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1 Introduction 
 

1.1 Principles of the vascular transmigration of 
leukocytes 

 

1.1.1 Endothelium as a sensor for inflammation  
 

The vascular wall comprises three different functional layers: the tunica 

intima, the tunica media, and the tunica externa or adventitia. The tunica 

intima is formed by the monolayer of endothelial cells located at the luminal 

side of the vascular wall, a layer of connective tissue and the basal 

membrane. The tunica media is composed of circularly arranged vascular 

smooth muscle cells (VSMC) mixed with elastic fibers. The tunica externa 

consists of connective tissue containing elastic and collagenous fibers that run 

parallel to the long axis of the vessel 1. Vascular endothelium represents a 

functional monolayer interface between blood and tissue. It influences the 

three classical interacting components of hemostasis: the vessel, the blood 

platelets and the clotting and fibrinolytic systems of the plasma, but also its 

natural sequelae: inflammation and tissue repair. Two principal modes of 

endothelium behavior can be defined: anti- and pro-inflammatory state 2. 

Under physiological conditions the endothelium tends to support and to 

maintain an anti-inflammatory state 3, 4 by mediating vascular dilatation 5, 6, by 

preventing platelet adhesion and activation 7, and by inhibiting generation of 

thrombin8. Additionally, under these conditions, adhesion and consequently 

the transmigration of inflammatory leukocytes 9,10 are attenuated and oxygen 

radicals generated under normal cell metabolism are efficiently scavenged to 

prevent cell damage. Inversely, in conditions such as disruption of the 

endothelium, or functional perturbation of its functions by acute or chronic 

inflammation (i.e. atherosclerosis, diabetes, or chronic arterial hypertension), 

pro-inflammatory state is activated 11, 12. In case of activation of pro-
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inflammatory state by disruption of the endothelium, the pathological 

environment is referred to as pro-thrombotic since it is associated with 

thrombin generation. Pro-inflammatory state is characterized by 

vasoconstriction 5, 13, 14, by platelet adhesion and activation, by promotion of 

thrombin formation and subsequently coagulation and fibrin deposition to the 

vascular wall. Thrombotic and inflammatory characters of the vascular wall 

participate to the enhancement of endothelial permeability 15, 16 and to the 

production of cytokines, chemokines, and growth factors. It also increased the 

expression of adhesion molecules involved in interactions with leukocytes and 

platelets. 

 

 

1.1.2 Interaction between endothelial cells and leukocytes 
 

Located at the interface between blood and tissue, the endothelium has the 

ability to quickly respond to changes caused by trauma or inflammation. In the 

situation where no inflammatory signals are generated, leukocytes monitor the 

integrity of the endothelial surface by circulating as nonadherent cells through 

the blood and the lymph 17. However, pro-inflammatory signals enhance 

expression of adhesion and signaling molecules by the endothelium, driving 

and homing circulating leukocytes from blood and lymph to the inflammatory 

sites. These two functions, circulation and adhesion, are providing an efficient 

immune surveillance of the host by leukocytes.  

Migration of leukocytes from the blood stream to the inflamed tissue is 

mediated by multicellular interactions established through 4 major steps: 1) an 

initial, usually reversible attachment to the endothelium, 2) the activation of 

attached cells, 3) the development of a strong, shear-resistant adhesion, and 

4) the migration through the endothelium into tissues. 
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1.1.2.1 Key adhesion molecules in transmigration process  

 

Selectins 

Selectins are cell-cell adhesion molecules that are involved in leukocyte-

endothelial cell adhesive interaction 18, 19, 20. Adhesion of leukocytes to 

endothelial cells is the indispensable process allowing the migration of 

leukocytes from blood flow through the endothelium to the site of inflamed 

tissue. Selectins constitute a family of three molecules that share the same 

amino-terminal Ca2+-dependent lectin domain. L-selectin is expressed at the 

surface of most of the leukocytes and binds to ligands expressed on 

endothelial cells at the sites of inflammation as well as on other leukocytes. E-

selectin 21, 22 is expressed on inflamed endothelial cells and P-selectin, 

originally found on activated platelets, is also induced on activated vascular 

endothelium: P-selectin is stored as preformed transmembrane protein in 

cytoplasmic granules, and is translocated on cell surface upon stimulation 23. 

Ligands for L-selectin are found on endothelial cells 21, 22 while ligands for E- 

and P-selectins are found on leukocytes. 

 

The integrin family 

Each integrin molecule comprises an α- and β-subunit. Three subfamilies of 

integrins can be distinguish by their β-subunits known as β1 (CD29), β2 

(CD18) and β3 (CD61) integrins. However, the major role, in rolling arrest and 

induction of firm adhesion of leukocytes on endothelium is played by the 

members of the β1 and β2 integrin subfamilies 24, 25. 

Members of the β1 integrin subfamily 26 (also designated Very Late Activation: 

VLA) include receptors that bind to the extracellular matrix components: 

fibronectin, laminin and collagen. They are expressed at the surface of most 

of the nonhematopoetic and leukocyte cell types 27, 28. In the vessel wall, 

these receptors have an important role in the endothelial organization by 

binding to the molecules of the basal membrane underlying the endothelium 
26. Some of the VLA molecules (VLA-3, 4, 5 and 6) are expressed at a basal 

level on leukocytes and induction of VLA-1, -2, -3 and -5 expression after 

leukocyte transendothelial migration may be of great importance in control of 

the leukocyte migration during inflammation 26. 
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Members of the β2 integrins family are also known as leukocyte integrins 

since their expression is limited to white blood cells. Probably the most 

versatile member of this adhesion molecule family is the lymphocyte 

activation-related antigen LFA-1 29. It binds to the Intracellular adhesion 

molecule-1 (ICAM-1) and plays an important role in firm adhesion of 

leukocytes to the endothelium during the inflammatory response. The 

importance of leukocyte integrins in inflammation is illustrated in leukocyte 

adhesion deficiency due to mutations in the common β2-subunit 30. Such 

patients have recurring infection, often fatal in childhood, and their neutrophils 

fail to home properly toward tissues, fail to migrate in response to chemokines 

and are unable to bind and transmigrate through the endothelium to the site of 

inflammation. 

 

The Immunoglobulin (Ig) superfamily 

The members of this group play a very important role in the firm adhesion of 

leukocytes to the endothelium upon inflammation. ICAM-1 30, 31 was the first 

identified LFA-1 ligand. ICAM-1 possesses five immunoglobulin-like domains 

and is expressed at basal level by the endothelium. Stimulation with pro-

inflammatory mediators such as interleukin (IL)-1, tumor necrosis factor 

(TNF)-α, and interferon (IFN)-γ or lipopolysaccharide (LPS) cause a strong 

induction of its endothelial expression and greatly increases the adhesion of 

leukocytes through their receptor LFA-1 29. A second LFA-1 ligand was 

identified as ICAM-2 30, 31 but unlike ICAM-1, ICAM-2 is expressed at a high 

level by endothelial cells and it is not upregulated by pro-inflammatory 

mediators. Since constitutively expressed by ECs, ICAM-2 most likely plays 

role in immune surveillance.  

Vascular cell adhesion molecule (VCAM)-1 is another very important member 

of Ig superfamily. 29, 30, 31. It is expressed on activated endothelium and its 

expression kinetic after stimulation with pro-inflammatory mediators follows 

very similar pattern to what is observed with ICAM-1. Expressed on activated 

endothelial cells, it interacts with the β1 integrin VLA-4 26 which is expressed 

on resting leukocytes. This interaction might be important for recruitment of 

new leukocytes in ongoing inflammation. 
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Platelet-endothelial adhesion molecule (PECAM)-1 32, 33 was identified on 

neutrophils, monocytes, and platelets. It is also present in large amounts on 

endothelial cells where it is located in cell-cell junctions. Its expression is 

modulated by pro-inflammatory signals and it potentiates adhesion and 

transendothelial migration. 

 

CX3CL1/Fractalkine 

CX3CL1/Fractalikne 34, 35 (FKN) belongs to the chemokine family of proteins. 

FKN is synthesized as an immature protein maturated as a glycosylated 

membrane-targeted protein. In resting endothelial cells a low level of 

expression is observed but stimulation with pro-inflammatory mediators 

dramatically increases its expression 34, 35. Fractalkine functions as a 

chemokine, but the membrane-bound FKN was also shown to mediate 

activation and firm adhesion of leukocytes to endothelial cells under flow 

conditions 36. 

 

1.1.2.2 The reversible attachment 

 

After stimulation with pro-inflammatory signals such as thrombin or cytokines, 

P-selectin is rapidly redistributed at the surface of endothelial cells. The first 

step in leukocyte extravastion is selectin-mediated interaction based on 

leukocyte cell-surface carbohydrate recognition of the lectin domain of 

selectins expressed on the surface of endothelial cells. This type of interaction 

is known as tethering 17 and allows leukocytes to roll along the cell-surface. A 

secondary rolling phenomenon 17 has also been reported: leukocytes rolling 

on other leukocytes that have already adhered to endothelial cells or at the 

sites of hemorrhage, leukocytes tethering to and rolling on adherent platelets 
37. In this initial phase of leukocyte extravasation, selectins bind weakly to cell-

surface carbohydrates but, this induces leukocytes to slow down.  

 

1.1.2.3 Activation of attached cells 

 

The initial adhesion is transient and reversible unless followed by activation of 

leukocytes by released chemokines from inflamed tissue and/or cell contact-
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mediated signals that are inducing expression of adhesion receptors on rolling 

leukocytes 23, 38. Inflamed tissue is a major source of a broad spectrum of pro-

inflammatory molecules (for instance IL-1, TNF-α, IL-6, or MCP-1) crucial for 

chemokines-driven leukocyte migration. These molecules activate both 

leukocytes, allowing them to express high affinity integrins molecules 18, 19, 20, 

and endothelial cells in order to let them produce additional chemokines and 

express firm adhesion molecules like VCAM-1 31 and ICAM-1 31. 

 

1.1.2.4 The strong adhesion 

 

After initial interaction of leukocytes with endothelium, the slow velocity of 

rolling leukocytes favors encounter with pro-inflammatory cytokines and 

chemokines at, or near, the surface of endothelium. This crucial activation 

event, in concert with slow rolling, induces expression of high affinity β2 

integrins 18 on leukocytes and expression of adhesion molecules such are 

VCAM-1 and ICAM-1 on the surface of endothelial cells. This activation 

triggers firm binding of leukocytes to the endothelium, and this interaction 

provides an avid adhesion making possible the final step of extravastion-

emigration of leukocytes through the endothelium, to the site of inflamed 

tissue. 

 

1.1.2.5 Endothelial transmigration 

 

The key event for successful emigration of leukocytes to the site of 

inflammation is that all three previous steps in extravasation (selectin-

carbohydrate tethering, chemokine-receptor activation, and integrin-

immunoglobulin family interaction) act in sequence, one after another and not 

in parallel. This concept has been confirmed by experiments in which 

inhibition of any of these three interactions led to complete rather than to 

partially blockade of leukocyte transmigration 9, 39, 40. However, it is still 

unclear how the active transmigration processes occur. It is still, in particular, 

a matter of debate whether leukocytes transmigrate through the junctions 

between adjacent endothelial cells or directly through single cell 41. 
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Additionally, mechanisms of transmigration may vary depending the type of 

blood vessels 41.  

Endothelial permeability has been proposed to be due to cell contractions, 

process that involves actin/myosin interaction, Ca2+/calmodulin activation and 

phosphorylation of myosin light chain which most likely influence the 

remodeling of the endothelial cytoskeleton. The crucial role of this remodeling 

was shown by the use of microfilament disrupting agents such as cytochalasin 

B and D and the reversible increase in endothelial permeability associated 

with disruption of microfilament apparatus and formation of gaps between 

adjacent endothelial cells 16, 42. In contrast, the recovery was associated with 

the localization of actin to the junction of adjacent cells and subsequent 

reorganization into the normal pattern of microfilaments for endothelial cells.  

According to an attractive hypothesis transmigration may occur directly 

through single cells, the docking of leukocytes to the luminal surface of 

endothelium may trigger signals that lead to the opening of interendothelial 

cell contacts allowing leukocytes to transmigrate 38. 

 

1.1.2.6 The role of chemokines 

 

As aforementioned, the group of molecular mediators called chemokines is a 

very important component in the process of leukocyte extravasation. 

Chemokines act at two levels: they provide signals that convert the low-affinity 

selectin-mediated interaction into the high-affinity integrin-mediated 

interactions and they play a significant role in recruitment of circulating 

platelets and leukocytes in the surrounding of the endothelium. 

Chemokines belong to the family of small chemotactic cytokines 43. They 

provide a directional migration of leukocytes in various physiological 

processes such as in development, in hemostasis, and in inflammation 37, 40. 

They consist of proteins of 70-130 amino acids with four conserved cysteines 
40, synthesized with a leader sequence of 20-35 amino acids which is cleaved 

before release. All chemokines are divided into four sub-families based on the 

relative position of their cysteine residues 40: C, CC, CXC (cysteine-amino 

acid-cysteine) and CX3C. They are secreted at sites of inflammation by 

resident tissue cells, by resident and recruited leukocytes, and by cytokine-
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activated endothelial cells. Chemokines are also locally retained into matrix 

and cell-surface sulfate proteoglycans, establishing a chemokine 

concentration gradient surrounding the inflamed territory, or the surface of the 

overlying endothelium. Leukocytes, rolling on the endothelium in a selectin-

mediated process, are brought into contact with chemokines which are 

activating the expression of integrins in leukocyte leading to the firm adhesion 

to endothelial cells. The chemokine signaling in the blood flow is regulated by 

the Duffy antigen receptor for chemokines (DARC) 44, 45, a nonsignaling 

erythrocyte chemokine receptor, which functions as a sink, removing 

chemokines from the circulation and helping to maintain a tissue–blood 

stream chemokine gradient. 

 

 

Figure 1. Chemokine Regulation of Leukocyte Movement. 
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1.1.2.7 Fractalkine, a chemokine with adhesive function 

Among all chemokines, CX3CL1/fractalkine (FKN) 31, 32 is the sole member of 

the CX3C chemokine family, and displays strong structural differences from 

other chemokines. 

 

Structure 

Unlike other chemokines, FKN can exist in two forms: as a membrane-

anchored (mFKN) protein or as soluble (sFKN) glycoprotein. The membrane-

anchored protein consists of an extracellular domain with the CX3C 

chemokine motif on top of an extended mucin-like stalk, attached to the 

extracellular domain. This extracellular domain is followed by transmembrane 

and intracellular domains 31, 32. Soluble FKN can be released by proteolytic 

cleavage at the membrane-proximal region by TNF-α-converting enzyme 

(TACE/ADAM17) and metalloproteinase ADAM10 46, 47, 48. 

 

Expression pattern 

FKN is expressed on a broad spectrum of tissues such as: endothelium 31, 

epithelium 49, 50, and brain tissue 32, 51or in cells like smooth muscle 52 dendritic 

cells 53, 54, and macrophages 55. After treatment of endothelial cells with pro-

inflammatory cytokines interleukine (IL)-1 31, tumor necrosis factor (TNF)-α 31, 

and interferon (IFN)-γ 56, CD40L 56, and LPS 31, 32 or in pro-inflammatory 

conditions such as psoriatic skin 53, 57, atherosclerotic blood vessels 55, 58, 

inflamed kidneys 59, inflamed rheumatoid joints 60, 61, a marked increased in 

the expression of FKN has been observed suggesting a role for FKN in the 

promotion or maintenance of a pro-inflammatory state.  

 

Adhesive properties 

The membrane fraction of FKN was found to account for 57± 6% of the total 

amount of protein. Expressed as membrane-anchored protein, FKN displays 

potent adhesive properties under flow conditions 36 that appears to be 

mediated by single seven transmembrane G protein-coupled chemokine 

receptor, CX3CR1 62, 63, expressed on inflammatory cells, in particular on 

CD16+ monocytes 64 natural killer cells 65, CD4+ and CD8+ T-cells 62. The 
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mechanisms underlaying this adhesive function is fundamentally different 

from those underlaying classical adhesion induced by chemokines. FKN-

mediated activation leads to pseudopods formation and spreading of adherent 

leukocytes rather than integrin upregulation. In addition this interaction 

depends on the physical interaction between FKN and CX3CR1 without 

involvment of the receptor signaling 10, 36. FKN therefore, may have dual 

function in mediating or enhancing the leukocyte adhesion to the endothelium 

and by contributing to signaling events that lead to shape change of 

leukocytes. Since expression of FKN occurs after stimulation with pro-

inflammatory cytokines, it may play a role in recruiting circulating leukocytes 

to ongoing inflammatory processes. 

 

Regulation of FKN expression 

Expression of FKN is mediated by activation of the NF-κB 66 signaling 

pathway in endothelial cells and by activation of JNK and p38 signalings in 

human airway smooth muscle cells 67. Upon stimulation with proinflammatory 

cytokines such as TNF-α and IFN-γ 67 NF-κB translocates to the nucleus after 

its dissociation from IκB. This event is crucial for NF-κB-driven FKN activation 

as shown by treatment of endothelial cells with general proteasome inhibitors, 

such as MG115 and MG132 impairing the degradation of IκB and keeping 

NFκB in the cytoplasm or the use of dominant-negative IκBα mutant which 

cannot be phosphorylated by IκB kinases and thus remain bound to the NF-

κB complex to prevent its translocation to nucleus 68. It has been shown that 

in in rat aortic endothelial cells (RAEC) 68 LPS, IL-1 and TNF-α stimulate rapid 

induction of NF-κB, in particular p50/p65 heterodimer and its binding to the 

FKN gene promoter to induce transcription. In rat aortic smooth muscle cells 

(RASMCs) TNF-α stimulation initiates the NF-κB pathway through TRAF2 (as 

shown by transdominant negative form of TRAF2 69), and the IKK activation 

pathway. In addition, in this model TNF-α stimulation induces activation of 

PI3-kinase and subsequent phosphorylation and activation of Akt kinase. 

Activated Akt kinase is known to associate with IKK complex to initiate NF-κB 

activation.  

 



Introduction 

 11

 

1.2 Human cytomegalovirus 
 

Human cytomegalovirus (HCMV) is a member of the β-herpesviruses familly 
70. This virus was generally known as salivary gland virus until the common 

name cytomegalovirus was proposed in order to reflect both the virus-induced 

cytopathic effects and the clinical, cytomegalic manifestations of the infection 
71, 72, 73. HCMV shares some common features with other β-herpesviruses: 

long replication cycle, slow spread in cell culture and relatively restricted host 

range 70, 74. Autopsy of tissues from patients infected with HCMV revealed the 

presence of infected cells in virtually all organs 71 but also in blood, semen, 

vaginal secretion and mother’s milk. Despite the fact that HCMV is able to 

infect a variety of cell types such as monocytes/macrophages, endothelial 

cells, epithelial cells, smooth muscle cells, the most productive infection is 

limited to fibroblasts 75. Due to its wide distribution, HCMV can spread by 

multiple means including blood transfusion, transplantation, sexual contact, 

aerosol droplets and direct (person to person) contact 76, 77. After infection, 

virus can never be eliminated and usually remains latent within the host. For 

healthy people, the viral infection does not cause any severe diseases, 

although some of them can suffer mild hepatitis, mononucleosis-like and 

influenza-like symptoms followed by prolonged fever. Within this group of 

people, the viral infection is controlled by a combination of innate and 

adaptive immune functions. But reactivation of virus in immunocompromised 

and immunosuppressed patients is accounted for severe health damages 

often followed by death. Patients with acquired immunodeficiency syndrome 

(AIDS) usually suffer so-called blinding CMV retinitis, pneumonia and 

gastrointestinal inflammation 78. In organ-transplant recipient, viral infection is 

associated with an increased frequency of graft rejection and represents a 

major cause of post transplantation infection 79. Furthermore, HCMV is the 

most common infectious cause of congenital defects since infection of 

neonates is associated with deafness, mental retardation and mortality.  

In addition, persistent infection has been also associated with coronary 

diseases 80. Many patients with coronary atherosclerosis are lacking the 
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conventional risk factors suggesting that there are additional unidentified 

factors contributing to vascular injury. Epidemiologic studies suggested that 

infectious pathogens 81 may predispose those patients to atherosclerosis 81, 82. 

Implicated pathogens are HCMV, herpes simplex virus-1 and hepatitis A virus 

and bacteria such as Chlamidya pseudomoniae. These pathogens have been 

identified in atherosclerotic lesions 78, 79 raising the question of their influence 

in vascular inflammation either by persistent infection or by immuno-mediated 

injury. It has been proposed that monocytes could deliver latent CMV locally 

to the site of vascular injury where constituents of vascular wall will induce 

transcription of CMV IE genes and thereby contribute to the virus reactivation 

or/and replication 79. The virus might then stimulate immune and inflammatory 

response that could further contribute to the atherogenic processes that take 

place in vascular wall 83, 84. 

Many epidemiologic studies confirmed positive correlation between increased 

CMV seropositivity 85, 86 (high titer of CMV antibody means CMV reactivation) 

and coronary artery disease 82, 83 , coronary atherosclerosis 83, 87, coronary 

heart disease 88 and premature myocardial infarction 89. 

 

 

1.2.1 Virus structure, genome organization and virus growth 
 

1.2.1.1 Virus structure 

 

The virion of HCMV consists of an icosahedral (structure consist of 60 

symmetry related subunits) capsid 90 enclosing a 235-kilobase pair (kbp) 

linear genome surrounded by the tegument (or matrix), enveloped itself in a 

lipid bilayer membrane carrying a large number of self-encoded glycoproteins. 

In contrast to other herpesviruses, the HCMV envelope exhibits a more 

pleiomorphic (literally means "varying shapes") pattern allowing intact HCMV 

virions to be distinguished from other herpesviruses based on its morphology.  

Three types of virus particles are produced in virus-infected cells: virions, non-

infectious enveloped particles and dense bodies 91, 92. Virions contain 

nucleocapsid and non-infectious enveloped particles appear to be enveloped 



Introduction 

 13

B capsid precursor. They can be distinguished from virions in electron 

micrography by the lack of an electron-dense DNA core. Dense bodies are 

composed of several tegument proteins, predominantly pp65 (ppUL83) 

enclosed in envelope derived from cytoplasmic membrane. These abundant 

particles lack of both, nucleocapsid and viral DNA. 

 

Capsid proteins 

The capsid is composed of seven proteins: the major, the minor, and the 

smallest capsid proteins, the minor-capsid-binding protein, and three distinct 

assembly-proteins that associate with capsids. The genes for these proteins 

are distributed along viral genome within herpesvirus-common set of genes 93, 

94. Human CMV-infected cells contain three capsid forms 95 designated as A, 

B, and C. Type A capsids lack DNA and accumulate because of a failure to 

stably package the viral genome; type B capsids are found predominantly in 

the nucleus as precursors of mature capsids that lack viral DNA but contain 

assembly protein and type C are fully matured capsids. 

 

Tegument proteins 

Between the viral capsid and the envelope is the tegument, consisting of 25 

proteins. The majority of tegument proteins are phosphorylated (as denoted 

with prefix pp) and the most prominent are pp65, pp150, pp28, pp71, and 

ppUL48 or huge tegument protein. The function of most tegument proteins 

remains uncharacterized.  

 

Envelope glycoproteins 

HCMV is unusual among herpesviruses because it encodes for 60 putative 

glycoproteins. The virion envelope carries two prominent herpesvirus-

conserved complexes of glycoproteins: one is composed of glycoprotein B 

(gB) dimer which is recognized as the major envelope constituent 96, 97, 98, 

responsible for virus binding and entry into cells, cell-to-cell transmission, 

fusion of adjacent cells and targeting of progeny virus to apical membrane 

from polarized cells. Another complex consists of gH, gL, and gO. These 

glycoproteins also play an important roles in virus entry. Like gB, they are 

targets of host antibody-mediated immune clearance mechanisms.  
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Host proteins 

The host proteins such are beta-2-microglobulin, actin and various cell 

enzymes have been observed in purified virions, probably by contamination of 

cellular protein interacting with viral proteins during the packaging process 99, 

100. These observations give raise to several interesting implications; for 

instance interaction with b2-microglobulin suggests how HCMV attaches to the 

host cell; host cell actin-related protein interaction suggests how the 

cytoplasmic transport may occur. Additionally, the kinase activity associated 

with pp65 appears to be an host cell enzyme 101. 

 

 

 
Figure 2. Structure of the HCMV particle 

 

 

1.2.1.2 Genome organization 

 

The genome of characterized HCMV is a linear DNA molecule which is 

significantly larger than those from other herpesviruses. The HCMV genome 

also displays a pattern of terminal and inverted repeats that vary in the size 

depending on the virus strain and passage history 90. The only strain of HCMV 

that is completely sequenced is the laboratory strain AD-169 102. 208 
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nonoverlapping open reading frames (ORFs) are located in unique and 

repeated regions along the viral genome 103. Originally, AD-169 strain was 

obtained from strain AD-169vaUK propagated under growth conditions to 

attenuate virulence for its use as live attenuated vaccine 103, 104, it means that 

ORFs initially identified in strain AD-169 may not represent the full set of viral 

genes seen in wild type of HCMVs. The known ORFs are organized in three 

group of genes designated as: a or immediate early genes (IE), b or early 

genes (E) and g or late genes (L). The b genes may be further divided into b1 

or early and b2 or delayed genes. The g genes are also subdivided into g1 or 

leaky late and g2 or true late genes 101. 

 

1.2.1.3 Virus growth 

 

Human CMV exhibits a very restricted host range in cell culture. Primary 

differentiated human fibroblasts (HFs) from skin or lung show the greatest 

susceptibility to viral infection. During natural infection, fibroblasts, epithelial 

cells, macrophages, smooth muscle and endothelial cells support productive 

infection. Although HFs are commonly used for virus isolation and 

propagation, studies have clearly shown that freshly isolated HCMVs replicate 

preferentially on endothelial cell types 105, 106, 107. Undifferentiated, 

transformed, and aneuploid human cells as well as almost all cell lines are 

nonpermissive to HCMV infection 108. The first steps in viral infection, 

attachment at the cell surface and penetration, are quick and efficient in 

permissive as well as in nonpermissive cells 108. Initial interaction of virus with 

host cell receptors is mediated by heparin sulfate since addition of exogenous 

heparin or treatment with heparinase blocks viral attachment 109, 110, 111. The 

restriction of viral replication to endothelial cells seems then to be the result of 

postpenetration events active in endothelial cells rather than failure to enter in 

the other type of host cells. Attachment to the cell surface is followed by 

penetration, mediated by the fusion of the virion envelope and the cell surface 

and most likely involves gH/gL complexes 108. Viral nucleocapsids rapidly 

make their way to the nucleus and 20 to 30 minutes after exposure to viral 

inoculum tegument protein ppUL83 is detected in infected host cell 112. 

Several studies have shown that interaction between viral glycoprotein, such 
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as gB 73, 74, 113, and cell receptors is sufficient to efficiently initiate a signaling 

cascade triggering specific cellular processes that participate in viral 

replication, even in the absence of viral penetration 74, 80.  

Productive replication in permissive cells 105, 106, is dependent on orchestrated 

expression of a, b, and g groups of genes. Expression of the (IE) genes 

immediately follows the virus entry and is independent on the expression of 

any viral gene. Inversely, expression of the b (E) genes is dependent on the 

successful expression of IE genes. Finally, expression of g (L) genes occurs 

last and is dependent on the viral DNA replication itself 98. 

Although the viral replication cycle is slow, requiring 48 to 72 hours post 

infection (hpi) to produce the first progeny virus, expression of viral gene 

products starts immediately after the virus entry 73, 80. This first phase of virus 

growth is dependent on virion tegument proteins and early viral-dependent 

functions are playing regulatory roles in later stages of viral replication. The 

switch between early phase and late phase occurs 24 to 36 hpi with a 

maximal level of virus release starting 72 to 96 hpi. After the indicated time, a 

new cycle of replication begins 73, 80. 

 

       
Figure 3. Replication cycle of HCMV. 
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Regulation of the viral gene transcription 

Transcription of HCMV genes is directed by host cell RNA II polymerase and 

the basal transcription machinery 114, 112. The host transcription factors are 

regulated by virus-encoded transactivating factors which regulate expression 

of virus as well as host genes during productive infection. Shortly after 

infection, several host transcription factors such as NF-κB, AP-1, and SP-1 

are inducing the transcription of genes (such as ie1/ie2 and US3) encoding 

viral enhancer proteins by binding to repeated elements within the viral gene 

promoters. Interestingly, the penetration of virus into host cell results in 

productive infection if the transcription activity of the three major viral 

promoters is regulated in a strict order. If at any level the transcription of any 

of the promoters is impaired, the infection process will fail. 

 

 

1.2.2 Effects on host cell 
 

During productive infection, viral DNA synthesis is observed 14 to 16 hpi in 

concert with stimulation of the host cell metabolism 98. It appears that HCMV 

infection does not inhibit host cell metabolism but stimulates rather both, RNA 

and protein synthesis 98. Virus binding and/or entry triggers cellular responses 

as well as induction of host immediate genes and interferon responsive 

genes. This indicates that activation via host surface receptors, delivery of 

tegument proteins, or some other virus-particle mediated response plays the 

predominant role in activation of host gene expression. These observations 

were strengthen by experiments in which irradiated viral particles were able to 

trigger host responses suggesting that signaling events may be initiated 

without viral DNA replication. Additionally, soluble forms of gB or gH 115, 116 are 

also able to trigger signaling cascade in host cells indicating that interaction 

with celullar receptors is important event. A majority of host genes with an 

expression stimulated within the 24 hpi, appear to be virion-mediated 

activated and precede the expression of viral regulatory genes.  
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1.3 The serine protease thrombin 
 

Thrombin was originally identified as a trypsin-like serine protease with a 

molecular weight of 38 kDa. The precursor protein, prothrombin, is 

synthesized only in the liver as an inactive zymogen with a circulating half-life 

of approximately 72 hours. The signal for thrombin generation is triggered 

when circulating coagulation factors contact extravascular tissue factor (for 

instance in case of injury and disruption of endothelial cell monolayer that 

lines the vascular wall). Tissue factor is a type-1 integral membrane protein 

and functions as cofactor for activation of factor X by factor VIIa. Activated 

factor Xa (in concert with cofactor Va) converts pro-thrombin to its active form-

thrombin 117, 118, 119. Since tissue factor is solely expressed at the surface of 

the cells that under physiologic conditions do not access blood stream (such 

as VSMC), thrombin has been proposed to be a link between tissue damage 

to wound healing. However, thrombin is also a strong activator of a number of 

cell types suggesting a role in cellular processes in addition to a role in clot 

formation 120, 121. Thrombin activates platelet aggregation and has direct 

effects on monocytes 122, VSMC 123, 124, endothelial cells 125, 126, 127, 128, 129, 

and lymphocytes 121, 130, among other cell types 131, 132. Thrombin activity is 

mitogenic for VSMC and fibroblasts 133, and chemotactic for monocytic cells 
122, 134. In endothelial cells thrombin stimulates production of prostacyclin 135, 

platelet-activating factor 136, endothelin 137, von Willebrand factor 138, 139, 

plasminogen activator 140, 141 and its inhibitor 142. Thrombin also promotes 

neutrophils and monocytes adhesion to endothelial cells through induction in 

endothelial cells of cell adhesion proteins expression (E-selectin and P-

selectin) 19 20. In response to thrombin cultured endothelial cells also secrete 

enhanced levels of platelet-derived growth factor (PDGF) which is a potent 

mitogen and chemoatractant for mesenchymal cells such as VSMC 143, 144. 

These diverse cellular responses triggered by thrombin may contribute to the 

pathology of atherosclerosis, thrombosis, and vasculitis through induced 

inflammatory and proliferative responses at sites of vascular injury. 
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1.4 Thrombin receptors 
 

1.4.1 G protein-coupled receptors - general informations 
 

Seven transmembrane G protein-coupled receptors (GPCRs) 145 form the 

largest group of mammalian receptors known. Members of this group are 

involved in all types of stimulus-response pathways. The diversity of functions 

matched with the wide range of ligands recognized by members of this family, 

from photons (rhodopsin, the archetypal GPCR) to small molecules (in the 

case of the histamine receptors) or proteins (for example, chemokine 

receptors). Receptor activated G proteins are bound to the inside surface of 

the cell membrane. They consist of the Gα and the tightly associated Gβγ 

subunits. When a ligand activates the G protein-coupled receptor, exchange 

of GDP bound to the Gα subunit with GTP is initiated. This exchange triggers 

the dissociation of the the Gβγ dimer, from the rest of the receptor. Both, Gα-

GTP and Gβγ, can then activate different 'signalling cascades' (or 'second 

messenger pathways') and effector proteins, while the receptor is able to 

activate the next G protein. The Gα subunit hydrolizes the attached GTP to 

GDP by its inherent enzymatic activity, allowing it to reassociate with Gβγ and 

starting a new cycle 146. 

 

 

1.4.2 Structure of the thrombin receptors 
 
The protease-activated receptors (PARs) belong to the GPCR family of 

receptors. They form a very special group of receptor because of their 

unusual way to be activated by proteolytic cleavage rather than by a simple 

ligand occupancy. Four members of PAR family, namely PAR1, PAR2, PAR3 

and PAR4 have been cloned and identified to date. Three of them, PAR1, 

PAR3, and PAR4 are thrombin receptors. All thrombin receptors contain 

seven transmembrane domains with three extracellular and three intracellular 

loops. The amino terminal end is recognized by thrombin and cleaved, 
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generating a new amino terminus, the tethered ligand, which binds to the 

second extracellular loop in order to initiate a signal cascade in the cell. Other 

important domains are the amino-terminal hirudine-like domain, important for 

the binding of thrombin (in PAR1 and PAR3), the carboxy terminus which 

plays a role in directing the cleaved receptor to lysosomal compartments for 

degradation and the third intracellular loop which may contribute to the 

mechanisms of internalization. The role of the other loops still remains 

unclear. 

 

 
 

Figure 4. Structural features of PARs 1-4. The key areas of PAR receptor activation are 

highlighted. The N terminus cleavage domain and the hirudin-like binding domain where 

tethered ligand/receptor interaction occurs, and the C-terminal tail involved in receptor 

desensitization and some aspects of intracellular signaling. 
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1.4.3 PAR1, the prototypical thrombin receptor 
 

First to be described, it is the prototypical thrombin receptor and shows a 

strong specificity for thrombin 119. Alignment of PAR1 amino acid sequence to 

those of other seven transmembrane domain receptor family suggests that 

thrombin receptor may define a new subfamily related to the peptide receptor 

(substance P, Substance K and neuromedin K) and glycoprotein hormone 

receptor (lutropin and thyritropin) subfamilies 147. PAR1 contains an amino-

terminal hydrophobic signal sequence with potential serine proteases 

cleavage sites at position Thr24 and Ala26. The amino-terminus is 

extracellularly disposed and contains several asparagine-linked glycosylation 

sites and an hirudine-like domain (50DKYEPF55) involved in thrombin 

activation. A putative thrombin cleavage site (LDPR41/S42FLLR) was identified 

within the amino-terminus, suggesting that receptor activation involves 

proteolytic cleavage. The effect of the new amino-terminal domain can be 

mimicked by synthetic peptide (SFLLRN) called PAR1-Activating peptide 

(PAR1-AP, TRAP1) 148, 149, 150. 

 

1.4.3.1 PAR1 promoter and transcription regulation 

 

The PAR1 genomic sequence analysis 119 revealed a GC-rich 5’-upstream 

region, without a TATA box. Nucleic acid motifs potentially involved in 

transcriptional regulation of PAR1 gene were GATA motif, octamer enhancer 

sequences, AP-2-like sites, and Sp1 sites 151. The open reading frame 

encodes a 425 amino acid protein and contains a long 3’ region with several 

polyadenylation signals. If PAR1 mRNA transcript is found in virtually all 

organs and tissues, its expression in a wide range of cell types belonging to 

the vascular system (such as endothelial cells, platelets, neutrophils, 

leukocytes, VSMC) facilitates the orchestrated response to vascular wall 

damage by thrombin, including platelet activation and aggregation, leukocyte 

extravasation, angiogenesis, and even initiation of a regulated immune 

response 133.  
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1.4.4 The PAR3 receptor 
 

PAR3 shares 27% amino acid sequence homology with PAR1 and its 

cleavage site is located within the amino-terminus at position Lys38 / Thr39. 

Hirudine-like binding domain (FEEFP) as well as a short C-terminal domain 

were also identified 152, 153, 154. At the molecular level, presence of a very short 

C-terminal tail region suggests potential differences in this receptor signaling 

and its desensitization compared to other thrombin receptors 154. 

 

1.4.4.1 PAR3 promoter and transcriptional regulation 

 

The analysis of the 5’-flanking region demonstrated that the PAR3 gene is 

TATA-less, similar to that seen with PAR1. Despite the presence of GC-rich 

sequences (frequently containing Sp1 binding sites potentially involved in 

transcriptional regulation of TATA-less house keeping genes) in the promoter, 

no SP-1 binding site or SP-1-dependent transcriptional activity are observed 

in the PAR3 promoter, suggesting a regulation involving other regulatory 

elements. Further analysis of 5’-regulatory region revealed the presence of 

potential cis-acting DNA elements such is AP-1-like elements 155, 156 and a 

single responsive element recognized by the cAMP response element binding 

protein (CREB) 157. Additionally, 8 GATA-like sequences which are known to 

represent binding site for the erythroid nuclear factor protein (NF-E1) 158 are 

also present in the 5’-regulatory region of PAR3 promoter and may participate 

in the transcriptional regulation. PAR3 transcripts are found in human 

endothelial cells but at a lower level than PAR1 154. Although PAR3 is 

expressed in a variety of tissues including heart, small intestine, bone marrow, 

airway smooth muscle, and astrocytes 152, 159, 160 but surprinsingly, in contrast 

to the mice platelets, no expression was observed in human platelets 152, 153, 

154, 161, 162. 
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1.4.5 The PAR4 receptor 
 

The third thrombin receptor, PAR4 153, 163, 164, was originally described in 

platelets but indirect evidences suggest that expression also occures in 

endothelial cells. PAR4 possesses both a signal peptide and a serine 

protease cleavage site located at position Arg47 / Gly48. Although it shares 

33% amino acid sequence homology with other three human PARs, the 

amino- and carboxy-terminal domains markedly differ from those identified 

within PAR1 and PAR3 in particular the cleavage site and the absence of 

hirudin-like binding domain. This probably explains the ability of both α- and γ-

thrombin to activate PAR4 164, in contrast to the rather-specific and potent 

activation of PAR1 and PAR3 by α-thrombin compared to γ-thrombin165. Initial 

studies suggested that PAR4 needs co-expression of PAR3 to be activated. In 

a mouse model, coexpression of mouse PAR3 with PAR4 enhanced the 

PAR4-response to thrombin but not to PAR4-AP, suggesting that PAR3 is 

required for PAR4 activation probably by binding to thrombin first and 

presenting it to PAR4161.  

 

1.4.5.1 PAR4 promoter and transcriptional regulation 

 

Analysis of the genomic sequence revealed an open reading frame encoding 

the 385 amino acid protein and a 3’ region with GC-rich motifs and several 

polyadenylation signals 164. Tissue distribution shows the highest levels of 

PAR4 mRNA expression in lung, pancreas, testis, and small intestine tissues 
164. 

 

 

1.4.6 Molecular mechanism of receptor activation 
 
The best characterized mechanism of thrombin receptors cleavage is the 

mechanism that regulates cleavage of PAR1. Thrombin cleaves and activates 

PAR1 very efficiently since with a concentration of 10 nM almost all of the cell-

surface receptors are cleaved within 1 minute. The relatively long amino-

terminal exodomain (99 amino acids) facilitates the interaction with thrombin 
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(and other specific proteases) and enhances the recognition of the receptor 

and its cleavage 119, 120. Specific interactions site are located in the amino-

terminus of receptor: the cleavage sequence (LDPRSFLLR) and the acidic 

hirudin-like binding domain sequence (DKYEPF) 121. These two sites act in 

concert to provide an efficient cleavage of the receptor by thrombin: upon 

binding to the hirudin-like domain, thrombin displays conformational changes 

in its active site, containing the catalytic triad (His-365, Asp-419 and Ser-527) 

responsible for the charge relay system 121, 166. These changes affect the 

ability of thrombin to cleave efficiently PAR1 166.  

Unlike other G-protein coupled receptors, cleavage of PAR1 is irreversible 

and generates a new amino terminus known as tethered ligand. The newly 

exposed amino terminus binds intramolecularly to the second extracellular 

loop of the receptor and induces a signal transduction 122. Synthetic peptides 

mimicking the new amino-terminus after cleavage were found to highly 

activate PAR1 and are now used as activating peptides (PAR1-AP). The 

peptide SFLLR-NH2 was the shortest peptide showing a full activation of the 

PAR1 receptor 148, 149, 150; and the GYPGQV activating peptide activates  

PAR4. However, synthetic peptides that mimic putative tethered ligand of 

PAR3 were, ineterstingly, found to be inactive 152, although collected data are 

controversial 167, 168, 169, 170, 171. It has been shown that human PAR3 

overexpressed in COS7 cells is activated in terms of cytosolic Ca2+ increase, 

when cleaved by thrombin but not in response to 100 mM PAR3-AP 152. 

However, very high concentrations of PAR3-AP are able to trigger a 

chemotactic response in DC 167. Furthermore, human PAR3-AP stimulated 

mobilisation of intracellular calcium, ERK1/2 and proliferation of human 

vascular muscle cells 168. Interestingly, it has been recently shown that PAR3-

AP derived from the tethered ligand sequences of human PAR3 is able to 

activate PAR1 and PAR2 170, 171. Thus, specific activating peptide for PAR3 is 

still not known. It has been suggested that the spatial conformation of the 

PAR3 tethered ligand may be more critical for the interaction with the loop 

than as it is a case with PAR1 and PAR4 or alternatively, the cleavage of 

PAR3 was proposed to simply switch the receptor on 152. The overall 

consequens of the lack of a specific activator has been that PAR3 function 
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remained poorly defined in the majority of human cells types where it has 

been identified 154. 

After activation, receptors are usually rapidly internalized and uncoupled from 

further signaling events 166, 172. However, unlike other G-protein-coupled 

receptors, PAR1 does not recycle to the membrane but is rather targeted to 

the lysosomal compartment for degradation. In endothelial cells, after 

cleavage and subsequent activation, receptors are internalized by two distinct 

mechanisms: in one, the receptor (60%) is rapidly internalized and degraded 

and in the second, the receptor (40%) is internalized and remains stored 

several hours without any recycling of cleaved receptors 172. The C-terminus 

is responsible for these regulations since a PAR1 chimera receptor containing 

the carboxy-terminal domain of the substance P receptor showed a fast 

recycling to the membrane after stimulation with thrombin, while a chimeric 

substance P receptor with the C-terminus of PAR1 is directed to lysosomal 

compartments for degradation 172. It appears that G protein-coupled receptor 

kinases (GRKs, a family of six serine/threonine kinases that phosphorylate 

activated GPCRs) are participating in this regulation since phosphorylation of 

the carboxy-terminus after stimulation of PARs by GRK occurs. The 

phosphorylated C-terminus represents then a high-affinity binding site for β-

arrestin and regulates the internalization. Additionally this interaction sterically 

changes the conformation of the carboxy-terminus and prevent its re-coupling 

with Gβγ subunit and initiates an interaction with clathrin. The clathrin-coated 

carboxy-terminus is then targeted for internalization and degradation 121. 

Surprisingly, endothelial cells are able to restore PAR1 at their surface within 

2 hours after initial cleavage and initiation of the intracellular signaling by 

using a preformed intracellular pool 42, 121, 173. Subsequent protein synthesis is 

occurring for longer time replenishment of both the cell-surface and 

intracellular pools of receptors 123, 173. 

 

 

1.4.7 Intracellular Signaling 
 
In quiescent cells, PARs are coupled with heterotrimeric Gq family of G 

proteins each comprised of tree distinct subunits termedα, β, and γ (Gαβγq). 
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This complex is inactive as GDP is bound to the subunit Gαq. When thrombin 

binds to its receptor, GDP-bound is exchanged for GTP. This exchange 

results in dissociation of βγ subunits from the α subunit. This event initiates 

the generation of a large panel of secondary signaling events including the 

generation of inositol-1,4,5-triphospahte (IP3) and diacylglycerol (DAG), and 

the release of intracellular calcium 143-146. It activates also various kinases 

such as the of protein kinase C family, the Mitogen Activated Protein Kinase 

(MAPK), the receptor tyrosine kinases and the Rho signaling pathway 

involved in changes in the cytoskeletal structure and cell shape through 

sustained Rho-dependent phosphorylation of the myosin light chain 148, 149. 

Another second messenger pathway triggered by thrombin involves activation 

of Gαi proteins which in turn inhibit activation of adenyl cyclase preventing 

conversion of ATP to another second messenger cAMP to enhanced cellular 

responsiveness 150. 

Thrombin is regarded also as a potent initiator of NF-κB signaling. 

Transcription of ICAM-1 gene is NF-κB-dependent and in endothelial cells it 

depends on activation of the RhoA/ROCK pathway 174. Activated RhoA 

transduces signal to ROCK which in turn initiates subsequent phosphorylation 

and activation of the NF-κB pathway through IKKβ 174. Additional studies 

revealed also that c-Jun amino-terminal protein kinase (JNK) is involved in 

thrombin-induced expression of ICAM-1 in vascular endothelial cells 175. It 

was shown that the signal transduction cascade leading to the JNK-

dependent pathway involves Gαq, Gβγ, Ras, Rac1 and the Src kinase family. 

Meanwhile, the involvement of p38 MAPK still remains a matter of debate 

since some of experiments with specific inhibitors of these kinases showed 

minor effect on ICAM-1 transcription activity upon thrombin stimulation of 

HUVEC while other data provide evidence that the specific p38 inhibitor 

SB203580 significantly inhibits the thrombin-induced ICAM-1 expression in 

HUVEC176. Recently it has been reported that involvement of NF-κB in PAR-

mediated increase in expression of COX-2 and PGI2 synthesis is regulated by 

both ERK1/2 and p38 pathways 177. Pharmacological inhibitors used 

specifically for either ERK1/2 or p38 abrogated COX-2 mRNA and protein 

expression as well as PGI2 synthesis suggesting that both pathways are 
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required for the induction of COX-2 in response to thrombin. The cause of 

these discrepancies may be due to different sources of EC leading to 

significant differences in the pattern of thrombin-induced ICAM-1 expression.  
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2 Materials and Methods 
 

2.1 Materials 
 

2.1.1 Instruments 
 

Name Company 

Agarose gel-electrophoresis system 
Bio Rad Laboratories GmbH (Munich, 

Germany) 

Autoclave 
Tuttnauer Systec 3850 EL, Systec GmbH 

(Weltenberg, Germany) 

Centrifuge with cooling system Sigma Laboratory Centrifuges 

Centrifuge 

- Micromax RF, (Egelsbach, Germany)  

- Rotina 48 RS, Hettisch Zentrifugen 

(Tuttlingen, Germany) 

FACScan 
Becton Dickinson (Franklin Lakes, NY, 

USA) 

Incubator Steri-Cycle, ThermoForma (Germany) 

Light microscope Karl Zeiss (Germany) 

Plate Luminometer 
Stratec Biomedicine Systems AG 

(Birkenfeld, Germany) 

Vertical PAGE-electophoresis 
Hoefer Pharmacia Biotech Inc (San 

Francisco, CA, USA) 

PCR thermocycler 
GeneAmp PCR System 9700, Applied 

Biosystems (Germany) 

Power supply 

- PS 251-2, Sigma-Aldrich (Steinheim, 

Germany) 

- EPS 2A200, Hoefer Pharmacia Biotech, 

Inc (San Francisco, CA, USA) 

Semi-dry transfer cell Trans Blot SD, Bio-Rad (Germany) 

Sequencer 
ABI PRISM 310 Gene Analyzer, Applied 

Biosystems (Foster City, CA, USA) 
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Sonicator 
Sonopuls GM 70, Bandelin Electronics 

GmbH & Co. KG (Berlin, Germany) 

Vortex device 
Vortex-Genie 2, Scientific Industries, Inc 

(Bohemia, NY. USA) 

Water bath Julabo (Hamburg, Germany) 

 

 

2.1.2 Enzymes 
 

Product Company 

Alkaline phosphatase Roche (Günzburg, Germany) 

Collagenase H Roche (Günzburg, Germany) 

Reverse Transcriptase (M-MLV) Invitrogen GmbH (Karlsruhe, Germany) 

Rnase OUT Ribonulclease inhibitor Invitrogen GmbH (Karlsruhe, Germany) 

α-thrombin (human) 
Enzyme Research Laboratories Ltd 

(Swansea, England) 

Sac I restriction enzyme New England Biolabs (England) 

Taq DNA Polymerase  Invitrogen GmbH (Karlsruhe, Germany) 

Xho I restriction enzyme New England Biolabs (England) 

 
 
2.1.3 Reagents 
 

Product Company 

Acrylamide Herde (Darmstadt, Geramny) 

Agarose Invitrogen GmbH (Karlsruhe, Germany) 

Ammonium persulfate (AP) Sigma-Aldrich (Steinheim, Germany) 

Ampicilin Invitrogen GmbH (Karlsruhe, Germany) 

Bacteria (E.Coli) (DH5α) Invitrogen GmbH (Karlsruhe, Germany) 

Bisacrylamide Merck KG (Darmstadt, Germany) 

Bromphenol blue Pharmacia Boitech AB (Uppsala, Sweden) 

Bovine Serum Albumine (BSA) Sigma-Aldrich (Steinheim, Germany) 
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Butanol Riedel-deHaёn AG (Seelze, Germany) 

Chemiluniscent substrate 
SuperSignal West Pico, Pierce (Rockford, IL, 

USA) 

DMSO Sigma-Aldrich GmbH (Seelze, Germany) 

dNTPs: dATP, dCTP, dGTP, dTTP Invitrogen GmbH (Karlsruhe, Germany) 

DTT Invitrogen GmbH (Karlsruhe, Germany) 

EDTA Sigma-Aldrich GmbH (Seelze, Germany) 

EGTA Merck KG (Darmstadt, Germany) 

Endo Free Plasmid Maxi Kit Qiagen GmbH (Hilden, Germany) 

Endothelial Cell Growth Supplement (ECGS) 

and ECGS/Heparin 
PromoCell (Heilderberg, Germany) 

Ethanol Merck KG (Darmstadt, Germany) 

Ethidium bromide Invitrogen GmbH (Karlsruhe, Germany) 

Fetal bovine serum Biochrom AG (Berlin, Germany) 

First strand buffer (5x) Invitrogen GmbH (Karlsruhe, Germany) 

Glycerol Merck KG (Darmstadt, Germany) 

Glycin AppliChem GmbH (Darmstadt, Germany) 

Heparin Sigma-Aldrich (Steinheim, Germany) 

Isopropanol Riedel-deHaёn AG (Seelze, Germany) 

Luciferase Reporter Assay System kit Promega (Madison, WI, USA) 

Methanol Merck KG (Darmstadt, Germany) 

Oligo (dT)12-18 primers Invitrogen GmbH (Karlsruhe, Germany) 

Paraformaldehyde Merck KG (Darmstadt, Germany) 

Penicillin/Streptomycin Gibco GmbH (Karlsruhe, Germany) 

pGL-3Enhancer luciferase reporter  Promega GmbH (Mannheim, Germany) 

QIAprep Spin Miniprep Kit Qiagen GmbH (Hilden, Germany) 

QIAquick Gel Extraction Kit Qiagen GmbH (Hilden, Germany) 

QIAquick PCR purification Kit Qiagen GmbH (Hilden, Germany) 

Rainbow protein markers (RPN :756 V and 

800 V) 
Amersham Bioscience (Freiburg, Germany) 

SDS USB (Cleveland, OH, USA) 

Skim milk powder 
Carl Roth GmbH & Co. KG (Karlsruhe, 

Germany) 

SuperFect Transfection Reagent Qiagen GmbH (Hilden, Germany) 
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TEMED Serva (Heidelberg, Germany) 

Template Suppressor Reagent (TSR) Applied Biosystems 

Thrombin receptor agonist peptide-1 (PAR1-

AP, TFLLRNPNDKamide) 
Interactiva (Ulm, Germany) 

Thrombin receptor agonist peptide-3 (PAR3-

AP, TFRGAP) 
Bachem (Heidelberg, Germany) 

Thrombin receptor agonist peptide-4 (PAR4-

AP, GYPGQV) 
Bachem (Heidelberg, Germany) 

Tricine 
Bio Rad Laboratories GmbH (Munich, 

Germany)  

Tris USB (Cleveland, OH, USA) 

Trizol Invitrogen GmbH (Karlsruhe, Germany) 

Trypsin/EDTA Invitrogen GmbH (Karlsruhe, Germany) 

Tween 20 Merck KG (Darmstadt, Germany) 

 

 

 

2.1.4 Buffers 
 
 

Acrylamide/Bisacrylamide 

48 % Acrylamide 

1.5 % Bisacrylamide 

 

24 g Acrylamide 

0.75 g Bisacrylamide 

H2O up to 50 ml 

Gel buffer (GB) (3x) 

3 M Tris-HCl (pH 8.45) 

0.3 % SDS  

 

18.16 g Tris 

 4.61 ml conc. HCl 

 0.75 ml 20 % SDS 

 H2O up to 50 ml 

Anode buffer 

100 mM Tris-HCL (pH 8.9) 

 

12.11 g Tris 

1.9 ml conc. HCL 

 H2O up to 1000 ml 



Materials and methods 

 32

Cathode buffer 

100 mM Tris (pH 8.25) 

100 mM Tricine 

0.1 % SDS  

 

12.11 g Tris 

17.92 g Tricine 

5 ml 20 % SDS 

H2O up to 1000 ml 

Blotting buffer (semi-dry) 

25 mM Tris 

250 mM Glycine 

10 % Methanol 

 

3.03 g Tris 

14.4 g Glycine 

100 ml Methanol 

H2O up to 1000 ml 

Facs buffer 

PBS (1x) 

0.5 % BSA 

2 mM EDTA 

 

500 ml 

2.5 g BSA 

0.37 g EDTA 

Sample lysis buffer (SLB) (3x) 

12 % SDS 

150 mM Tris-HCl (pH 7.0) 

30 % Glycerol  

6 % Mercaptoethanol 

 

1.2 g SDS 

3 ml Tris-HCl (pH 7.0) 

3 ml Glycerol 100% 

0.6 ml Mercaptoethanol 100% 

5 mg Coomasie Brilliant Blue 

H2O up to 10 ml  

Tris bufferd saline-Tween (TBS-T) 

5 mM NaCl 

1 M Tris (pH 7.6) 

0.1 % Tween 20 

 

20 ml NaCl 

10 ml Tris 

1 ml Tween 20 

H2O up to 1000 ml 
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2.1.5 Solutions 
 

Product Company 

Dulbeco’s modified Eagle medium (DMEM) 

with glutamax-1 
Gibco GmbH (Karlsruhe, Germany) 

F-12K nutrition mixture Gibco GmbH (Karlsruhe, Germany) 

Film-developer Kodak Industries (Chaoln, France) 

Film-fixative Kodak Industries (Chaoln, France) 

Hank’s buffered salt solution (HBSS) Gibco GmbH (Karlsruhe, Germany) 

Phosphate-buffered saline (PBS) Gibco GmbH (Karlsruhe, Germany) 

 

 

 

2.1.6 Antibodies 
 

Product Host Company 

anti-Actin IgG Mouse 
Chemicon International 

(Temecula, NY, USA) 

anti-CX3CL1 (monoclonal) IgG Mouse 
R&D Systems (Minneapolis, 

MN) 

anti-CX3CL1 (highly purified polyclonal) 

IgG 
Rabbit Abcam (Paris, France) 

anti-PAR1 (WEDE15, monoclonal) IgG Mouse 
Immunotech (Marseille, 

France) 

anti-PAR3 (polyconal) IgG Rabbit 
Santa Cruz Biotechnology 

(Santa Cruz, CA, USA) 

anti-PAR4 (polyclonal) IgG Goat 
Santa Cruz Biotechnol. 

(Santa Cruz, CA, USA) 

Horseradish peroxidase (HRP)-conjugated 

anti-mouse IgG 
Rabbit 

Sigma-Aldrich (Steinheim, 

Germany) 

Horseradish peroxidase (HRP)-conjugated 

F(ab)2 fragment anti-rabbit  IgG 
Donkey 

Amersham Biosciences 

(Backingemhempshire, 

England) 
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Horseradish peroxidase (HRP)- conjugated 

F(ab)2 fragment anti-goat  IgG 
Donkey 

Santa Cruz Biotechnology 

(Santa Cruz, CA, USA) 

Phycoerithrin (PE)–conjugated F(ab)2 

fragment anti-Goat IgG  
Donkey 

Dianova (Hambrug, 

Germany). 

Phycoerithrin (PE)–conjugated F(ab)2 

fragment anti-Mouse IgG 
Donkey 

Dianova (Hambrug, 

Germany). 

Phycoerithrin (PE)–conjugated F(ab)2 

fragment anti-Rabbit IgG 
Donkey 

Dianova (Hambrug, 

Germany). 

 

2.1.7 Primers 
 

Designation Lenght   
(BP) 

Sequence 

Fractalkine 

(CX3CL1) 

557 5’- ATGGCTCCGATATCTCTGTCGT-3’  (F) 

5’- AAAAGCTCCGTGCCCACA-3’ (R) 

GAPDH 650 5`-CCACCCATGGCAAATTCCATGGCA-3´ (F) 

5`-TCTAGACGGCAGGTCAGGTCCACC-3´ (R) 

PAR1 650 5’-CGCCTGCTTCAGTCTGTGC-3’ (F) 

5’-GCCAGACAAGTGAAGGAAGCC–3’ (R) 

PAR3 850 5’-TCCTGCTTCTGTTGCCCACTT-3’ (F) 

5’-TACCACAACCATCTATGATCGTATGC-3’ (R) 

PAR4 542 5’-AACCTCTATGGTGCCTACGTGC-3’ (F) 

5’-CCAAGCCCAGCTAATTTTTG-3’ (R) 

 

 

2.1.8 Consumable supplies 
 

1.5 ml and 2 ml reaction tubes Eppendorf AG ( Hamburg, Germany) 

15 ml and 50 ml conical reaction tubes 
Falcon, Beckton Dickinson Labware (Le Pont 

De Claix, France) 

50 ml reaction tube Greiner (Frickenhausen, Germany) 

Cell-culture dishes Greiner (Frickenhausen, Germany) 
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Cell-scraper Greiner (Frickenhausen, Germany) 

Cryopreservation tubes Greiner (Frickenhausen, Germany) 

Film 
Hyperfilm, Amersham Bioscience (Freiburg, 

Germany) 

Filter (sterile) Nalgen Nunc Int. T (Rochester, USA) 

Nitrocellulose membrane (Protran) Schleicher & Schnell (Dassel, Germany) 

PCR-reaction tubes Multi Ultra Tubes (0.2 ml), Roth (Germany) 

Pipettes for cell culture Sarstedt (Nümbrecht, Geramny) 

Tipps 
- Eppendorf AG (Hamburg, Germany) 

- Gillson 

Tubes for flow cytometry Becton Dickinson (Franklin Lakes, NY, USA) 

 

 

 

2.1.9 Cell culture 
 

2.1.9.1 Human Umbilical Vein Endothelial Cells (HUVEC) 
 

Isolation of human umbilical vein endothelial cells (HUVEC) from umbilical 

cord was performed as originally described 178. The cord was inspected and 

all areas with clamp marks were cut off. The umbilical vein was cannulated 

through both ends with an olive needle (d=2-3 mm, 4 cm long) secured by a 

tie. The vein was gently perfused with 15-20 ml of prewarmed HBSS buffer to 

wash out the blood and allowed to drain. Collagenase (10 ml, conc. 2%) was 

gently infused and cord was placed in the incubator for 15 min at 37°C. After 

incubation, cord was gently tapped for few seconds to detach the cells. 

Collagenase solution containing the endothelial cells was collected by flushing 

the cord by perfusion with 30 ml of endothelial growth medium supplemented 

with 10% FBS. The effluent was collected in a sterile 50 ml conical centrifuge 

tube and cells were sedimented for 10 minutes at 400x g, at room 

temperature. Supernatant was discarded and pellet was resuspended in a 

fresh growth medium and transferred to a 75 cm2 culture dish. Cells were 

grown, washed after 2 days with PBS and kept in fresh endothelial growth 
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medium. When cells riched 95% confluency (approximately 4-5 days after 

isolation) they were splited into 75 cm2 culture dish at the ratio of 10000 cells 

per 1 cm2 of the culture dish. The typical length of umbilical cord is 30-35 cm 

and expected yield is 4-6 x 106 cells. 

 

Buffers, solutions and material needed for isolation 

Buffers and solutions 

Cord buffer (HBSS) 

Endothelial growth medium (F-12K) supplemented with 10 mg/ml heparin, 100 

µg/ml endothelial cell growth supplement, 100 U/ml penicillin, 100 µg/ml 

streptomycin and 10 % of FBS. 

Collagenase H was dissolved in cord buffer (0.4 g of collagenase H in 200 ml 

of cord buffer) and filtrated through 0.45 µm and 0.2 µm filter  membranes 

Materials 

1) Plastic pot for umbilical cord recovery with 50 ml of ice cold cord 

buffer (1X) supplemented with penicillin/streptomycin solution (1X) 

2) Tool box: 

4 cannulas with polyethylene tube at one end 

4-5 squares (10 x 10 cm) of absorbent gauze 

4 pieces of umbilical tie (10-15 cm long) 

2 plastic clamps 

Tool box has to be autoclaved 
 

3) Additional material: 

Paper sheet (50 x 30 cm); autoclaved 

Scalpel (sterile) 

Syringe with 15-20 ml of prewarmed cord buffer 

Syringe with 10 ml of collagenase H (concentration 2%) 

Syringe with 30 ml of endothelial growth medium 

Conical tube (50 ml) for collecting endothelial cells 
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2.1.9.2 Human fibroblasts (MRC-5) 

 

Human fibroblasts (MRC-5) were purchased from American Type Culture 

Collection (ATCC, CCL-171). They were maintained in Dulbeco’s modified 

Eagle medium (DMEM) with glutamax-1 supplemented with 10 % of FBS. 

Cells were subcultured every second day at the ratio of 10000 per 1 cm2 of 

culture dish.  

 

2.1.9.3 Human primary monocytes and monocytic cell line 

 

Blood was obtained from healthy male volunteers. Peripheral monocytes were 

isolated on iso-osmotic Percoll gradients as described 152, 153. After final 

washing in 150 mmol/l NaCl, monocyte preparation with purity greater than 

98% was obtained. Cell purity was generally validated by phase-contrast 

microscopy after staining with Türk solution. Viability was greater than 98% as 

judged by Trypan blue exclusion.  

Monocytic cell line was obtained from the German Collection of 

Microorganisms (Braunschweig, Germany). Mono-Mac-6 were grown in 

suspension in RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 

mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Every 3-4 

days cells were subculture at the ratio of 5x106 cells per 175 cm2 culture dish.  

 

 

2.1.10 Virus strains and determination of virus titer 
 
2.1.10.1 Virus strains 
 

Human cytomegalovirus, laboratory strain AD-169 (HCMV-AD169) was 

purchased from ATCC (acc. number VR-538) and propagated in MRC-5 cells. 

Confluent monolayer of MRC-5 cells was inoculated with virus with 0.01 

cytopathic effects (CPE) per cell in serum-free medium. Cells were washed 

after 90 minutes with PBS and cultured in growth medium until cythopathic 

effect was apparent in approximately 100% of cells. Infected cells were than 

replenished by fresh culture medium. After 5 days cells were scraped, 
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collected together with infected growth medium and centrifuged at 1000x g for 

30 minutes at 4°C. Supernatant containing viral particles was collected and 

stored at -80°C for future use.  

 

2.1.10.2 Determination of virus titer 
 

Virus titer was determined by virus plaque assay. Virus samples were serially 

diluted in serum-free medium and adsorbed to MRC-5 cells plated in 24-well-

plates at the density of 105 cells per well. Inoculum was replaced with culture 

medium after 90 minutes. After 10 days of growth, cells were washed with 

PBS and fixed with absolute methanol for 15 minutes. Methanol was than 

removed and cells were stained with Giemsa solution for 30 minutes. White 

plaques were counted and virus titer was presented as a number of cytopathic 

effects (CPE) per volume of infected medium. 

 

 

                                                     HCMV dilutions 

        ctrl          10            1             10-1          10-2          10-3           10-4 
 

 
Figure 5. Determination of HCMV Titer. 
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2.2 Methods 
 

2.2.1 Isolation of total RNA 
 

HUVEC were plated into 6-well plates at the density of 5x105 cells per well 

and total RNA was isolated by Trizol extraction. After precipitation, total RNA 

was resuspended in an appropriate volume (in general 25 µl) of distillated 

water.  

The quality of isolated total RNA was verified by electrophoretic separation on 

1.5% agarose gel. Total RNA (0.5 µg) was denatureted at 65 °C before 

loading on gel and separation by electrophoresis. Intact total RNA was 

visualized by ethidium bromide, a clear 28S and 18S rRNA (ribosomal RNA) 

bands have to be observed. 

 

 

 
 

 
Figure 6. Checking the integrity of isolated RNA. 
 

 

2.2.2 Reverse transcription of RNA 
 
Total RNA (1 µg) was reverse transcribed in presence of oligo (dT)12-18 

primers, DTT, dNTP and RNAseOUT inhibitor, by M-MLV reverse 

transcriptase. Incubation with the ribonucleases inhibitor RNase OUT 

prevents degradation of RNA during the reaction. After the reaction (50 

28S rRNA 

18S rRNA 
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minutes at 37°C), the reverse transcriptase was inactivated 10 min. at 70 °C 

and the cDNA were stored at -20 °C for future use. 

 

2.2.3 Semiquantitative reverse transcription-polymerase 
chain reaction (RT-PCR) 
 

To define the expression level of genes, semi-quantitative polymerase-chain 

reaction was performed using a PCR thermocycler with Taq DNA polymerase. 

All target expressions were firstly analyzed for determination of the linear part 

of the amplification curve and the number of cycles was chosen appropriately. 

 

PCR conditions: 

 

Initial denaturation step 95 °C ― 5 minutes 

 

Fractalkine Denaturation 95 °C ― 60 seconds 

Annealing: 58 °C ― 45 seconds 

Elongation 72 °C ― 1 minute 

GAPDH 

 

Denaturation 95 °C ― 30 seconds 

Annealing: 55 °C ― 30 seconds 

Elongation 72 °C ― 1 minute 

PAR1 Denaturation 95 °C ― 30 seconds 

Annealing: 65 °C ― 30 seconds 

Elongation 72 °C ― 1 minute 

PAR3 Denaturation 95 °C ― 30 seconds 

Annealing: 65 °C ― 30 seconds 

Elongation 72 °C ― 1 minute 

PAR4 Denaturation 95 °C ― 30 seconds 

Annealing: 55 °C ― 30 seconds 

Elongation 72 °C ― 1 minute 
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2.2.4 Construction of luciferase reporters, transient 

transfection and luciferase assay 
 

2.2.4.1 Construction of luciferase reporters 

 

Generation of the inserts 

Promoter fragments of the human PAR1 and PAR3 genes were amplified by 

PCR (see the table for PCR conditions) using a Taq DNA polymerase with a 

proof reading activity (Pfu Taq Polymerase) and genomic DNA isolated from 

human peripheral monocytes as a template. Primers forward and reverse 

were containing SacI restriction site at 5’ and XhoI restriction site at 3’ end for 

later subcloning.  

 

PCR conditions: 

Initial denaturation step 95 °C ― 2 minutes 

 

PAR1 Denaturation 95 °C ― 30 seconds 

Annealing: 65 °C ― 30 seconds 

Elongation 72 °C ― 2 minutes 

PAR3 Denaturation 95 °C ― 30 seconds 

Annealing: 65 °C ― 30 seconds 

Elongation 72 °C ― 2 minutes 

 

Identity of generated inserts was validated by horizontal agarose gel 

electrophoresis (1.5%) and visualized by ethidium bromide (10 µg/ml). Inserts 

were cut off the gel and purified using the QIAquick Gel Extraction Kit. After 

purification inserts were digested by both SacI and XhoI restriction enzymes. 

 

Preparation of luciferase reporter  

The reporter vector pGL-3Enhancer was used for analysis of the PAR 

promoters. Vector was digested with SacI and XhoI restriction enzymes and 

dephosphorylated using alkaline phosphatase at 37 °C for three hours. After 
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incubation, alkaline phosphatase was inactivated by incubation at 80 °C for 15 

minutes, and the luciferase reporter was purified using the QIAquick PCR 

purification Kit. 

 

Ligation 

Insert was ligated to luciferase reporter using the Rapid DNA Ligation Kit. The 

reaction proceeded for 15 minutes at room temperature and the ligation 

product was stored at -20 °C prior to use. 

 

Transformation of bacteria using heat-shock method 

5 µl of ligation product was used to transform 70 µl of E. Coli DH5α chemically 

competent bacteria. After incubation on ice for 30 minutes bacteria were heat-

shocked by incubation at 42°C for 1 minute and immediately chilling on ice. 

After 1 hour of recovery at 37 °C in Luria-Bertani (LB) medium without 

antibiotic bacteria were plated onto LB agar plate with ampicillin (100 µg/ml) 

as selection antibiotic. Plate was incubated over night at 37 °C and the next 

day LB medium with ampicillin was inoculated with single colonies and 

incubated over night at 37 °C on shaker. Plasmid DNA was recovered by 

EndoFree Plasmid mini Kit (Quiagen). DNA was eluted with 30 µl of elution 

buffer EB (10 mM Tris-Cl (pH 8.5)) by centrifugation at 17000x g for 5 

minutes.  

To verify if the picked up colony carries correctly ligated vector with insert, 

positive clones carrying the insert were incubated with restriction enzymes 

used for preparation of both the insert and the vector and digestions were 

resolved by horizontal gel electrophoresis on 1.5% agarose gel. Bands were 

visualized by ethidium bromide. Size of the bands was validated by 

comparison to the control DNA with known band sizes. 

In addition, nature of the subcloning (i.e. orientation) was confirmed by direct 

sequencing using a PCR-based sequencing kit (Big Dye Terminator 

CycleSequencing Kit (Applied Biosystems) and runned on an automated 

capillary sequencer (ABI310, Applied Biosystems). 
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Large scale preparation of DNA for transfection of HUVEC using Endo 

Free Plasmid Maxi Kit 

500 µl of bacterial suspension containing a validated positive clone was 

inoculated into 200 ml of LB medium with ampicilin and incubated at 37 °C on 

shaker over night. Next day bacterial suspension was centrifuged at 5000x g 

at 4°C for 10 minutes. Supernatant was discarded and pellet was rigorously 

resuspended in 10 ml of resuspension buffer (50 mM Tris-HCl (pH 8.0), 10 

mM EDTA, 100 µg/ml Rnase A). Bacteria were lysed in 10 ml of lysis buffer 

(200 mM NaOH, 1% SDS w/v) for 5 minutes and neutralized with 10 ml of 

neutralization buffer (3 M potassium acetate (pH 5.5)) for 5 minutes. 

Suspension was placed into QIAfilter cartridge and incubated for 10 minutes. 

Next, bacterial lysate was filtered into 50 ml reaction tube and incubated with 

2.5 ml of endotoxin removal buffer on ice for no less than 30 minutes. Clear 

lysate was loaded into previously equilibrated QIAgen syringe and passed 

through it by gravity flow. Column was washed twice with 30 ml of washing 

buffer (1 M NaCl, 50 mM MOPS (pH 7.0), 15% isopropanol) and DNA bound 

to the membrane of syringe was eluted with 15 ml of elution buffer (1.6 M 

NaCl, 50 mM MOPS (pH 7.0), 15% isopropanol v/v). To precipitate DNA, 10.5 

ml of isopropanol was added, mixed by invertion and centrifuged at 15000x g 

on 4°C for 30 minutes. After precipitation, supernatant was discarded carefully 

and pellet resuspended in 1 ml of 70% ethanol. Suspension was transferred 

to 1.5 ml reaction tube and centrifuge at 21000x g on 4°C for 10 minutes. 

After centrifugation supernatant was discarded carefully and pellet washed in 

1 ml of 70% ethanol. After centrifugation at 21000x g on 4°C for 10 minutes 

supernatant was carefully discarded and pellet left to air dry for 10 minutes. 

Dried pellet was dissolved appropriate volume of TE buffer (10 mM Tris-HCl 

(pH 8.0), 1mM EDTA)). 

Identity of luciferase reporter was validated by restriction analysis as 

described previously. 
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2.2.4.2 Transient transfection of HUVEC 

 

Transient transfection of HUVEC was performed with SuperFect transfection 

reagent. Reaction mixture was used in proportion as indicated in the table 

below: 

 

Plate Plasmid DNA 
(µg) 

SuperFect (µl) Serum-free medium 
(µl) 

24-well plate 0.3 2 50 

 

HUVEC were plated onto 24-well plate at the density of 2x105 cells per well 

over night in endothelial growth medium. Cells at 80% confluency were 

transfected the next day. Reaction mixture was prepared in 50 µl final volume 

of serum-free medium. Luciferase reporter (0.1 µg) complemented by 0.2 µg 

of an empty vector in order to adjust total concentration of plasmid DNA to 0.3 

µg was mixed with 2 µl of SuperFect and left for 15 minutes at room 

temperature to allow association of transfection reagent with plasmid DNA. In 

parallel, cells were washed with PBS, replenished with endothelial growth 

medium and returned to incubatior. After 15 minutes, transfection mixture (50 

µl) was loaded onto plated cells and very gently mixed. Next day cells were 

washed with PBS and replenished with endothelial growth medium. 

Luciferase activity was measured after 48 hours of transfection.  

 

2.2.4.3 Luciferase assay 

 

The luciferase reporter gene assay was used to analyze activity of PAR1 and 

PAR3 promoters upon HCMV infection. The system is based on chemical 

reaction in which firefly luciferase, a 61 kDa protein, catalyzes the oxidation of 

luciferin into oxyluciferin. The chemical energy of luciferin oxidation is 

converted through electron transition into light. Since PAR1 and PAR3 

promoters are cloned upstream of firefly luciferase gene, any activation of 

functional PAR1 and PAR3 promoters will directly affect expression of firefly 

luciferase resulting in more intensive emission of light. 
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Activity of firefly luciferase was measured 48 hours after transfection. Cells 

were washed with PBS and lysed in 100 µl of passive lysis buffer (Promega) 

for 15 minutes on shaker. To provide a more efficient lysis, cells were 

additionally freezed and thawed. Lysates were cleared by centrifugation at 

4000x g for 10 minutes. 10 µl of the clear lysate from control, non- and 

HCMV-infected cells were taken and mixed with 50 µl of luciferin. The 

intensity of the emitted light was measured in the luminometer with 30 

seconds integration. Luciferase activity was normalized to total protein 

concentration measured by spectrophotometry. All experiments were done in 

triplicates and repeated at least three times. 

 

 

2.2.5 Analysis of protein expression 
 

2.2.5.1 Analysis of protein expression - Immunoblotting  

 

To analyze expression of proteins, HUVEC were lysed in 1x SLB (6% SDS, 

50 mM Tris-HCl (pH 7.0), 10% Glycerol, 2% Mercaptoethanol) and collected 

in reaction tube. Samples were sonicated for 5 seconds to shear DNA and 

incubated at 95°C for 5 minutes to denature proteins. Denaturated proteins 

were resolved by 8% tris-tricine polyacrylamide gel electrophoresis (PAGE). 

Gels were prepared as indicated in the table: 

 

 Stacking 

gel (4%) 

Separating 

gel (8%) 

GB (3x) 1,2 ml 3.3 ml 

Acrylamide/Bisacrylamid

e 

0.4 ml 1.6 ml 

H2O 3.36 ml 5 ml 

AP (10 %) 50 µl 50 µl 

TEMED 5 µl 10 µl 
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Final volume 5 ml 10 ml 

 

Samples were run at 75 V for 10 minutes and than at 100 V for 45 minutes. 

Rainbow protein marker was used as a standard for proteins ranging from 

14.3 kDa to 220 kDa. 

 

Electroblotting 

Resolved proteins were transferred from gel onto nitrocellulose membrane by 

semi-dry blotting. After electrophoresis gels were carefully transferred to 

blotting buffer and washed for 30 minutes at room temperature. Nitrocellulose 

membrane was soaked in fresh blotting buffer and gel from the blotting buffer 

was transferred to membrane. Membrane with gel on the top of it was placed 

on filter paper previously soaked in blotting buffer and transferred to semi-dry 

blotting apparatus. On the top of gel-membrane-filter paper layer another filter 

paper also previously soaked in blotting buffer was placed. This filter paper- 

membrane-gel-filter paper “sandwich” was blotted at 180 mA (for one gel, 65 

cm2) and at 360 mA (for two gels) under the constant voltage (23 V) for 1 hour 

in Bio-Rad semi-dry apparatus.  

 

Detection of proteins by specific antibodies 

After protein transfer, membranes were incubated in TBS-T with 5% milk for 1 

hour on shaker to block any non-specific binding sites on the membranes. 

After blocking membranes were incubated with primary antibodies diluted in 

TBS-T with 5% milk 1:1000 over night in cold room on shaker. Next day 

membranes were washed in TBS-T three times for 10 minutes each time. 

HRP-conjugated secondary antibodies diluted in TBS-T with 5% milk 1:40000 

for anti mouse and 1: 5000 for anti rabbit were incubated with membranes for 

one hour on room temperature on shaker. Membranes were washed in TBS-T 

three times and once in TBS for 10 minutes each time. Finally proteins were 

visualized with chemiluminescence substrate (SuperSignal West Pico) and 

exposed to Hyperfilm (Amersham). For control of loading membranes were 

immunoblotted for actin. 
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2.2.5.2 Analysis of cell-surface receptors expression-Flow cytometry 

 

Expression of PAR1, PAR3, PAR4 and FKN on the surface of HUVEC was 

analyzed by flow cytometry. Cells were washed with PBS and detached by 

incubating with 1 mM EDTA/5 mM EGTA for 15 min at 37°C. Suspension was 

centrifuged at 250x g on 4°C for 10 minutes. Supernatant was carefully 

discarded and pellet resuspended in ice-cold FACS buffer (PBS, 2 mM EDTA, 

0.1% BSA). Samples were incubated with respective specific antibodies 

diluted 1:25 in FACS buffer for 60 minutes on ice. Normal mouse and normal 

rabbit serum were used as controls. After washing in 1 ml of FACS buffer, 

cells were resuspended and incubated with PE–conjugated donkey anti-

mouse, anti-rabbit and anti-goat IgG F(ab)2, respectively, diluted 1:100 in the 

FACS buffer for 60 minutes on ice. Cells were washed once more in FACS 

buffer and fixed with 2% paraformaldehyde in FACS buffer and analyzed 

using FACScan (BD Biosciences; San Jose; CA, USA). 

 

 

2.2.6 Co-cultivation model 
 

HUVEC (5x105) were seeded in 6-well plates for 18 hours in complete growth 

medium and stimulated with 3 U/ml thrombin in serum-free medium or left 

untreated for 60 minutes. After washing cells were kept in culture medium 

supplemented with 1% FCS for additional 11 hours and incubated with 

1.5x106 Mono-Mac-6 cells for 30 minutes in serum-free medium. Non-

adherent Mono-Mac-6 cells were washed out and HUVEC were incubated in 

culture medium supplemented with 1% FCS for the next 24 hours. 

Supernatants were collected, cleared from cell debris by centrifugation at 

5000x g for 15 minutes at 4ºC and concentration of MCP-1 was determined by 

enzyme-linked immunosorbent assay (ELISA) according to manufacturer’s 

instructions (R&D Systems, Minneapolis, MN). 
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2.2.7 Chemotaxis 
 

Migration was evaluated using 24-well Transwell plates (Costar, Cambridge, 

MA) with polycarbonate membranes (pore size of 5 µm). Freshly isolated 

monocytes were resuspended at the concentration of 2x106 cells/ml in 

supernatant collected from control, non-stimulated HUVEC and 100 µl were 

loaded to upper compartment of each cell. In lower compartment 

supernatants from different experimental conditions were loaded. FMLP (10 

nM) was used as standard chemoattractant. Cells were allowed to migrate at 

37 °C for 90 minutes. For neutralization experiments, monocytes were 

pretreated with MCP-1 neutralizing antibody (10 µg/ml) for 30 minutes prior 

the migration assay. The neutralizing antibody or control IgG (10 µg/ml each) 

were added to the upper and lower compartments during the assay. 

 

 

2.2.8 Statistical analysis 
 

Statistical significance was analysed by Newman-Keuls test. P≤0.05 was 

considered significant. 
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3 Results 
 

3.1  Regulation of thrombin receptors expression by 
HCMV infection in human umbilical endothelial cells 
(HUVEC) 
 

 

3.1.1 Determination of optimal condition for HCMV infection 
of HUVEC. 
 

Depending on a type and on a strain, every virus provides various levels of 

infection of host cells. The infectious potential of virus is known as the 

cytopathic effect (CPE) and is usually referred to cell lysis. It is important to 

use proper concentration of virus for in vitro infection in order to avoid cell 

death or side-effects, due to too high concentration of virus, which may 

mislead experimenter. Inversely, a low concentration of virus might not be 

sufficient to induce any significant expression of target genes or proteins. In 

order to define the optimal conditions for the experiments done with the virus, 

the infectious potential of my HCMV strain was defined. Infectious potential is 

usually known as virus titer and is defined as the multiplicity of infection (MOI) 

meaning the number of CPE per volume of infectious medium. Since HCMV 

very efficiently replicates in MRC-5 cells and since infected cells are releasing 

large amount of infectious particles into the culture medium, pre-conditioned 

culture medium from infected MRC-5 was used to infect HUVEC. To 

determine the MOI of the HCMV, plaque assay with serial dilutions of infected 

medium was used. 10 days post inoculation I counted number of plaques 

(CPEs) obtained by serially diluted virus samples. I estimated virus titer to be 

around 6x103 viral particles per µl of infected culture medium (1 MOI). 
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                                                     HCMV dilutions 

       ctrl             10               1             10-1           10-2            10-3           10-4 
 

 
 

 Figure 7. Determination of virus (HCMV, strain AD-169) titer. Plaque assay. White 

plaques (CPEs) were counted. Virus titer is presented as a cytopathic effect (CPE) per 

volume of infected medium. 

 

 

3.1.2  Effect of HCMV infection upon expression of thrombin 

receptor (PAR1) mRNA 
 

To investigate how HCMV infection of HUVEC may change the pattern of 

expression of thrombin receptors, the optimal MOI of the virus for induction of 

their expression was determined by RT-PCR assay. HUVEC were infected 

with virus titer in a range of 0.5, 1, 5 and 10 MOI for 48 hours. Total RNA was 

isolated, reverse transcribed to cDNA and PCR was performed with primers 

for protease-activated receptor 1 gene (PAR1). Figure 8A shows that HCMV 

(AD-169) potently upregulates the expression of PAR1 after 48 hours of 

infection. A low MOI (0.5) is already sufficient to induce the expression of 

PAR1 mRNA and increasing the virus titer leads to an enhanced expression, 

reaching a maximum between 5 and 10 MOI. Quantification of PAR1 mRNA 

expression (Figure 8B) shows that the lowest concentration of virus (0.5 MOI) 

induces a 4.5 fold increase in the mRNA expression compared to the mock-

infected control cells. Higher virus titers (5 and 10 MOI) maintain a high 

expression level of PAR1 mRNA (respectively 7 and 8 fold activation). The 

quantification shows that the maximum seems to be reached between 1 and 

10 MOI. In order to prevent any cytopathic effects, since the maximum 

response was already reached at 5 MOI, this titer of virus was used further in 

this work. 
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Figure 8. HCMV (AD-169) titer-dependent induction of PAR1 mRNA expression in 
HUVEC. (A) RT-PCR. Cells were infected with various virus titers for 3 hours in serum-free 

medium, washed and fed with fresh growth medium. Control cells were treated with 

supernatant from non-infected MRC-5 cells (mock). 48 hours post infection total RNA was 

isolated as described in methods and PCR was performed using PAR1 primers. GAPDH was 

used for normalization. (B) Quantification of PAR1 mRNA expression. Densitometric analysis. 

Data are MEAN ± SEM of experiments done from 3 different HUVEC-isolations. 

 

 

3.1.3 Time course expression of thrombin receptors 

induction upon HCMV infection 
 

Since HCMV infection induces transcription of genes in early and late phases, 

time course of HCMV-induced expression of PAR1, PAR3 and PAR4 genes 

was determined by RT-PCR. Cells were infected for 12, 24 and 48 hours and 

after indicated times, total RNA was isolated. After reverse transcription, PCR 

reaction was performed with specific PAR1, PAR3 and PAR4 primers in order 

to analyze the gene expression upon HCMV infection. Figure 9 shows that 12 

hours post infection (hpi) was insufficient to increase the expression of PAR1 

mRNA, although after 24 hpi, the virus induced a small increase of PAR1 

mRNA expression. However, maximum of expression was reached at 48 hpi. 

PAR1 transcript expression was increased 3.5-fold compared to mock-control 

cells. 

PAR3 mRNA expression was weakly induced at 12 hpi. Continued exposure 

to the virus for additional 12 hours potentiated the expression of PAR3 mRNA, 

reaching a 3.5 fold activation compared to the mock-infected controls. This 
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level of activation was maximal and at 48 hpi, the viral infection did not alter 

expression level of PAR3 mRNA.  

The kinetic of PAR4 mRNA expression upon virus infection was surprisingly 

faster. The effect of the viral infection was also more profound than the one 

observed for PAR1 and PAR3 mRNAs. In terms of PAR4, virus infection 

induced a 5 fold increased expression of mRNA compared to the mock-

infected control already after 12 hpi. Such activation was maximal since a 

continuing exposure to the virus for 24 hpi or 48 hpi did not change the 

expression level of PAR4 transcript. 

 

Time post infection                                                                          

 (Hours)                         12                   24                     48 

                                ctrl       cmv     ctrl       cmv      ctrl      cmv  

                    PAR1   

                    PAR3  

                    PAR4  

                GAPDH  
 

Figure 9. Time-dependent induction of PAR1, PAR3 and PAR4 mRNAs expression by 
HCMV (AD-169). (A) RT-PCR. GAPDH was used for normalization. (B) Quantification of PAR 

mRNAs expression. Densitometric analysis. Data are MEAN ± SEM of experiments done 

from 3 different HUVEC-isolations. 

 

 

The identities of PAR1, PAR3 and PAR4 PCR products were confirmed by 

direct sequencing of the PCR products. These sequences were compared by 

nucleotide-nucleotide basic local alignment search tool (BLAST) to databases 

of the National Center for Biotechnology Information (NCBI). BLAST finds 

regions of local similarity between sequences and program compares 
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nucleotide sequences to sequence databases and calculates the statistical 

significance of matches. 
 

PAR1 
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PAR4 

 
Figure 10. Sequence analysis of PAR PCR products. 

 

The different sequence aligment confirmed the identity of each of the PCR 

product, with a percentage of identity with database for PAR1, PAR3 and 

PAR4 of 98% (299/303bp), 98% (285/288bp) and 99% (378/380bp), 

respectively. 

 

 

3.1.4 HCMV drives expression of PAR1 and PAR3 through 

promoter activation  
 

To verify whether the effect of HCMV on PAR1 and PAR3 mRNA expression 

in HUVEC was mediated by transcriptional activation of their promoters, 

mock- or HCMV-infected cells were transiently transfected with the PAR1 and 

PAR3 luc-reporter containing respectively 1.2 kb and 2.1 kb long promoter 

sequences of human PAR1 and PAR3 genes. After 48 hours cells were 

harvested and lysates were assayed for luciferase activity. As shown in Figure 

11 virus infection resulted in stimulation of both PAR1 and PAR3 reporter 

Taxonomy report 
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gene activity. Comparison with the mock-infected cells revealed increased 

activity of PAR1 and PAR3 gene reporter by 6- and 3 fold, respectively. 

Stimulation of PAR1 luc-reporter (left panel) was 2 fold higher than PAR3 

(right panel). To rule out the possibility that activation of both reporters could 

be, at least partially due to non-specific activation of reporter itself by virus, 

cells were transiently transfected with empty luc-reporter and submitted to the 

same treatment. Viral infection did not stimulate the activity of the empty 

reporter as shown in Figure 11. This data clearly indicate that activity of PAR1 

and PAR3 luc-reporters is stimulated by virus-trigered induction of PAR1 and 

PAR3 promoters. 

 

 
 

Figure 11. Activation of PAR1 and PAR3 reporter vectors by HCMV. Luciferase assay. 

Data are normalized according to total protein concentration and presented as MEAN ± SEM 

for PAR1 (10 different experiments) and PAR3 reporter activities (7 indipendent experiments). 

Each experiment was performed in triplicates. 

 

 

 

3.1.5 Effect of HCMV infection on the expression of thrombin 
receptor proteins 
 

To analyze if PAR1, PAR3 and PAR4 mRNA expression is followed by protein 

expression, kinetic of protein expression upon viral infection was evaluated by 

immunoblotting. Cells were either mock- or HCMV-infected and after indicated 
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times were lysed, proteins were resolved by 8% tris-tricine PAGE and 

transferred onto nitrocellulose membrane by semi-dry blotting. The kinetic 

was evaluated starting at 20 hpi (considered as an appropriate to allow 

protein synthesis after mRNA expression). As expected virus infection 

stimulates the expression of PAR1 protein with a maximum reached after 56 

hpi (Figure 12).  

Kinetic of PAR3 protein expression follows a different pattern since the 

expression was already induced at 20 hpi compared to mock-infected control 

cells. Maximum of protein expression was reached at 32 hpi and sustaind 

elevated at 56 hpi compared to control.  

Unfortunately I was unable to detect PAR4 protein in these assays because of 

a lack of suitable antibody. 

 

     

       PAR1    

       PAR3      

       Actin        

                           ctrl              20                 32                56         (hours) 

                                                                 HCMV          
 
Figure 12. Expression of PAR1 and PAR3 proteins upon HCMV (AD-169) infection. 
Western blot. HUVEC were either mock- or HCMV-infected (MOI 5) for 56 hours. Whole cell 

lysates were prepared at indicated time points post infection and immunobloted with PAR1 

(WEDE15) and PAR3 antibodies. For control of loading membranes were probed for actin.  

 
 

 

3.1.6 Effect of HCMV infection on the cell surface expression 

of thrombin receptors. 
 

Expression of cell-surface PAR1, PAR3 and PAR4 receptors was analyzed 56 

hours post infection by flow cytometry. Cells were either non- or HCMV-
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infected and after indicated time stained with specific antibodies. As shown in 

Figure 13, PAR1 (Panel A) is constitutively and highly expressed at the 

surface of mock-infected control HUVEC (blue line versus black) but viral 

infection is not inducing any significant shift in PAR1 (red line versus blue). On 

the other hand control HUVEC, are expressing a lower amount of PAR3 

(Panel B, green line compared with black) but the infection leads to a stronger 

change in the amount of protein at the surface (purple versus green). Similarly 

to immunoblot no PAR4 (Panel C) was detected at the surface of cells 

(orange line). 

These observations are surprising because HCMV infection induces a strong 

increased in the expression of these proteins in immunoblot. One should 

consider additional mechanisms necessary to increase the amount of PARs at 

the surface of HUVEC after infection. 

 

                 
                 PAR1                                    PAR3                             PAR4  

 
 

Figure 13.  Expression of PAR1, PAR3 and PAR4 receptors on the surface of HUVEC. 

Flow cytometry. HUVEC were either non- or HCMV-infected in serum-free medium for 3 

hours, washed and incubated in frseh growth medium.  56 hours post infection cells were 

prepared for flow cytometry analysis. Black doted and gray lines stand for control IgG from 

mock- and virus-infected cells, respectively; blue and red stand for PAR1 from mock- and 

virus-infected cells, respectively; green and purple stand for PAR3 from mock- and virus-

infected cells, respectively; orange and pink stand for PAR from mock- and virus-infected 

cells, respectively. 
 

C B A 
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3.2 Thrombin-induced expression of 
CX3CL1/fractalkine stimulates production and release 
of MCP-1 from human umbilical vein endothelial cells 
after cocultivation with Mono-Mac-6 
 

3.2.1 Affymetrix data analysis 
 

Since changes in gene expression are major events in atherosclerotic blood 

vessels and since thrombin is a potent regulator of gene expression in 

HUVEC, I analyzed the expression profile of thrombin-stimulated HUVEC by 

the Affymetrix gene chip. After analysis of the data, expression of several 

genes of interest was found to be modulated by thrombin (Figure 14). These 

data revealed that thrombin induces the expression of various well-known 

adhesive molecules (ICAM, VCAM) but also less-known one such as 

CX3CL1/fractalkine (FKN). 

 

 

                            mRNA fold induction 

Figure 14. mRNA expression profile of thrombin-stimulated HUVEC analysed by 
Affymetrix gene chip array. HUVEC (2 x 106) were stimulated with 4 U/ml of thrombin for 4 

hours in serum-free medium. Cells were then washed with PBS, mRNA isolated and analyzed 

by Affymetrix gene chip array using GeneSpring software. 
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3.2.2 Validation of chip analysis by RT-PCR for FKN in 

HUVEC stimulated with thrombin 
 

To validate the chip array data, HUVEC were stimulated with thrombin in 

serum-free medium for 60 minutes washed and let rested in fresh growth 

medium for the next 3 hours. After 4 hours stimulation, expression of FKN 

mRNA was analyzed by RT-PCR (Fig. 15-A). As expected, a marked increase 

in the level of FKN mRNA was observed after 4 hours stimulation. The 

expression profile was concentration-dependent as shown by stimulations 

from a range of 0.1 to 10 U/ml of thrombin. A concentration of 0.1 U/ml of 

thrombin induced already an increase of FKN transcript in comparison to the 

control. The expression level was continuously elevated up to 3 U/ml when 

the plateau was reached. Levels of FKN mRNA expression were estimated by 

densitometric analysis and normalized to GAPDH (Figure 15-B). Low 

concentration of 0.1 U/ml thrombin induced the expression of the mRNA by 

15-fold compared to control. A marked increased of expression was achieved 

with 1 U/ml (70-fold estimated by densitometric analysis) and with 3 U/ml, 

expression reached a maximum 90-fold compared to control cells.  
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A 

       FKN         

       GAPDH   

                     -RT       ctrl       0.1      0.3        1         3        10 
                                                      THROMBIN (U/ml) 
B 

          
Figure 15. Thrombin induces expression of FKN mRNA. (A) RT-PCR. HUVEC (5 x105) 

were stimulated with increasing concentrations of thrombin in serum-free medium for 60 

minutes, washed with PBS, fed with fresh growth medium and let rested for the next three 

hours. After 4 hours, cells were lysed and total RNA was isolated as described in methods. 

RT-PCR was performed with specific primers for analysis of FKN gene expression. GAPDH 

was used as loading control. (B) Quantification of FKN mRNA expression. Densitometric 

analysis was performed and FKN mRNA expression was normalized to GAPDH mRNA 

expression. Data are mean ± SEM of three experiments done from three different HUVEC 

isolations. 
 

 

Confirmation of the PCR product identity 

In order to confirm the identity of the PCR product, FKN PCR was performed 

and directly subjected to sequencing. After sequencing (AbI Prism 310, 
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search tool (BLAST). Figure 16 shows the sequence of PCR product which 

displays 98% identity with FKN sequence in database. 

 
 

CX3CL1/fractalkine 

 
Figure 16. Sequence aligment analysis of CX3CL1/fractalkine PCR product. 
 

 

 

3.2.3 Time course of fractalkine mRNA expression upon 

thrombin stimulation 
 

Further, to define the kinetic of FKN mRNA expression, cells were stimulated 

with 1 U/ml of thrombin as described and after indicated time points the 

expression level of FKN transcripts was analyzed by RT-PCR. As shown in 

Figure 17-A expression level was up-regulated in a time-dependent manner 

as early as 1 hour after stimulation. Moreover, expression was continuously 

increased during incubation time and a maximum was reached after 12 hours 

of stimulation.  

gi|54111253|ref|NM_002996.3 

Length=3304 

Identities = 428/435 (98%), Gaps = 7/435 (1%) 
Taxonomy report 
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                       FKN 

           GAPDH 

                         -RT        ctrl          1           3           6         12 
                                                      TIME (hours) 

B 

        
Figure 17. Thrombin induces expression of FKN mRNA. (A) RT-PCR. HUVEC (5 x105) 

were stimulated with 1 U/ml thrombin in serum-free medium for 60 minutes, washed with 

PBS, fed with fresh growth medium and let rested. After indicated time points cells were lysed 

and total RNA was isolated as described in methods. PCR was performed and specific 

primers were used for analysis of FKN gene expression. GAPDH was used as loading 

control. (B) Quantification of FKN mRNA expression. Densitometric analysis was performed 

as previously described. Data are mean ± SEM of three experiments done from three different 

HUVEC isolations. 

 

 

 

Quantification of FKN mRNA expression (Figure 17-B) revealed that after 1 

hour 1 U/ml thrombin induces expression of FKN mRNA by 20-fold compared 

to control and after 12 hours fold activation was 120 time higher than the 
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3.2.4 Thrombin induces increase in FKN protein expression 
 

3.2.4.1 Thrombin increase the total amount of FKN 

 

In order to analyse if expression of mRNA is followed by protein expression, 

1x106 cells/experiment were stimulated with increasing (0.3 to 10 U/ml) 

concentrations of thrombin for 60 minutes in serum-free medium, washed and 

fed with fresh growth medium. After 12 hours of incubation protein expression 

was analyzed by Western blot from whole cell lysate. Stimulation with 

increasing concentrations of thrombin for 12 hours led to marked, 

concnetration-dependent increase in the expression of the fractalkine protein 

(Fig. 18). Although level of protein expression does not match the level of 

mRNA expression, this discrepancy is most likely due to the fact that HUVEC 

express a basal level of FKN 34 with a very long half-life and which can be 

stored. 

 

                    FKN 
 

                    ACTIN 
                        ctrl           0.3              1                3             10 
                                                    THROMBIN (U/ ml) 
 
Figure 18. Thrombin induces expression of FKN protein in concentration-dependent 

manner. Western blot. HUVEC (1x106 cells/experiment) were stimulated with increasing 

concentrations of thrombin for 60 minutes in serum-free medium. Cells were then washed and 

fed with fresh growth medium. After 12 hours cells were washed with PBS and lysed. Proteins 

were resolved on 8% tris-tricine PAGE and detected with highly purified FKN polyclonal 

antibody (0.2 µg/ml, Abcam). For control of loading membrane was blotted for actin.  
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3.2.4.2 Thrombin-stimulated HUVEC display a higher amount of FKN at 
their surface 

 

Since it has been recognized that FKN can exist either as a membrane-

anchored or as a soluble glycoprotein 34, 35, I verified if increase in total 

amount of protein is accompanied by an increase in membrane-anchored 

protein after thrombin stimulation. Based on data from immunoblotting, cells 

were stimulated with thrombin for 12 hours and expression of FKN on the 

surface of non-permeabilized HUVEC was analyzed by flow cytometry. 

Staining with specific monoclonal antibodies directed against CX3CL1 motif 

on mucin-like stalk attached to intracellular domain of FKN revealed that after 

12 hours of stimulation thrombin induces an increased expression of 

membrane-anchored FKN (Figure 19). Expression is concentration-dependent 

(Panel C and D, respectively) since 1 and 3 U/ml thrombin (blue and green 

line compared to red, respectively) triggered different amount of the FKN at 

the surface. Also in flow cytometry analysis little level of FKN expression is 

detectable in control cells. 

 

 
 

Figure 19. Thrombin induces enhanced expression of membrane-anchored FKN. Flow 

cytometry. HUVEC were either non- or thrombin (1 and 3 U/ml)-stimulated for 1 hour in 

serum-free medium, washed and fed with growth medium. After 12 hours stimulation cells 

A 

B C D E 
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were prepared for flow cytometry analysis. Black and gray line stand for control IgG from 

control, non- and thrombin stimulated cells, respectively (Panel A); red line stands for FKN 

from control cells (Panel B, C, D and E); blue line stands for FKN from the cells stimulated 

with 1 U/ml thrombin (Panel C); green line stands for FKN from cells stimulated with 3 U/ml 

thrombin); purple line stands for FKN from the cells stimulated with PMA. 

 

 
3.2.4.3 Thrombin does not induce shedding of the membrane-anchored 
fractalkine/FKN 

 

Since FKN can be shedded from the membrane by metalloproteinases, the 

amount FKN was measured by ELISA. In the same time window as for 

previous experiments, supernatants from thrombin-stimulated cells were 

collected, cleared from cell debris and the concentration of soluble FKN was 

measured by sandwich type ELISA. As shown in Figure 20 thrombin did not 

induce any increase in soluble FKN after either 5 or 24 hours of treatment. 

However, relatively high amount of soluble FKN detected in supernatant of 

control cells is most likely a result of constitutive shedding by a protease. No 

clear evidence for shedding of FKN upon thombin treatment was observed.  
 

        
Figure 20. Thrombin does not induce shedding of the membrane-anchored FKN. ELISA. 

Cells (5x105) were incubated with 1 U/ml thrombin. After indicated time points culture medium 

was collected, cleared from cell debris and cell-free supernatant was assessed for soluble 
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FKN protein by sandwich-type ELISA. Data are mean ± SEM of two different experiments 

done from two different HUVEC isolations. 

 

 

In addition an eventual shedding was evaluated by flow cytometry in 

thrombin-stimulated HUVEC. As a positive coontrol HUVEC were stimulated 

with PMA (100 ng/ml) which induces shedding of FKN from the membrane 46, 

179. Indeed, 60 minutes after treatment with PMA shedding of FKN was 

observed (Figure 19, panel E, compare purple line that stands for stained 

FKN after treatment with PMA to red line that stands for FKN stained on 

control cells). 

In addition, Affymetrix DNA gene chip array shown in Figure 15, did not reveal 

any effect of thrombin on the expression of genes encoding the two major 

enzymes responsible for shedding of FKN from the membrane of HUVEC 

which are the ADAM10 and the ADAM17/TACE (TNF-α converting enzyme) 

proteases 46, 179.  

 

 

3.2.5 The thrombin-induced FKN expression is mediated by 
PAR1 receptor 
 

Since it has been reported that thrombin exerts many of its biological actions 

through its receptors PAR1, PAR3 and PAR4, I wanted to delineate a role of 

these receptors in thrombin-induced expression of FKN. HUVEC were 

stimulated for 60 minutes in serum-free medium with increasing 

concentrations of PAR1-activated peptide (AP), washed and fed with fresh 

growth medium for the next 3 hours. After 4 hours of stimulation expression of 

FKN mRNA was analyzed by RT-PCR. As shown in Figure 21-A low or no 

FKN transcripts were detected in control cells but after 4 hours of stimulation 

expression level of transcripts was markedly increased in a concentration-

dependent manner. Starting with low concentration of 30 µM PAR1-AP, level 

of FKN transcript was markedly increased compared to control cells and it 

continuously increased with increasing concentrations of the peptide. 

Maximum of expression was achieved with 300 µM PAR1-AP. However, 
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neither PAR3-AP nor PAR4-AP was able to induce an increase in FKN mRNA 

expression. 

Densitometric analysis (Figure 21-B) revealed that with 30 µM PAR1-AP 

expression of mRNA was increased by 20-fold compared to control. Further 

increase to 100 µM induced a 3-fold higher expression and with 300 µM 

expression reached its maximum.  
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                      FKN 

                      GAPDH 

                          -RT           ctrl          30          100        300 
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Figure 21. PAR1-AP induces expression of FKN mRNA. (A) RT-PCR. (5 x105were 

stimulated with increasing concentrations of PAR1-AP (TFLLRNPNDK) in serum-free medium 

for 60 minutes, washed and fed with the fresh growth medium. After 4 hours cells were lysed 

and total RNA was isolated as described in methods. RT-PCR was performed with specific 

primers used for analysis of gene expression. GAPDH was used normalization. (B) 

Quantification of FKN mRNA expression. Densitometric analysis. FKN mRNA expression was 

normalized to GAPDH mRNA expression. Data are mean ± SEM of three experiments done 

from three different HUVEC isolations. 
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To verify that FKN protein expression is mediated by activated PAR1, cells 

were stimulated with increasing concentrations of PAR1-AP. After 12 hours, 

cells were lysed and protein expression in whole cell lysates was analyzed by 

Western blot. Figure 22 shows that 100 μM and 300 μM PAR1-AP markedly 

induces expression of FKN protein.  

 

 

 
Figure 22. PAR1-AP induces expression of FKN protein. Western Blot. HUVEC (1x106 

cells/experiment) were stimulated with increasing concentrations of PAR1-AP for 60 minutes 

in serum-free medium. Cells were then washed and fed with fresh growth medium. After 12 

hours cells were washed with PBS and lysed. Proteins were resolved on 8% tris-tricine PAGE 

and detected with highly purified FKN polyclonal antibody (0.2 µg/ml, Abcam). For control of 

loading membrane was blotted for actin. 

 

 

3.2.6 Functional role of thrombin-induced FKN expression 
 

3.2.6.1 Co-cultivation model 

 

The role of membrane-anchored FKN in extravasation of leukocytes through 

endothelium has been recognized 34. Since FKN, along with adhesion 

molecules such as VCAM-1 and ICAM-1, mediates adhesion of monocytes to 

endothelium leading to the activation of endothelial cells as a consequence, I 

analyse if that process may trigger synthesis and release of proinflammatory 

cytokines. I investigated a role of thrombin-induced FKN expression in the 

cross-talk between monocytic cell line Mono-Mac-6 and HUVEC. A co-

cultivation model, involving Mono-Mac-6 cells, expressing the receptor of FKN 
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CX3CR1 62, 63, and HUVEC pre-stimulated with thrombin was established. The 

amount of released monocyte chemoattractant protein-1 (MCP-1) and 

interleukin (IL)-6 in the supernatant was evaluated by ELISA. In this model of 

co-cultivation, pre-stimulated or control HUVEC were in contact with Mono-

Mac-6 cells for 30 minutes, the excess of monocytic cells was removed, the 

medium was changed and release of cytokines was analyzed after 24 hours. 

The optimal conditions for the ratio monocytic cell line / HUVEC was defined 

by using different ratio based on published models 180, 181. In our work, 5x105 

HUVEC were co-cultivated with increasing number of Mono-Mac-6. Starting 

number of mocytic cell line was 5x103 and the highest was 1.5x106. Figure 23 

shows that the highest amount of IL-6 was measured after co-cultivation with 

0.5-1.5x106 Mono-Mac-6. 
 

 
 

Figure 23. Release of IL-6 after co-cultivation of HUVEC (5x105) with increasing number 
of Mono-Mac-6. ELISA. 
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3.2.6.2 Release of proinflammatory cytokines by HUVEC co-cultivated 
with monocytic cells is modulated by FKN expression 

 

Co-cultivation of endothelial and monocytic cells, as expected, led to an 

increase in the release of MCP-1 (2 fold) into the supernatant (Figure 24-A, 

bar 3). Thrombin stimulation of HUVEC also induces a basal release of MCP-

1 (bar 5). Pretreatment of HUVEC with thrombin (3 U/ml) potentiated the co-

cultivation and thrombin-mediated effects leading to an almost 4 fold increase 

in the amount of MCP-1 release into the medium compared to the thrombin 

control (bar 6 versus bar 5). In order to assess the role of thrombin-induced 

FKN expression in this process, the endothelial cells were incubated prior to 

co-cultivation with a neutralizing antibody specific for FKN or with a control 

IgG. The control IgG did not induce MCP-1 release (bar 2) and did not 

interfere with the thrombin-dependent release of MCP-1 upon co-cultivation 

(bar 7). Rather, the specific antibody raised against fractalkine abolished the 

over production of MCP-1 due to co-cultivation after thrombin pre-stimulation 

of HUVEC (bar 8). 

                  1       2        3         4         5        6         7         8 

 
Figure 24. Thrombin enhances production of MCP-1 and after co-cultivation of 
thrombin-stimulated HUVEC with Mono-Mac-6. ELISA. HUVEC (5x105), non- or thrombin-
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treated, were co-cultivated with 1.5x106 Mono-Mac-6 for 30 minutes. After removal of Mono-

Mac-6, HUVEC were additionally incubated for 24 hours. Prior to incubation, HUVEC were 

also preincubated with control IgG or anti-FKN antibody (5 µg/ml each). Release of MCP-1 in 

supernatant was analysed by ELISA. Results are mean ± SEM of 4 independent experiments. 

P<0.001. 

 

 

Similarly, co-cultivation of endothelial cells and monocytic cells led to an 

increase in the release of IL-6 in the supernatant by 2-fold (Figure 25; bar 1 

and 2) but a pretreatment of HUVEC with thrombin potentiates this effect and 

provides a 3.5-fold increase in the amount of released IL-6 into the medium 

compared to the thrombin control (bar 6 versus bar 3). The role of thrombin-

induced FKN expression in this process was also assessed by preincubation 

of endothelial cells with neutralizing antibodies against FKN or with a control 

IgG before co-cultivation. Specific neutralizing antibody directed against FKN 

abrogated over production of IL-6 due to co-cultivation (bar 8). Moreover, the 

control IgG did not induce release of IL-6 (bar 2) and did not interfere with the 

thrombin-mediated release of IL-6 upon co-cultivation (bar 7).  
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Figure 25. Thrombin enhances production of IL-6 after co-cultivation of thrombin-
stimulated HUVEC with Mono-Mac-6. ELISA. HUVEC (5x105), non- or thrombin-treated, 

were co-cultivated with 1.5x106 Mono-Mac-6 for 30 minutes. After removal of Mono-Mac-6, 

HUVEC were additionally incubated for 24 hours. Prior to incubation, HUVEC were also 

preincubated with control IgG or anti-FKN antibody (5 µg/ml each). Release of IL-6 in 

supernatant was analysed by ELISA. Results are mean ± SEM of 4 independent experiments. 

P<0.001.  

 

 

Altogether, these data show that co-cultivation of the MonoMac6 with 

thrombin-pretreated HUVEC triggered an enhanced release of MCP-1 and IL-

6 by HUVEC due to FKN engagement.  
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3.2.6.3 Role of FKN-driven release of MCP-1 

 

To assess the biological relevance of FKN-dependent release of MCP-1, 

chemotactic assays using supernatants from various experimental conditions 

were performed. Human primary monocytes were resuspended in 

supernatant from control, non-stimulated HUVEC and loaded in the upper 

compartment of Transwell chambers. In the lower chambers, supernatants 

from different experimental conditions were loaded as indicated. The number 

of migrated monocytes was evaluated by microscopy. Supernatants from non-

stimulated HUVEC co-cultivated with Mono-Mac-6 or thrombin-stimulated 

HUVEC were significantly chemotactic (2-fold) for primary monocytes (Figure 

26, bars 2 and 3) suggesting the presence of chemoattractant molecules 

produced during the co-cultivation or released upon thrombin stimulation. 

Supernatant collected from thrombin-prestimulated HUVEC after co-

cultivation with Mono-Mac-6 exhibited a synergistic chemotactic activity 

compared to that from non-activated cells co-cultivated with Mono-Mac-6 (bar 

4 compared to bar 2) confirming that indeed thrombin-stimulated HUVEC are 

able to release a higher amount of monocyte chemoattractants after co-

cultivation than the non-stimulated HUVEC. Moreover, monocyte migration 

toward supernatant preincubated with anti-FKN antibody was significantly 

inhibited, showing a chemotactic index similar to the index observed with the 

supernatant of non-stimulated HUVEC co-cultivated with Mono-Mac-6 (bar 5 

versus bar 2), confirming the role of FKN in this process. In order to confirm 

the implication of MCP-1, a neutralizing antibody against MCP-1 was used. 

Primary monocytes failed to migrate toward the supernatants from HUVEC 

stimulated by thrombin and co-cultivated with Mono-Mac-6 and pretreated 

with anti-MCP-1 antibody (bar 7). Pretreatment of the supernatants with a 

control IgG did not affect significantly the monocyte migration in response to 

the supernatant from thrombin-stimulated HUVEC co-cultivated with Mono-

Mac-6 (bar 6 versus bar 4). As a standard positive control for chemotaxis, 

fMLP was used. Migration of monocytes toward fMLP was observed (bar 8). 

These data confirm the major role played by MCP-1 in this mechanism. 
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                    1          2        3       4      5        6        7        8 

 
Figure 26. Released MCP-1 Exhibits Efficient Chemotactic Activity. Chemotaxis. 

0.2x106monocytes in endothelial growth medium (described in material and methods) were 

allowed to migrate for 90 minutes toward supernatants of HUVEC obtained in different 

experimental settings. fMLP (10 nM) was used as positive control. Migrated monocytes were 

fixed, stained with hematoxylin and counted under microscope (100 x). Data are expressed 

as mean chemotactic index ± SEM of 4 independent experiments.  P<0.001.  
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4 Discussion 
 

4.1 Regulation of thrombin receptors, PAR1, PAR3 
and PAR4 expression in HCMV-infected HUVEC 
 

Since both, thrombin 117, 182, 183 and HCMV 81, 82, 83, 84, may play role in the 

development and progression of vascular diseases, I investigated the 

potential effect of the HCMV infection on the expression level of thrombin 

receptors (PAR1, 3 and 4).  

As it is known that the most productive infection by HCMV is limited to 

fibroblasts, to titrate the prepared virus stock MRC-5 cells (human fibroblast 

cell line) were used. After infection of fibroblasts, very efficient viral replication 

resulted in release of great deal of infectious particles into the culture medium 

which was used to infect HUVEC. To determine infectious potential of HCMV 

defined as MOI, a plaque assay with serial dilutions of infected medium was 

employed. By counting CPE the MOI of HCMV stock I was using was 

estimated to be 6000 CPE / µl of infected culture medium. To avoid cytopathic 

effect on the cells virus titer of 5 MOI was used for further experiments as a 

compromise between the cytopathic effect and induction of the expression of 

PAR1 mRNA. 

The ability of different virus titer to induce expression of PAR1 mRNA in 

HUVEC was tested. 48 hours post infection, expression was analyzed by RT-

PCR. I found that even low virus titer of 0.5 MOI was able to markedly induce 

expression of PAR1 transcript. Further increasing of virus concentration 

increased expression level with the highest virus titer of 10 MOI inducing the 

maximum of expression. Such amount of virus was also sufficient to observe 

an upregulation of the expression of the other receptors. The kinetic of PAR1 

mRNA expression, evaluated by RT-PCR, shows that 12 and 24 hours of 

infection by 5 MOI is not inducing expression of PAR1 mRNA but a longer 

exposure (48 hours) to virus induced expression level of transcript by 3-fold. 

This observation suggests that some of the proteins encoded by the leaky late 
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genes (group of the early late genes) may be involved in the regulation of 

PAR1 gene expression, since it has been reported that factors belonging to 

this group of HCMV proteins and expressed between 32-48 hpi are 

transcriptionally active 80, 98, 112. 

The expression of PAR3 mRNA is markedly induced after 24 hpi and could be 

driven by the proteins encoded by delayed early genes. Since expression is 

further elevated up to 48 hpi, products encoded by leaky late genes might be 

involved in the regulation of PAR3 gene expression as well. The results 

obtained by quantification of the mRNA levels are supported by experiments 

done with PAR1 and PAR3 luciferase reporters. Cells infected with HCMV for 

48 hpi showed an increase in PAR1 and PAR3 promoters activity (by 6- and 

3-fold, respectively) compared to controls. The highest effect observed with 

PAR1 promoter suggest that PAR1 gene expression is indeed regulated by 

proteins encoded from the leaky late promoter of viral genome, inversely the 

relatively weaker effect on PAR3 promoter activity may be due to delayed 

early genes. Products from delayed early promoter of HCMV are expressed at 

24-32 hpi and products from leaky late promoter are expressed at 48 hpi (32-

48 hpi). 

The kinetic of PAR4 mRNA expression followed a different pattern, since at 

12 hours post infection level of PAR4 mRNA is already markedly increased by 

approximately 5-fold compared to the mock-infected control, longer time 

exposure to the virus, either 24 or 48 hpi, did not induce any further increase 

in the expression level. This data suggests that proteins encoded by 

immediate early or early genes or a combination of them play a major role in 

the regulation of PAR4 gene expression. Genes from immediate early IE) 

promoters are transcribed almost within minutes after the infection and the 

peak is reached after 4-8 hpi, the genes from early (E) promoter are 

transcribed 4-12 hpi. In terms of kinetic of expression the factors encoded 

from theses promoters might be involved in the regulation of PAR4 gene 

transcription. The sustained induction of mRNA, may involve the delayed 

early and leaky late genes but can also be due to the stabilization of 

previously synthesized PAR4 mRNA transcripts.  

Analysis of protein expression in all cell lysates by immunoblotting revealed 

that viral infection induces the expression of PAR1 protein after long time of 
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exposure since 56 hours post infection is necessary to obtain a 13-fold 

increase in the levels of protein compared to mock-infected control. This is in 

agreement with the mRNA expression. On the other hand, PAR3 protein 

expression was induced much earlier. As early as 20 hours post infection, 

protein expression was increased by 2-fold and 32 hours post infection by 

approximately 5-fold. Longer incubation time, induced slight decrease of 

expression, but still it was increased by 4-fold compared to control. However, 

the most surprising observation was that infection did not induce any 

expression of PAR4 protein. The fact that expression of PAR4 protein was not 

observed after virus infection might be explained by a rapid degradation of the 

newly synthetized protein preventing its accumulation. It is also possible that 

translation of PAR4 mRNA is affected by some unclear inhibitory 

mechanisms. HCMV encodes for viral (v)IL-10 184 which is known to be very 

potent anti-infammatory cytokine which attenuates inflammatory response. It 

might be that expression of vIL-10 mediated the inhibition of PAR4 protein 

expression. Finally, we have to take in real consideration the fact that lack of 

detection of PAR4 protein after virus infection might also be due to not 

available suitable antibody. 

To verify if HCMV infection will increase expression of cell-surface PAR1, 3 

and 4, HUVEC were infected for 56 hours and expression of cell-surface 

proteins was analyzed by flow cytometry using non-permeabilized cells. 

Staining with specific antibody (WEDE15) against PAR1 did not show any 

increase in the number of this receptor on the surface of the HCMV-infected 

HUVEC compared to the number of receptors on the surface of mock-infected 

cells although mock-infected HUVEC already express considerable number of 

PAR1 on its surface.  

Staining of HUVEC with antibody against PAR3 showed that control cells 

express low number of this receptor. However, infection did increase 

expression of PAR3 on the surface of HUVEC but the increase was very 

modest.  

 

This work reveals an increase in mRNA and protein expression of PAR1 and 

PAR3 receptors. In terms of PAR1, virus infection did trigger the increased 

expression of intracellular protein but surprisingly it was not accompanied by 
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its expression at the cell surface. The possible scenario is that synthesized 

PAR1 protein after HCMV infection is driven directly to the intracellular pool 42, 

121, 173 to maintain capability for this protein to allow a quick responsiveness to 

thrombin. In such case, additional pro-inflammatory signals will be required in 

order to induce release and transport of PAR1 protein from the intracellular 

pool to the cell-surface after HCMV infection. Concerning PAR3, virus did 

induce expression of intracellular protein and flow cytometry analysis revealed 

an increased expression of PAR3 on the surface of HUVEC upon HCMV 

infection, but this increase was very modest and up to now, no clear function 

for PAR3 alone (nor as a co-receptor for PAR4) was described. The 

observation that HCMV did not induce expression of PAR4 protein in the cell 

suggests that after mRNA expression and transcription, the protein undergoes 

a rapid degradation or that viral encoded IL-10, may directly or indirectly 

inhibit the expression of PAR4 and its subsequent presentation on the cell 

surface.  

 

The overall data suggest that a two-step induction mechanism of thrombin 

receptors upon viral infection existing in HUVEC which may be dependent on 

additional unidentified co-activators. 

 

 

 

 

4.2 Thrombin-induced expression of 
CX3CL1/fractalkine potentiates production and 
release of MCP-1 from human umbilical vein 
endothelial cells after cocultivation with Mono-Mac-6 
 

Recently it has been shown that FKN can exist as either a membrane-

anchored cell surface protein or as a soluble chemokine 34, 35. Under normal 

conditions FKN mRNA is expressed by endothelial cells only at low level 34. 

However, increased expression of FKN can be detected in various 
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inflammatory conditions 55, 56, 59. Here it is showen that thrombin stimulation of 

HUVEC triggers a marked expression of FKN as evidenced by both 

expression of mRNA and protein. mRNA expression was concentraton-

dependent, with 3 U/ml thrombin as the optimal concentration, and time-

dependent with 12 hours stimulation being the optimal time during which the 

highest amount of FKN mRNA was expressed. Protein expression was 

analyzed by immunoblotting and revealed that after 12 hours of stimulation, 

thrombin induces 7-fold increase in expression compared to control cells. A 

similar expression profile was observed by stimulation with TNF-α 56, 185.  The 

TNF-α-induced protein expression level is upregulated up to 24 hours with a 

peak at 12 hours 185. Other proinflammatory mediators such as IL-1, LPS, 

CD40 ligand, and IFN-γ also upregulate the FKN expression 185 but TNF-α 

seems to be the most potent inducer of FKN expression. In comparison, the 

thrombin-induced expression is weaker.  

The low amount of FKN protein is already detected in resting cells and may 

be due to long-lasting internal stores of the protein, such as specialized 

juxtanuclear endomembrane vesicles 186. They represent a large fraction of 

the protein since the membrane fraction of FKN was found to account for 57± 

6% of the total amount. Furthermore, a relatively high content of soluble FKN 

is detected in supernatant from non-stimulated HUVEC which is most likely 

due to constitutively shedding by disintegrin-like metalloproteinase ADAM10 
46, 47 responsible for the constitutive shedding. Thrombin does not induce 

shedding of FKN from the membrane of HUVEC as showed by ELISA, the 

concentrations of soluble FKN in the supernatants measured at 5, 9, 12 and 

24 hours did not show any increase of soluble protein in the supernatants. In 

addition, the Affymetrix DNA gene chip array data revealed that thrombin did 

not induce expression of the ADAM10 and ADAM17/TACE 46, 47 genes. 

Regulation of FKN gene expression 68, 69 is known to be modulated by the NF-

κB 66 signaling pathway in rat aortic endothelial 68 and aortic smooth muscle 

cells 69. After stimulation with proinflammatory cytokines such as IL-1 68, 69 and 

TNF-α 68, 69 or with LPS 68, 69, activation of NF- κB signaling pathway is 

mediated by two distinct but converging pathways leading to IKK activation 

and subsequent NFkB activation: one is TRAF2 / NIK dependent 69 and the 

second is PI3-kinase and Akt dependent 69. To investigate the importance of 
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NF-κB pathway in regulation of thrombin-induced FKN gene transcription, 

various methods can be used.  Cells might be stimulated with thrombin after 

pretreatment with pharmacologic inhibitor of such as AkBA since this 

coumpound is known to block IKK 187, 188. Transient expression in HUVEC of 

mutant proteins impairing the activation of NF-κB such as a super repressor of 

IkBa 66, 189 should also impaired the thrombin-induced FKN expression and 

provide evidence that indeed NF- κB is essential for the regulation of FKN by 

thrombin in HUVEC. 

In line with its function as potent cell adhesion molecule for circulating 

inflammatory cells 34, 35, 62, 64, 65, the co-cultivation model provides evidence for 

the role of FKN in endothelial cell/monocyte cross-talk. Co-cultivation of 

monocitic cell line expressing CX3CR1, Mono-Mac-6, with thrombin-

pretreated HUVEC showed that adhesion of Mono-Mac-6 to thrombin-

pretreated HUVEC triggered increased synthesis and release of MCP-1 and 

IL-6. On the other hand, the studies with neutralizing antibodies against FKN 

revealed a complete inhibition of MCP-1 and IL-6 release which indicates that 

FKN plays the major role in cross-talk after adhesion, and that other adhesion 

molecules upregulated by thrombin seen in chip array analysis (VCAM and 

ICAM) may play accessory function similarly to what was observed 190, 191, 192, 

175. 

The data support the assumption that FKN-dependent cross-talk between 

endothelial cells and monocytes leads to a sustained recruitment of 

leukocytes since the MCP-1 released is chemotactic to monocytes. This might 

be of importance for the accumulation of monocytes in the vessel wall but 

may also provide an additional signal for distorting the integrity of the 

endothelium 3, 193. The origin of the MCP-1 remains, nevertheless, unclear 

since MCP-1 can be produced by both cell types 194, 195, 196, 197, 174, 198. 

Investigation including specific inhibition of signaling pathways in the different 

cell types prior to co-cultivation would help to define the mechanism of 

generation of these cytokines during the cross-talk. 

Interleukin (IL)-6 199 is a local and a circulating marker of coronary plaque 

inflammation. It is a 26 kDa cytokine, produced by many different cells types, 

including lymphocytes, monocytes, fibroblasts, VSMC, and endothelial cells 
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200, 201, 202. Interleukin-6 stimulates a wide range of inflammatory molecules 

(tissue factor, monocyte chemotactic protein-1, matrix degrading enzymes, 

and low-density lipoprotein receptors in macrophages 202, 203, 204, 200), as well 

as aggregation of platelets, proliferation of VSMC 205, 201 in different 

compartment of the vessel wall but it also regulates expression of adhesion 

molecules (such as VCAM-1 and ICAM-1) and cytokines, such as interleukin 

(IL)-1β and tumor necrosis factor-α in endothelial cells. IL-6 can then potently 

enhance the inflammatory reaction 205, 206. Since the adhesion of monocytes to 

the thrombin-pretreated HUVEC induces release of IL-6 it is plausible that IL-6 

potentiates a proinflammatory response by autocrine or paracrine stimulation 

of HUVEC, which leads to a sustained expression of membrane-bound and 

soluble FKN through TNF-α activation. The direct action of IL-6 on HUVEC 

which can even more potentiate adhesive properties of endothelium by 

upregulating expression of adhesive molecules such as VCAM-1 and ICAM-1 

which interact as aforementioned with counterpart receptors expressed on 

circulating leukocytes. 

 

Thus, in this work I provided a mechanism that might be of great importance 

in vascular inflammation conditions such as atherosclerosis. There, thrombin 

present in the lesions 182, 183, 207 might trigger expression of FKN, which by 

interaction with circulating monocytes increases the production of MCP-1 and 

IL-6 thereby promoting further recruitment of circulating monocytes to the 

atherosclerotic intima and expression of potent proinflammatory cytokines. 

This mechanim might participate in the progression of pathologies of the 

endothelium such as atherosclerosis.
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5 Summary 
 

Upregulation of the inflammatory pathways is a major event in pathological 

condition. Thrombin, the key protease involved in coagulation process has 

been desribed as a potent activator of endothelial cells. This study shows that 

response to thrombin might be potentiated in endothelial cells by infection via 

a common virus, the human cytomegalovirus (HCMV). Indeed, HCMV induces 

expression of thrombin receptors PAR1 and PAR3 but not of PAR4. This 

effect of HCMV may be relevant for various functions of the endothelium in 

particular for the migration of leukocytes into tissues, which is essential for 

inflammation and host response to infection 3, 41, 208 . Migration is dependent 

on small chemotactic cytokines called chemokines 209, 210 among them 

Fractalkine 31, 32 (CX3CL1, FKN) is the unique member of the CX3C 

chemokine family. This study was showen that thrombin stimulation of 

HUVEC triggers a marked expression of FKN both at mRNA and protein 

levels. Flow cytometric analysis revealed that in thrombin-stimulated HUVEC 

FKN is present as a membrane-anchored molecule and that thrombin does 

not induce increase in shedding of FKN from the membrane of HUVEC.  

In a line with FKN function as a potent cell adhesion molecule for the 

circulating inflammatory cells 34, 35, 51, 62, 64, 65, a co-cultivation experiment 

revealed that adhesion of Mono-Mac-6 to thrombin-pretreated HUVEC 

triggeres synthesis and potentiate release of IL-6 and MCP-1 in a FKN-

dependent manner. Furthermore, the chemotactic potential of the released 

MCP-1 suggest an increase capacity of thrombin-stimulated HUVEC to recruit 

leukocytes after initial interaction with monocytes.  

HCMV was associated with the developpement of atherosclerosis. Increased 

sensitivity of HCMV-infected endothelial cells to thrombin and observation that 

thrombin induces fractalkine expression present a complex interplay between 

these mechanisms which might be of great importance in vascular 

inflammation such as atherosclerosis. 
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