ethanol. This step was followed by dehydration

in ascending alcohol solutions: 2 minutes 96% isopropyl alcohol supplemented with 0.6%

acetic acid and twice with 100% isopropyl alcohol for 2 minutes each. The slides were

mounted with Vectashield R©Mounting Medium and analyzed by microscopy.

Morphometric analysis Samples stained for hemtoxylin and eosin were examined by

means of a Leica DMRB microscope and Metamorph Imaging Software 7.0. The external

elastic lamina, internal elastic lamina, and the lumen circumferences, as well as medial

and neointimal area of six sections per artery were measured.

PCNA staining To detect proliferating SMC in neointimal tissue, mouse artery cross-

sections were stained for the proliferating cell nuclear antigen (PCNA) by using Zymed’s

PCNA staining kit according to the manufacturer’s instructions. In brief, tissue cross-

sections were fixed in 4 ◦C PFA for 15 minutes, rehydrated in PBS for 10 minutes, and

then blocked with Blocking Solution (Reagent 1) for 10 minutes all at room temperature.

This was to block unspecific binding sites.

The biotinylated mouse anti-PCNA primary antibody (Reagent 2) was applied for 60

minutes at room temperature to the sections. This step was followed by rinsing with

PBS for 3 × 2 minutes and application of the streptavidine peroxidase (Reagent 3) for

10 minutes at room temperature. The slides were washed with PBS for 3 × 2minutes

again and the DAB chromogen mix was added to incubate for further 5 minutes. The

slides were counterstained with hematoxylin (Reagent 5) for 2 minutes and subsequently

washed in running tap water and rinsed with H2Odd until the sections turned blue. The

slides were dehydrated in a graded series of alcohol, and cleared with xylene before covered

with Histomount (Reagent 6) and a coverglass.
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Slides were evaluated by microscopy. First, PCNA-positive cells within neointima and

media were counted and compared with the total number of cells. Thus, quantification of

proliferative cells became evident.

Evans blue staining Evans blue is an azo dye which binds to albumin and accumu-

lates in the intima underlying areas permeable to albumin. At one week after application,

WP1066 treated and non-treated mice were sacrificed and injected with 0.5 mL of 0.5%

Evans blue dye (Sigma) in PBS into the tail vein. The uninjured femoral arteries were

fixed and incised lingitudinally to expose the luminal surface. Planimetric analysis was

performed to calculate the ratio of endothelial-covered area, defined as an area not per-

meable to albumin and thereby not stained with Evans blue for the entire luminal surface

area of arteries.

3.3.4 Immunofluorescence and immunohistochemistry

Immunohistochemistry Slides were fixed in 4% PFA for 15 minutes at room temper-

ature, rehydrated in PBS for 15 minutes, and blocked for further 10 minutes with 10%

normal goat serum. The primary antibodies were diluted in ready-to-use antibody dilu-

ent (solutions as recommended by manufacturer, table 5) and incubated overnight at 4

◦C. Following rinsing with PBS for 3 × 5 minutes, the slides were incubated with Cy5-

or Cy3-coupled secondary antibodies diluted in antibody diluents (1:200) for 1 hour at

room temperature in a dark chamber. After incubation, the slides were rinsed again with

PBS for 3 × 5 minutes. The cross-sections were counterstained with DAPI dissolved in

Vectashield R©Mounting Medium. DAPI is a fluorescent dye that strongly binds to A-T-rich

regions of the DNA and was thereby used to identify the nuclei of the cells. The detection

of STAT3 and p-STAT3 required membrane permeabilization using 0.2% Triton X-100

or heat mediated antigen retrieval. Monoclonal antibody to α-smooth muscle actin was

labelled directly with Cy3. Negative controls were conducted by substituting the primary

antibody through an appropriate species and isotype matched control antibody. The cross

sections were analyzed using fluorescent light microscopy.

TUNEL staining Staining for apoptotic cells was performed using Roche’s in situ cell

death detection kit according to the manufacturer’s instructions. DNA fragmentation in

apoptotic cells was detected by terminal deoxynucleotidyl transferase mediated dUTP-

biotin nick end-labeling (TUNEL). Sample slides were fixed in 4% PFA for 20 minutes

at room temperature, rehydrated in PBS for 30 minutes, and blocked with 3% H2O2 in

methanol for another 10 minutes. The slides were then incubated with a permeabilisa-
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Antibody Dilution

α-Smooth Muscle Actin 1:500

CD31 (PECAM-1) 1:200

CD45 1:200

CD68 1:200

STAT3 1:50

phosphorylated-STAT3 1:200

RANTES 1:200

Table 5: Antibody solution

tion solution for 2 minutes at 2 ◦C, which contained 0.1% Triton X-100 and 0.1% sodium

citrate dissolved in PBS to permeabilize the cell membrane. The slides were rinsed with

PBS for 3 × 2 minutes. The cross-sections were then incubated with the TUNEL reaction

mixture for 1 hour in a dark and humidified chamber at 37 ◦C and additionally covered

with parafilm. After incubation, the slides were rinsed with PBS for 3 × 2 minutes, coun-

terstained with DAPI in mounting medium, and analyzed using fluorescence microscopy.

3.3.5 Statistical analysis

Data were stored and analyzed on personal computers using Microsoft R©Office Excel
TM

2007

(Microsoft Corporation, Redmond, WA, USA) and Sigma Plot R©11.0 with Sigma Stat R©3.1

(Systat Software Inc., Erkrath, Germany). Data between the study groups were analyzed

with 1-way ANOVA followed by pair-wise multi-comparison using the Holm-Sidak method.

Statistically significant differences between two groups were determined by using the Stu-

dent’s t-test. A probability value < 0.05 was considered statistically significant for all

comparisons.
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Figure 15: STAT3 mRNA levels in the dilatated artery at 2 and 3 weeks after dilation were evaluated

by RT-PCR (***P < 0.001, n=4).

Figure 16: Western blotting experiments showed total STAT3 and p-STAT3 protein levels within the

dilated artery at 3 weeks compared to uninjured controls.

4 Results

4.1 STAT3 is phosphorylated and upregulated after vascular injury

STAT3 mRNA levels were higher in dilatated arteries compared to non-dilatated control

arteries at both 14 days and 21 days after wire-induced injury as confirmed by qPCR

(4.28 ± 0.39-fold up-regulation at 21 days after injury compared to uninjured arteries,

n=6, ***P < 0.001, fig. 15). Measurement at these certain time points was carried out

due to high SMC proliferation rates two to three weeks after femoral artery dilation.103

Western blot analysis of excised neointimal lesions compared to uninjured arteries

revealed an up-regulation of STAT3 protein levels as well as protein levels of p-STAT3

(fig. 16). Following quantification estimated these significant increases at 1.5 fold in

STAT3 levels and at 3.6 fold in p-STAT3 levels (n=6, *P < 0.05, fig. 17).

Confirming these results immunohistochemical staining for p-STAT3 significantly showed

a localization within the nucleus of neointimal cells, whereas no phosphorylated STAT3

was detected in non-injured arteries (fig. 18). Co-staining of STAT3/p-STAT3 with SMC
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Figure 17: Western blotting experiments were quantified by densitometry.(n=6, *P < 0.05)

marker proteins like smooth muscle α-actin betrayed high expression levels of STAT3 in

SMC (fig. 19). In addition, it was also detectable in other cell types like leucocytes

(CD45), monocytes/macrophages (CD68), and adventitial cells as proofed by co-staining

of STAT3/p-STAT3 with specific surface proteins for these distinct cell types (data not

shown). An appropriate species- and isotype-matched control antibody was used as neg-

ative control.

4.2 Survivin and cyclin D1 are STAT3-dependent target genes in stim-

ulated SMC in vitro and in neointimal cells in vivo

As assessed by western blotting analysis at 10 minutes after stimulation, treatment of

SMC with FCS supplemented with growth factors (prepared as described in 3.2.1) re-

sulted in phosphorylation of STAT3 in vitro. Concomitantly, phosphorylation of JAK2

after stimulation of the cells was detected, which is a prerequisite for the subsequent phos-

phorylation of cytosolic STAT3 proteins. The phosphorylation of the JAK2/STAT3 axis

could be inhibited by WP1066, a specific and potent JAK2 inhibitor which inhibits STAT3

phosphorylation (fig. 20).98,104

In addition, we detected a significant up-regulation of STAT3 mRNA levels in SMC in

vitro at 4 hours and 8 hours after stimulation (fig. 21). This increase of STAT3 mRNA

amount could be confirmed on the protein level 8 hours and 12 hours after stimulation

(fig. 22).

Phosphorylation of STAT3 is evidently inhibited by WP1066. In contrast, the inhibitor

did not have any significant effects on the regulation of STAT3 mRNA or protein levels.

Therefore, phosphorylation of STAT3 was assessed as the principle mechanism of STAT3

signaling. We aimed to identify target genes of activated STAT3 that mediate the func-
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Figure 18: Top and center: Staining for phosphorylated (p)-STAT3 in murine femoral arteries three

weeks after dilatation (top). The neointimal lesion (asterisk) and the medial layer (arrowheads) are

pointed out. The contra-lateral vessels were used as uninjured controls (center). Bottom: A species-

and isotype-matched control antibody was used as a negative control. The internal elastic lamina

shows strong auto-fluorescence (arrowhead).
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Figure 19: Co-staining for smooth muscle α-actin (SMA) and STAT3 in murine femoral arteries 3

weeks after dilatation.

Figure 20: At 10 minutes after stimulation of SMC with growth medium supplemented with FCS and

growth factors in absence or presence of 5 µM WP1066, phosphorylation of JAK2 and STAT3 was

assessed by western blotting.

Figure 21: SMC were incubated with growth medium supplemented with FCS for 18 hours and 24

hours. mRNA levels of STAT3 was assessed by quantitative RT-PCR. (*P < 0.05, n=4).
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Figure 22: STAT3 was assessed on the protein level by western blotting analysis at 8 hours and 12

hours after stimulation of SMC in vitro (n=4).

Figure 23: SMC were incubated with growth medium supplemented with FCS for 18 hours and 24

hours. mRNA levels of both cyclin D1 and survivin were assessed by quantitative RT-PCR (*P < 0.05,

n=4).

tional effects of STAT3 in SMC. mRNA levels of both cyclin D1 and survivin were found

to be significantly up-regulated in stimulated SMC at 18 and 24 hours, as determined by

RT-PCR (fig. 23). Accordingly, we found the transcription of both genes enourmously

increased in neointimal cells in vivo (fig. 24).

In response to the stimulation with growth medium, the binding of STAT3 to its DNA-

binding sites was enhanced, as confirmed by a DNA-binding ELISA assay. Since only

phosphorylated STAT3 induces proliferation,105 the specific inhibitor of STAT3 phospho-

rylation WP1066 was expected to prevent DNA-binding of STAT3 to its promotor regions.

Figure 24: The in vivo findings in neointimal cells testify to the results from the in vitro experiments.
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Figure 25: SMC were grown in the absence or presence of different concentrations of WP1066 for 24

hours and STAT3 promoter binding was assessed (***P < 0.001, n=4).

Figure 26: SMC were incubated with growth medium supplemented with FCS in the absence or

presence of 10 µM WP1066. mRNA levels of the STAT3 target genes cyclin D1 and survivin were

quantified by RT-PCR (***P < 0.001, n=4).

In addition to controls merely with or without FCS, a MOCK control was done adding

equal volumes of pure DMSO as applicated for treatment. DMSO served as an excipient

for WP1066 in treatment groups. Concentrations of WP1066 tested were 2.5 µM and

10 µM. At WP1066 concentrations of 10µM, the promotor binding of STAT3 was almost

completely abolished (fig. 25). Consequently, the trans-activation of the STAT3 target

genes cyclin D1 and survivin was effectively abolished by WP1066 in stimulated SMC,

as determined by qPCR at 24 hours after stimulation (cyclin D1 expression increased to

8.313 ± 0.197 % vs. 2.712 ± 0.511 % at 10 µM WP1066 compared to serum-free control;

survivin expression increased to 32.365 ± 0.909 % vs. 3.344 ± 0.428 % at 10 µM WP1066

compared to serum-free control; ***P < 0.001; fig. 26).
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Figure 27: SMC were incubated with growth medium supplemented with FCS in the absence or

presence of different concentrations of WP1066 and total cell number was evaluated after 48 hours

(**P < 0.01, ***P < 0.001, n=4).

4.3 WP1066 abrogates the functional effects of growth medium stimu-

lation on SMC

To investigate the functional effects of STAT3 inhibition, certain assays on proliferation,

migration and apoptosis were performed on human coronary artery SMC. Therefore, cells

were incubated either with basal medium or with growth medium in the presence or ab-

sence of WP1066 at different concentrations. WP1066 attenuated the increase in cell num-

bers of SMC after incubation with growth medium for 48 hours (cell numbers increased

to 308.5 ± 12 % vs. 147.5 ± 12 % at 10 µM WP1066; n=4; **P < 0.01, ***P < 0.001;

fig. 27). This effect was observed to be dose-dependent. The results from a BrdU incor-

poration assay showed that proliferation of SMC was dose-dependently attenuated and

almost completely prevented at concentrations of 10µM WP1066 (OD 1.137 ± 0.0248 vs.

OD 0.1835 ± 0.053 at 10 µM WP1066 in presence of FCS; n=4; ***P < 0.001; fig. 28).

Additionaly, WP1066 inhibited the migration of SMC. This effect was dose-dependent as

well and determined by a modified Boyden chamber assay (78.08 ± 9.1 vs. 23.17 ± 4.33

cells/high power field at 10 µM WP1066; n=4; ***P < 0.001; fig. 29). The reduction in

cell number mentioned above was due to a combined effect of a reduced proliferation and

an increased apoptotic rate (TUNEL+ SMC; OD 0.095 ± 0.04 vs. OD 0.254 ± 0.042 at

5 µM WP1066 in presence of FCS; n=4; *P < 0.05; fig. 30). Since cell susceptibility to

apoptotic stimuli can differ depending on the absence or presence of growth factors, it is

necessary to notice that this apoptotic effect of WP1066 was observed after stimulation

with FCS. In contrast, a trend of increase in apoptotic cells (that was not significant at

2.5 µM and 5 µM) was observed under basal conditions.
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Figure 28: SMC were incubated with growth medium supplemented with FCS in the absence or

presence of different concentrations of WP1066 for 24 hours in the presence of BrdU. SMC proliferation

is expressed as mean OD 450± SEM as determined by anti-BrdU ELISA (***P < 0.001, n=4).

Figure 29: SMC were added to the upper side of gelatin-coated tissue culture inserts and allowed

to migrate for 6 hours in the presence or absence of growth medium supplemented with FCS and

different concentrations of WP1066. After microscopic evaluation of inserts, the number of migrated

cells was expressed as cells per high power field (cells/HPF) (***P < 0.001, n=4).

Figure 30: SMC were incubated in the absence or presence of growth medium supplemented with

FCS and different concentrations of WP1066 for 24 h, and apoptosis of SMC was evaluated by a

TUNEL-based cell death detection ELISA (*P < 0.05, n=4)
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Figure 31: Representative cross sections of femoral arteries from control mice (left) or mice treated

with WP1066 (right) are shown at 3 weeks after dilation. The intima/media (I/M) ratio from control

mice (left) or mice treated with WP1066 (right) was quantified at 3 weeks after injury (***P < 0.001,

n=6).

4.4 WP1066 prevents neointima formation

To confirm the in vitro results on the effects of WP1066 in vivo, the murine femoral arter-

ies was dilated and 75µl of a thermosensitive self-degrading pluronic F-127 gel containing

either WP1066 (200µg/ml) or DMSO control were applied around the dilatated region

of the artery. At 21 days following wire-induced injury, a concentric neointimal lesion

developed that could be distinguished from the medial layer by the internal and external

elastic laminae (fig. 31). In case of WP1066 treatment, the developed lesion was signifi-

cantly smaller in size at 21 days after dilation of the artery (NI/media ratio 0.64±0.29 vs.

1.76 ± 0.51 in the control group, n=6; ***P < 0.001; fig. 31). In accordance with the in

vitro data, expression of p-STAT3 in the vessel wall of WP1066 treated mice was reduced

compared to control arteries (fig. 32).

4.5 WP1066 inhibits proliferation and increases apoptotic rates of neoin-

timal SMC

To evaluate the cause of WP1066-dependent reduction in neointima formation, we ana-

lyzed SMC proliferation and apoptosis within the vascular wall after wire-induced vessel
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Figure 32: Application of WP1066 (right) markedly reduced staining for p-STAT3 at 3 weeks after

injury compared to the control group (left).

injury. In the WP1066-treated group, the proliferation of neointimal and medial SMC was

significantly reduced, as determined by the percentage of PCNA+ cells within the vascular

wall at 21 days after femoral artery dilation (9.7 ± 3% PCNA+ cells in the control group

vs. 4.0 ± 2.16% PCNA+ cells in in the WP1066 group, n=6, ***P < 0.001; fig. 33)

In contrast, the percentage of apoptotic cells was significantly increased in the dilatated

arteries after treatment with WP1066, as determined by quantification of TUNEL+ cells

in situ (3.9 ± 2.22% vs. 13.4 ± 4.64% TUNEL+ cells after WP1066 treatment, n=6,

***P < 0.001; fig. 34).

Re-endothelialization of the dilatated arteries was mostly complete and did not show a

significant difference between the vehicle treated group and the WP1066 treated group at

21 days after injury as determined by staining for CD31(PECAM-1) and estimating the

lumen coverage on a scale of 0 to 6 (0=no coverage, 6=full coverage, n=6, P = n.s., fig.

35). Likewise, we found no deleterious effects of local WP1066 on the intact endothelial

layer of uninjured arteries (fig. 36 and 37).

4.6 Effects of WP1066 on RANTES expression and leukocyte accumu-

lation after vascular injury

The chemokines IL-8, MCP-1 and RANTES are described to be regulated in a STAT3-

dependent manner in the context of inflammatory processes in vascular cells.106–108 Re-

cent publications suggest especially RANTES to be involved in the mediation of leukocyte

accumulation. Its regulation after vascular injury seems to be dependent on STAT3 sig-

naling.108 At 6 hours after dilation, we found RANTES mRNA levels to be significantly

up-regulated compared to uninjured femoral arteries, as determined by RT-qPCR of ex-

tracted vessels. This robust up-regulation of RANTES on the mRNA level in vivo were

semi-quantitative validated also on the protein level by immunohistochemical staining. Ap-

plication of WP1066 immediately after vessel injury prevented transcription of RANTES
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Figure 33: WP1066 inhibits proliferation in vivo. Representative cross sections of femoral arteries

from mice without (left) or mice with WP1066 application (right) at 3 weeks after dilation are stained

for PCNA (brown) or hematoxylin (blue). The amount of proliferating (PCNA+) cells within the

neointima and media was determined by dividing the number of PCNA+ cells per section by the total

cell number of cells per section (n=6, ***P < 0.001).
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Figure 34: WP1066 increases apoptosis in vivo. Representative cross sections of femoral arteries from

mice without (left) or mice with WP1066 application (right) at 3 weeks after dilation are stained for

TUNEL (red) and DAPI (blue). The number of apoptotic cells within the neointima and media was

determined by dividing the number of TUNEL+ cells per section by the total cell number per section

(n=6, ***P < 0.001).
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Figure 35: Representative cross sections of femoral arteries from mice without (left) or mice with

WP1066 application (right) at 3 weeks after dilation are stained for CD31 (PECAM-1) at 3 weeks

after dilation. Re-endothelialization was determined by estimating the lumen coverage on a scale of

0-6 (0, no coverage; 6, complete coverage) (n=6, P = n.s.).

Figure 36: Representative en face staining with Evans blue of uninjured femoral arteries from controls

(left) or one week after local application of WP1066 (right).
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Figure 37: Left: The integrity of the endothelial layer after application of WP1066 was also confirmed

by staining for endothelial markers (arrowhead indicates staining for von-Willebrand-factor). Right:

Apoptotic cell death was very rare after application of WP1066 to uninjured arteries and occurred

mainly in the adventitia and neighboring tissue but not within the intima or media (arrow indicates

TUNEL-positive cell in the neighboring tissue).

(**P < 0.01, n=4) and also resulted in reduced immunoreactivity of RANTES within the

vessel wall (fig. 38).

To evaluate the effect of the altered RANTES expression due to WP1066 treatment

on leukocyte accumulation, the fraction of CD45+ cells was quantified at the the arterial

lesion site at 1 week after injury. In WP1066 treated mice, we found a marginally re-

duced accumulation of those cells at the arterial lesion site. However, this effect was not

statistically significant (fig. 39).

4.7 WP1066 shows toxic effects at higher concentrations in vitro, but

does not influence complete blood count in vivo

There was no effect of WP1066 on cell necrosis at 2.5µM, 5µM, and 10 µM, as determined

by Trypan blue exclusion. However, there were toxic effects of WP1066 at 20µM or higher

concentrations, which led to necrotic cell death of SMC in vitro (fig. 40). Peripheral blood

cell counts at 1 week after injury did not indicate any significant difference between the

vehicle treated group and the WP1066 treated group in regard to circulating leukocytes,

liver enzymes, creatinine levels, or any other measured value (Table 6).
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Figure 38: Representative cross-sections of uninjured femoral arteries (left) and femoral arteries from

mice without (middle) or mice with WP1066 application (right) at 6 hours after dilation show that the

up-regulation of RANTES after injury is inhibited by WP1066. RT-PCR of femoral artery extracts

confirm the up-regulation of RANTES on the mRNA level at 6 hours after injury and the prevention

by WP1066 (n=4, **P < 0.01).

Figure 39: The accumulation of leukocytes at 1 week after dilation did not show a significant difference

between control mice (left) and mice after WP1066 application (right)(n=6).
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Figure 40: Trypan blue exclusion showed no significant effect of WP1066 on cell necrosis at 2.5µM,

5µM, and 10 µM. Toxic effects were observed at concentrations of at least 20µM (n=6, ***P < 0.001).

Control WP1066 P value

N 5 6

Leukocytes (109/L) 3.72 ± 1.14 3.28 ± 0.97 0.511

Erythrocytes (1012/L) 8.94 ± 0.55 8.97 ± 0.69 0.537

Hemoglobin (g/L) 137.60 ± 9.40 131.67 ± 12.52 0.406

Hematokrit (L/L) 0.44 ± 0.04 0.44 ± 0.04 0.748

Mean corpuscular volume (fL) 49.60 ± 2.41 48.67 ± 1.63 0.464

Mean corpuscular hemoglobin (pg) 15.40 ± 0.85 14.68 ± 0.44 0.354

Mean corpuscular hemoglobin 30.96 ± 1.51 30.17 ± 0.92 0.239

concentration (g/dL)

Platelets (109/L) 272.20 ± 89.19 513.17 ± 238.72 0.330

Eosinophils (109/L) 0.03 ± 0.06 0.01 ± 0.03 0.762

Segmented Neutrophils (109/L) 0.74 ± 0.41 0.54 ± 0.35 0.824

Basophils (109/L) 0.00 ± 0.00 0.00 ± 0.00 1.000

Lymphocytes (109/L) 2.98 ± 0.77 2.56 ± 0.88 0.760

Monocytes (109/L) 0.07 ± 0.14 0.06 ± 0.05 0.352

Creatinine (mg/dL) 0.10 ± 0.00 0.09 ± 0.04 0.762

Albumin (g/L) 22.75 ± 2.50 22.17 ± 3.06 0.760

Lactate dehydrogenase (U/L) 523.00 ± 97.97 458.40 ± 85.36 0.114

Aspartate transaminase (U/L) 142.00 ± 60.65 172.17 ± 61.93 0.469

Alanine transaminase (U/L) 25.50 ± 1.91 25.00 ± 4.15 0.830

Table 6: Blood tests were performed at 1 week after injury, in order to analyze the systemic effects

of WP1066. There was no significant difference between vehicle (DMSO) and WP1066 treated mice.
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5 Discussion

STAT3 proteins are phosphorylated in response to growth factor or cytokine binding to

JAK2 associated receptors located within the cell membrane of a variety of proliferating

cell types as well as SMC in vitro.54,74 Here we provide evidence of elevated p-STAT3

levels in murine neointimal SMC and subsequent expression of cyclin D1 and survivin. We

transferred these results into the in vitro setting and characterized the functional effects

of p-STAT3 in stimulated SMC. Additionally, we show the dose-dependent inhibition of

STAT3 activation after treatment with the highly specific inhibitor WP1066 in vitro and

– as a proof of concept that phosphorylation of STAT3 is crucial for the development

of vascular proliferative diseases – the prevention of neointimal lesion development after

wire-induced injury in vivo.

Recently published works ascribe a substantial role to the STAT3 target genes cyclin

D1 and survivin. In vascular remodeling processes cyclin D1 was found to represent a

key regulator not only for cell cycle progression and thus cell proliferation but also for

SMC migration.109 As mentioned above, the Altieri group identified survivin as a critical

regulator of SMC viability in the vascular wall after injury.88 Hence, we postulate two

additive mechanisms by which WP1066 inhibits neointima formation:

1. WP1066 prevents the cyclin D1-mediated proliferation and migration of SMC.

2. WP1066 reduces the neointimal cellular mass caused by an increased SMC apoptosis

due to a reduced survivin expression.

Even although we could not present a detailed analysis of STAT3-dependent target genes,

we consider cyclin D1 and survivin to be key components with a high functional significance

on neointima formation.

5.1 Inhibiting STAT3 in neointima formation – merely an old hat?

Within the last decade several reports evaluated the impact of the JAK2/STAT3 pathway

in neointima formation.74,76,110–113 All of these studies used either a carotid artery wire

induced injury model or a femoral artery cuff model. However, major concerns have been

raised about reproducibility in different strains of mice and physiological significance of

these models sources. The use of the carotid artery model is largely limited by the technical

challenge to achieve complete denudation. Additionally, it seems to be plausible that the

neointima in both models resulted rather from non-laminar blood flow – either due to the

anatomic conditions of the carotid artery with its multitude of leaving daughter arteries,

or due to restriction of blood flow in the femoral artery – than from denudation and
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mechanical expansion of the vessel. The femoral artery dilation performed in the present

study was first described by Sata and colleagues. They used laser Doppler perfusion

imaging to exclude the effect of flow restriction on neointima formation in this model.47

A further limitation of the above mentioned studies is that the chemicals used to

interfere STAT3 signaling – namely indirubin-3’-monoxime, 3,3’diindolylmethane, and

sinomene – were mostly not specific for this pathway, but modulated PDGF-receptor

downstream targets such as Akt/glycogen synthase kinase(GSK)3β or extracellular signal-

regulated kinase1/2 (ERK1/2) as well.111–113 The only drug representing a specific JAK2-

inhibitor was AG490.74,110 Although AG490 showed potent in vitro activity, it has not

consistently demonstrated to have favorable in vivo effect in animal models, except when

applied in very high (and potentially toxic) doses. WP1066, the follow-up compound of

AG490 we used, has been shown to specifically prevent STAT3 phosphorylation even at

low doses in tumor models over a long time-period after systemic application.99

All of the recently published basic cardiovascular science studies on STAT3 – including

ours – could not completely dispel the doubt of the dependency upon animal experiments.

Even though animal models represent a cornerstone of modern biomedical research, grow-

ing awareness of the limitations belittle their success. Widely used mouse models, for

example, focus on great vessels as the carotid or femoral arteries. Concurrently, most

important clinical consequences of restenosis arise from the coronary arteries, which are

different in structure, hydrodynamics, and the embryonic origin of SMC. For instance, the

proximal left anterior descending coronary artery in humans, which counts to the most fre-

quent sites of atherosclerotic lesion formation, characteristically contains a marked amount

of intimal SMC. Coronary arteries usually are embedded in an extensive shaft of perivas-

cular fat that may provoke outside-in signaling. Their SMC arise from the proepicardial

organ, while femoral artery SMC develop from the splanchnic mesoderm. Additionally,

flow in the coronary artery occurs mainly in diastole, flow in the great arteries occurs in

systole.30,114 Not least of all, a recent systematic study of the “Inflammation and Host

Response to Injury, Large Scale Collaborative Research Program” compared the tran-

scriptional responses to inflammatory insults in mice and humans and found correlations

that came close to those expected by random chance alone.115,116 However, in contrast to

previously published work on this topic, we met these objections in using human coronary

artery SMC in our in vitro experiments.

Facing these disadvantages, the functional impact of STAT3 was obviously not un-

derpinned adequately up to the present. In particular, major questions on the precise

mechanism of STAT3 effects in vasculoproliferative diseases remained unanswered. The

results of our experiments could fill substantial parts of this gap. We could shed light on
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essential mechanistic details by means of a proper in vivo model and an highly specific

inhibitor. Finally, we even took account of the limitations of mouse models in general and

performed the in vitro part of our study with human coronary artery SMC in addition to

a well established in vivo model.

5.2 Modulation of inflammation due to the decreased production of

RANTES

The pathogenesis of vasculoproliferative diseases like atherosclerosis and neointima lesion

formation is characterized by the underlying inflammatory processes.45,117 De-endotheliali-

zation, the deposition of a layer of platelets and fibrin at the injured site, as well as the

cell death of medial SMC after vascular injury entrain a process of leukocyte rolling along

the injured surface. Cytokines maintain this process.46 The downstream signaling of the

cytokine RANTES plays a major role, since mice deficient of its receptor CCR5 are pro-

tected against neointima formation.118 The secretion of RANTES is dependent on the

binding of the p65/STAT3 complex to NF-κB-binding sites within the RANTES promo-

tor.108 The inhibition of STAT3 signaling by application of WP1066 around the injured

vessel prevented the up-regulation of RANTES at 6 hours after dilation. However, the

leukocyte count at the arterial lesion site at 1 week after dilation was still unaltered.

The diversity of cytokines and chemokines involved in the complex network responsible

for the recruitment of circulating cells might be a reason for these results. Additionally,

although RANTES is highly expressed within the medial layer of dilated arteries at 6 hours

after injury, its expression decreases rapidly at later time-points and drops beyond statis-

tical significant levels even at 12 hours after injury.108 Thus, the major source of RANTES

might be rather platelets adhering to the injured endothelial layer than medial SMC.119,120

This expectation is underlined by the fact that treatment of ApoE−/− mice with Met-

Rantes – a RANTES receptor antagonist – clearly reduced neointimal plaque area and

macrophage infiltration.121 Since platelets are anucleated cells with a limited capacity

for protein synthesis, it seems unlikely that any transcriptional activity of phosphorylated

STAT3 is responsible for the release of RANTES by platelets. Zhou and colleagues recently

suggested a non-transcriptional activity of STAT3 mediating collagen-induced platelet ag-

gregation.122 But firstly, they showed gp130 and GP IV to be the responsible receptors

for the observed effects. Secondly, the JAK2-inhibitor WP1066 likely not caught platelets

adhering to the intimal layer in our model, because we applied the WP1066-containing

pluronic gel around the adventitial layer of the vessel. Summarized, the effects of WP1066

on the initial release of RANTES by SMC do not significantly reduce the accumulation of

leukocytes.
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5.3 WP1066 does not impair endothelial integrity

Assembling evidence indicates an important role of the STAT3 pathway in EC prolifer-

ation.123–126 Thus, application of WP1066 could possibly delay the re-endothelialization

process and necessitate a prolonged anti-thrombotic therapy.

Even though we observed no affection of this process at 21 days after injury in our in

vivo model, the prospective pro-proliferative impact of STAT3 in both, EC and SMC, still

needs further evaluation of mechanisms responsible for STAT3 regulation. Besides altered

transcription and phosphorylation status, other post-transcriptional and post-translational

modifications might play an important role.

The annealing of small non-coding RNA molecules called microRNAs (miRNAs) to

complementary sequences within mRNA molecules represents such a way of post-tran-

scriptional regulation. The result is usually gene silencing via translational repression or

target degradation.127 In 2001, miRNAs were recognized to participate in a wide range of

genetic regulatory pathways.128–130 Since then, several follow-up studies described changes

in the miRNA expression patterns of diseased human hearts and vascular tissues and un-

covered an eye-catching role for miRNAs in cardiovascular disorders.131,132 This encloses

miRNAs responsible for the regulation of endothelial STAT3.133 A recently published

phase 2a trial suggests a promising starting position for miRNA based therapies in the

clinical setting in general.134 However, a cell-specific miRNA targeting JAK2 or STAT3

thereby promoting re-endothelialization while preventing SMC proliferation is not found

yet.

Besides phosphorylation, there is a broad range of additional chemical modification

mechanisms responsible for the regulation of protein function on a post-translational level.

At least two of them, S-nitrosylation and deacetylation, were found to modulate STAT3

function.135,136 Sirtuin-1 (SIRT1) – a NAD+-dependent histone deacetylase – is known

as required for longevity due to metabolic modulation.137 Thus, an important impact of

deacetylation in life-threatening conditions as vasculoproliferative processes seems to be

perfectly obvious. Unpublished data from our group support this consumption: We found

SIRT1 expression levels significantly down-regulated in proliferating human coronary SMC

in vitro as well as in SMC during neointimal lesion formation following vascular injury in

mice. Overexpression of SIRT1 using an adenoviral vector prevented SMC proliferation

in vitro as well as neointima formation in vivo. Additionally, using microarray analy-

sis we found STAT3-dependent genes clearly regulated in response to changes in SIRT1

expression levels and SIRT1 activity. Fluorescence resonance energy transfer techniques

confirmed an interaction of SIRT1 with STAT3. Finally, our data hints a cell specific
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STAT3 modulation due to removal of acetyl-residues in the pathogenesis of neointima

formation. Very recent work from Kim and colleagues suggests a S-nitrosylation based

regulation of STAT3 leading to a change in inflammatory responses and cell prolifera-

tion.138 Just a few months before the publication of Kim’s work Tsihlis and colleagues

could show a pivotal role for S-nitrosylation during neointimal formation for the first

time.139 Unpublished data from the laboratory of Peter Libby and Kevin Croce strongly

underline the importance of targeting the nitrosylation status of several cellular proteins

in vasculoproliferative diseases, especially for the achievement of cell specific effects. Each

type of post-translational modification acts at a different amino acid of STAT3, e.g. acetyl

residues are usually added to lysines, S-nitrosylation skates around the covalent incorpo-

ration of a nitric oxide moiety into thiol groups of cystines, and phosphorylation – as

mentioned above – takes place at tyrosines. However, even these alterations represent

only a narrow view on potential regulational mechanisms on STAT3, which mainly seem

to act independent of each other in a cell- and disease-specific manner.

Additionally, few publications recently reported that the inhibition of the JAK2/STAT3

pathway causes a protective effect against cellular oxidative stress injury in EC as it is

involved in the pathophysiology of several vascular diseases.140

Summarized, different ways of post-translational modifications of STAT3 could yield

up the secret of cell-specific regulation of migration, proliferation, and apoptosis in vascu-

loproliferative diseases leading to adverse effects e.g. in SMC and EC. Hence, our work on

STAT3 clarified its role in the pathogenesis of neointima formation and thereby provides

an essential principle for further research on a potential STAT3-dependent therapeutic

strategy.

5.4 Adventitial p-STAT3+ cells – additional important targets of WP1066

in the vascular wall?

For a long time the adventitial tissue surrounding the blood vessels was considered to

be a scaffolding tissue with nutritive function. In the late ’90s, the “passive” role of

this layer has been questioned. It was recognized to be an essential regulator of vascular

wall structure and function and – further and far – came to the fore of the scientific

dialogue.141–146 In the meantime, it is seen as the probably most complex compartment of

the vessel wall due to its heterogeneity of cells including fibroblasts, immunomodulatory

cells, progenitor cells, vasa vasorum endothelial cells, and pericytes as well as adrenergic

nerves.147

Some resident adventitial cells, especially fibroblasts and progenitor cells, are known

to be early activated and re-programmed in response to vascular injury showing the ad-

54



5 DISCUSSION

ventitial compartment in the light of the “injury-sensing part” of the vessel wall.147 In

this, these cells contribute to intimal thickening inter alia by (trans-)differentiation into

myofibroblasts and synthetic SMC respectively.148 Adventitial fibroblasts hereby aquire

SMC markers, such as α-SM actin, to a lesser degree desmin, and possibly other SMC

markers (SM22).143,149 Furthermore, they exhibit intense proliferation, ECM synthesis,

and migration from their site of origin.148,150–152 For various reasons, the participation

of adventitial progenitor cells in neointima formation remains unclear: Without a doubt,

there is increasing evidence that this layer serves as a niche for progenitor cells.153,154

Still, the origin of these cells is controversial. One of the main topics of this discussion

centers around a species- and vascular bed-specificity of progenitor cell types, such that

distinct progenitor cell subtypes reside in different vessels and subserve different roles in

response to site-specific vascular injuries.147 Additionally, there is a lack of specific mark-

ers for both, adventitial fibroblasts and progenitor cells.146 Thus, there is a clear difficulty

to track subsets of cells in experimental settings or distinguish these cell types. Some

authors even suspect fibroblasts, myofibroblasts, and SMC to have a common origin and

represent a continuum of the differentiation process of one progenitor cell subtype.148

We as others observed a high amount of adventitial p-STAT3+ cells following vascular

injury (figures 18 and 32). For example, Recinos and colleagues reported a IL-6-dependent

activation of the JAK2/STAT3 pathway in adventitial cells in an atherosclerosis model of

angiotensin II-treated LDL receptor-deficient mice.155 Even though neither the work of

Recinos and colleagues nor our study could precisely determine the activated cell type,

the above mentioned downstream effects of phosphorylated STAT3 and the contribution

of adventitial cells to neointima formation suggest promising targets of WP1066 in the

outer layer of the vascular wall.

5.5 Perspective

In the present work, we could provide evidence for a crucial role of STAT3 during neoin-

tima formation by regulating SMC growth, migration, and apoptosis. Inhibition of the

JAK2/STAT3 pathway by WP1066 prevented neointima growth without bringing out

excessive side-effects in mice. However, Koppikar, Bhagwat and colleagues reported a

mechanism of resistance to JAK2 inhibitor therapy – namely a trans-activation of JAK2

by other JAK kinases like JAK1 or TYK2 – in patients with myeloproliferative disorders.

Consequently, they suggest therapies that result in JAK2 degradation as more promising

therapeutic strategies.156 As mentioned above, WP1066 handles JAK2 in such a way in

certain cell types and thereby avoids this limitation. Just few months ago, Marchioli and

colleagues found an increase in thrombotic and cardiovascular events in patients carrying
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the JAK2 V617F mutation.157 Accordingly to these results, WP1066 might reduce stent

thombosis not only by not influencing re-endothelialization, but by other mechanisms as

well. This needs to be addressed in appropriately designed studies.

At present, some new therapeutic approaches capture the market. The underlying

objective is again the reduction of delayed artery healing, restenosis, and stent throm-

bosis. On the one hand, re-endothelialization is improved by stents and balloons coated

with vascular endothelial growth factor (VEGF) or antibodies directed at circulating en-

dothelial progenitor cells.158 On the other hand, chronic inflammatory stimuli caused

inter alia by the persistence of stent components (e.g. the drug-releasing polymer) are

reduced by the use of polymers that have a better biocompatibility and/or are biodegrad-

able.52,159 Recent studies investigate the use of totally biodegradable stent systems, so

called “scaffolds”.160–162 Even though there is no published study comparing scaffolds with

“traditional” drug-eluting stents, preliminary results from the ABSORB II study suggest

no statistically significant difference in the incidence of cardiovascular events (presented

at the 25th Annual Transcatheter Cardiovascular Therapeutics (TCT) Conference, San

Francisco, 2013; ClinicalTrials.gov NCT01425281 ; rationale and study design published

in163). Still, the revolutional potential of scaffolds is represented by platform and polymer

of the system. Even scaffolds are covered with cytostatics like everolimus. Thus, all these

new techniques either target exclusively EC (like VEGF- or antibody-coated systems) or

depend on unselective drugs (like biodegradable systems).

Taken all the above mentioned facts and benefits together, there is a strong need for

a more cell- and disease state-specific therapeutic approach to increase the efficiency and

safety in future strategies aimed to target vascular remodeling processes.
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6 Summary

De-differentiation, migration, and proliferation of resident vascular smooth muscle cells

(SMC) represent key components of neointima formation after vascular injury. Activation

of signal transducer and activator of transcription-3 (STAT3) is proposed to be critically

involved in this process, but the complex regulation of STAT3-dependent genes and the

functional significance of inhibiting this pathway during the development of vascular pro-

liferative diseases remain elusive. In this study, we demonstrate that STAT3 was activated

in neointimal lesions following wire-induced injury in mice. Phosphorylation of STAT3 in-

duced trans-activation of cyclin D1 and survivin in SMC in vitro and in neointimal cells

in vivo, thus promoting proliferation and migration of SMC as well as reducing apoptotic

cell death. WP1066, a highly potent inhibitor of STAT3 signaling, abrogated phosphory-

lation of STAT3 and dose-dependently inhibited the functional effects of activated STAT3

in stimulated SMCs. The local application of WP1066 via a thermosensitive pluronic F-

127 gel around the dilated arteries significantly inhibited proliferation of neointimal cells

and decreased the neointimal lesion size at 3 weeks after injury. Even though WP1066

application attenuated the injury-induced up-regulation of the chemokine RANTES at 6

hours after injury, there was no significant effect on the accumulation of circulating cells

at 1 week after injury. In conclusion, these data identify STAT3 as a key molecule for the

proliferative response of SMC and neointima formation. Moreover, inhibition of STAT3

by the potent and specific compound WP1066 might represent a novel and attractive ap-

proach for the local treatment of vascular proliferative diseases.
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Dedifferenzierung, Migration und Proliferation residenter vaskulärer Glattmuskelzellen

stellen Schlüsselkomponenter der Neointimaformation nach Gefäßdilatation dar. Die Ak-

tivierung des Transkriptionsfaktors STAT3 (signal transducer and activator of transcription-

3) spielt eine entscheidende Rolle während dieses Prozesses. Die komplexe Regulation der

von ihm abhängigen Gene sowie die funktionelle Auswirkung einer Hemmung dieses Signal-

weges während der Entwicklung vaskuloproliferativer Erkrankungen sind jedoch nach wie

vor unklar. In der vorliegenden Studie konnten wir eine Phosphorylierung und damit Ak-

tivierung von STAT3 in neointimalen Läsionen nach Gefäßdilatation muriner Femoralarte-

rien nachweisen. Dieser folgte die Aktivierung der Zellzyklusregulatoren Cyclin D1 sowie

Surivin, was sich in ein in vitro-Modell mit humanen Glattmuskelzellen übertragen ließ.

Cyclin D1 und Survivin waren hier für eine Steigerung von Proliferation und Migration der

Glattmuskelzellen sowie für eine Reduktion der Apoptoserate verantwortlich. WP1066, ein

hochpotenter Inhibitor des beschriebenen Signalweges, verhinderte die Phosphorylierung

von STAT3 und damit dosisabhängig die funktionellen Effekte seiner Zielgene. In vivo

applizierten wir WP1066 mittels eines thermosensitiven, selbstdegradierbaren Pluronic

Gels (F-127) um die dilatierte Arterie und beobachteten auch hier eine signifikant ver-

minderte Proliferation neointimaler Zellen sowie eine verminderte Größe der neointimalen

Läsion drei Wochen nach Dilatation. Ebenso zeigte sich eine Verringerung der sechs Stun-

den nach Dilatation gesteigerten Expression des Chemokins RANTES, jedoch blieb ein

signifikanter Effekt auf die Akkumulation zirkulierender Zellen eine Woche nach Dilata-

tion aus. Zusammenfassend konnten wir STAT3 als Schlüsselmolekül der Vermittlung

proliferativer Reize in Glattmuskelzellen sowie neointimalen Läsionen identifizieren. Die

Hemmung dieses Signalweges mittels des spezifischen Agens WP1066 stellt darüberhin-

aus einen vielversprechenden Ansatzpunkt für die lokale Behandlung vaskuloproliferativer

Erkrankungen beispielsweise mittels moderner medikamentenbeschichteter Stentsysteme

dar.
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mg milligram

miRNA microRNA

mL millilitre
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mRNA messenger ribonucleic acid
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n number

N asparagine

NAD+ oxidized form of nicotinamide adenine dinucleotide

NCBI National Center for Biotechnology Information

NF-κb nuclear factor-κb
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No. number

n.s. not significant

OD optical density
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P probability value
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PCNA proliferating cell nuclear antigen

PFA paraformaldehyde

PCM1 pericentriolar material 1

PCR polymerase chain reaction

PDGF platelet derived growth factor

PECAM-1 platelet endothelial cell adhesion molecule = CD31

PTCA percutaneous transluminal coronary angioplasty

RANTES regulated upon activation, normal T-cell expressed and secreted

rev reverse

RNA ribonucleic acid

rpm rounds per minute

S phase synthetic phase

SDS sodium dodecyl sulfate

SH2 src-homology 2

SIRT1 Sirtuin-1

SM22 transgelin

SMC smooth muscle cell

SM-MHC smooth muscle-myosin heavy chain

ST stent thrombosis

STAT signal transducer and activator of transcrpition

TEL translocation-ets-leukemia protein

TGF-β transforming growth factor-β

TNF-α tumor necrosis factor-α

73



B ACRONYMS AND ABBREVIATIONS
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TYK2 tyrosine kinase 2

V valine

VCAM vascular cell adhesion molecule

VEGF vascular endothelial growth factor

WP1066 [(E)-3(6-bromopyridin-2-yl)-2-cyano-N-((S0-1- phenylethyl)acrylamide)]

Y tyrosine
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