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1. Introduction 

Immunology is the study of all aspects of the immune system involving the biological basis of 

host defense against infection and of adverse consequences of immune responses. The 

immune system is an integrated complex network of cells, tissues, and organs that work 

together with the prime goal of defending the body against attacks by “foreign” invaders 

(Murphy et al., 2008). These foreign invaders are primarily microorganisms such as bacteria, 

viruses, parasites, and fungi that can cause infections. Most importantly, the immune system 

has the capacity to discriminate self from non-self and plays a dominant role in immunisation, 

infectious diseases, allergies and autoimmune diseases. The immune system can be broadly 

divided into innate and adaptive immunity with extensive cross-talks between the two. Hence 

the immune system is the tissues, cells and molecules involved in innate and adaptive 

immunity.  

 

1.1 Cells of the immune system 

Immune cells, like all blood cells, arise in the bone marrow from stem cells. Some develop 

into myeloid progenitor cells while others become lymphoid progenitor cells. These cells are 

the main line of defense in the immune system.  

 

                               

 

 

 

 

 

 

 

 

Figure 1: Cells involved in innate and adaptive immunity. The innate immune system consists of diverse 
cellular components including granulocytes, mast cells, macrophages, dendritic cells and natural killer cells. Our 
main interest is on cells expressing the S100 protein MRP8/14, namely the granulocytes and monocytes. On the 
contrary, the adaptive immune system consists of B cells, and CD4+ and CD8+ T lymphocytes. The cells that 
belong to the interface of innate and adaptive immunity are the cytotoxic lymphocytes natural killer (NK) T cells 
and γδ T cells. (Modified from Dranoff, 2004) 
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1.2 Innate Immunity 

Innate Immunity is one arm of immunology and is comprised of cells and molecules, which 

are “non-specific” to eliciting organism and are mobilised rapidly at initial signs of infection. 

It is the first line of defense and has evolved to clear invading bacteria immediately (Bardoel 

and Strijp, 2011). It is rapid and involves the general recognition of pathogens via the pattern 

recognition receptors while the adaptive immunity represents a delayed reaction which is 

memory based and antigen specific. Different immune cells are involved in both types of 

immune responses thereby contributing to immunity (Fig 1). The innate immune system 

comprises of three important effector mechanisms that allow the rapid and efficient removal 

of microbial pathogens namely the professional phagocytes, the complement system and 

antimicrobial peptides. Among these components of the innate immune system, we will be 

exploring the functions exhibited by phagocytes and the role of crucial proteins expressed by 

these cells in modulating the functions featured by these cells.      

                                                

1.2.1 The professional phagocytes 

Destruction of invading microorganisms by phagocytosis is a critical component of the innate 

immune system. The professional phagocytes are the neutrophils and monocytes or 

macrophages (Ernst and Stendahl, 2006). These phagocytes have evolved only in higher 

organisms where they play an important role in host defense and contribute to the first line of 

defense against infection. They are capable of engulfing microorganisms and killing them 

using a combination of various microbicidal systems. Upon inflammatory stimuli, these cells 

have the ability to migrate along the activated endothelium to sites of inflammation. During 

this process, they adhere onto the endothelium and finally transmigrate through it to reach 

inflammatory sites. These phagocytes abundantly express S100A8, S100A9 and S100A12 

(Roth et al., 2003; Foell et al., 2007) which belongs to the S100 superfamily of EF hand Ca2+ 

binding proteins. In this thesis, the focus was on the two S100 family members, S100A8 and 

S100A9 also known as MRP8 and MRP14 respectively, and how these proteins regulate the 

function of phagocytes. Phagocytic cells heavily express these proteins and release them at 

sites of inflammation. Therefore these proteins might possibly play a role in the functions 

exhibited by phagocytes, precisely their adhesion and transmigration.  Hence the two 

processes of adhesion and transmigration of MRP8/14 expressing cells were investigated 

throughout this thesis.  

             

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bardoel%20BW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bardoel%20BW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Strijp%20JA%22%5BAuthor%5D
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1.3 Inflammation- Leukocyte adhesion and transmigration  

Inflammation is a general term for the local accumulation of fluid, plasma proteins, and 

leukocytes that is initiated by physical injury, infection or a local immune response and is 

known as an inflammatory response (Murphy et al., 2008). The inflammatory response 

involves three major stages: first, dilation of capillaries to increase blood flow; second, 

microvascular structural changes and escape of plasma proteins from the bloodstream; and 

third, leukocyte transmigration through endothelium and accumulation at sites of injury. 

Acute inflammation is the term used to describe early and often transient episodes, whereas 

chronic inflammation occurs when the infection persists or during autoimmune diseases. The 

cells that invade tissues undergoing inflammatory responses are often called inflammatory 

cells or the inflammatory infiltrate. The leukocyte adhesion and transmigration cascade has 

emerged as a potential tool to explain the recruitment of leukocytes to sites of inflammation 

(Ley et al., 2007). It is the core and important characteristic feature of both innate and 

adaptive immunity.  

       
Figure 2: Leukocyte adhesion and transmigration cascade. The figure demonstrates the movement of 
chemokine activated leukocytes along the activated endothelium to sites of inflammation. The first step is the 
capture of a leukocyte onto the activated endothelium. This step is followed by leukocyte rolling and firm arrest 
on the endothelium. Integrins and selectins are actively involved in mediating these processes. The arrest of 
leukocytes on the activated endothelium is followed by adhesion of these leukocytes on the endothelium later 
leading to the crawling of these cells which finally ends in the transmigration of these cells through the 
endothelium either by transcellular or paracellular route towards the sites of inflammation. (Adapted from Ley et 
al., 2007) 

The adhesion and transmigration of leukocytes was first described by pathologists of the 

nineteenth century (Dutrochet, 1824 and Wagner, 1839). Today we have a clear 

understanding of this cascade, which is still being researched vigorously. The major steps 

involved are leukocyte capture onto the activated endothelium, activation that includes the 

rolling and arrest of the leukocytes on the endothelium, firm adhesion, diapedesis and finally 

transmigration to inflammatory sites (Laudanna and Alon, 2006) (Fig 2). Each of these crucial 
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steps is essential for effective leukocyte recruitment, because blocking any of these steps can 

severely reduce accumulation of these cells into the tissue. These steps are not phases of 

inflammation, but represent the sequence of events from the perspective of each leukocyte. At 

any given moment, capture, rolling, slow rolling, firm adhesion and transmigration all happen 

in parallel. 

1.3.1 Capture 

This process, also known as tethering, represents the first contact of a leukocyte with the 

activated endothelium. Thereby leukocyte activation by chemokines such as MCP1 or IL8 is a 

prerequisite to attain firm contact to the endothelium. Capture occurs after margination, which 

allows leukocytes to move in a position close to the endothelium, which is away from the 

central blood stream. During the inflammatory response, endothelial activation is required to 

initiate capture. In most tissues, this initial step is performed by upregulation of E- and P-

selectins on activated endothelial cells (Simon and Green, 2005). The Leukocyte cell adhesion 

receptor L-selectin (CD62L) recognises glycoprotein ligands on adjacent leukocytes and those 

upregulated on cytokine activated endothelium (Vestweber and Blanks, 1999; McEver and 

Zhu, 2010). P-selectin (CD62P) mediates capture by interacting with its ligand PSGL-1 (P-

selectin Glycoprotein Ligand-1) (Greenwood et al., 2011). E-selectin, also known as 

endothelial-leukocyte adhesion molecule-1 (CD62E) is a cell adhesion molecule expressed 

only on endothelial cells activated by cytokines (Collins et al., 1991). It recognizes and binds 

to sialylated carbohydrates present on the surface proteins of certain leukocytes. These events 

enable leukocytes to migrate out of the vasculature into surrounding tissues during 

inflammation and immune surveillance (Wedepohl et al., 2011). Apart from selectins that act 

as dominant primary capture molecules, research has revealed that the β1 integrins like VLA-

4 (Very late antigen 4) mediate the capture of circulating leukocytes to facilitate firm 

adhesion. Although it is proven that the β1-integrin VLA-4 is less effective in tethering 

leukocytes to its ligand VCAM-1 (0.7dyn/cm2) than selectins are to their ligands (>1 

dyn/cm2) (Kanwar et al., 1997), VLA-4 or CD49d/CD29 functions as secondary capture 

molecules to mediate firm adhesion (Alon et al., 1995; Ley et al., 2007).  

 

1.3.2 Leukocyte rolling 

After the capture of leukocytes onto the endothelium, they transiently adhere to these barriers 

and start rolling along it. The slow rolling interactions initiate firm adhesion of the leukocytes 

onto the activated endothelium. This vital process is mediated mainly by the α4β1- integrin 

VLA4. 

http://bme.virginia.edu/ley/margination.html
http://bme.virginia.edu/ley/leukocytes.html
http://bme.virginia.edu/ley/endothelium.html
http://bme.virginia.edu/ley/activation.html
http://en.wikipedia.org/wiki/Cell_adhesion_molecule
http://en.wikipedia.org/wiki/Leukocyte
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1.3.2.1 Integrin mediated rolling 

The α4 integrins mediate initial rolling interactions along with selectins to provide activation 

signals required to initiate firm adhesion by integrins (Chan et al., 2000). Integrins α4β1 and 

α4β7 are proven to serve as ‘rolling receptors’ along the endothelium by interacting with the 

ligands Vascular Cell Adhesion Molecule-1 (VCAM-1) and mucosal addressin cell adhesion 

molecule-1 or MADCAM-1 respectively (Hogg et al., 2003). α4β1 is also known as the Very 

Late Antigen 4 (VLA-4) and facilitates rolling in monocytes, monocyte-like cell lines (Chan 

et al., 2001), T cells (Singbartl et al., 2001), T-cell lines (Berlin et al., 1995) and neutrophils 

(Tasaka et al., 2002). It supports lymphocyte rolling in vivo in venules of the central nervous 

system (CNS). VLA-4 is also involved in the next step of the leukocyte activation cascade i.e. 

in firm adhesion (Tsuzuki et al., 1996). The β2 integrin on leukocytes, Lymphocyte Function-

Associated Antigen-1 (LFA-1 or αLβ2) is best known to mediate adhesion process by binding 

to one of its major ligands namely ICAM-1 and are expressed on venular endothelia, antigen 

presenting cells (APC), effector immune cells and activated platelets (Diacovo et al., 1996; 

Campanero et al., 1993). Alon was the first who reported that LFA-1 can engage in rolling 

process with ICAM-1 under physiological shear flow. This phenomenon was observed in 

K562 cells wherein under physiological stress, LFA-1 expressed on these cells failed to 

support adhesion to ICAM-1 but instead mediated it’s rolling along the endothelium. This 

ability to support rolling correlates with decreased avidity and impaired time-dependent 

adhesion strengthening and sharply depended on ICAM-1 density and required an intact LFA-

1 I-domain and Mg2+ ions (Alon et al., 1995; Sigal et al., 2000; Ley et al., 2007) 

 
A characteristic of rolling adhesions mediated by selectins and α4 integrins is that rolling 

velocity increases with increasing shear forces (Lawrence and Springer, 1991; Alon et al., 

1995). On the other hand, LFA-1-mediated rolling was due to an impaired ability to undergo 

adhesion strengthening (Sigal et al., 2000). Leukocytes may use weak interactions of both α4 

integrins and LFA-1 with their respective ligands to stabilise selectin-initiated rolling. Under 

inflammatory conditions in vivo, the slow rolling velocity of approximately 8 μm/s on P- and 

E-selectin is regulated by the β2-integrins macrophage receptor-1 (MAC-1, CD11b, CD18 or 

αMβ2) and LFA-1 (Hogg and Leitinger, 2001). Neutrophil rolling on recombinant E-selectin 

and ICAM-1 is even slower and the velocity is only regulated by LFA-1 (Zarbock et al., 

2007).  

The transition from rolling to slow rolling induced by selectin binding to their neutrophil 

ligands requires the Src-family kinase Fgr (Yago et al., 2010). A recently published paper 
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showed that leukocytes from mice deficient for Hck and Lyn also have defective selectin-

mediated slow rolling (Zarbock et al., 2008). Binding of selectins to their counter-receptor on 

neutrophils induces Syk-dependent activation of LFA-1, which subsequently binds to ICAM-

1 and mediates slow leukocyte rolling (Kuwano et al., 2010).  

1.3.3 Adhesion of leukocytes onto the activated endothelium 

Leukocyte arrest, as triggered by chemokines or other chemoattractants is mediated by the 

binding of leukocyte integrins to immunoglobulin superfamily members such as ICAM-1 or 

VCAM-1, which are expressed by endothelial cells (Campbell et al., 1998). Upon 

inflammatory stimuli, endothelial cells are activated by inflammatory cytokines to upregulate 

these adhesion molecules and secrete chemokines and lipid chemoattractants that are present 

on the luminal and abluminal surface (Middleton et al., 1997). The arrest of monocytes can be 

initiated also by rolling platelets when they deposit chemoattractants such as CC-Chemokine 

Ligand 5 (CCL5) and CXC-Chemokine Ligand 4 (CXCL4) onto the activated endothelium 

(von Hundelshausen et al., 2001; Huo et al., 2002). 

1.3.3.1 Integrin signaling events during adhesion 

Integrins most relevant to leukocyte adhesion belong to the β1 and β2 integrin subfamilies. 

The most studies of these are the β1 integrin VLA-4 and the β2 integrin LFA-1. On activation, 

these integrins mediate signaling mechanisms in two different ways- the ‘inside-out’ and 

‘outside-in’ signaling (Hogg et al., 2011). ‘Inside-out’ signaling converts integrins from an 

inactive to an active conformation, and the ‘outside-in’ signaling describes the signaling 

directed by integrins themselves once they are active.  

Once bound to ligand, activated integrins are able to transduce extracellular signals into the 

cell. This process of integrin-mediated outside-in signaling initiates several signaling 

pathways that induce adhesion strengthening, transmigration, and respiratory burst (Ginsberg 

et al., 2005). On the other hand, engagement of adhesion receptors and G-protein-coupled 

receptors (GPCR) on leukocytes by selectins and chemokines, respectively, may initiate 

intracellular signaling and subsequent activation of leukocytes. Intracellular signaling 

pathways ultimately couple these receptors to the activation of integrins (inside-out 

signaling), which is associated with conformational changes of the integrin. At least three 

integrin activation states namely bent, extended, and high-affinity state are known (Shimaoka 

et al., 2003) (Fig 3). After conformational changes, the integrins can bind to their counter-

receptor and, depending on affinity state, regulate the process of adhesion (Hogg et al., 2011). 
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Figure 3: The three distinct conformations of an integrin. The first is the bent or the low affinity form of the 
integrin, the extracellular regions of the α- and β-subunits are acutely bent and their transmembrane regions are 
helical and perpendicular to the membrane. The second is the extended or the intermediate affinity state and 
when the integrin is fully activated, the globular headpiece (which consists of the β-propeller, the ligand-binding 
αI domain and the βI-like domain) opens and the β-subunit hybrid domain and the rest of the integrin 'leg' swing 
out. (Modified from Hogg et al., 2011) 

 

1.3.3.1.1 Inside-out signaling 

Stimulation by an agonist such as chemokines triggers the inside-out signaling cascade (Fig 4 

A) which has the GTPase Rap1 as the key target. This target is the key integrin regulator and 

constitutively active mutants of Rap1 (such as Rap1V12) increase the affinity and avidity of 

LFA-1 at the lymphocyte membrane (Katagiri et al., 2000; Sebzda et al., 2002). Impaired 

activation of Rap1 causes the rare disorder which is a KINDLIN3 defect termed as leukocyte 

adhesion deficiency III (LAD-III) (Kinashi et al., 2004; Svensson et al., 2009). These 

leukocytes express normal levels of β1, β2 and β3 integrins, but have defects in integrin 

activation resulting in faulty inside-out signaling (Alon et al., 2003; McDowall et al., 2003). 

Agonist signaling leads to an increase in second messengers Ca2+ and diacylglycerol DAG 

that activates the Rap1 GEF CalDAG-GEF1 also known as RasGRP2, which is a major Rap1 

activator in these cells. The relocalisation of Rap1 to the membrane is regulated by the 

adaptor protein Rap1-interacting adaptor molecule RIAM (Lafuente et al., 2004). The final 

step is the recruitment of talin by Rap 1 to the β-subunit of the integrin, mediates the 

conversion of integrin conformation to one of higher affinity (Campbell and Ginsberg, 2004). 

Kindlin-3 also binds to the β-subunit and aids talin binding (Moser et al., 2008; Evans et al., 

2009). 

http://jcs.biologists.org/content/122/2/215.full#ref-56
http://jcs.biologists.org/content/122/2/215.full#ref-99
http://jcs.biologists.org/content/122/2/215.full#ref-64
http://jcs.biologists.org/content/122/2/215.full#ref-7
http://jcs.biologists.org/content/122/2/215.full#ref-78
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1.3.3.1.2 Outside-in signaling 

Outside-in signaling cascade (Fig 4 B) is the prime event that initiates effector functions of 

adhesion, cell spreading and migration. Once an increase in affinity or ‘activation’ has been 

achieved, integrins LFA-1 or α4β1 bind firmly to its ligand and signal back into the cell on 

which it is expressed. Tyrosine kinases such as Src and Syk are greatly implicated in this 

signaling mechanism (Abram and Lowell, 2007a, b). The inactive β integrins on myeloid cells 

and platelets are constitutively associated with inactive Src kinase, which is maintained in a 

C-terminal, phosphorylated conformation by Csk kinase (Evans et al., 2009). The ligation of 

integrin to ligand prompts the dephosphorylation of the inhibitory Tyr by phosphatases, such 

as PTP1B and CD45, dissociation of Csk and autophosphorylation onto the activation loop of 

Src. Active Src can then dually phosphorylate an ITAM-containing adaptor molecule on two 

sites that has been postulated to be associated with integrin through a linker. The 

phosphorylated ITAM recruits Syk through its tandem SH2 domains. Syk then associates with 

the integrin β-tail and is in sufficient proximity to Src to be phosphorylated (Abram and 

Lowell, 2007a, b). Active Syk then phosphorylates downstream effector molecules, such as 

Vav1, Vav3 and SLP-76 (Zarbock and Ley, 2011) (Fig 5). Functional responses following 

activation of these molecules leads to cytoskeletal reorganisations (Delaguillaumie et al., 

2002; Hornstein et al., 2004; Billadeau et al., 2007) thereby triggering various cellular 

processes including differentiation, proliferation, degranulation, cytokine release, respiratory 

burst (Zarbock and Ley, 2011), adhesion and migration of cells (Block et al., 2012).  

 

Figure 4: Signaling mechanisms that leads to adhesion. An illustration of inside-out (A) and outside-in (B) 
signaling mediated by integrins. The key events that occur when an integrin is activated are shown. Generally for 
integrins to become active, they have to be stimulated by the inside-out signaling pathway of which the primary 
target is GTPase Rap1. The Src family kinases (SFK) and Syk play significant roles in mediating the outside-in 
signaling cascade. Both these cascades sequentially regulate the adhesion of leukocytes. (Modified from Evans 
et al., 2009) 
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The immune cells involved in adhesion process such as monocytes and lymphocytes express 

α4β1 integrin (Hynes, 1992) and mouse and rat neutrophils express it in small amounts as well 

(Kubes et al., 1995). α4β1 integrin can mediate firm adhesion by binding to endothelial 

VCAM-1 or alternatively spliced Fibronectin (Masumoto and Hemler, 1992). Till date, 

various intravital microscopic evidences suggest that most α4β1-dependent binding is through 

VCAM-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Src and Syk kinases- structural homology and functions. The overall domain organization of the 
Src family kinase (SFK) includes a unique N terminal domain, Src-homology 3 (SH3) domain, SH2 domain, 
tyrosine kinase domain and a C-terminal tail with a conserved tyrosine residue (Tyr 527) that is phosphorylated 
by separate regulatory kinases (A). The Syk kinases contain two SH2 domains and interdomains A and B 
consisting of Tyr 348 and tyrosine kinase domain with Tyr 525, 526 and Tyr 620 (B). Adapted from Alexander 
Zarbock and Klaus Ley, 2011. Activation of SFK and Syk following integrin binding (C). SFK and Syk are 
strictly associated with the ITAM site of integrins and become activated following binding of the integrin with 
its specific ligand. Usually it is the SFK that gets activated which then directly phosphorylates Syk. 
Phosphorylated Syk then phosphorylates VAV1 in the VAV1-talin complex, causing talin release. Kindlin 3 
which is associated with talin is also released during the process. (Modified from Hogg et al., 2011) 
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1.3.4 Transmigration or diapedesis 

The final step in the leukocyte adhesion and transmigration cascade, commonly known as 

transmigration or diapedesis is marked by the passage of immune cells, especially the 

leukocytes through intact capillary walls into the sites of tissue damage or infection (Fig 6). 

This crawling of the leukocytes through the vascular endothelium can occur either by 

paracellular (through endothelial-cell junctions) (Ley et al., 2007; Vestweber, 2007) or 

transcellular (through the endothelial cell itself) (Carman and Springer, 2008) routes. 

Extravasating leukocytes encounter three distinct barriers namely endothelial cells, 

endothelial cell basement membrane and pericytes.  

 

1.3.4.1 Transendothelial cell migration  

This can be triggered by luminal chemoattractants that may act in concert with shear flow 

(Cinamon et al., 2004), but current evidence suggests that different leukocyte subtypes may 

exhibit different levels of requirement for shear stress during the process of transmigration 

(Nourshargh et al., 2010). The interaction of leukocyte integrins with their endothelial cell 

ligands such as ICAM-1 and VCAM-1 may also stimulate endothelial cells in a manner that 

promotes leukocyte migration through the endothelium mainly by inducing the formation of 

‘docking structures’ or ‘transmigratory cups’ which are endothelial cell projections rich in 

ICAM-1 and VCAM-1 and cytoplasmic molecules such as ERM (ezrin, radixin and moesin) 

proteins and cytoskeletal components (vinculin, α-actinin and talin-1) (Barreiro et al., 2002; 

Carman and Springer., 2004). The clustering of these molecules is strictly dependent on the 

expression of phosphatidylinositol-4,5-bisphosphate and family members of Rho GTPases. 

Thus the initial engagement of endothelial cell adhesion molecules with their leukocyte 

integrin ligands initiates diapedesis of leukocytes. This phenomenon can occur either by a 

paracellular or transcellular pathway which is then followed by migration of the leukocytes 

through the endothelial basement membrane and pericyte sheath (Ley et al., 2007). 

 

1.3.4.1.1 Paracellular migration of leukocytes 

The paracellular migration integrates numerous molecular interactions that occur in sequence. 

It involves the release of endothelial expressed vascular endothelial cadherin (VE-cadherin) 

and is facilitated by intracellular membrane compartments containing a pool of PECAM-1 

and possible other endothelial cell junctional molecules such as junctional adhesion molecule 
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A (JAM-A). Other molecules involved in paracellular transmigration are endothelial cell 

selective adhesion molecule (ESAM), ICAM-1 and the non-immunoglobulin molecule CD99. 

ICAM-1 and ICAM-2 interact with LFA-1, PECAM-1 and CD99 supports homophilic 

interactions and junctional adhesion molecules (JAMs) are involved in both homophilic and 

integrin interactions. Leukocyte transmigration can be regulated by targeted translocation of 

PECAM-1 to endothelial junctions from a cell-surface connected vesicular compartment 

(Mamdouh et al., 2003). Junctional molecules promote leukocyte migration by loosening of 

adhesive contacts between VE-cadherin on opposed cells. ESAM, through the activation of 

Rho, is also linked to enhanced permeability through reduced VE-cadherin interactions 

(Wegmann et al., 2006). CD99 was found to be crucial for extravasation of leukocytes by the 

paracellular route as blocking of this molecule suppressed monocyte and neutrophil 

transmigration through cytokine-stimulated human umbilical vein endothelial cells 

(HUVECs) (Ley et al., 2007; Lou et al., 2007). 

 

1.3.4.1.2 Transcellular migration of leukocytes 

It was believed earlier, that leukocyte transendothelial migration occurred only through the 

paracellular pathway. But now, there are numerous evidences for the occurrence of 

transcellular migration of immune cells. The transcellular pathway is documented in the 

central nervous system (CNS) and in various inflammatory scenarios (Feng et al., 1998) and 

in in vitro models (Millan et al., 2006; Nieminen et al., 2006). It is associated with areas of 

endothelial-cell thinning, a mechanism that could potentially facilitate leukocyte migration 

through this route by shortening the transmigration pathway (Feng et al., 1998). Certain 

structures called vesiculo-vacuolar orgenelles (VVOs) often act as gateway for leukocytes 

through the body of endothelial cells (Dvorak and Feng, 2001). Leukocyte migration starts 

with the extension of membrane protrusions into endothelial cells. ICAM-1 triggers the 

formation of traffic channels for the migration of leukocytes by initiating cytoplasmic 

signalling events that lead to the translocation of apical ICAM-1 to caveolae and F-actin-rich 

regions and to the eventual transport with caveolin-1 to the basal plasma membrane (Cinamon 

et al., 2004). The proteins ezrin, radixin and moesin (ERM) act as linkers between ICAM-1 

and cytoskeletal proteins such as actin and vimentin, causing their localization around the 

channel, thereby providing structural support for the cell under these conditions (Ley et al., 

2007).  
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Figure 6: Diapedesis in detail. There are four important stages of transmigration of the adhered leukocytes 
through the activated endothelium. The first is the crawling of the adhered leukocytes on the endothelial barrier 
(A) which is followed by transmigration of these cells through the endothelial layer to sites of inflammation. 
Two routes are described for the cells to cross the endothelium namely the paracellular pathway (B) which 
involves the extravasation of leukocytes through cellular junctions, and the transcellular pathway (C) in which 
the transmigrating cells move through the endothelial cells. The final stage of transmigration is the migration 
through the endothelial basement membrane and pericyte sheath (D). (Adapted from Ley et al., 2007) 
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1.4 S100 protein superfamily 

The S100 protein family is the largest group of calcium (Ca2+) -binding proteins. Three 

members of this family namely S100A8, S100A9 and S100A12 are abundantly found in cells 

of the myeloid origin and hence these proteins are also known as myeloid related proteins 

(MRPs). S100 proteins are multifunctional in nature being involved in several biological 

processes such as cell cycle regulation, cell growth, cell differentiation and motility through a 

broad range of extracellular and intracellular activities (Donato, 2003). These proteins are 

small and acidic with a molecular weight ranging from approximately 9-14kDa (Marenholz et 

al., 2004). They are characterised by two Ca2+ binding EF-hand motifs that are connected by a 

central hinge region. The EF-hand comprises a Ca2+ binding loop flanked by α-helices, 

resulting in a helix-loop-helix structural domain (Isobe and Okuyama, 1978). The first 

members of this protein superfamily were discovered approximately 50 years ago and were 

purified from bovine brain (Moore, 1965). These proteins are called S100 because of the fact 

that they are at least partly soluble in a 100% saturated solution of ammonium sulphate at 

neutral pH.  
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Structure and interaction of S100 protein family. Dimer structure of S100 proteins (A). S100 
proteins form a large multi-gene family of low molecular weight proteins that are characterized by calcium-
binding EF hand motifs and exhibit remarkable tissue and cell-specific expression. They exist as homo- and 
hetero-dimers, and oligomers. Each monomer consists of two EF-hands connected by a hinge region. (Adapted 
from Heizmann et al., 2002). Calcium dependent interaction of S100 family (B). At low calcium 
concentrations, S100 proteins (purple) reside in their calcium-free (apo) state in phagocytes. Upon influx of 
calcium via voltage-gated or receptor-mediated channels, the S100 protein binds calcium and undergoes a 
conformational change that modifies its hydrophobic surface properties. This allows the protein to interact with 
a wide spectrum of target proteins (green) to stimulate a physiological response. (Modified from Kisiel et al., 
2006) 
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These proteins have the ability to form homodimers, heterodimers and higher oligomeric 

assemblies (Fig 7 A), and are characterized by tissue and cell-specific expression (Donato, 

2001; Heizmann et al., 2002; Roth et al., 2003; Marenholz et al., 2004). They are present only 

in vertebrates (Donato, 2001). The structural organization of S100 genes is highly conserved 

both within an organism and in different species (Heizmann et al., 2002). A typical S100 gene 

consists of three exons wherein the first exon carries exclusively 5′ untranslated sequences. 

The second exon contains the ATG translation start codon and codes for the N-terminal EF-

hand, and the third exon encodes the carboxy-terminal canonical EF-hand.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8: Chromosomal localization of S100 Genes. Human chromosome 1g21 contains 21 S100 proteins in 
a tight gene cluster. p and q indicate the short and the long arm of the chromosome, respectively. Human 
S100B, S100P, S100Z and S100G are located on chromosomes 21q22, 4p16, 5q14 and Xp22 respectively. 
(Adapted from Heizmann et al., 2002) 

 
Currently 25 members of the S100 protein family are known in the human system (Cancemi1 

et al., 2010), and most of them (S100A1-S100A18, trichohylin, filagrin and repentin) are 

coded by genes clustered at chromosome locus 1q21 within a genomic region of 260 kb (Fig 

8), while the other genes belonging to the subfamilies of S100B, S100P, S100Z and S100G, 

are respectively located at chromosome loci 21q22, 4p16, 5q14 and Xp22 (Kisiel et al; 2006). 

A unique feature of these proteins is that individual members are localised in specific cellular 
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compartments from which some are able to relocate upon Ca2+ activation, transducing the 

Ca2+ signal in a temporal and spatial manner by interacting with different targets specific for 

each S100 protein. Upon Ca2+ binding, the helices of S100 proteins rearrange, revealing a 

cleft, which forms the target protein-binding site (Eckert et al., 2004) (Fig 7 B). Apart from 

binding Ca2+ within the EF hands, some S100 members have been shown to bind Zn2+ , Mn2+ 

and Cu2+, suggesting the possibility that their biological activity in some cases might be 

regulated by Zn2+ and/or Cu2+, rather than by Ca2+ alone (Heizmann et al., 1998). 
 
1.4.1 Functions exhibited by S100 proteins 

1.4.1.1 Intracellular functions 

Intracellular functions of S100 proteins have been extensively studied. These include Ca2+ 

homeostasis, cell cycle regulation, cell growth and migration, cytoskeletal interactions, 

membrane trafficking, protein phosphorylation, and regulation of transcriptional factors 

among others (Roth et al., 2003). S100A1 is known to co-localize with actin stress fibres 

(Osterloh et al., 1998) which imply that this protein might have a role in adhesion or 

migration of cells. S100A4 is known to facilitate adhesion and migration of tumour cells 

(Boye and Maelandsmo, 2010) by reorganising actin cytoskeleton of these cells (Belot et al., 

2002). The association of AHNAK and the annexin 2/S100A10 complex are known to be 

actively involved in the regulation of the actin cytoskeleton organisation at the lateral plasma 

membrane, thereby mediating plasma membrane remodeling and in the establishment of 

specialised intercellular interaction (Benaud et al., 2003). The interaction of S100P with ezrin 

is known to stimulate transendothelial tumor cell migration (Austermann et al., 2008). 

Multimeric forms of S100 proteins appear to be necessary for intra- as well as extracellular 

functions of S100 proteins (Donato, 2007; Leukert et al., 2006). Multimeric assemblies have 

been reported for S100A12 (Moroz et al., 2009), S100A4, S100B (Fritz et al., 2010) and 

S100A8/A9 (Vogl et al., 1999; Strupat et al., 2000). It is well accepted that the S100 proteins 

S100A8/A9, also known as MRP8/14 has a promising role in mediating migration of 

phagocytes through the activated endothelium by exhibiting a control over the microtubule 

reorganisation in these cells (Vogl et al., 2004). Since transmigration of cells takes place after 

the cells adhere onto the activated endothelium (Ley et al., 2007), adhesion of cells appears to 

be a prerequisite for their transmigration. Also, since MRP8/14 has an evident role in 

transmigration of cells, it might possibly have a role in adhesion as well. Therefore the 

regulation of adhesion and transmigration processes of phagocytes by MRP8/14 was 

extensively researched in this thesis. 
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1.4.1.2 Extracellular functions 

S100 proteins can also be released into extracellular space in response to stimuli, or during 

cell damage, and they promote responses including neuronal survival and extension (S100B) 

(Villarreal et al., 2011), apoptosis (S100A4, S100A6 and S100A8/A9) (Hua et al., 2010; 

Leclerc et al., 2007; Viemann et al., 2005, 2007), inflammation (S100B, S100A8/A9, 

S100A11 and S100A12) (Foell et al., 2007), autoimmunity (S100A8/A9) (Loser et al., 2010), 

chemotaxis (S100A8/A9) (Ryckman et al., 2003b) and cell proliferation and survival (S100P, 

S100A7); thus effectively functioning as paracrine and autocrine mediators. The S100 

proteins like S100A8, S100A9, S100A10, S100A12 and S100A13, S100B, S100P, S100A4, 

S100A6, S100A8/A9, S100A11 and S100A12 are known to act via interaction with cell 

surface receptors, primarily the ‘Receptor for Advanced Glycation End Products’ (RAGE) 

(Donato, 2007; Leclerc et al., 2009), while S100A8/A9 mainly binds to Toll-like receptor 4 

(Vogl et al., 2007) (Fig 9). Elevated S100 protein levels are associated with chronic 

inflammation, neurodegeneration, cardiomyopathies, atherosclerosis and cancer (reviewed in 

Pietzsch, 2010).  

S100A1 is known to exert trophic effects on RAGE expressing neurons in vitro (Huttunen et 

al., 2000). S100A2 has an obvious role in adhesion and migration of cells (Tsai et al., 2011) 

and negatively regulates the motility of certain RAGE expressing cell lines (Nagy et al., 2001) 

and also acts as a chemoattractant for eosinophils in vitro (Komada et al., 1996). Oligomers of 

S100A4 mediate neurite extension (Novitskaya et al., 2000) and stimulate angiogenesis in 

vitro (Ambartsumian et al., 2001). S100A7 acts as a chemotactic agent for CD4+ lymphocytes 

in vitro (Tan et al., 1996). Extracellular S100A8 and S100A9 are strongly associated with 

inflammatory processes (Roth et al., 2001). The upregulated expression of these proteins in 

various cancer conditions are supposed to directly emphasize cancer progression (Cheng et 

al., 2008). The C-terminal lysine residues of S100A10 mediates the lysis of fibrin clots (Choi 

et al., 2001) and plays a key role in the regulation of plasmin activity on the fibrin clot surface 

by stimulating plasmin autoproteolysis by forming complexes with its natural ligand ANXA2 

(Fitzpatrick et al., 2000). S100A12 is a multifunctional extracellular factor acting on several 

cell types and has proinflammatory functions. It binds to RAGE on endothelial cells, 

mononuclear phagocytes and lymphocytes and triggers cellular activation with secretion of 

IL-1β and TNF-α in a RAGE mediated manner and induces migration and recruitment of 

monocytes after 8-24 hrs of local infiltration of the protein in vivo (Yang et al., 2001). 

Submicromolar or micromolar doses of S100A12 causes neurite outgrowth in vitro in a PLC, 
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PKC and MAP kinase dependent manner (Mikkelsen et al., 2001). S100B is an important 

factor contributing to neuronal development and differentiation (Li et al., 2000) and brain 

repair (Griffin et al., 1998). When secreted this protein synergises with lipid A and IFN-γ and 

stimulates NO secretion by cultured microglia cells (Petrova et al., 2000). Hence there is 

diversity in the functions performed by different S100 proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Activation of RAGE and TLR-4 by S100 proteins. S100 proteins interact with distinct domains of 
RAGE. S100B interacts mainly through the V domain whereas S100A12 and S100A6 have been described to 
interact with both the V and C1 domain (S100A12) and with the V and C2 domain (S100A6). The exact binding 
site of S100A8/A9 within RAGE has not yet been described. Activation of RAGE by some S100 proteins 
(S100B, S10A12 and S100A8/A9) can lead to the activation of the MAPK pathways and the translocation of 
NF-κB from the cytosol to the nucleus, resulting in the up-regulation of genes involved in cell survival and 
proliferation. In other instances, as observed with S100A6, the apoptosis cascade is activated through the 
activation of JNK and caspases. S100A4, S100A7, S100A11, S100A13 and S100P also interact with and/or 
activate RAGE , however, their exact binding site within RAGE is not known. S100A8/A9 activates TLR-4 that 
results in the activation of NF-kB and the up-regulation of genes involved in cellular inflammatory responses. 
In addition to S100A8/A9, S100A7L1 has been suggested to activate TLR-4 as well. Other receptors or 
membrane associated proteins have been described for the S100 proteins: these include scavenger receptors for 
S100A8/A9 and S100A12 the serotonin receptor for S100A10, and annexin II for S100A4 and S100A10. 
(Modified from Leclerc and Heizmann, 2011) 
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1.5 S100A8/S100A9 (MRP8/MRP14) 

Myeloid related protein 8 (MRP8, S100A8) and MRP14 (S100A9) are two important 

members of the S100 family of proteins. They are expressed by granulocytes, monocytes and 

early differentiation states of macrophages but are absent in lymphocytes and mature tissue 

macrophages (Roth et al., 2003). Their expression is down-regulated during macrophage and 

dendritic cell differentiation (Cheng et al., 2008). They exist mainly as MRP8/14 heterodimer, 

which is also known as calprotectin. Heterodimers have the ability to form higher oligomeric 

forms mainly tetramers in the presence of Ca2+ (Vogl et al., 1999; Strupat et al., 2000). 

The primary aim of this thesis was to study the role of MRP8 and MRP14 in regulating or 

affecting the function of phagocytes, mainly the adhesion and transmigration processes. It is 

widely accepted that monocytes and granulocytes express these proteins in high levels and 

release them at sites of inflammation. Upon an inflammatory stimulus, these MRP8/14 rich 

phagocytes begin their quest along the activated endothelium to gain access to the sites of 

inflammation.  

 

1.5.1 Secretion of MRP8/14 

MRP8/14 is secreted by phagocytes that are activated by inflammatory cytokines by an active 

non-classical secretary pathway (Rammes et al., 1997), which resembles in some aspect the 

Golgi-independent secretion of cytokines such as IL-1β, IL-1α and FGF1 (Prudovsky et al., 

2008). Their secretion is induced during contact of phagocytes with inflamed endothelium 

(Frosch et al., 2000) and also by the process of necrosis due to massive tissue damage. 

Neither MRP8 nor MRP14 has a signal sequence for secretion via the classical endoplasmic 

reticulum/Golgi route. The interaction of activated endothelium with phagocytes was 

described as an important stimulus for MRP8/14 secretion (Frosch et al., 2000). The release 

of these proteins by human monocytes is a specific and energy-dependent process (Rammes 

et al., 1997). Their secretion involves activation of protein kinase C (PKC) and is dependent 

on a functional microtubule network but does not require de novo protein synthesis. Release 

of MRP8/14 is associated with downregulation of mRNA expression of both genes, 

suggesting that extracellular signalling via MRP8/14 is restricted to early differentiation 

stages of monocytes/macrophages (Rammes et al., 1997; Frosch et al., 2000; Foell et al, 2007) 

(Fig 10A).  
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Figure 10: Secretion and interaction of MRP8/14 with the activated endothelium. MRP8/14 is released 
during the interaction of activated monocytes with TNF stimulated endothelial cells. The activation of PKC and 
elevation of intracellular Ca2+ levels also influences the secretion of this protein. Secreted MRP8/14 leads to the 
upregulation of adhesion receptor CD11b/CD18 which induces firm adhesion of monocytes to the endothelium 
(A).  MRP8/14 interacts with the endothelium and increases the expression of proinflammatory chemokines like 
IL-8 and adhesion molecule ICAM-1. Also, MRP8/14 leads to the loss of endothelial integrity by 
downregulating endothelial junction proteins thereby increasing vascular permeability (B). (Modified from Foell 
et al., 2007)  

 

 

1.5.2 Extracellular functions of MRP8/14 

A wide range of extracellular functions are performed by MRP8/14 (Table 1). The relevant 

studies include their role in several autoimmune diseases, as DAMP proteins, in endothelial 

cell activation, in leukocyte extravasation and its role as an endogenous ligand for TLR4. 

1.5.2.1 MRP8/14 in autoimmune diseases 

Phagocytes expressing these proteins were found in abundance at sites of maximal cartilage 

destruction in rheumatoid arthritis (RA) (Youssef et al., 1999) (Fig 11 C) which release high 

amounts of both proteins from activated phagocytes within the synovium and the synovial 

fluid (Kane et al., 2003). Psoriatic arthritis (PA) is not as destructive as RA, possibly due to a 

lower degree of synovial macrophage infiltration. After methotrexate treatment, the 

expression of MRP8/14 is significantly reduced in PA affected serum and synovium (Kane et 

al., 2003) (Fig 11 D). The autoimmune disorder Systemic Onset Juvenile Idiopathic Arthritis 

(SOJIA) is characterised by massive neutrophil activation and upto 20-fold elevated serum 

concentrations of MRP8/14 than that seen in conditions of sepsis or other inflammatory 

disorders (Frosch et al., 2003). In dermatomyositis, polymyositis and inclusion body myositis, 

MRP8/14 proteins are directly associated with degradation of myofibers (Fig 11 E). Systemic 
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lupus erythematosus (SLE) is characterised by elevated serum concentrations of MRP8/14 

proteins (Haga et al., 1993). Expression of these proteins by infiltrating macrophages in the 

glomeruli of patients with this disease corresponds to the severity of the inflammatory process 

(Frosch et al., 2004) (Fig 11 F). MRP8/14 serum levels are useful in monitoring inflammation 

in patients with Crohn’s disease or ulcerative colitis (Lugering et al., 1995). Phagocytes 

expressing these proteins are detected as proinflammatory cells at sites of intestinal 

inflammation (Rugtveit et al., 1997; Foell and Roth, 2004). 

 

 

 

 

 

 

 

 

Figure 11: Expression of MRP8/14 in various autoimmune diseases. MRP8/14 has been detected at sites of 
inflammation in several autoimmune diseases. A non-inflamed control section of synovial tissue shows no 
MRP8/14 expression (A). (B) displays an inflamed tissue of murine arthritis, (C) of rheumatoid arthritis (RA), 
(D) of Psoriasis arthritis (PA), (E) of dermatomyositis and (F) of systemic lupus erythematosus (SLE). In all the 
conditions, an abundant expression of MRP8/14 proteins was observed (red staining) and hence these proteins 
are used as diagnostic markers in various inflammatory diseases. (Adapted from Foell and Roth, 2004) 

 

1.5.2.2 MRP8/14 as Damage Associated Molecular Patterns (DAMPs) 

DAMPs are intracellular molecules primarily involved in cell homeostasis but can also act as 

extracellular danger signals when released (Vogl et al., 2007; Ehrchen et al, 2009). They are 

immunologically relevant ‘danger signals’ released following specific forms of cell death 

causing inflammation and activation of APCs and lymphocytes (Matzinger, 1994). Also 

known as alarmins, these endogenous danger signals are derived from pre-existing 

molecules (Shi et al., 2000) and are released by stressed cells through membrane rupture as in 

the case of necrosis (Farkas, 2007) or pyroptosis (Bergsbaken et al., 2009). 

MRP8 and MRP14 have been identified as important DAMPs released by activated 

phagocytes and recognized by TLR4 on phagocytes (Vogl et al., 2007). Cell damage or 
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activation of phagocytes triggers their release into the extracellular space where they become 

danger signals that activate immune cells and vascular endothelium. They are normally 

hidden in the interior of the cells and are not released by apoptotic cells (Fig 12). In most 

cases, apoptotic cells that are not cleared by phagocytosis undergo a secondary necrosis and 

loose their membrane integrity thereby releasing DAMPs. These DAMPs along with those 

released by necrosis then sequentially stimulate the innate immune system (Kono and Rock, 

2008). 

 

 

 

 

 

 

 

                                            

 

 

Figure 12: The release of DAMPs and stimulation of the innate immune system. MRP8/14 is known to 
act as DAMP molecules and trigger the innate immune response via the TLR4 receptor.  The hidden 
DAMPs within cells are released necrosis and trigger the innate immune system. The figure demonstrates 
the hidden self model proposes innate immune cells have receptors that detect these danger signals 
(DAMPs) and explains the reason why live cells which contains pre-existing danger signals do not stimulate 
the innate immune system directly. (Adapted from Kono and Rock, 2008) 

 

1.5.2.3 Activation of the endothelium by MRP8/14 

The protein complex MRP8/14 binds specifically to endothelial cells by a mechanism 

involving heparan sulfate proteoglycans and novel carboxylated glycans (Srikrishna et al., 

2001; Robinson et al., 2002). Leukocyte extravasation could be completely inhibited in a 

murine model by blocking the interaction of MRP8 and MRP14 with carboxylated N-glycans 

on endothelium (Srikrishna et al., 2001). It was shown that MRP8/14 induces a 

proinflammatory and thrombogenic response in HMEC-1 endothelial cells by bioinformatical 



1- Introduction 22 

analyses and independent functional assays, which is characterised by induction of 

proinflammatory cytokines and adhesion molecules. The significant role of MRP8/14 for 

leukocyte recruitment is further underscored by the finding that these proteins increase the 

binding capacity of the integrin receptor CD11b/CD18 on leukocytes to ICAM-1 on 

endothelium (Newton and Hogg, 1998). Thrombospondin-1, which is considered to mediate 

platelet adhesion and aggregation (Jurk et al., 2003) is upregulated by MRP8/14 in endothelial 

cells. Additionally, MRP8/14 induces a number of proinflammatory chemokines as well as 

adhesion molecules like ICAM-1 and VCAM-1. Stimulation with MRP8/14 resulted in 

downregulation of cell surface receptors mediating monolayer formation and cell junction 

associated proteins in endothelial monolayers in vitro. A negative effect of MRP8/14 on 

endothelial monolayer integrity was confirmed by a dose dependent increase of the 

endothelial permeability and a parallel loss of endothelial cell-cell contacts and junction 

proteins. Also, enzymes of the mitochondrial superoxide metabolism were found to be 

upregulated (Viemann et al., 2005). The patterns of expression of apoptosis-related genes 

were found to be different in these endothelial cells. Anti-apoptotic genes were inhibited and 

potent proinflammatory genes such as p53, bak and bax were induced. Also, prolonged 

stimulation of HMEC-1 cells with these proteins resulted in apoptosis and to a certain extent, 

necrosis of these cells (Viemann et al., 2007).  Since this protein complex is released in high 

amounts at sites of inflammation, the induction of endothelial cell death by it might be a 

critical component in the pathomechanisms of vasculitis or vasculopathies and other 

inflammatory disorders associated with endothelial dysfunction and increased secretion of 

MRP8/14 (Sampson et al., 2002; Foell et al., 2007; Ehrchen et al., 2009) (Fig 10 B).   

 

1.5.2.4 Mediator of leukocyte extravasation during inflammation 

MRP14 homodimers have been described to increase the binding affinity of the integrin 

receptor CD11b/CD18 on neutrophil granulocytes thereby mediating adhesion of these cells 

to endothelium (Newton and Hogg, 1998). Murine MRP8/14 is widely described and 

accepted as a chemotactic factor for phagocytes (Ryckman et al., 2003b). It is clearly 

implicated in stimulating inflammatory cell immigration in vivo as a result of its action on 

endothelial cells and phagocytes, which leads to the secretion of chemokines and priming of 

phagocytes and endothelial cells for leukocyte extravasation. The inhibition of MRP8/14 was 

found to block phagocyte migration to the alveoli but not to lung tissue in a murine model of 

streptococcal pneumonia (Raquil et al., 2008).  
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Table 1: Extracellular functions of MRP8, MRP14 and MRP8/14. The extracellular functions of human and 
murine MRP8, MRP14 and MRP8/14 are displayed. (Taken from Goyette and Geczy, 2011) 
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1.5.2.5 Role as an endogenous ligand for TLR4 

MRP8/14 acts as an endogenous TLR4 ligand involved in amplification of LPS effects on 
phagocytes (Fig 13). Genome wide gene expression studies analyzing basal as well as 
endotoxin (LPS) stimulated gene regulation in bone marrow cells from wildtype and MRP14 
deficient mice (MRP14 Ko) contributed towards understanding MRP8/14 mediated signal 
transduction (Vogl et al., 2007). In MRP14 Ko leukocytes, protein expression of MRP8, in 
contrast to normal mRNA levels, is also abolished, resulting in a functional double knockout. 
This is probably a result of a higher turnover of MRP8 in the absence of its binding partner 
MRP14 (Manitz et al., 2003; Hobbs et al., 2003). Although the basal gene expression patterns 
were similar, MRP14 Ko mice showed a clear reduction in their inflammatory response 
toward LPS. The reduced gene induction after LPS treatment was not a result of differences in 
the LPS receptor complex, as no differences in cell-surface expression of TLR4 and CD14 
were observed between wildtype and MRP14 Ko cells. Also, differences in the expression or 
motility of intracellular components of the TLR4 signaling cascade such as MyD88 or NF-κB 
factors p50 and p65 were observed. The reduced LPS-dependent up-regulation of 
proinflammatory proteins such as TNF-α in MRP14 Ko cells correlated with a reduced 
binding of the NF-κB factors p50 and p65 to the TNF-α promoter and thus, a regulation at the 
transcriptional level. MRP8/14 was secreted readily by bone marrow cells and monocytes 
following LPS stimulation, which pointed toward an extracellular, auto/paracrine function of 
MRP8/14 during LPS activation. In agreement with this hypothesis, addition of extracellular 
MRP8/14 compensated for the impaired response of MRP14 Ko cells to LPS. MRP8 alone 
stimulated TNF-α RNA expression and protein secretion and had an additive effect on LPS-
induced TNF-α secretion. MRP8/14, however, had only additive effects on TNF-α secretion 
in the presence of LPS. This indicates that active extracellular function of these proteins is 
somehow regulated by MRP8/14 complex formation and that activation of the MRP8/14 
complex needs an additional, so far unknown, trigger during inflammatory processes. Further 
analysis revealed that LPS and MRP8 induced identical signal transduction pathways, 
including translocation of MyD88 from the cytosol to the TLR4 receptor complex and 
activation of IRAK1, as well as ERK, p38 MAPK, and PKC. Moreover, phagocytes obtained 
from mice with a nonfunctional TLR4 receptor showed no response to MRP8 (Ehrchen et al., 
2009).  
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Figure 13: MRP8/14 as an endogenous TLR4 ligand. MRP8/14 mediated signal transduction via TLR4. 
MRP8 binds to TLR4 and activates distinct signal transduction cascades. As the native MRP8/14 complex in 
serum of healthy people is inactive, MRP8 has to be expressed and/or released independently from the complex 
under specific inflammatory conditions, or the MRP8/14 complex has to be activated by a so-far unknown 
trigger. The asterisks indicate those components of the TLR-mediated signal transduction cascades, which have 
been demonstrated to be activated by MRP8 binding. (Modified from Ehrchen et al., 2009) 

 

1.5.3 Intracellular role of MRP8/14 

As we can see, most MRP8/14 studies were focused on elucidating extracellular functions of 

these proteins (Vogl et al., 2007; Ehrchen et al., 2009; Loser et al., 2010) (Table 1). 

Consequently, much less is known about the intracellular role of these proteins. It is 

surprising that even though MRP8/14 is abundantly expressed in phagocytes, less is known 

about their intracellular functions. One already described important function of MRP8/14 is 

its direct interaction with microtubules (MTs) promoting their polymerization and bundling, 

which, however, has only been shown in cell-free in vitro experiments using purified 

MRP8/14 complexes and tubulin (Vogl et al., 2004). Two other prominent studies established 

the co-localisation of MRP8 and MRP14 with MTs in human monocytes stimulated with 

PMA (Rammes et al., 1997) and the direct association of MRP8/14 to F-actin (Lominadze et 
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al., 2005). These important research claims clearly signify the interaction of MRP8/14 and the 

cytoskeleton. Since the cytoskeleton is very dynamic in nature and is essential for cells to 

adhere and transmigrate during their quest along the activated endothelium to sites of 

inflammation, we speculated that MRP8/14 might possibly have a potential intracellular role 

in modulating these two processes. Hence to unravel the intracellular role of MRP8/14 in 

more detail we concentrated on exploring the adhesion and transmigration processes of 

MRP8/14 expressing cells.  

1.5.3.1 MRP8/14 and the cytoskeleton 

For adhesion and mainly transmigration, phagocytes have to extensively remodel their 

cytoskeletal structures, a process that involves the orchestrated interplay of intracellular 

signaling pathways leading to the activation of specific protein kinases and the transient 

elevation of intracellular calcium concentrations (Pettit and Fay, 1998; Sanchez-Madrid and 

del Pozo, 1999; Jones, 2000). So far, recent reports have mainly focused on the actin-based 

cytoskeleton and its regulation during adhesion and migration, but less is known about the 

regulation of the other two major cytoskeletal components namely intermediate filaments and 

microtubules (MTs) as well as their interplay with actin in particular. In human neutrophils, 

MRP14 was associated with cortical F-actin in small amounts, whereas in vitro biochemical 

studies showed a direct association of MRP8/14 to F-actin (Lominadze et al., 2005). 

However, a functional correlation could be shown only for the interaction of MRP8/14 and 

microtubules (Vogl et al., 2004). Phagocytes are characterized by a high turnover of MTs 

during transmigration, but the specific proteins that regulate these events have not yet been 

identified (Ding et al., 1995; Robinson and Vandre, 1995). Most commonly, reorganization of 

MTs is controlled by phosphorylation of specific microtubule-associated proteins (MAPs) and 

the modulation of intracellular calcium levels (Pettit and Fay, 1998; Jones, 2000; Davies and 

Hallett, 1998; Herlaar and Brown, 1999). Elevation of intracellular calcium concentrations 

usually induces conformational changes of calcium-binding proteins, which in return allows 

them to interact with distinct intracellular targets. MRP8/14 actively interacts with the 

components of the cytoskeleton in a Ca2+ dependent manner. Specific binding of this protein 

complex to microtubules, vimentin, keratin and actin filaments has been described so far 

(Roth et al., 1993; Rammes et al., 1997 and Vogl et al., 2004). They actively interact with 

microtubules and it has been proved that there is a functional correlation for this interaction. 

The tetramers of MRP8/14 bind directly to microtubules and also promote tubulin 

polymerisation in the presence of Ca2+. The underlying mechanism is obviously a bundling or 

bridging of microtubule and thereby resulting in stabilization of tubulin filaments by 
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MRP8/14 tetramers (Vogl et al., 2004). A mutant form of MRP14 in which tetramerisation is 

impaired showed absolutely no association with bundles of microtubules implying that 

tetramer formation is a potential factor for interaction with microtubule network (Leukert et 

al., 2006).  An important fact about MRP14 is that it can be modified by p38 MAPK 

dependent threonine phosphorylation and thereby inhibiting tubulin polymerisation (Vogl et 

al., 2004). The biological relevance of these findings is confirmed by the fact that MAPK p38 

fails to stimulate migration of MRP14 knockout granulocytes in vitro and MRP14 knockout 

mice show a diminished recruitment of granulocytes into the granulation tissue during wound 

healing in vivo. MRP14 knockout granulocytes contain significantly less polymerised tubulin, 

which subsequently results in minor activation of Rac1 and Cdc42 after stimulation of p38 

MAPK. Phoshorylation of MRP14 by p38 MAPK depends on Ca2+ binding. Hence, the 

established cross-talk between the MRP8/14 protein complex and microtubules is regulated 

by MAPK and Ca2+ dependent signalling pathways and it could be shown that both 

mechanisms are critical for phagocyte migration (Vogl et al., 2004). The modulation of the 

tubulin-dependent cytoskeleton during migration of phagocytes could be one molecular basis 

of the unusual rapid ability of monocytes and granulocytes to rearrange the cytoskeleton.  

The priority of this thesis was to investigate the aforementioned studies in more detail.
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2 Aims of this thesis 

This thesis is based on the hypothesis that MRP8/14, which is one of the major calcium-

binding molecules abundantly expressed in phagocytes, could be essentially mediating the 

two processes of adhesion and transmigration of these cells, thereby regulating their functions 

directly.  

Adhesion and transmigration of cells are strictly modulated by several factors of which 

integrins exhibit a significant role. Hence, we wanted to explore whether MRP8/14 is 

involved in the precise control of integrin signalling that is necessary for the cells to undergo 

these two vital processes upon their interaction with the activated endothelium.  

Since integrin signalling kinases are crucial for mediating several intracellular events, we also 

wanted to track down the kinases that might possibly be responsible for the MRP8/14 

regulated integrin signalling during adhesion and transmigration of these cells.  

In order to unravel the effects imparted by extracellular MRP8/14 on MRP8/14 expressing 

cells, we focussed on the effects of this protein during adhesion and transmigration of 

leukocytes. Furthermore, we wanted to elucidate what exactly happens to the MRP8/14 

expression in cells while they undergo transmigration. Hence, the intracellular as well as 

extracellular role of MRP8/14 proteins during the two processes of adhesion and 

transmigration of cells were analysed during the preparation of this thesis.
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3. Materials 

3.1 Chemicals 

Standard chemical reagents, unless otherwise stated, were of analytical purity grade and were 

obtained from the companies MERCK (Darmstadt, Germany), Sigma-Aldrich (Munich, 

Germany), ROTH (Karlsruhe, Germany), Millipore (US), CellSignaling (MA, USA). Water 

for solutions was prepared with the Milli-Q-Water-system (Millipore). All media for cell 

culture were obtained from Biochrom (Berlin, Germany). 

 

3.2 Cell culture 

The cells that were used for cell culturing were the primary cells and different cell lines. The 

primary cells included the murine bone marrow cells (BMCs) and human monocytes. Five 

different cell lines were used for this thesis namely bEND5, HEK293 cells, HMEC, HUVEC 

and NIH-3T3 cell lines. 

3.2.1 Primary cells 

The cells taken directly from a living organism and established for growth in vitro under 

optimal conditions are collectively termed as primary cells. They are a promising model to the 

in vivo state. 

                                                    Table 2: Cells used for performing experiments  

 

 

3.2.1.1 Media for culturing primary cells 

For culturing and performing studies on murine BMCs and human monocytes, different 

media components were used (Table 3). 

 

Cells isolated Organism 
 

Method of isolation 

Murine bone marrow cells (BMCs) 
from wildtype (Wt) and MRP14 
Knockout (Ko) C57 BL6 mice. 

  Mus musculus 
 

From the femur and tibia of the 
mice. 
 

 
Human monocytes 

    
Homo sapiens 

Isolation from human buffy  
coats 
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                           Table 3: Ingredients of the media used for culturing and studying primary cells                   

 

3.2.1.2 Media for isolating human monocytes from blood 

Human monocytes were isolated form buffy coats using the ingredients shown in Table 4. 

 

 

 

 

 

 
                                            Table 4: Materials used for isolation of human monocytes 

       

 

3.2.2 Eukaryotic Cell lines 

Cell lines are products of immortalized cells that are used for biological research. These cells 

can perpetuate division indefinitely when cultured in required optimal conditions under sterile 

conditions. 

3.2.2.1 Cell lines  

Altogether, five different cell lines were used for studies as displayed in Table 5. 

 

 

Name Components 
 

Company 

Bone marrow 
medium 

  Dulbecco’s MEM 
  L- cell supernatant (20%)     
  L-Glutamine (2%) 
  Penicillin-Streptomycin (1%) 
  FCS (10% v/v, heat inactivated) 

Biochrom, Berlin, Germany 
Produced in our lab 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biowest, Nuaillé, France 

Human 
monocyte 
medium 

  McCoy’s 5A MM 
  L-Glutamine (1%) 
  Penicillin-Streptomycin (1%) 
  FCS (15% v/v, heat inactivated) 

Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biowest, Nuaillé, France 

Materials Company 
 

HBSS  
50 mM HEPES, pH 7.0 
1.5 mM Na2PO4/ HCl 
280 mM NaCl 

 
 
 
Sigma-Aldrich, Munich, Germany 

Pancoll human PAN BIOTECH GmbH, Aidenbach, Germany 

Percoll GE Healthcare Bio-sciences, Uppsala, Sweden 



3- Materials 32 

 

                                                   Table 5: Cell lines used for studies in this thesis 

 

3.2.2.2 HEK293 transfectants 

HEK293 cell transfectants were already present in the lab except for HEK293 MRP14, which 

was made by stable transfection methods during this thesis. The characteristics of the different 

transfectants are mentioned in the Table 6. 

                                          Table 6: HEK293 variants used for studies in this thesis 

Cell line Organism 
 

Cell Type 

bEND5 Mus musculus 
 

Polyoma middle T-oncogen-immortalized 
mouse brian endothelioma cell lines. 

HEK293 Homo sapiens 
 

A human embryonic kidney fibroblast cell 
line with a stable integration of the large T 
antigen from the SV40 virus. 

HMEC Homo sapiens 
 

Human dermal Microvascular Endothelial 
Cells (HMEC) 

HUVEC Homo sapiens 
 

Human Umbilical Vein Endothelial Cells 
(HUVEC) was isolated from normal human 
umbilical vein. 

NIH-3T3 Mus Musculus 
 

Mouse embryonic fibroblast cell line. 
Obtained from desegregated NIH Swiss 
mouse embryo fibroblasts. The 3T3 
designation refers to the abbreviation of “3-
day transfer, inoculum 3x105 cells.” 

HEK293 variants Characteristics 
HEK293 mock Contains the empty vector pVITRO2-hygro-

mcs 
HEK293 MRP8/14 Contains functional MRP8/14 
HEK293 MRP8 Contains functional MRP8 
HEK293 MRP14 Contains functional MRP14 
HEK293 MRP8/14 T113A Contains functional MRP8/14 T113A, which is 

a mutant form wherein the Threonine 113 is 
substituted by Alanine. This form cannot be 
phosphorylated but can form heterodimers and 
tetramers. 

HEK293 MRP8/14 N69A Contains functional MRP8/14 N69A, which is a 
mutant form wherein the Asparagine 69 is 
substituted by Alanine. This mutant lacks 
essential ligands for calcium-coordination and 
can form heterodimers but not tertramers and 
can be phosphorylated. 
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3.2.2.3 Media for culturing secondary cells 

For culturing cell lines, different media components were used as shown in Table 7.  

                                                      Table 7: Media for culturing cell lines                                                               

                        

               

 

3.2.3 Preparation of freezing stocks of cells 

Freezing stocks of cells were made for long term storage by using FCS and DMSO (Table 8). 

 

 

 

 
                                             Table 8: Freezing mix ingredients 

 

 

 

 

 

Name Components 
 

Company 

HEK 293, NIH-3T3 
and bEND5 medium  

  Dulbecco’s MEM 
L-Glutamine (2%) 
Penicillin-Streptomycin (1%) 
FCS (10% v/v, heat inactivated) 

Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biowest, Nuaillé, France 

HUVEC medium 
 
 
 
 
 

  EGM Bullet Kit 
  hEGF (10 µg/ml) 
Hydrocortisone (1 mg/ml) 
Gentamicin (50 mg/ml) 
BBE (3 mg/ml) 
FCS (10 ml, heat inactivated) 

Lonza, Walkersville, US 
Lonza, Walkersville, US 
Lonza, Walkersville, US 
Lonza, Walkersville, US 
Lonza, Walkersville, US 
Biowest, Nuaillé, France 

HMEC medium   MCDB 131 
  FCS (10%, heat inactivated) 
Hydrocortisone (1 µg/ml) 
EGF (10 ng/ml) 
L- Glutamine (20mM) 
Gentamycin (50 µg/ml) 

Lonza, Walkersville, US 
Biowest, Nuaillé, France 
Lonza, Walkersville, US 
Lonza, Walkersville, US 
Biochrom, Berlin, Germany 
Lonza, Walkersville, US 

Materials Company 
 

FCS (90 % v/v, heat inactivated)  Biowest, Nuaillé, France 
DMSO (10 % v/v) ROTH, Karlsruhe, Germany 
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3.2.4 Materials used for culturing cells 

The accessory materials used for cell culture are mentioned in Table 9. 

 

 

 

 

 

 

 

 

 

 
 

 

                                                      Table 9: Materials for cell culture techniques 

 

3.2.5 Essential reagents for cell culturing 

The following are the reagents and solutions necessary for cell culturing (Table 10). 

 

 

 

 

 

 

 

 

 

 

                                              Table 10: Reagents and solution for culturing cells 

Materials Company 
Cell culture flasks CELLSTAR, Frickenhausen, Germany 
Cell culture dishes Nunc, Rosklide, Denmark 
Multi- well plates CELLSTAR, Frickenhausen, Germany 
Falcon tubes (15 ml, 50 ml) BD Falcon, Franklin Lakes, NJ  
Eppendorf tubes (100 µl, 1.5 ml, 2 ml),  
microtips (10 µl, 200 µl, 1 ml)  

 
Sarstedt, Nümbrecht, Germany 

Pipettes Waldeck, France 
Pipette holder Eppendorf, Hamburg, Germany 
Transwell filters Costar, Corning, USA 
Cell scraper 25 cm SARSTEDT, Newton, USA 
Sterile disposable scalpel Feather, Japan 
Sterile syringes  
(10 ml, 20 ml, 30 ml) 

 
BD Plastipak, Franklin Lakes, NJ 

Sterile needles (23G x 1 ¼ II) Becton Dickinson GmbH, Germany 
Sterile filter Millex-GP (0.22 µm) Millipore, Ireland 
Cryo tubes Nunc, Rosklide, Denmark 

Name Components Company 
Trypsin solution  0.05 % (w/v)          

 Trypsin 
 0.53 mM EDTA 

 
Biochrom, Germany 

Tryphan blue Tryphan blue INVITROGEN, NZ 
PBS (1x) 
 

137 mM NaCl                                                          
2.7 mM KCl                                                                    
10.2 mM Na2HPO4                                                                  
1.8 mM KH2PO4                                                                    
pH 6.95 

 
 
 
 
Sigma, Germany 

PBS + FCS 
 

PBS (1x) 
FCS (1%, heat 
inactivated) 

 
Sigma, Germany 

Deionised water H2O Biowest, France 
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3.3 The plasmid vector pVITRO 

The plasmid vector pVITRO2-hygro-mcs, abbreviated as pV (Invitrogen, San Diego, USA) is 

a family of plasmids developed for in vitro studies (Fig 14). It can be stably transfected in 

mammalian cells and the genes of interest are expressed in high levels. They are selectable in 

mammalian cells with Hygromycin (ROTH). It allows the ubiquitous and constitutive co-

expression of genes of interest and contains a MCS (multiple cloning sites) for the convenient 

cloning of c-DNAs. Table 11 displays the plasmid constructs used in this thesis made by 

using pV. 

                          

                            Figure 14: The plasmid vector pVITRO2-hygro-mcs (Taken from InvivoGen) 

                                                                Table 11: pV plasmid constructs                                                                                                                        

                                                        

Plasmid Name Clone Insert 
 

302 S100a8 pVITRO 5’ Xho; 3’ Nhe1 Human MRP14 Wildtype 
379 S100A9 pVITRO 5’ AgeI; 3’ BamHI Human MRP14 Wildtype 
406 MRP8/MRP14 pVITRO 5’ AgeI; 3’ BamHI 

5’ Xho; 3’ Nhe1 
Human MRP8 and MRP14 
Wildtype 

302 T113A pVITRO 5’ AgeI; 3’ BamHI 
5’ Xho; 3’ Nhe1 

Human MRP8 Wildtype and 
MRP14 (T113A) 

302 N69A pVITRO 5’ AgeI; 3’ BamHI 
5’ Xho; 3’ Nhe1 

Human MRP8 Wildtype and 
MRP14 (N69A) 
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3.4 Materials for molecular biology experiments 

3.4.1 Protein quantification by Bradford method 

For performing the Bradford assay, the following reagents were used (Table 12). 

 

 

                                                                                                                         

                                                      Table 12: Protein quantitation reagents 

3.4.2 SDS-PAGE regents 

Reagents for SDS-PAGE are as follows (Table 13).  

 

 

 

 
                                            
 

                                                                  Table 13: Reagents for SDS-PAGE 

3.4.2.1 Materials for the preparation of Triton lysis buffer (TLB) 

The ingredients for preparing Triton lysis buffer (TLB) used for making protein samples are 
shown in Table 14.   

 

 

 

 

 

 

 

 

 

                                          Table 14: Reagents for the preparation of TLB lysis buffer 

Materials Company 
 

Bradford reagent Fermentas GmbH, Germany 
BSA standards (1000 µg/ml- 20 µg/ml) Thermo scientific, Rockford, USA 

Materials Company 

H2O Millipore, US 
Rotiphorese R Gel 30 (37, 5:1) ROTH, Karlsruhe, Germany 
Tris 1.0 M (pH 6.8) ROTH, Karlsruhe, Germany 
SDS (10%) ROTH, Karlsruhe, Germany 
APS (10%) Sigma-Aldrich, Munich, Germany 
TEMED Sigma-Aldrich, Munich, Germany 

Materials Company 
Tris-HCl (20 mM, pH 7.4) ROTH, Karlsruhe, Germany 
NaCl (137 mM) Sigma-Aldrich, Munich, Germany 
Glycerol (10%) Fluka, Seelze, Germany 
Triton X-100 (1%) ROTH, Karlsruhe, Germany 
EDTA (2mM) ROTH, Karlsruhe, Germany 
Sodium β-glycerophosphate (50mM) ROTH, Karlsruhe, Germany 
Sodium pyrophosphate (20mM) Sigma-Aldrich, Munich, Germany 
Pefablock (1mM) Merck, Darmstadt, Germany 
Aprotinin (5 µg/ml) ROTH, Karlsruhe, Germany 
Leupeptin (5 µg/ml) Merck, Darmstadt, Germany 
benzamidine (5 mM) Sigma-Aldrich, Munich, Germany 
Sodium orthovanadate (1 mM) Sigma-Aldrich, Munich, Germany 
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3.4.3 Materials for Western Blotting 

For performing western blotting techniques, the reagents used are mentioned in Table 15. 

 

 

 

 

 

 

               

 

 

 

 

 

             Table 15: Western blotting reagents       

     

3.4.3.1 Primary antibodies used for Western Blotting 

The primary antibodies used for western blotting rare listed in Table 16 and the secondary 
antibodies used are listed in Table 17. 

Materials 
 

Company 

Reagents for blot buffers 
Tris 
Methanol 
Glycin 
H2O 

 
ROTH, Karlsruhe, Germany 
APPLICHEM, Darmstadt, Germany 
ROTH, Karlsruhe, Germany 
Millipore, California, US 

Whatman paper Whatman GmbH, Dassel, Germany 
Nitrocellulose membrane Thermo Scientific, CA, USA 
Tween ROTH, Karlsruhe, Germany 
Blocking solution  
5% (w/v) skim Milk Powder in 1x 
TBS-T 

 
 
Millipore, California, US            

Blocking buffer Rockland, Germany 
ECL solution  
Luminol 
P-Cumarsaure 
Tris-HCl (pH 8.5) 
H2O2 
H2O 

 
ROTH, Karlsruhe, Germany 
ROTH, Karlsruhe, Germany 
ROTH, Karlsruhe, Germany 
MERCK, Darmstadt, Germany 
Millipore, California, US 

Antibodies Concentration 
 

Company 

p38 MAPK  Rabbit Ab 1:1000 Cell Signaling Technology, USA  
P-p38 MAPK Rabbit Ab 1:1000 Cell Signaling Technology, USA  
p44/42 (Erk 1/2) MAPK  
Rabbit Ab 

 
1:1000 

 
Cell Signaling Technology, USA  

P-p44/42 (Erk 1/2) MAPK  
Rabbit Ab 

1:1000 
 

Cell Signaling Technology, USA 
 

Akt MAPK Rabbit Ab 1:1000 Cell Signaling Technology, USA 
P-Akt MAPK Rabbit Ab 1:1000 Cell Signaling Technology, USA 
α-ILK clone EPR1592 Rabbit 
monoclonal 

 
1:1000 

 
Millipore, California, USA 

α-P-ILK (Ser 246) Rabbit 
polyclonal 

 
1:1000 

 
Millipore, California, USA 
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                                                     Table 16: Antibodies used for western blotting 

3.4.3.2 Secondary antibodies used for Western Blotting 

                                         Table 17: Secondary antibodies used for western blotting 

 
3.5 Materials used for Flow Cytometry 
The materials used for flow cytometry are listed in Table 18. 

                                             Table 18: Secondary antibodies used for western blotting 
                                                                                                                                                                                                             

3.5.1 Primary un-coupled antibodies used for flow cytometry 

                                                     Table 19: Antibodies used for flow cytometry 

SAPK / JNK Rabbit monoclonal 1:1000 Cell Signaling Technology, USA 
P-SAPK / JNK Rabbit antibody 1:1000 Cell Signaling Technology, USA 
Src Rabbit monoclonal 1:1000 Cell Signaling Technology, USA 
P-Src Family (Tyr 416) Rabbit 
monoclonal 

 
1:1000 

 
Cell Signaling Technology, USA 

Syk Rabbit Ab 1:1000 Cell Signaling Technology, USA 
P-Syk Rabbit Ab 1:1000 Cell Signaling Technology, USA 
Lck Rabbit Ab 1:1000 Cell Signaling Technology, USA 
P-Lck Rabbit Ab 1:1000 Cell Signaling Technology, USA 
FAK Rabbit Ab 1:1000 Cell Signaling Technology, USA 
P-FAK Rabbit Ab 1:1000 Cell Signaling Technology, USA 
Anti human MRP8 1:1000 Produced in our lab 
Anti human MRP14 1:1000 Produced in our lab 
β- Actin 1:1000 Sigma-Aldrich, Munich, Germany 

Antibodies Concentration 
 

Company 

Anti-rabbit IgG 
HRP-linked Antibody 

     
1:4000 

 
Cell Signaling Technology, USA  

Materials Company 
 

Blocking solution BSA (1%) in PBS (1x) Sigma-Aldrich, Munich, Germany 
Permeabilization kit for intracellular staining BD Biosciences, Heidelberg, Germany 
FACS buffer (1x PBS ) Made in our lab 

Antibodies Concentration 
 

Company 

Anti-mouse MRP8       1:50 Produced in our lab 
Anti-mouse MRP14       1:50 Produced in our lab  
Anti-human MRP8      1:50 Produced in our lab  
Anti-human MRP14      1:50 Produced in our lab  
Anti-human 27E10      1:50 Produced in our lab  
Anti-human Vinculin      1:50 Sigma-Aldrich, Munich, Germany 
Anti-mouse VCAM      1:50 Pharmingen, Heidelberg, Germany 
Anti-mouse Ly-6G      1:50 Pharmingen, Heidelberg, Germany 
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3.5.2 Coupled antibodies used for flow cytometry 

                                                    Table 20: Antibodies used for flow cytometry 
  

3.5.3 Secondary antibodies used for flow cytometry 

                                       Table 21: Secondary antibodies used for Flow Cytometry 

                           

3.6 Materials for Immunohistochemistry (IHC) 

3.6.1 Primary antibodies used for Immunohistochemical staining 

Antibodies Concentration 
 

Company 

Rat IgG2a isotype FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Rat IgG2b isotype FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Mouse IgG1 isotype FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD49d FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD29 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD54 FITC      1:50 Biolegend, San Diego, CA 
Anti-human CD105 FITC      1:50 Sigma-Aldrich, Munich, Germany 
Anti-human CD11a FITC      1:50 BD Pharmingen, Heidelberg, Germany 
Anti-human CD11c FITC      1:50 Pharmingen, Heidelberg, Germany 
Anti-human CD8 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD14 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD18 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD3 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-human CD20 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse CD49d FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse CD29 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse CD54 FITC      1:50 eBiosciences, Frankfurt, Germany 
Anti-mouse CD11a FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse CD11b FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse CD18 FITC      1:50 ImmunoTools GmbH, Friesoythe, Germany 
Anti-mouse Gr1      1:50                                 BD Biosciences, Heidelberg, Germany  
Anti-mouse Ly-6C      1:50 BioLegend, Fell, Germany 
Anti-mouse Ly-6G      1:50 eBioscience, Frankfurt, Germany 

Antibodies Concentration 
 

Company 

Anti-rat IgG FITC      1:50              Dianova, Hamburg, Germany 
Anti-rabbit IgG FITC      1:50 Dianova, Hamburg, Germany 
Anti-rabbit IgG PE      1:50 Dianova, Hamburg, Germany 
Anti-rabbit IgG TR      1:50 Dianova, Hamburg, Germany 
Hamster goat anti-rat FITC      1:50 Dianova, Hamburg, Germany 

Antibodies Concentration 
 

Company 

Rabbit IgG isotype control 1:50 BD Pharmingen, Heidelberg, Germany 
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                                                      Table 22: Antibodies for IHC staining 
   

3.6.2 Secondary antibodies used for Immunohistochemical staining 

                                               Table 23: Secondary antibodies for IHC staining 

 

3.6.3 Reagents for Immunohistochemistry  

The reagents used for IHC are listed in Table 24. 
 

                                                              Table 24: Reagents for IHC studies 
                                                               
 
 

Anti-human MRP14  1:500 Produced in our lab 
Anti-human CD14  1:50 ImmonoTools, Friesoythe, Germany 
Anti-human CD3 1:50 ImmunoTools, Friesoythe, Germany 
Anti-human CD20 1:50 Immunotools, Friesoythe, Germany 
Anti-human CD4 1:50 Immunotools, Friesoythe, Germany 

Antibodies Concentration 
 

Company 

Anti-rabbit IgG AP      1:200            Dianova, Hamburg, Germany 

Materials Company 
 

Fixative- Ice cold Methanol (100%) 
               Aceton 

 
Applichem,  Darmstadt, Germany 

Endogenous peroxidase inhibiting solution 
                Sodium azide 1M      : 3 ml 
                H2O2                         : 500 µl 
                PBS (1x)                    : 150 ml 

 
 
 
MERCK, Darmstadt, Germany 

Blocking solution- BSA (1%) in PBS (1x) Sigma-Aldrich, Munich, Germany 
AEC (10%) stock solution 
3-amino-9-ethyl-carbazol          : 2 g 
N-N- Dimethylformamide         : 500 ml 

 
Sigma-Aldrich, Munich, Germany  
MERCK, Darmstadt, Germany 

Sodium-acetate buffer (0.1M, pH 4.9) 
Solution 1- Acetic acid (96%)   : 11.08 ml 
                   Distilled water        :1000 ml 
Solution 2- Sodium acetate       : 22.79 ml 
                   Distilled water        :1000 ml 
Work Solution 
Solution 1         : 200 ml 
Solution 2         : 250 ml 
Distilled water  : 550 ml 

 
Applichem,  Darmstadt, Germany 
 
MERCK, Darmstadt, Germany 
 
 
 
 
 

Counter staining agent- Mayer Hematoxilin ROTH, Karlsruhe, Germany 
Washing solution        - PBS (1x) 
                                      Distilled water 

 
Produced in lab 

Mounting medium Dako, Hamburg, Germany 



3- Materials 41 

 

3.7 Blocking agents targeted against CD49d and tyrosine kinases 
The following blocking agents or inhibitors were used for the studies. 

                                                  Table 25: Materials used for adhesion experiments 

                               

3.8 Materials for Adhesion assays 

The reagents used for adhesion assays are listed in Table 26. 
 

 

 

 

 

 

 

 

 

 
 
                                                  Table 26: Materials used for adhesion experiments 
 
                                      
3.9 Reagents for apoptosis assays 

For measuring apoptosis in cells, the following reagents were used (Table 27) 

Materials Company 
 

Annexin V-APC Immunotools, Friesoythe, Germany 
Propidium Iodide Sigma-Aldrich, Munich, Germany 

                                                Table 27: Reagents for studying apoptosis 

Blockers Target 
 

Company 

R1-2 antibody CD49d             BD Pharmingen, Heidelberg, Germany 
Natalizumab  CD49d A gift from Dr. Heinz Wiendl 
Src inhibitor PP1 Src kinase Calbiochem, Darmstadt, Germany 
Syk inhibitor DHC Syk kinase Calbiochem, Darmstadt, Germany 

Materials Company 
 

Surface coating agents 
Fibronectin (1 µg/ml) 
VCAM        (1 µg/ml) 
ICAM          (2µg/ml) 

 
BD Biosciences, Heidelberg, Germany 
Sino Biological, China 
Peprotech, Hamburg, Germany 

Washing buffer 
PBS (1x) 
Deionised water 

 
Sigma-Aldrich, Munich, Germany 
Millipore, California, US 

Fixative 
Glutaraldehyde (2%) 

 
Sigma-Aldrich, Munich, Germany 

Staining solution (pH 8.0) 
Crystal violet – 0.5% 
Boric acid      – 200 mM 

 
Sigma-Aldrich, Munich, Germany BIO-
RAD, Hamburg, Germany 

Lysing solution 
Acetic acid  – 10% 

 
Applichem,  Darmstadt, Germany 



3- Materials 42 

 

3.9.1 Media for apoptosis studies 

For cell viability studies, media containing the serum factor FCS and media devoid of this 

factor were used. The ingredients are listed in Table 28. 

                                       Table 28: Media ingredients for apoptosis experiments 

 

3.10 Materials for Transmigration experiments 

For performing transmigration studies, we used the following proteins and chemokines (Table 

29) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     Table 29: Proteins and chemokines used for transmigration studies 

Media Components 
 

Company 

BMC media 1   Dulbecco’s MEM 
L- cell supernatant (20%) 
L-Glutamine (2%) 
Penicillin-Streptomycin (1%) 
FCS (10% v/v, heat inactivated) 

Biochrom, Berlin, Germany 
Produced in our lab 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 
Biowest, Nuaillé, France 

BMC media 2   Dulbecco’s MEM 
L- cell supernatant (20%) 
L-Glutamine (2%) 
Penicillin-Streptomycin (1%) 

Biochrom, Berlin, Germany 
Produced in our lab 
Biochrom, Berlin, Germany 
Biochrom, Berlin, Germany 

Materials Company 
 

Transwell filter coating agent 
Fibronectin (50 µg/ml) 

 
Becton Dickinson, Heidelberg, Germany 

LTB4 Cayman Chemical, Ann Arbor, USA 
Murine RANTES PeproTech, Hamburg, Germany 
Murine MIP-2 Immunotools, Friesoythe, Germany 

Murine SDF-1α 
Recombinant mouse SDF-1α 

PeproTech, Hamburg, Germany 
Immunotools, Friesoythe, Germany 

Recombinant mouse MCP-1 PeproTech, Hamburg, Germany 
Murine KC PeproTech, Hamburg, Germany 
ATP Fluka, Seelze, Germany 
LPS Sigma-Aldrich, Munich, Germany 
FMLF Sigma-Aldrich, Munich, Germany 
SB inhibitor Sigma-Aldrich, Munich, Germany 
Arsenite MERCK, Darmstadt, Germany 
Murine MRP8 Produced in our lab 
Murine MRP8/14 Produced in our lab 
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3.11 Isolation of RNA 

Total RNA was isolated from murine BMCs by using the reagents mentioned in Table 30. 
 

 

 

 

 

 

 

                    

                                                                Table 30: RNA isolation reagents 

                                      

3.12 Reagents for synthesising cDNA 

For the making of c-DNA from total RNA, the following reagents were employed (Table 31) 

Materials Company 
 

OligodT  VBC Biotech 
DNase I, RNase-free Roche 
dNTPs Fermentas 
Revert Aid H Minus Fermentas 
Reaction buffer (5x) Fermentas 
Sybr green KAPA Biosystems 

                                            Table 31: Components used for c-DNA preparation     

 

3.13 Primers used for RT-PCR  

The primers used for RT-PCR were manufactured from VBC BIOTECH, Oldendorf, 

Germany (Table 32). 

Materials Company 
 

Lysis buffer RA1 MACHEREY-NAGEL, Germany 
Wash buffer RA2 MACHEREY-NAGEL, Germany 
Wash buffer RA3 MACHEREY-NAGEL, Germany 
RNase-free water MACHEREY-NAGEL, Germany 
Reaction buffer for 
recombinant DNase 

 
MACHEREY-NAGEL, Germany 

Membrane Desalting 
Buffer (MDB) 

 
MACHEREY-NAGEL, Germany 

Primer Sequence 
 

GAPDH TV F 
GAPDH TV R 

5′-CCA CCC CAG CAA GGA CAC T-3′ 
5′-TCC CTA GGC CCC TCC TGT TAT-3′ 

RPL 13a 376F 
RPL 13a 492R 

5′-TGG TCC CTG CTG CTC TCA AG-3′ 
5′-GGC CTT TTC CTT CCG TTT CTC-3′ 

Hck F 
Hck R 

5′-GAC TTT GAC CCC CAG CAC GGA GAC-3′ 
5′-CAC ACT TCT CCA AAC TGC CCA-3′ 

Syk F 5′-TCC ATG GCA ACA TCT CCA G-3′ 
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                                                      Table 32: Primer sequences used for RT-PCR 
 
                                                      
 

3.14 Antibody cocktail for neutrophil enrichment 

The following list (Table 33) was used for the negative selection of neutrophils from whole 

murine BMCs. 

Target Clone Company Stock  Antibody per 
107 cells 

TER119 TER119 BioLegend 0.5mg/ml 1:500 
CD5 53-7.3 BD Biosciences 0.5mg/ml 1:200 
CD45R RA3-6B2 BD Biosciences 0.5mg/ml 1:400 
F4/80 BM8 eBioscience 0.5mg/ml 1:100 
CD49b HMa2 eBioscience 0.5mg/ml 1:200 

                                      Table 33: Antibodies used for neutrophil enrichment method 

 

 

3.15 Instruments 

Different equipments and instruments were used for performing studies (Table 34) 

Instruments 
 

Company 

Casy cell counter                                              Scharfe System 
Centrifuge 6-16 K                                            Sigma 
Centrifuge 5417R                                             Eppendorf 
Centrifuge 5415R  Eppendorf 
Centrifuge Rotina 420R  Hettich zenrifugen 
Centrifuge  Hettich Rotixa/RP 
Centrifuge 3-30 K  Sigma Sartorius 
CO2 incubator  Sanyo 
CO2 incubator GmbH Biotron Labortechnik 

Syk R 5′-GAC ATG GTA CCG TGA GGA-3′ 
Lyn F 
Lyn R 

5′-GAA CAC CCT GGA TGC TGT TT-3′ 
5′-TGA ACC TGA GTC ACT CGG C-3′ 

Syk 344F 
Syk 450R 

5′-AGA CCG GAC CCT TTG AGG AC-3′ 
5′-CTT CTG GCT GAT GAT GGC TTG-3′ 

Syk 814F 
Syk 898R 

5′-AAT GCC CAT CCC GTG ACT T-3′ 
5′-GCT TTT TGT GGC CAG GCT TT-3′ 

Syk 1769F 
Syk 1863R 

5′-GAT GCC CGA GAG AGA TGT ACG-3′ 
5′-GCG AAG CCT CAG TTC CAC A-3′ 
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CO2 incubator  Thermo electron corporation 
HERA cell 150 

CO2 incubator  WTC binder 
ELISA reader  Dynatech Laboratories 
Flow Cytometry                                                 BD FACS Calibur 
Fume Hood  Waldner electronics 
Gel blotting apparatus  Bio-RAD Trasnblot SD Semidry 

Transfer Cell 
Gel Caster  Hoefer Duel Gel Caster 
Laminar Air Flow  Steril GARD Hood 
Laminar Air Flow  Heraeus instruments 
Laminar Air Flow  BECK+THIES GmbH 
Laminar Air Flow  Biowizard Golden line 
Magnetic Stirrerer IKA-COMBINING RCO 
Mini see-saw rocker                                         Stuart 
Mini shaker  MS2 
NanoDrop Spectrophotometer 
 ND-1000 

Peqlab Biotechnologie  
 

PCR Biorad 
pH- Meter 765 Calimatic                        KNICK 
Pipettes  Eppendorf Reference Pipettes 
Pipette holder                                                          Matrix Cell Mate 
Refrigerator  BOSCH 
Refrigerator  Kirsch Froster (-200C) 
Rotating gel shaker  Heidolph Polymax 1040 
Rotating shaker  for eppendorfs  Stuart rotator SB3 
Rotator  IKA-VIBRAX-VXR 
Rotator for falcons  Stuart rotator / SB3 
Scanner  Arcus 1200 AGFA 
SDS-PAGE gel plates  Hoefer Mighty Small    
Sealer  Polystar 401 HM 
Sonicator  BRANDSON SONIFIER 250 
Sonicator  HielscherUltrasound Technology 
Thermoblock                                                             Biometra TB1 
Thermomixer  Comfort 
Thermomixer 5436                                                     Eppendorf  
Transilluminator                                                          Peqlab 
Water bath GFL GFL 
Weighing balance  Sigma Sartorius 
Westernblot documentation  Bio-RAD 
Microscope  Telaval 31 Zeiss   
Microscope Zeiss AxioObserver Z1 
Ultra low freezer  Labotect GmbH -850C 
Vortex-Genie2  Scientific Industries (SI) 

                                                Table 34: Equipments used and their company names 
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3.16 Software 

The following softwares were used for this thesis as shown in Table 35. 

Application 
 

Software 

Adobe Photoshop CS2 Abode 
Axio Vision  Zeiss 
Image J Freeware 
Microsoft office suite Microsoft 
CASY  CASY  
Primer maker Primer EXPRESS 
RT-PCR RT-PCR software 
Gel doc Bio-rad software 
FACS  CellQuestPro and WinMDI 

                                                                       Table 35: Software used  
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4 Methods 

4.1 Culture and maintenance of cell lines     

The HEK293 and NIH-3T3 cell lines (Table 36) were cultured in the complete media (Table 

7) in 20 cm2 culture flasks at 370C. 50 µg/ml Hygromycin was used strictly for all the 

cultures. It serves as a selecting agent and allows only the cells containing the insert of the 

respective plasmids to grow and replicate. When the cells attain confluency, they were either 

maintained in culture by trypsinisation and grown in flasks until they were used for 

experiments, or utilised to make freezing stocks for long-term storage of these cells.  

HEK293 cell line variants NIH-3T3 cell line variants 

HEK293 pV NIH-3T3 pV 

HEK293 MRP8/14 NIH-3T3 MRP8/14 

HEK293 MRP8 NIH-3T3 MRP8 

HEK293 MRP14 NIH-3T3 MRP14 

HEK293 MRP8/14 T113A NIH-3T3 MRP8/14 T113A 

HEK293 MRP8/14 N69A NIH-3T3 MRP8/14 N69A 

                                                Table 36: Cells used for performing experiments     

                               

4.1.1 Maintenance of cells in culture by performing appropriate passages 

Once the cells attain confluency in the culture flasks, the media in the flask was aspirated and 

the cells were washed 2x with 1x PBS. Then 500 µl of 0.2 µM Trypsin EDTA (BIOCHROM) 

was added on top of the cells. It should be taken care that the entire reagent has to be 

uniformly spread over the cells. The cells easily detach following slow pipetting of the 

reagent in the flask. Additional incubation at 370C for 5 minutes is required if the cells 

strongly adhered to the bottom of the flask and do not come out easily. After the detachment 

of the cells, 4 ml fresh medium containing FCS was added to inactivate the trypsin. The 

whole content in the culture flask was transferred into a falcon tube and centrifuged at 1200 

rpm for 8 minutes. The supernatant was discarded and the pellet containing cells were 

dissolved in fresh medium, counted using haematocytometer and approximately 1x106 cells/5 

ml complete media were added into fresh 20 cm2 culture flasks which were the incubated and 

grown at 370C.  
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4.1.2 Preparation of freezing stocks 

Freezing stocks of the cells are generally prepared with the intention of storing the cells for 

future use. The freezing mix contains 80% FCS and 20% DMSO (Table 8). This was prepared 

and kept on ice. The cells from which freezing stocks should be made were trypsinised and 

dissolved in 1.5 ml medium. 500 µl of both the cell suspension and the freezing mix were 

taken in cryovials and stored at -700C until use. 

 

4.2 Transfection of cell lines using PEI 

Polyethylenimine (PEI) is one of the most efficient synthetic polynucleotide delivery systems 

(Boussif et al., 1995). It is a stable cationic polymer with ethylene motifs responsible for the 

positively charged backbone. This positively charged polymer ensnares the negatively 

charged DNA and these complexes bind to the cell surface. Transfection is attained by the 

uptake of DNA via endosomal vesicles, which release the plasmid to the cytoplasm after 

osmotic swelling (Ehrhardt et al., 2006). The method can be carried out for transfecting 

adherent as well as suspension cells. We adopted the protocol for transfecting adherent cells 

as these cells are expected to have higher transfection efficiency than the cells in suspension. 

The human embryonic kidney cell line HEK293 and the mouse fibroblast cell line NIH-3T3 

were used for transfection by the PEI method. The plasmid pV-MRP14 was used to transfect 

HEK293 cell line and the plasmids pV-MRP8/14, pV-MRP8, pV-MRP14, pV-MRP8/14 

T113A, pV-MRP8/14 N69A and the plasmid empty vector pV were the potential 

polynucleotides that had to be delivered into the NIH-3T3 fibroblast cell line. We employed 

transfection of adherent cells under two separate conditions. 

(i) Transfection of 24 hour adherent cells. 

(ii) Transfection of freshly trypsinised cells that are yet to adhere. 

Both these methods were found to be successful, yielding a very good efficiency of 

transfection (approximately 80-90%). 

4.2.1 Transfection of 24 hour adherent cells 

The HEK293 cells were used for this transfection condition. These cells were trypsinized, 

resuspended and diluted in DMEM containing 10% FBS without antibiotics. 0.9x106 cells in 

1.5 ml volume were seeded onto 14 cm wide dishes (Nunc, Rosklide, Denmark). The dishes 

were incubated for 24 hours at 370C. After the incubation time, 2 µg of plasmid-DNA 
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containing the MRP14 insert in 100 µl of serum and antibiotic free media and 8 µl PEI stock 

solution (Sigma Aldrich) was added to the adherent cells by gently mixing. The culture dishes 

were then incubated for 2-6 days to allow transfection. During this incubation period, white 

clumps of single colony appear in the culture dishes. These single colonies were specifically 

isolated by trapping them in sterile cylindrical hollow tubes, after which they are trypsinised 

within these tubes and taken in new culture flasks with 5 ml HEK293 complete media as the 

final volume. 50 µg/ml Hygromycin (ROTH, Karlsruhe, Germany) was added for selecting 

the transfected cells. The flasks were then incubated for 2-6 days at 370C. The transfected 

cells that are resistant to Hygromycin firmly adhere to the culture flask and have the capacity 

to multiply whereas the non-transfected cells died and floated around in the medium. After 

the selective incubation, the supernatant that contains dead cells is aspirated and the adherent 

cells are trypsinised and further grown in complete media containing Hygromycin until use. 

4.2.2 Transfection of NIH-3T3 mouse fibroblast cell line 

The pVITRO plasmids of MRP8/14, MRP8, MRP14, MRP8/14 T113A, MRP8/14 N69A and 

the empty vector (pV) were used for transfecting these cells. To 1.5 µg DNA in 100 µl serum 

and antibiotic free media in an eppendorf tube, 10 µl of PEI stock solution was added and the 

mixture was vortexed for 10 seconds and incubated for 10 minutes at room temperature. After 

the incubation period, 600 µl of serum and antibiotic free media was added to the mixture in 

the tube and gently pipetted 5 times. The whole content of the tube was then added to freshly 

trypsinised NIH-3T3 cells (1x106 cells/1.5 ml NIH-3T3 complete medium) in 6 well plates. 

These plates were subjected to incubation for 24-48 hours at 370C. The transfected cells were 

then selected by using 50 µg/ml Hygromycin as described above. 

 

4.3 Isolation of primary cells from their respective tissue source 

4.3.1 Isolation of murine bone marrow cells (BMCs) 

Bone marrow cells (BMCs) were isolated from wildtype (Wt) and MRP14 knockout (Ko) 

mice as described by Manitz et al., 2003. Both mice strains were C57 Black6 background and 

the MRP14 Ko mice were viable, fertile and show no abnormality. Expression analyses have 

revealed that these mice are also deficient for MRP8 on the protein level, although MRP8 can 

be detected at the RNA level. As a consequence, these mice can be regarded as functional 

MRP8 and MRP14 double knockout mice. 
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Mice were sacrificed by administering low doses of CO2 in an airtight chamber for 3-5 

minutes. BMCs were taken from isolated femur and tibia of the mice. The legs of the mice are 

washed with 70% alcohol to ward off contamination. After this, an incision is made in the 

skin above the foot with a sterile scissor. Using a sterile forceps the skin is pulled upward and 

peeled off the leg of the mice. Later, with the aid of sterile scalpel, the tissue surrounding the 

bone is removed carefully in such a way that the bone should not be damaged. The leg bone is 

then cleaned with 70% alcohol and cut in the middle. Using a sterile syringe the bone marrow 

from the cut bone pieces were flushed into a clean falcon tube using plain DMEM. This 

falcon tube was then centrifuged at 1100 rpm for 8 minutes at 40C. After centrifugation, the 

supernatant was discarded and the pellet was suspended in 1 ml of erythrocyte lysis buffer 

(ELB) for 5 minutes at room temperature. This leads to the lysis of all red blood cells (RBCs) 

in the BMC population. Subsequently, the falcon was centrifuged at 1200 rpm for 10 minutes 

at room temperature. The supernatant was discarded and the pellet which is devoid of any 

RBCs was washed with 10 ml of PBS solution containing 0.1% FCS which was resuspended 

gently to uniformly mix all the BMCs. The whole set up was kept undisturbed for 1 minute in 

order to allow any heavy debri to settle down. Thereafter, the cells in 10 ml of PBS+FCS 

solution were transferred to a fresh falcon tube. 10 µl of this solution was taken for cell 

counting and the remaining was centrifuged at 1100 rpm for 8 minutes at 40C. The pellet was 

then resuspended in bone marrow medium (BMM) yielding 1x106 cells/100 µl. This 

concentration of BMCs was ideal to aliquot them for performing experiments. 

4.3.2 Isolation of human monocytes from buffy coats 

Human monocytes were isolated from peripheral blood mononuclear cells (PBMC) from 

buffy coats in a two-step procedure that yielded highly purified monocytes. The two-step 

isolation procedure includes using a Pancoll gradient (density = 1.070 g/ml), which was later, 

accompanied by a slight hyperosmolar Percoll gradient (density = 1.064 g/ml).  

To 20 ml of Pancoll gradient, 30 ml of human blood was layered gently and the tubes were 

centrifuged at 1640 rpm for 35 minutes at room temperature. The optimum conditions for 

mixing the two is idealized as 1 buffy coat = 2 Pancoll gradients. The top most layer 

containing PBMCs were gently and uniformly aspirated and washed in cold HBSS and 

centrifuged at 1300 rpm for 10 minutes at 40C. The pellet was resuspended in 5 ml of HBSS, 

which was made upto 50 ml and centrifuged at 900 rpm for 10 minutes at 40C. The third 

washing included resuspension of the pellet in 5 ml of HBSS and centrifugation at 1300 rpm 

for 10 minutes at 40C. The pellet was then resuspended carefully in 1 ml of HBSS. 
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Succeeding these washings, the use of the Percoll gradient follows. The optimum conditions 

for treating the washed PBMCs and Percoll gradient was standardised as 1 buffy coat = 1 

Percoll gradient. To 30 ml of the prepared Percoll gradient, 1 ml of the PBMCs in HBSS was 

added gently in a sliding motion in such a way that the gradient was left undisturbed. These 

tubes were then centrifuged at 1640 rpm for 1 hour at room temperature. A greasy white layer 

appears towards the top portion of the tube after centrifugation. This layer containing the 

required monocytes was carefully pipetted out and washed with 50 ml of HBSS at 1300 rpm 

for 10 minutes at 40C. This is followed by two successive washing steps at 900 rpm and 1300 

rpm for 10 minutes at 40C. The isolated monocytes were checked for purity by flow 

cytometry and finally resuspended in human monocyte medium. Usually, the percentage of 

purity obtained was between 90-95%. The cells, viable and functional were seeded into sterile 

teflon bags and maintained under 7% CO2 at 370C for the required time period until used for 

experiments. 

4.3.3 Neutrophil isolation from whole BMC population using negative selection  

We employed the negative selection for the enrichment of PMNs as described elsewhere 

(Hasenberg et al., 2011). BMCs were harvested as described above. It was then freed of 

erythrocytes by short-term hypotonic lysis followed by centrifugation at 1200 rpm for 10 

minutes at 370C. The cell pellet was washed with 10 ml of PBS (1x) + FCS (0.1%) at 1100 

rpm for 8 minutes at 40C. They were then counted using tryphan blue and washed 3 times 

with 3 ml of PBS (1x) at 13,000g for 3 minutes at 40C. Antibody cocktail consisting of 

antibodies specific for 5 different antigens namely TER119 (erythrocytes), CD5 (T cells), 

CD45R (B cells and Antigen Presenting Cells (APCs)), F4/80 (macrophages) and CD49b 

(NK cells) was prepared and incubated with the cells (1x107 cells per 100 µl antibody 

cocktail) for 20 minutes on ice with horizontal shaking such that all the cells were in 

suspension with the antibody. After incubation, 1ml of PBS (1x) was added to the mixture of 

cells and antibody cocktail and centrifuged at 13,000g for 3 minutes at 40C. The supernatant 

was removed and 1 ml of MACS buffer was added to the cell pellet (1x107 cells per 100 µl 

MACS buffer) and gently resuspended and centrifuged again under conditions described in 

the previous step. Streptavidin beads were then added (1x107 cells per 15 µl Streptavidin 

beads) and incubated for 20 minutes on ice with horizontal shaking such that all the cells were 

in contact to the beads. After incubation, 1ml MACS buffer was added to the cells and 

centrifuged again at 13,000g for 3 minutes at 40C. Finally 500 µl of MACS buffer was added 
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to the treated cell pellet and this volume was taken to the immunomagnetic separater 

(Miltenyi Biotec) leaving behind highly purified neutrophils in the supernatant.    

 

4.4 Molecular biology techniques 

4.4.1 Restriction digestion of the plasmid DNA 

We performed restriction digestion reactions with the plasmid stocks of MRP8, MRP14, 

MRP8/14, MRP8/14 T113A and MRP8/14 N69A that was later used for transfection studies. 

The plasmids and their respective restriction enzymes were used as described in Table 37. 

Plasmid Name Restriction enzymes 
 

302 S100a8 pVITRO 5’ Xho; 3’ Nhe1 
379 S100A9 pVITRO 5’ AgeI; 3’ BamHI 
406 MRP8/MRP14 pVITRO 5’ AgeI; 3’ BamHI 
302 T113A pVITRO 5’ AgeI; 3’ BamHI 
302 N69A pVITRO 5’ AgeI; 3’ BamHI 

                                               Table 37: Cells used for performing experiments 

 

                                           

 

 

 

                                                       Table 38: Reagents for restriction digestion 

To a sterile eppendorf tube, the reagents were added in sequence (as mentioned in Table 38). 

This reaction tube was incubated in a water bath at 370C for 3 hours. After incubation, the 

reaction mix was used to run on an agarose gel or stored at -200C until use. 

4.4.2 Agarose gel electrophoresis (AGE) of plasmid DNA 

Gel electrophoresis of nucleic acids was performed by agarose gel electrophoresis. Agarose is 

a polysaccharide extracted from seaweed. It is typically used at concentrations of 0.5 to 2%. 

The higher the agarose concentration the "stiffer" the gel. By varying the concentration of 

agarose, fragments of DNA from about 200 to 50,000 bp can be separated using standard 

electrophoretic techniques. Nucleic acids have a consistent negative charge imparted by their 

sugar-phosphate backbone and migrate towards the anode. DNA fragments were separated 

according to their size (Ausubel et al., 2002) using a horizontal agarose gel electrophoresis 

Reagents Volume 

Plasmid 2 µl 
10x buffer 2 µl 
Enzyme 1 1 µl 
Enzyme 2 1 µl 
H2O 14 µl 
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apparatus. A 0.8% agarose gel containing 0.5 µg/ml ethidium bromide was made in 1x TAE 

buffer and immersed in a tank containing the same electrophoresis buffer that provides ions to 

carry a current for the separation. Mixed with a respective amount of 10x loading buffer, 

DNA samples (final volume 12 µl) were carefully loaded into the lanes and separated in the 

agarose gel at 80 V. After separation, the DNA bands were visualized under UV light by 

using a gel documentation system. 

Components DNA ladder Template DNA 

DNA 2 µl 5 µl 

Loading dye (10x) 2 µl 2 µl 

RNase free water 8 µl 5 µl 

                                              Table 39: Preparation of DNA sample for AGE 

4.4.3 Bradford protein assay 

Protein concentrations of the prepared samples were determined using the Bradford Protein 

Microassay (BioRad). The assay was performed in 96-well microtiter-plates with an end-

volume of 250µl containing 5µl of the protein sample under study and 250µl of Bradford 

reagent (Fermentas). BSA (10-1000µg) (Thermo scientific, Rockford, USA) was used as 

standard. After aliquoting, the samples were mixed by pipetting gently. The Bradford-reagent 

forms complexes with the cationic and hydrophobic amino acids, leading to a shift of the light 

absorbance maximum from 465 nm to 595 nm, which was quantified by absorbance readings. 

This increase in absorption at 560 nm was measured which represented the concentration of 

the protein sample under study. 

4.4.4 SDS –PAGE  

The SDS-PAGE is a method for the separation of proteins according to their molecular 

weight (Laemmli, 1970). SDS is an anionic detergent which imparts negative charge to the 

protein and the proteins move from cathode to the anode under the influence of an electric 

field. The detergent disrupts the secondary, tertiary and quaternary structure of the protein to 

produce a linear polypeptide chain, coated with negatively charged SDS molecules. 1.4 grams 

of SDS binds per gram of protein.  

4.4.4.1 Preparation of the sample  

The cell samples for SDS-PAGE were lysed using TLB lysis buffer for 30 minutes at 40C. 

The lysate was then centrifuged at maximum speed for 10 minutes at 40C. The pellet was 
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discarded and the concentrations of the lysates were determined using Bradford method as 

described earlier (4.4.3). 10 µg of protein sample was taken and 4x SDS dye containing β-

mercaptoethanol buffer was added to it and boiled for 10 minutes at 1000C. The 

mercaptoethonal reduces disulphide bonds present (to denature any tertiary protein structure) 

while SDS binds to amino acid residues of the proteins, thereby imparting a net negative 

charge and rod like structure. Bromophenol blue in the SDS dye acts as a tracking dye to 

detect the run front and the ingredient glycerol gives density to the sample. The resulting 

denatured proteins have an overall negative charge, and all the proteins have a similar charge 

to mass ratio. 

4.4.4.2 Preparation of stacking and resolving gels and electrophoresis 

SDS-PAGE was performed using vertical gel units (Hoefer). Electrophoresis was performed 

at 100V in the stacking gel (Table 41) and at 150 V in the separating Gel (Table 40). The 

stacking gel at pH 6.8 concentrates the sample into a thin band and the resolving gel at pH 8.8 

separates the sample components. The gels were fixed and stained in Coomassie solution, 

destained and dried or subjected to western blotting. 

      Table 40: Preparation of resolving / separating gel                  Table 41: Preparation of stacking gel 

 

4.4.5 Western blotting 

4.4.5.1 Electrotransfer of the protein sample onto nitrocellulose membrane 

The processed gel was placed onto a sheet of nitrocellulose membrane and the proteins in the 

gel were electrophoretically transferred to it. For this, a Bio-RAD Trasnblot Semidry Transfer 

Cell was employed on which filter papers (2 each) soaked in blot buffer I (Table 42) and blot 

buffer II (Table 43) were placed. The nitrocellulose membrane was activated by soaking in 

blot buffer II for 1 minute and this was laid on top of the filters. The gel was carefully 

Resolving gel 
(12%) 

Volume (ml) 

H2O 1.7 

30% Acrylamide 2.0 

1.5M Tris (pH 8.8) 1.3 

10% SDS 0.05 

10% APS 0.05 

TEMED 0.002 

Stacking gel Volume (ml) 

H2O 6.8 

30% Acrylamide 1.7 

1.0M Tris (pH 6.8) 1.25 

10% SDS 0.1 

10% APS 0.1 

TEMED 0.01 



4- Methods 55 

removed form the Hoefers gel cassette system and mildly soaked in blot buffer II. It was then 

placed on top of the nitrocellulose membrane cautiously. Upon the gel, filter papers (2 each) 

soaked in blot buffer III (Table 44) was placed. The whole set up was freed of excess blot 

buffers by gently pressing a roller on top of it. The transfer cell was then closed and run at 

100 mA per gel for 90 minutes.  

 

Blot Buffer I Volume (1000 ml) 

Tris 36.5 g 

Methanol 200 ml  

H2O 800 ml 

                                                      Table 42: Preparation of blot buffer I                

Blot Buffer II Volume (1000 ml) 

Tris 3.03 g 

Methanol 200 ml  

H2O 800 ml 

                                                     Table 43: Preparation of blot buffer II 

Blot Buffer III Volume (1000 ml) 

Tris 3.03 g 

Methanol 200 ml  

Glycin 14.4 g 

H2O 800 ml 

                                                    Table 44: Preparation of blot buffer III 

 

4.4.5.2 Blocking of the nitrocellulose membrane 

The nitrocellulose membrane that contains the transferred proteins was then blocked with 5% 

skimmed milk dissolved in PBS for 1 hour at room temperature in a mini see-saw shaker. 

This was performed to block the non-specific binding of proteins.   

4.4.5.3 Antibody treatment of the membrane 

The membrane was then incubated with specific antibodies of the proteins of interest. In most 

of the cases, a dilution of 1:1000 of the antibody was prepared in blocking buffer. The 
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incubation was carried out overnight at 40C in a see-saw shaker. The membrane was then 

washed 3 times with TBS-T for 5 minutes each. The treated membrane was then incubated 

with a 1:4000 dilution of secondary antibody, which was specific for the first antibody used. 

The incubation was performed for 1 hour at room temperature with gentle shaking. The 

second antibody is conjugated with Horse Radish Peroxidase (HRP) enzyme, which when 

provided with a chromogenic substrate, will cause a color reaction and produce light when 

acting on chemiluminescent substrates like ECL. After incubation with the secondary 

antibody, the membrane was washed 4-5 times with TBS-T for 5 minutes. 

4.4.5.4 Processing of the nitrocellulose membrane 

ECL (Enhanced ChemiLuminescence) solution was made by adding the components 

described in Table 45. The treated nitrocellulose membrane was placed in the ECL solution 

for 1 minute. The membrane was then taken in a western blot documentation system (Bio-

RAD) and the membrane was analysed and imaged under the ‘no-filter’ set up to view the 

protein of interest using chemiluminescence. Simultaneously, the ‘no-filter’ set up was 

changed to the ‘filter-1’ condition and a standard membrane image was taken to view the 

protein molecular weight marker. Finally, these two images were merged to get the final 

image of the membrane containing the protein of interest and the protein molecular weight 

markers. 

  

                                          

 

 

                                                       Table 45: Preparation of ECL solution 

4.4.6 Total RNA isolation  

RNA was isolated from wildtype and MRP14 knockout BMCs using RNA isolation kit 

(MACHEREY-NAGEL GmbH, Duren, Germany). 5x106 cells were centrifuged at 1200 rpm 

for 8 minutes at 40C. The pellet was dissolved in 350 µl of RA1 lysis buffer containing 3.5 µl 

of β-mercaptoethanol. It was centrifuged for 1 minute at 11,000 x g in violet tubes for RNA 

isolation. The lysate was collected in the lower tube and to it 350 µl of 70% ethanol was 

added. The lysate was taken into special RNA tubes containing a silica membrane to bind 

RNA and centrifuged for 30 seconds at 11,000 x g. Upper tube containing silica membrane to 

Ingredients Volume 

250mM Luminol 200 µl 
90mM P-Cumarsaure 90 µl 
1M Tris-HCl (pH 8.5) 2 ml 
35% H2O2 6.1 µl 
H2O Made upto 20 ml 
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which RNA is attached was then desalted using 350 µl MDB buffer and centrifuged again for 

1 minute at 11,000 x g. The membrane was then incubated with 95 µl of DNase reaction 

mixture (20 µl DNase + 180 µl reaction buffer) for 15 minutes at room temperature to digest 

DNA. This was followed by three washing steps of the membrane. For the first wash, 200 µl 

of RA2 wash buffer was added and centrifuged for 30 seconds at 11,000 x g. 600 µl of RA3 

wash buffer was added onto the membrane for the second wash and centrifuged under the 

same condition as mentioned before. For the third wash, 250 µl of wash buffer RA3 was 

added and centrifuged for 2 minutes at 11,000 x g. Finally the RNA from the membrane was 

eluted with high purity by using 60 µl of RNase free H2O by centrifuging for 1 minute at 

11,000 x g. The concentration of the RNA was determined by using a NanoDrop and was 

later utilised to synthesise cDNA.  

4.4.7 Synthesis of c-DNA 

c-DNA was synthesised from purified isolated RNA of the wildtype and MRP14 knockout 

BMCs. All the components used for this protocol were thawed on ice before use.  Into a 

sterile, nuclease free tube on ice, 1 µg of template RNA was taken and 0.5 µg of Oligo (dT)18 

primer was added to it. The volume in the tube was made upto 12.5 µl with RNase free water. 

The components in the tube were gently mixed, centrifuged briefly and incubated at 650C for 

5 minutes. Immediately after incubation, the tube was briefly centrifuged and placed on ice. 

The following components were then added to the reaction tube in the indicated order starting 

with 4 µl of 5x reaction buffer, 2 µl of 10mM dNTPmix and 1 µl of RevertAid H Minus 

reverse transcriptase. The total volume in the tube was made up to 20 µl with RNase free 

water. The components in the tube were mixed gently, briefly centrifuged and incubated at 

420C for 60 minutes. The reaction was then terminated by heating at 700C for 10 minutes and 

the synthesised c-DNA was used for performing RT-PCR or stored at -200C until use. 

4.4.8 RT-PCR 

The primer mix with the concentration of 10 mM was made by diluting the primers using 

RNase free water. 5 µl of both forward and reverse primer was added to a sterile tube and 90 

µl of RNase free water was added to it, making a total volume of 100 µl. The c-DNA mix was 

made by mixing of 20 µl of synthesised c-DNA and 180 µl of RNase free water in a sterile 

tube. Also, a 1:100 dilution was made from the above dilution and both these dilutions were 

used for RT-PCR. The 1:100 dilution was used for the RT-PCR of housekeeping genes 

GAPDH and RPL and 1:10 was used for the other primer sets. Finally the RT-PCR reaction 
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mix was made by mixing 2.1 µl of water, 0.4 µl of the primer mix (10mM) and 5.0 µl of Sybr 

green per well of the 96-well reaction plate. Based on the number of samples to be tested, a 

12x or 14x reaction mix was made. Each well that had to be processed in the reaction plate 

must contain 2.5 µl of c-DNA (1:10 / 1:100) and 10 µl of the RT-PCR reaction mix. The final 

volume per well should be 10 µl. The reaction plate was sealed carefully from the top and 

taken to the RT-PCR instrument. 

                                       

4.5 Adhesion and transmigration assays 

4.5.1 Adhesion assays 

This assay was performed by using both the primary BMCs and cell lines of HEK293 and 

NIH-3T3. A typical adhesion protocol is simple to perform and the success of the experiment 

depends on the viability and state of the cells under study.  

4.5.1.1 Control adhesion 

Freshly harvested BMCs of wildtype and MRP14 knockout mice were seeded onto an 

uncoated 24 well plate in such a way that there were 4x105 cells per well containing 500 µl of 

BMC media. The cells were allowed to adhere for one hour at 370C.  After the incubation 

period, the media from the wells were removed and the wells were washed gently twice with 

PBS (370C) to remove the non-adherent cells. Bound cells were fixed with 2% fresh 

Gluteraldehyde for 10 minutes at room temperature. The fixed cells were thoroughly washed 

with deionised water three times and subsequently stained with the staining solution 

containing 0.5% crystal violet in 200 mM boric acid (pH 8.0) for 15 minutes in a horizontal 

shaker at room temperature.  The stained cells were then washed again with deionised water 

for 3-4 times. Finally the cells were lysed with 10% acetic acid and the optical densities of the 

lysates were measured at 560 nm with a Dynatech MRX microplate reader. Likewise, 

HEK293 and NIH-3T3 cell lines were used in additional experiments.  

4.5.1.2 Adhesion in the presence of the ligands of CD49d. 

Experiments were carried out in the same manner on coated surfaces of the potential ligands 

of CD49d namely Fibronectin (1 µg/ml) and VCAM (1 µg/ml). The coating agents were left 

in the wells for 16-20 hours at 370C. After incubation, the adhesion assays were carried out as 

described above using murine BMCs from wildtype and MRP14 knockout mice and HEK 293 

cell lines. 
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4.5.1.3 Adhesion blocking assays 

To analyse the involvement of CD49d in the process of adhesion, freshly isolated BMCs of 

wildtype and MRP14 knockout mice were preincubated for 30 minutes with 10 µg/ml of 

CD49d blocking antibodies R1-2 or Natalizumab. The treated cells were then used for 

experiments under control, Fibronectin and VCAM-1 coated conditions. Likewise, to 

investigate the role of Src and Syk kinases in adhesion of BMCs, both the cell types were 

preincubated for 30 minutes with 10 µM of Src inhibitor PP1 and 2 µM of Syk inhibitor 

DHC. These cells were then utilised to perform inhibitory adhesion assays under control, 

Fibrobectin and VCAM-1 coated conditions for 1 hour as described above. 

4.5.1.4 Adhesion assays with the chemokine KC and ICAM-1 coatings 

In order to explore if the BMCs of wildtype and MRP14 knockout mice respond to the 

chemokine KC during adhesion, assays was carried out for 1 hour by using  freshly isolated 

BMCs that were preincubated with the appropriate concentration of KC for 30 minutes. The 

concentrations under study were 1, 10, 50 and 100 ng/ml. Additionally, to analyse the effect 

of ICAM-1 coated adhesion of wildtype and MRP14 knockout BMCs, adhesion assays were 

performed in 24 well plates that were coated with 2 µg/ml of ICAM-1 for 16-20 hours at 

370C. The two conditions mentioned above i.e. of KC and ICAM-1 was performed in 

combination as well. 

4.5.1.5 Adhesion assays with extracellular MRPs 

Extracellular MRP8 (1 µg/ml) and MRP8/14 (5µg/ml) were used to study the adhesion of 

BMCs isolated from wildtype and MRP14 knockout mice. For this, freshly isolated BMCs 

were treated with these extracellular proteins for 30 minutes prior to the adhesion assays. 

Similarly, the role of ATP (10 µM) and LPS (1 µg/ml) were studied in adhesion processes 

either independently, or in combination with each other and with the extracellular proteins.  

4.5.2 Transmigration assays 

Transmigration assays were performed using murine BMCs from wildtype and MRP14 

knockout mice and also by using human monocytes. The two conditions were performed with 

a simple filter based filter assay or by using endothelial cells that were grown to confluent 

monolayers on Fibronectin coated 5 µm pore size transwell filters as described elsewhere 

(Kielbassa et al., 1998). The endothelial cells used for the transmigration of murine BMCs 

were murine bEND5 cells and that of human monocytes were HUVEC or HMEC cells.  
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4.5.2.1 Transmigration studies 

2.5x105 endothelial cells in 200 µl were seeded onto the upper chamber of 1 hour Fibronectin 

coated transwell filter. The filter set up was incubated for 48 hours at 370C, so that the 

endothelial cells become confluent. After incubation, the integrity of the endothelial 

monolayer was verified morphologically and by measuring transendothelial resistance using a 

volt-ohm meter. The media was then carefully removed from the upper chamber of the filter, 

without disturbing the confluent endothelial monolayer. To the lower chamber of the 

transwell filter, 600 µl of media was added. Next, to the upper chamber 1x106 BMCs or 

human monocytes in 100 µl of media was added onto the top of the endothelial monolayer. 

This set up was allowed to incubate for 4 hours at 370C. After incubation, the whole 

experimental plate was kept on ice for 20 minutes. Later, the lower side of the upper chamber 

was rinsed with 200 µl of ice-cold PBS. This volume and the whole 600 µl of the media in the 

lower chamber containing the transmigrated cells were collected in a 1.5 ml eppendorf tube. 

The bottom of the lower chamber was then washed with 200 µl of ice-cold PBS and all 

collected samples were combined. The number of migrated cells was counted using a CASY 

cell counter. For this, 9.5 ml of CASY TON was taken in CASY tubes and to this 500 µl of 

the media containing cells from the eppendorf tube was added. This was gently mixed and 

taken to the cell counting instrument, which measured the transmigrated cells between 6-12 

µm sizes. 

4.5.2.2 Blocking transmigration assays 

The involvement of CD49d in the process of transmigration was analysed by performing 

inhibitory studies using CD49d blocking antibodies. Freshly isolated BMCs of wildtype and 

MRP14 knockout mice were preincubated for 30 minutes with 10 µg/ml of CD49d blocking 

antibodies as R1-2 or Natalizumab. The treated cells were then used for transmigration for 4 

hours at 370C. Similarly, to investigate the role of Src and Syk kinases in adhesion of BMCs, 

both the cell types were preincubated for 30 minutes with 10 µM of Src inhibitor PP1 and 2 

µM of Syk inhibitor DHC. These cells were then utilised to perform inhibitory transmigration 

assays as mentioned above. 

4.5.2.3 The effect of different chemokines on the transmigration of murine BMCs 

Chemokines are known to induce directed chemotaxis in nearby responsive cells. This ability 

of the cells to respond to these reagents was exploited to study the transmigration differences 
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between the wildtype and MRP14 knockout BMCs. Different chemokines were tested with 

varying concentrations as mentioned below (Table 46). 

The chemokines were added to the lower chamber of the transwell filter under study, which 

already contains 600 µl of bone marrow medium. The transmigrated cells were counted after 

4 hours as mentioned before (4.5.2.1). Every experiment performed had its own control that 

was used to compare the effect of the chemokine under study and the untreated condition. 

 

 

                                    

 

 

 

 

 

 

 

 

 

                                         Table 46: List of chemokines used for transmigration studies 

 

4.5.2.4 Transmigration assays with extracellular MRPs 

The role of extracellular MRP8 (1 µg/ml) and MRP8/14 (5µg/ml) on the transmigration of 

BMCs isolated from wildtype and MRP14 knockout mice was studied by incubating the 

bEND5 endothelial layer at the basal surface with these proteins for 16-20 hours at 370C.  

After the incubation period, freshly isolated BMCs of the two genotypes were seeded onto the 

upper chamber of the transwell filter and the transmigration protocol was carried out as 

mentioned before (4.5.2.1). 

 

Materials Concentrations used 
 

LTB4 1nM, 10nM, 100nM, 1µM, 100µM 

Murine RANTES 0.1ng/ml, 10ng/ml, 100ng/ml, 
200ng/ml, 1µg/ml, 10µg/ml, 50µg/ml. 

Murine MIP-2 
 

0.1ng/ml, 1ng/ml, 10ng/ml, 50ng/ml, 
100ng/ml, 150ng/ml, 200ng/ml, 
10µg/ml. 

Murine SDF-1α 0.1ng/ml, 10ng/ml, 100ng/ml, 
200ng/ml, 1µg/ml, 10µg/ml. 

Recombinant mouse MCP-1 0.1ng/ml, 1ng/ml, 10ng/ml, 25ng/ml, 
50ng/ml, 100ng/ml, 200ng/ml. 

Murine KC 1ng/ml, 10ng/ml, 50ng/ml, 100ng/ml, 
200ng/ml 

ATP 10 µM 
LPS 1µg/ml 
FMLF 1nM, 10nM, 50nM, 100nM 
SB inhibitor 7µM 
Arsenite 1µM 
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4.6 Fluorescence Activated Cell Sorting (FACS) 

FACS analysis or flow cytometry was performed to quantify the expression of various 

receptors that were screened using murine BMCs and HEK293 cell lines. Two different types 

of FACS protocol were applied – one for studying the surface staining of receptors and the 

second for analysing the intracellular expression of proteins in the cells under study.  

4.6.1 Surface staining protocol 

0.5x106 cells in 100 µl media were taken into the wells of a 96 well round bottom plate. The 

cells were centrifuged down at 1100 rpm for 1 minute at 40C. The supernatant was discarded 

and the cells were blocked with 1% BSA (in PBS) for 30 minutes on ice. The cells were 

centrifuged again at 1100 rpm for 1 minute at 40C. The supernatant was removed and the 

appropriate antibodies were added in 1:50 dilution in PBS and incubated on ice for 30 

minutes. An additional secondary staining with the required antibody was required whenever 

the primary antibody was uncoupled. In this case, after incubation with the primary antibody, 

the cells were washed twice with ice-cold PBS and the secondary antibody was added and 

incubated on ice for 30 minutes. Care was taken that the plates were kept away from any 

source of light. The plates were then centrifuged at 1100rpm for 1 minute at 40C and were 

washed with 200 µl ice-cold PBS twice. Each wash was followed by centrifugation. Finally 

200 µl of fresh ice-cold PBS was added onto the stained cells and was taken in FACS tubes 

for measurement. 

4.6.2 Intracellular staining protocol 

This staining protocol utilises the same number of cells like the surface staining protocol. The 

cells were taken in 96 well round bottom plates and centrifuged down at 1100rpm for 1 

minute at 40C. The supernatant was discarded and the cells were thoroughly resuspended in 

250 µl of cold Fixation / Permiabilization solution (BD Biosciences) for 20 minutes at 40C. 

The cells were then centrifuged again at the same condition, supernatant discarded and 

washed 2 times with 200 µl cold BD Perm wash buffer. Rest of the staining procedure was 

performed as described in 4.6.1. 

 

4.7 Viability studies on wildtype and MRP14 knockout BMCs 

α4 integrins have the capacity to induce survival signals in certain primary cells and a 

promising study supports that the interaction of α4β1 integrin with its ligands prevents 
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apoptosis of germinal B cells (Garcia-Gila et al., 2002). Based on the studies of CD49d 

surface expression differences between the MRP8/14 expressing and deficient cells and the 

observed increased adhesiveness of the wildtype BMCs to the ligands of CD49d as 

Fibronectin and VCAM-1 when compared to the MRP14 knockout BMCs, we performed 

apoptosis studies to explore if CD49d prevents apoptosis in these two primary cells. 

Annexin V-APC was used in combination with Propidium Iodide to evaluate subpopulations 

of cells undergoing apoptosis. BMCs were isolated from wildtype and MRP14 knockout mice 

as mentioned earlier (4.3.1). Apoptosis rates were measured just after isolation and for 

adhesion after 1, 3, 16 and 24 hours under control, Fibronectin and VCAM-1 coated 

conditions. For the conditions of determining survival rates of the cells under study after 

isolation and after 1 hour, media containing FCS was used but for the conditions for 3, 16 and 

24 hours, the experiments included the usage of media with and without FCS. In all cases, 

0.3x106 cells were used for study and the entire cell number was harvested after the adhesion 

condition and used for measuring cell survival. After each condition, the cells were washed 2 

times with ice-cols PBS (1x) at 1100 rpm for 1 minute at 40C and resuspended in 100 µl of 

medium containing Ca2+ and Mg2+. Then, 2.5 µl of Annexin V-APC was added to it and 

incubated for 15 minutes in dark at room temperature. After incubation, 250 µl of medium 

was added; and just before measuring apoptotic rates in cells using flow cytometry, 20 µl of 

Propidium Iodide was added.   

 

4.8 Immunohistochemical (IHC) staining methodology 

IHC is a promising molecular biology tool that refers to the process of detecting the 

distribution of proteins in cells by exploiting the principle of antibodies binding specifically to 

antigens (Ramos-Vara, 2005).  

4.8.1 Preparation of sample 

Human monocytes were isolated from buffy coats as described earlier (4.3.2). Transmigration 

assays were performed with them on transwell filters containing a 48-hour HUVEC or HMEC 

endothelial layer for 4 hours at 370C. After transmigration for 4 hrs, the cells from the upper 

chamber and the lower chamber were harvested, counted and 2x103 cells per 200 µl of PBS 

were transferred into a clean container of the cytospin apparatus. There is a small opening in 

the container towards the fixed glass slide. Through this opening, the cells from the container 

were expected to stick onto the glass slide during centrifugation. The cystospin apparatus that 
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is now equipped with the container containing cells on one side and a clean glass slide on the 

other was then centrifuged at 900 rpm for 5 minutes at room temperature. After 

centrifugation, we could observe a clear circular spot on the glass slide, which held the 

transferred cells. This area is marked for further studies using a water-resistant glass-marker. 

The samples were then fixed in ice-cold methanol for 5 minutes at 40C. Alternatively, acetone 

fixation was also employed for 10 minutes at room temperature.  

4.8.1.2 Inhibition of endogenous peroxidase 

The work solution of sodium azide and H2O2 in PBS was prepared as mentioned in Table 24. 

The fixed slides were put in a container containing the work solution and incubated at room 

temperature for 15 minutes. They were then rinsed 2-3 times with PBS for 2-3 minutes.  

4.8.1.3 Blocking of unspecific binding sites  

The slides were incubated with 200 µl of 1% BSA in PBS for blocking of unspecific binding 

sites for 1 hour at room temperature. After incubation, the blocking solution was carefully 

removed. 

4.8.2 Labelling of the samples 

4.8.2.1 Application of the required antibodies 

A dilution of 1:500 of the primary antibody was prepared in PBS and 50 µl was dropped 

carefully onto the previously blocked sample area on the slide and incubated for 1 hour at 

room temperature. Care was taken to avoid section drying by carrying out the incubation in a 

moist chamber. The slides were rinsed shortly 2 times with PBS for 2-3 minutes. The 

secondary antibody was prepared in a dilution of 1:200 and 50 µl was added onto the sample 

area on the slide. The slides were then incubated in a moist chamber for 1 hour at room 

temperature. After incubation, they were washed for 3 times with PBS (1x).  

4.8.3 Target protein detection 

4.8.3.1 Substrate reaction 

The sodium acetate buffer was pre-warmed in the water bath at 370C for 1 hour. To prepare 

the substrate reaction mix, 10% AEC stock solution and sodium acetate buffer was prepared 

as described in Table 24. 10%AEC stock solution (7.5 ml) was added to 150 ml of pre-

warmed sodium acetate buffer. This was gently mixed and filtered using a cellulose filter. 

Care was taken to protect the working solution from light. 70 µl of H2O2 was added to this 

filtrate shortly before the reaction. The slides were then placed into this reaction mixture 
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taken in a light protected container and incubated in the water bath at 370C for 15 minutes. 

After incubation, the slides were thoroughly rinsed in tap water for 4-5 times. 

4.8.3.2 Counter staining with Mayer Hematoxilin 

The slides were placed in cuvettes containing the counter stain for 90 seconds. They were 

then rinsed with tap water until the water got clear (approximately 6-8 times). For each 

cuvette, 150 ml of staining solution was necessary. 

4.8.3.3 Final processing of the treated slide 

The stained glass slide containing the fixed cells for study was finally prepared by adding a 

drop of immersion solution (Dako fluorescent mounting medium) onto the section and 

placing a glass cover slip on top of it carefully such that no air bubbles get trapped between 

the two. This set up was left to dry for approximately 1 hour at room temperature. The slides 

were then taken to a simple light microscope to analyse MRP14, 27E10, CD14, CD3, CD4 

and CD20 stainings. 
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5. Results 

The category of results in this thesis is subdivided into two vital parts which summarise the 

relevant data regarding adhesion and transmigration processes, respectively. 

5.1 Results on adhesion 

Primary murine bone marrow cells (BMCs) isolated from wildtype and MRP14 knockout 

mice and the cell lines HEK293 and NIH-3T3 were used to study this process. The BMCs of 

wildtype and MRP14 knockout mice were exceedingly studied to investigate the adhesion 

pattern of these two cell types and to confirm whether there were any differences between the 

two (Fig 15). The integrins responsible for adhesion were then studied followed by the 

signalling pathways responsible for adhesion. The cells that adhered were characterised to 

know which cell type in the whole mixture of BMCs usually adhere. Also, the effects of 

extracellular proteins and chemokines on adhesion were elucidated using these cells. These 

experiments were also confirmed by using neutrophils that were purified from the two 

different genotypes of BMCs. The prime purpose of including HEK293 and NIH-3T3 cell 

lines for studies was to further confirm the data obtained from murine BMCs and to have 

better models for fluorescence microscopic studies (Fig 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The ultimate aim of employing murine bone marrow cells (BMCs) isolated from wildtype and 
MRP14 knockout mice 
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                       Figure 16: The purpose of using secondary cell lines of HEK-293 and NIH-3T3 

 

 

5.1.1 MRP8/14 affects the adhesion of cells 

The protein MRP8/14 has been prominently associated with leukocyte recruitment of which 

adhesion is an important process. Previous studies have revealed that this protein activates the 

endothelium and mediates monocyte and neutrophil adhesion (Stroncek et al., 2005). Also, a 

study revealed that it directly induces an inflammatory response on the endothelial cells 

which is characterised by the induction of distinct proinflammatory chemokines and an 

increased expression of adhesion molecules (Viemann et al., 2005). There is also evidence 

that it promotes adhesion of phagocytes to the vascular endothelium by interacting with novel 

carboxylated glycans (Srikrishna et al., 2001). 

Adhesion assays, which were performed with MRP8/14 expressing and non-expressing cells 

showed differences in adhesion properties of the two cell types. Initially we used primary 

bone marrow cells (BMCs) from wildtype and MRP14 knockout mice for the studies and 

observed that the MRP14 knockout cells had the capacity to adhere more than the wildtype 

cells. To conclude if this observation was valid we included adhesion assays with secondary 
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cell lines HEK293 and NIH-3T3 which were stably transfected with MRP8/14 and the vector 

pV. In both cases we observed a similar trend in adhesion as evidenced earlier for the BMCs. 

The MRP8/14 deficient cells (MRP14 knockout BMCs, HEK293 pV, NIH-3T3 pV) adhered 

to a greater extend when compared to MRP8/14 expressing cells (wildtype BMCs, HEK293 

MRP8/14, NIH-3T3 MRP8/14) (Fig 17). The observed adhesive nature of the MRP8/14 

expressing cells was a convincing finding which signifies the possible involvement of 

MRP8/14 in mediating a properly regulated adhesion. 

 

 

 

 

 

 

 

 

 

Figure 17: Adhesion pattern of MRP8/14 expressing and deficient cell types. Adhesion assay was performed 
by using three different cell types namely murine bone marrow cells (BMCs) of wildtype and MRP14 knockout 
mice, HEK293 cell line that were stably transfected with MRP8/14 and the empty vector pV (Mock) and the 
NIH-3T3 cells that were again stably transfected with MRP8/14 and pV (Mock) respectively. In all the cases, the 
MRP8/14 deficient cells (MRP14 knockout BMC, HEK293 Mock and NIH-3T3 Mock) showed a higher degree 
of adhesion when compared to the MRP8/14 expressing cells (wildtype BMC, HEK293 MRP8/14 and NIH-3T3 
MRP8/14). (n=4; mean± SD; ***=p<0.001; *=p<0.05) 

 

5.1.2 Expression of adhesion receptors between MRP8/14 expressing and deficient cells 

With the prime focus of tracking down the adhesion mechanism responsible for the 

differences in adhesion of the MRP8/14 expressing and deficient cells, we screened several 

potential adhesion related integrins, which could possibly mediate strong intracellular 

functions in wildtype and MRP14 knockout cells thereby leading to adhesion. We performed 

surface receptor staining studies for the same with murine BMCs (wildtype and MRP14 

knockout). The integrins studied were CD11a, CD11b, CD18, CD29, CD49d and CD54. 

The receptors mentioned above were screened for surface expression on freshly isolated 

wildtype and MRP14 knockout BMCs. A positive staining in all the cases was observed in the 

two cell types (Fig 18). Minor differences in CD11a and CD54 expression levels between the 

two cell types were detected but this difference was not consistent from experiment to 
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experiment. These data are supported by the study with MRP8/14 wildtype and MRP8/14 

knockout murine neutrophils wherein no alternations in the surface expression of adhesion 

receptors could be documented (Hobbs et al., 2003). We only could observe differences 

between the wildtype and MRP14 knockout BMCs on the surface staining of CD49d (Fig 20).  

To further confirm this finding of surface expression of adhesion related integrins on 

MRP8/14 expressing and deficient cells we used the HEK293 cells that were stably 

transfected with the empty vector pV (designated as Mock) and with MRP8/14 and repeated 

the surface staining for integrins. However, in contrast to the previously observed surface 

expression of integrins on murine BMCs, the surface expression status of the integrins were 

completely absent on the HEK293 cells. This observation suggested that the HEK293 cells 

might not be a good model system to study the surface expression of the aforementioned 

receptors. Nevertheless, we could again observe a difference in the surface expression of 

CD49d on these cells (Fig 21). 

The surface studies of CD49d are documented in detail in the forthcoming result section 

(5.1.4). 

 

5.1.3 MRP8/14 expressing and deficient cells showed no alterations in the overall 
expression status of intracellular molecules involved in mediating integrin signalling 

The HEK293 cells that were stably transfected with the empty vector pV (designated as 

Mock) and with MRP8/14 were screened for the intracellular expression of molecules like 

vinculin (Fig 19 A), β-catenin (Fig 19 B) and γ-catenin (Fig 19 C) known to be involved in 

mediating cell adhesion. All three proteins have long been known as crucial mediators of 

adhesion in cells (Kemler, 1993) by interacting directly with cellular cytoskeletal components 

(Jamora and Fuchs, 2002).  

No evident differences in the expression patterns of these cell adhesion molecules could be 

detected between the two HEK293 transfectants (Fig 19). This observation led us to conclude 

that the differences in the adhesion pattern of MRP8/14 expressing and deficient cells which 

we observed earlier (Fig 17) is not associated with the expression level of these molecules but 

might be due to the rearrangement of these molecules during integrin activation. 
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Figure 18: Screening of wildtype and MRP14 knockout BMCs for surface expression of receptors. The 
wildtype and MRP14 knockout BMCs were studied for surface expression of integrins like CD11a, CD11b, 
CD18, CD54 and CD29. In all the conditions, except for CD11a, and CD54, no differences were observed in the 
surface stainings of the two genotypes. The MRP14 knockout cells showed a slightly higher but not significant 
expression of CD11a and CD54. The isotypic controls are shown in dotted lines. (n=3, the figure shows one 
representative out of 3 independent experiments) 

 

 

Figure 19: Intracellular staining of Vinculin, β-catenin and γ-catenin. The HEK293 cells that were stably 
transfected with the mock vector and MRP8/14 were analysed for vinculin (A), β-catenin (B) and γ-catenin (C) 
intracellularly. However, we could not find any difference between the two cell types in the expression pattern of 
these three cell adhesion factors, which emphasized that expression of these molecules are not responsible for 
the difference in the adhesion patterns of MRP8/14 expressing and deficient cells. The isotypic controls are 
shown in dotted lines. (n=3, the figure shows one representative out of 3 independent experiments) 
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5.1.4 The integrin receptor CD49d as a potential regulator in mediating adhesion in 
MRP8/14 expressing cells 

To elucidate the reason for the higher adhesive properties of MRP8/14 deficient cells when 

compared to the MRP8/14 expressing cells, flow cytometric analyses was performed on 

expression of important cell adhesion receptors. Only for CD49d, differences in expression 

level of MRP8/14 expressing and deficient cells could be observed. 

 

5.1.4.1 Differences in CD49d surface expression evident on wildtype and MRP14 
knockout BMCs 

Freshly isolated BMCs from wildtype and MRP14 knockout mice were screened for surface 

expression of CD11a, CD11b, CD18, CD29, CD49d and CD54 (Fig 18). We could find 

differences only in CD49d surface expression on the two genotypes. Freshly isolated wildtype 

BMCs expressed more CD49d when compared to the MRP14 knockout BMCs under non 

adherent conditions (Fig 20 A). However, after 1 hour of adhesion, the CD49d expression 

pattern switched in the case of both the cell types. We documented a clear upregulation in the 

MRP14 knockout BMCs and simultaneously an evident downregulation in the wildtype 

BMCs (Fig 20 B). This gave us the indication that CD49d is the factor that is differentially 

expressed and regulated in the wildtype and MRP14 knockout BMCs, which ultimately leads 

to the difference in adhesion of these two cell types. 

Figure 20: Reversal of CD49d expression levels on the MRP14 Knockout and wildtype cells after 1-hour 
adhesion.  We have already seen the CD49d expression readings of freshly isolated wildtype and MRP14 
knockout BMCs (A). However, after 1-hour of adhesion process, the CD49d expression levels switched between 
the two cell types i.e. after 1-hour adhesion, the MRP14 knockout cells displayed more CD49d than the wildtype 
cells. When the MFI values of each cell type were taken into consideration, we could document a clear 
upregulation in the MRP14 knockout cells (from 42 to 72) and a decrease in the wildtype cells (from 62 to 33). 
The isotypic controls are shown in dotted lines. (n=8, the figure shows one representative out of 8 independent 
experiments) 
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5.1.4.2 Variations in CD49d expression confirmed on HEK293 variants 

To further elucidate the CD49d surface expression of MRP8/14 expressing and deficient cells, 

we performed surface staining studies of CD49d on HEK293 cells stably transfected with the 

empty vector pV, MRP8, MRP14, MRP8/14, MRP8/14 T113A and MRP8/14 N69A (Table 

6). MRP8/14 T113A is a mutant form of MRP14 in which T113 was substituted by Alanine 

and this was constructed and used for the first time to confirm the fact that p38 MAPK 

exclusively phosphorylates T113 on MRP14 (Vogl et al., 2004). This form has the ability to 

form heterodimers and tetramers but cannot be phosphorylated. The ability to form tetramers 

is impaired in the mutant form MRP8/14 N69A. It was created by mutating and thereby 

destroying the high affinity C-terminal calcium binding site in MRP14 to study calcium 

binding properties (Leukert et al., 2006). This form has the ability to form heterodimers but 

not tetramers and can be phosphorylated. 

When the HEK293 cell types were analyzed for CD49d surface expression (Fig 21), the 

following observations were documented, 

(i) The HEK293 mock cells expressed more surface CD49d than the HEK293 
MRP8/14 cells which is similar to the CD49d surface expression status after 1 hr 
adhesion of murine wildtype and MRP14 knockout BMCs.  

(ii) The CD49d surface expression of HEK293 MRP8 was similar to that of 
HEK293 MRP8/14  

 
(iii) The HEK293 MRP14 has CD49d surface expression levels similar to the HEK  

mock cells   
   

(iv) The mutant form HEK293 MRP8/14 T113A has CD49d surface levels similar to 
HEK293 MRP14 or intermediate between Mock and MRP8/14. This indicates 
that phosphorylation of MRP8/14 obviously modulates CD49d surface 
expression and adhesion. 

 
(v) The mutant form HEK293 MRP8/14 N69A has CD49d surface levels similar to 

HEK293 MRP8/14 which suggests that tetramer formation is not important for 
adhesion.  

 
Hence the data obtained from murine BMC and HEK293 surface studies confirms that the 

expression of CD49d is indeed different in the MRP8/14 expressing and deficient cells. The 

murine MRP14 knockout BMCs express more surface CD49d than the wildtype cells after 1 

hr adhesion and similarly the HEK293 pV cells express more surface CD49d than the 

HEK293 MRP8/14 cells. This increase expression status of CD49d in these cells could 

possibly be responsible for their increased adhesion property which we documented earlier 

(5.1.1). 
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Figure 21: Surface expression studies of the integrin CD49d on the distinct HEK293 MRP8/14 variants. 
The CD49d surface expression of HEK293 MRP8 (A), HEK293 MRP14 (B), HEK293 MRP8/14 (C), HEK293 
MRP8/14 T113A (D) and HEK293 MRP8/14 N69A (E) are shown. The expression levels of all these HEK cell 
variants were evaluated by comparing with the CD49d expression of HEK293 Mock, which served as the 
potential control. The isotypic controls are shown in dotted lines. (n=4, the figure shows one representative out 
of 4 independent experiments) 

 

5.1.5 Diverse forms of MRP8/14 exhibits contrasting adhesion patterns 

It is unambiguous that MRP8/14 plays a prominent role in the adhesion of myeloid cells. 

Upon 1hour adhesion of freshly trypsinised HEK293 cells (Table 6), we observed that the 

adhesive property of the HEK293 mock was greater than the HEK293 MRP8/14, as observed 

earlier (Fig 17). The HEK293 MRP8 showed an adhesive pattern similar to the HEK293 

MRP8/14, the HEK293 MRP14 showed similarities with the HEK293 mock pattern, the 

HEK293 MRP8/14T113A showed an adhesive property which is intermediate between 

HEK293 MRP8/14 and HEK293 mock and the HEK293 N69A cells displayed an adhesive 

pattern lower that HEK293 MRP8/14 (Fig 22). Hence, it can be elucidated that the effects on 

adhesion are mostly mediated by MRP8 and MRP14 is the regulatory part of the heterodimer. 

Phosphorylation of the heterodimer also seems to influence adhesion properties of the cells 

but only to a minor extent while formation of tetramers of MRP8/14 is not significantly 

involved in the process of adhesion.  
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Figure 22: HEK293 cell lines stably transfected with different forms of MRP8/14 exhibits various 
adhesion strategies. The adhesion properties of different HEK293 cell lines possessing different MRP8/14 
combination namely MRP8/14, Mock containing the empty vector pV, MRP8, MRP14, MRP8/14 T113A and 
MRP8/14 N69A are shown. They showed distinct adhesion patterns. The adhesion properties of the different 
HEK cell types seemed to completely coincide with their corresponding CD49d surface expression patterns 
(Fig 21) thereby indicating that CD49d plays a role in the adhesion of these cell types. (n=4) 

 

When we carefully analysed the adhesion graph of the adhesion pattern of HEK293 variants 

(Fig 22) and their CD49d surface expression status (Fig 21), a striking correlation between 

the two was evident. Therefore we concluded that the adhesion of the HEK293 cell types was 

strictly regulated by their CD49d expression levels. Therefore to study the downstream 

signaling mediated by CD49d in HEK293 cells, we studied the activation status of prominent 

MAP kinases p38, ERK and Akt. 

 

5.1.6 Signaling cascades of p38 and ERK MAP kinases are differentially regulated 
during adhesion in MRP8/14 deficient cells compared to MRP8/14 transfected cells 

Mitogen-activated protein (MAP) kinase signaling is known as an important factor for cell 

adhesion (Zhu and Assoian, 1995). To study the involvement of MAP kinases in the adhesion 

of MRP8/14 expressing and deficient cells, we performed adhesion assays under three 

separate conditions with HEK293 cell lines that were stably transfected with the empty vector 

pV, MRP8/14 and the mutant form MRP8/14 T113A in which the phosphorylation is 

impaired. The first condition was the ‘non-adherent condition’ in which the cell types were 

trypsinised and directly considered for the study. The second and the third conditions were 

‘30 minute adhesion condition’ and ‘60 minute adhesion condition’ that consisted of the cell 

types that adhered for 30 minute and 60 minute respectively. Protein samples of the three 

HEK293 transfectants were made out of these conditions and were subjected to western 
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blotting and screened for p38 and ERK MAP kinases and Akt kinase. Akt kinase is well 

known to be involved in mediating integrin signaling. 

 

 

 

 

 

 

 

 

 

 

Figure 23: The activation of MAP kinases p38, ERK and Akt. Western blot analysis of total and 
phosphorylated expression levels of p38 (A) , ERK(B) and Akt (C) kinases were investigated under non-
adherent, 30 minute and 60 minutes adhesion conditions with HEK 293 cells stably transfected with pV (lane 1), 
MRP8/14 (lane 2) and MRP8/14 T113A (lane 3). The phosphorylation of p38 and ERK kinases were found to be 
different in all the cell types. It was evident that the activated states of these kinases were more in the MRP8/14 
expressing cells than the deficient cells. These differences were more pronounced with increase in the adhesion 
period of the cells under study. No differences in activation of Akt were found for all the three cell types. In all 
cases, actin served as the loading control. (n=3, one of the representative of 3 independent experiments) 

 

We observed increased activation of p38 (Fig 23 A) and ERK kinases (Fig 23 B) in non-

adherent cells and also after 30 min of adhesion in HEK293 cell lines that were stably 

transfected with the MRP8/14 wildtype and the mutant form MRP8/14 T113A compared to 

mock transfected cells. After 60 min of adhesion, a prolonged activation of p38 and ERK 

could be observed only for the MRP8/14 wildtype expressing HEK cells indicating that 

activation of p38 and ERK kinases are involved in mediating the decreased adhesion 

properties in these cells and it is partly dependent on phosphorylation of MRP14. For Akt 

kinase no differences were observed (Fig 23 C).  

Thus, it could be assumed that the MAP kinases p38 and ERK are involved during the 

adhesion process in MRP8/14 expressing cells. For both kinases it is described that they are 

involved in mediating adhesion processes in cells (Paine et al., 2000; Blaschke et al., 2002). 
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Therefore, p38 and ERK kinases participate in the regulation of the adhesion of MRP8/14 

expressing cells in a controlled manner which might explain the increased adhesion rates of 

the MRP8/14 deficient cells. Further, to unravel the effects conferred by CD49d in MRP8/14 

expressing cells which could possibly affect their adhesion, we focused on adhesion studies 

with the potential ligands of CD49d. 

 

5.1.7 Studies with the ligands of CD49d- Fibronectin and VCAM-1 

To further explore the adhesion properties of MRP8/14 expressing and deficient cells in 

which CD49d is differentially expressed, we performed adhesion assays using BMCs and 

HEK293 cells on coatings with ligands of CD49d. The CD49d ligands studied were the 

extracellular matrix glycoprotein Fibronectin and the endothelial ligand VCAM-1 (Chan et 

al., 1992). Additionally, after adhesion, we studied the CD49d surface expression pattern on 

them. 

5.1.7.1 The ligands Fibronectin and VCAM-1 of CD49d increments the adhesion of 
MRP8/14 expressing cells 

In the presence of CD49d ligand coated adhesion condition, we could clearly document a 

reversal in the pattern of adhesion between the MRP8/14 expressing and deficient cells. 

Under both conditions, we were surprised to observe an evident increase in the adhesion of 

cells expressing MRP8/14. The MRP8/14 deficient cells also responded to the ligand coated 

adhesion, but to a much lower extent (Fig 24). This pattern of adhesion was observed using 

MRP14 knockout and wildtype BMCs wherein the wildtype cells had a greater affinity 

towards Fibronectin (Fig 24 A) and VCAM-1 (Fig 24 B) and also by using HEK293 cell lines 

like HEK293 Mock and HEK293 MRP8/14 wherein the latter adhered more under the CD49d 

ligand coated adhesion conditions (Fig 24 C) and (Fig 24 D).  

Hence it can be concluded that after the specific contact of CD49d to Fibronectin or VCAM-

1, MRP8/14 expressing cells are more prone to interpret and respond to this specific signal 

transduction pathway compared to MRP8/14 deficient cells. On the contrary, the activation is 

less pronounced in the MRP8/14 deficient cells and therefore they adhere comparatively less 

than the MRP8/14 expressing cells. This observation points to a possible cross-

communication between the receptor CD49d and MRP8/14 expressing cells.  
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Figure 24: MRP8/14 expressing cells positively display a greater affinity towards the ligands of CD49d. 
Fibronectin and VCAM-1 (each 1µg/ml) coated adhesion was performed along with the control adhesion with 
murine bone BMCs (Wildtype BMC and MRP14 Knockout BMC) and HEK293 transfectants (HEK293 
MRP8/14 and HEK293 Mock).  On comparing with their respective controls, it was observed that the wildtype 
BMCs adhere more to Fibronectin (A) and VCAM-1 (B) than the MRP14 knockout cells. Likewise, the 
HEK293 MRP8/14 cells showed more adherence than the HEK293 Mock both on Fibronectin (C) and VCAM-1 
(D) coated conditions. (n=4; mean± SD; ***=p<0.001; **=p<0.01; *=p<0.05; ns =not significant, all data are 
normalized to untreated wildtype cells set to 100%, significance levels (asterisks) refer to the corresponding 
untreated cells if not otherwise indicated) 
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5.1.7.2 The CD49d expressions on the wildtype and MRP14 knockout BMCs 
synchronise with their respective adhesion on CD49d ligand coated condition 

MRP14 knockout and wildtype BMCs that had adhered under control, Fibronectin and 

VCAM-1 conditions were analysed for the surface expression of CD49d and a striking 

synchronism between the two was detected. The before adhesion condition (Fig 25 A) and 

the control adhesion for 1 hour (Fig 25 B) were similar to the aforementioned results i.e. the 

expression of CD49d in the wildtype cells was higher than the MRP14 knockout cells in the 

former condition and in the latter it was the opposite (Fig 20). On the contrary, the wildtype 

cells that had adhered on CD49d ligand coated condition yielded a CD49d expression that 

was a bit more than the MRP14 knockout cells (Fig 25 C and Fig 25 D). Finally we found 

under all conditions a correlation between CD49d expression and adhesion to VCAM-1 and 

Fibronectin. However, our data also indicates that expression of MRP8/MRP14 not simply 

suppresses CD49d surface expression but rather modulates a complex activation mechanism 

during cell adhesion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: CD49d expressions under control and CD49d ligand coated conditions. MRP14 knockout and 
wildtype murine BMCs that had adhered under control, Fibronectin and VCAM-1 coated conditions displayed 
CD49d expression that corresponds to their respective adhesion patterns. The before adhesion condition showed 
the established pattern that CD49d expression is more in the wildtype cells than the MRP14 knockout cells (A). 
Control adhesion condition revealed more CD49d expression on the MRP14 knockout cells (B). Under 
Fibronectin (C) and VCAM-1 (D) coated adhesion; it was observed that the wildtype cells possess slightly 
higher (in some cases equal) CD49d expression than the MRP14 knockout BMCs. The isotypic controls are 
shown in dotted lines. (n=4, the figure shows one representative out of 4 independent experiments) 
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5.1.8 Blocking of CD49d during adhesion affects the adhesive property of the MRP8/14 
deficient cells drastically. 

To further investigate the involvement and relevance of the integrin CD49d in the adhesion 

process, blocking studies in the presence of CD49d specific inhibiting antibodies R1-2 and 

Natalizumab were conducted. For this purpose, freshly isolated wildtype and MRP14 

knockout murine BMCs were preincubated with the CD49d blocking antibodies for 30 

minutes, prior to performing the adhesion assay. Additionally adhesion assays in the presence 

of CD49d ligands namely, Fibronectin and VCAM-1, were performed in parallel to the 

control adhesion on uncoated plastic surface. 

It was observed that in the control set of adhesion, addition of R1-2 or Natalizumab resulted 

in a statistically significant decrease of adhesion in case of the MRP14 knockout BMCs, 

whereas the wildtype BMCs were not adversely affected (Fig 26 A). In the presence of 

Fibronectin (Fig 26 B) and VCAM-1 (Fig 26 C) coated adhesion, both genotypes showed an 

increase in overall adhesion with the wildtype significantly surpassing the MRP14 knockout 

cells with a near 5-fold increase, whereas the latter showed only an approximately 2-fold 

increase in adhesion. Furthermore, adhesion of both genotypes could be markedly lowered 

under this condition by the addition of R1-2 or Natalizumab, respectively. 

The adhesion ability of the wildtype cells were not drastically affected by blocking CD49d as 

compared to the MRP14 knockout cells as we had earlier documented an evident upregulation 

in CD49d expression status  after 1 hr of adhesion in the MRP14 knockout cells while in the 

wildtype cells there was a clear downregulation (Fig 20 B).  

These observations further strengthened our hypothesis that during the process of adhesion, 

the signaling mechanisms conferred by the integrin receptor CD49d are different in the 

wildtype and MRP14 knockout cells. The adhesion of wildtype cells are not heavily affected 

by blocking CD49d mainly because they possess MRP8/14 in them. On the contrary, the 

MRP14 knockout cells do not express MRP8/14 and hence cannot withstand the blocking of 

CD49d. Therefore, MRP8/14 in cells is obviously important for the regulation of adhesion. 

Further on, to investigate which cell type in the whole mixture of murine BMCs had the 

capacity to adhere, we characterised the cells that participated in adhesion. 
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Figure 26: CD49d blocking critically hampers the adhesive property of the MRP14 deficient cells.  Under 
control adhesion conditions, MRP8/14 knockout BMCs show a higher adhesion compared to wildtype cells, 
which is mediated by CD49d. Specific blocking of CD49d by R1-2 and Natalizumab reduces adhesion of 
MRP14 knockout BMCs to wildtype levels, whereas the wildtype is not adversely affected. In the presence of 
CD49d ligands namely Fibronectin and VCAM-1, however, wildtype BMCs show a stronger increase in 
adhesion and significantly surpassing the MRP14 deficient cells, and adhesion of both cell lines can be lowered 
via CD49d blocking (all data are normalized to untreated wildtype cells in the absence of Fibronectin and 
VCAM-1 set to 100; n=4; mean ± SD; ***=p<0.001; **=p<0.01; *=p<0.05). 
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5.1.9 BMCs that have the capacity to adhere are CD49d positive and belong to both the 
monocytic and granulocytic lineages 

Bone marrow cells (BMC) are composed of different subpopulations including precursors of 

various cell types. In order to investigate which type of cells in the whole BMC population 

has the ability to undergo adhesion, we characterized the adherent and non-adherent BMCs by 

screening for monocytic and granulocytic markers.  About 65% of all BMCs were positive for 

Gr1 indicating that this fraction of cells represented the cells from both monocytic and 

granulocytic lineages. The vast majority of adherent cells when screened were found to be 

Gr1 positive and in order to further characterize the adherent cells, Ly-6C and Ly-6G were 

targeted as monocytic and granulocytic markers respectively. It was evident that the cells that 

adhere are mostly CD49d positive, and these cells were found to be heavily positive for Gr1. 

No differences for wildtype and MRP14 knockout BMCs could be observed (Fig 27 A, B 

respectively).  

The Gr1 positive wildtype and MRP14 knockout cells that had the capacity to adhere were 

found to belong to both the monocytic and granulocytic lineages in identical proportions (Fig 

28). Additionally, the adherent BMCs of both genotypes that are CD49d positive, were found 

to be both of monocytic and granulocytic nature as more than 65% of the adherent cells were 

found to be positive for Ly-6C and Ly-6G in similar proportions (Fig 29). This indicated that 

both the monocytic and granulocytic cells equally participate in adhesion.   

The characterisation of wildtype and MRP14 knockout BMCs was valid for all the three 

conditions of adhesion investigated (control, Fibronectin and VCAM-1 coated adhesion). 

 

 

 

 

 

 

 

 

Figure 27: Characterization of the adherent BMCs. The adherent BMCs of both wildtype (Wt) and MRP14 
knockout (Ko) genotypes were harvested and screened for the integrin of interest CD49d and Gr1. It can be 
evidently seen that the cells that adhere are obviously CD49d positive and these CD49d positive cells are heavily 
Gr1 positive. Hence here, we have the proof that the wildtype and MRP14 knockout BMCs that adhere and that 
are CD49d positive are monocyte or granulocytes or both. Gr1 staining was captured using the FL4 channel and 
CD49d with the FL1 channel. (n=3, one of the representative of 3 independent experiments) 
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Figure 28: The adherent BMCs are both monocytic and granulocytic in nature. The adherent BMCs of both 
wildtype (Wt) and MRP14 knockout (Ko) genotypes were harvested and screened for the monocytic marker Ly-
6C and granulocytic marker Ly-6G. All adherent cells that were screened proved to be positive for monocytic 
and granulocytic cells equally. Gr1 staining was captured in the FL4 channel and Ly-6C and Ly-6G were 
measured using the FL1 channel. (n=3, the figure shows one representative out of 3 independent experiments) 
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Figure 29: CD49d cells that adhere are monocytic and granulocytic in nature. The adherent CD49d positive 
BMCs of both wildtype (Wt) and MRP14 knockout (Ko) genotypes were harvested and screened for the 
monocytic marker Ly-6C and granulocytic marker Ly-6G. All adherent cells that were screened proved to be 
positive for monocytic and granulocytic cells equally. CD49d staining was captured in the FL1 channel and Ly-
6C and Ly-6G were measured using the FL2 channel. (n=3, the figure shows one representative out of 3 
independent experiments) 
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5.1.10 Analysis of viability status of wildtype and MRP14 knockout BMCs 

The wildtype and MRP14 knockout BMCs were screened for their viability status to make 

sure that the observed differences in adhesion were not due to altered survival rates of the 

wildtype and MRP14 knockout cells. It is established that the adhesion of cells to Fibronectin 

or VCAM-1 via CD49d integrin receptor is known to protect primary cells from attaining 

death (Garcia-Gila et al., 2002). The apoptotic rates of wildtype and MRP14 knockout BMCs 

were analysed using four time points of culture at 370C which includes before adhesion, 3 hrs 

incubation, 16 hrs incubation and 24 hrs incubation condition. For each condition a 1 hr 

adhesion assay was performed and the cells used for adhesion were harvested and checked for 

apoptosis. 

5.1.10.1 Viability determination immediately after isolation 

The before adhesion condition showed that approximately 86% of wildtype (Fig 30 A) and 

MRP14 knockout BMCs (Fig 30 B) were viable after isolation. Almost same percentage of 

viable cell population was recovered after 1 hr of control, Fibronectin and VCAM-1 coated 

adhesion in both the genotypes (Fig 30 C). There were no evident differences between the two 

genotypes in apoptotic rates during this condition. This indicates that just after isolation and 

upon an adhesion assay for 1 hr, there are no significant differences in viability status between 

the wildtype and MRP14 knockout BMCs.  

 

 

 

 

 

 

 

 

Figure 30: Viability of BMCs just after isolation. The wildtype (Wt) and MRP14 knockout (Ko) BMCs were 
analyzed for their viability just after isolation. The cells were stained with annexin V (apoptotic cells, captured 
along FL4-H) and PI (necrotic cells, measured using FL2-H). It was found that equal proportions of Wt (A) and 
MRP14 Ko (B) cells were viable. After 1 hr adhesion under control, Fibronectin and VCAM-1 coated adhesion 
(C) almost the same percentage was recorded. (n=4, the figure shows one representative out of 4 independent 
experiments) 
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5.1.10.2 Viability determination after 3 hrs of isolation 

After 3 hrs of isolation, there was no change in the percentage of viable cells. Both the 

wildtype and MRP14 knockout BMCs were found to be equally viable both in the presence 

and absence of FCS (Table 47). After 1 hr of adhesion under the three conditions, there are no 

differences in viability rates between the two genotypes (Table 47B).  

 

5.1.10.3 Viability determination after 16 hrs of isolation 

A 30% decrease was observed in the viability of wildtype cells and MRP14 knockout cells 

after 16 hrs of isolation compared to the freshly isolated cells (Fig 30). When the cells were 

cultured in media containing FCS, there was a slight decrease (5%) in cell viability in the 

MRP14 knockout BMCs when compared to the wildtype BMCs (Table 48A). This difference 

was not observed when both the genotypes were incubated in media without FCS. After 1 hr 

adhesion under the three conditions, the viability status of both the genotypes was almost 

similar (Table 48B).  

 

5.1.10.4 Viability determination after 24 hrs of isolation 

During this condition, approximately 40% decrease in adhesion of both the BMCs was 

detected compared to the freshly isolated viable condition (Fig 30). However, there were no 

significant differences between the wildtype and MRP14 knockout cells in their viability 

status (Table 49A, B). 

 

These studies strongly indicated that the viability status of the wildtype and MRP14 knockout 

cells were almost identical and hence does not contribute to the difference in adhesion 

between these two cell types. 
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Table 47:Viability of BMCs after 3 hrs of isolation. The wildtype (Wt) and MRP14 knockout (Ko) BMCs 
were analyzed for their viability after 3 hrs of isolation in media with and without FCS. It was found that equal 
proportions of Wt and MRP14 Ko cells were viable (A). After 1 hr adhesion under control, Fibronectin and 
VCAM-1 coated adhesion (B) the cell viability was found to decrease by approximately 2-3% in both the 
genotypes. (n=4, one of the representative of 4 independent experiments) 

 

 

 

 

 

Table 48: Viability of BMCs after 16 hrs of isolation. The wildtype (Wt) and MRP14 knockout (Ko) BMCs 
were analyzed for their viability after 16 hrs of isolation in media with and without FCS (A). A 5% decrease in 
viability between the two cell types was recorded. After 1 hr adhesion under control, Fibronectin and VCAM-1 
coated adhesion (B) the cell viability was found to be almost identical. (n=4, one of the representative of 4 
independent experiments) 

 

 

 

 

 

 

 

Table 49: Viability of BMCs after 24 hrs of isolation. The wildtype (Wt) and MRP14 knockout (Ko) BMCs 
were analysed for their viability after 24 hrs of isolation in media with and without FCS. A slight difference in 
viability between the two cell types was recorded (A). After 1 hr adhesion under control and VCAM-1 coated 
adhesion (B) a 1% decrease in viability of MRP14 Ko cells was seen. However, this was not significant and was 
not observed during the Fibronectin coated adhesion condition. (n=4, one of the representative of 4 independent 
experiments) 
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5.1.11 Implementation of ICAM-1 and chemokines stimulated both the wildtype and 
MRP14 knockout BMCs equally 

To investigate if other ligands other than CD49d specific ligands would affect the adhesion of 

the wildtype and MRP14 knockout BMCs differentially, adhesion assays with ICAM-1 of the 

two genotypes was performed (Fig 31 A). ICAM-1 coated adhesion accelerated the adhesive 

properties of both the genotypes equally, without any specific difference between the two. 

The control condition, without any coatings as usual favoured the MRP14 knockout BMCs 

than the wildtype cells. This trend was reflected in the ICAM-1 coated adhesion which 

increased the adhesive property of both the cell types, without any additional difference 

between the two. Prestimulation of both the cell types for 30 minutes with the chemokine KC 

prior to the adhesion assay without (Fig 31 B) and with (Fig 31 C) ICAM-1 coatings failed to 

stimulate a specific response in adhesive property in any particular genotype, thereby 

stimulating them to the same extent. 

This strongly indicated that the reversal of adhesive properties of the wildtype and MRP14 

knockout BMCs in which the wildtype cells are favoured more than the knockout cells could 

be established only on Fibronectin and VCAM-1 coatings (Fig 24). Hence it can be further 

confirmed that the MRP8/14 in cells confers a regulatory function on their expression of 

CD49d which in turn mediates firm adhesion of these cells by actively interacting with its 

ligands Fibronectin and VCAM-1. 

Next, studies were performed to elucidate the intracellular adhesion mechanism in more detail 

by investigating the activities of tyrosine kinases and MAP kinases that are known to be 

involved in adhesion processes.   
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Figure 31: Adhesion of wildtype and MRP14 knockout BMCs in the presence of ICAM-1 coating and 
subsequent stimulation with chemokine KC did not yield a difference in the adhesive pattern of the two 
genotypes. The adhesion of wildtype and MRP14 knockout BMCs on ICAM-1 coated condition stimulated the 
adhesive property of both the genotypes equally. Without ICAM-1 coating, the MRP14 knockout BMCs adhered 
more than the wildtype BMCs (A). Also, adhesion assays performed with prestimulation of both the cell types 
with KC in the absence (B) and presence (C) of ICAM-1 coatings, did not display any significant difference 
between the two cell types. (all experiments are normalized to untreated wildtype values; n=3; mean ± SD; 
***=p<0.001; **=p<0.01; *=p<0.05) 
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5.1.12 Tyrosine kinases have an inevitable discrete role in mediating the functions of 
wildtype and MRP14 knockout BMCs 

Src Family Kinases (SFK) and Spleen Tyrosine Kinases (Syk), the two important affiliates of 

the tyrosine kinase super family were chosen to further study the functional characteristics of 

wildtype and MRP14 knockout BMCs mainly because there is abundant molecular and 

biological evidence supporting their role in leukocyte trafficking (Gioia et al., 2011, Berton et 

al., 2005). They are known to influence and regulate the adhesion and extravasation processes 

by mediating both inside-out (Kellermann et al., 2002) as well as outside-in (Mócsai, 2006) 

integrin signaling.  

5.1.12.1 Studies in protein levels reveal differences in expression patterns 

Firstly, we examined the extent of activation and expression of Src and Syk kinases in 

wildtype and MRP14 knockout BMCs via western blot analysis. We employed two distinct 

conditions to study the expression pattern of Src and Syk kinases, both in the total and 

phosphorylated states. They were, 

(i) Analysis of Src and Syk kinases before adhesion     

Freshly isolated BMCs from wildtype and MRP14 knockout mice were 
directly lysed in TLB buffer. 

(ii) Analysis of Src and Syk kinases after 5, 15 and 30 minutes of adhesion 

Adhesion experiment was performed with the BMCs of wildtype and MRP14 
knockout mice for 5, 15 and 30 minutes under control, Fibronectin and 
VCAM-1 coated conditions. All cells used for the assay were harvested and 
lysed in TLB buffer. 

 

In both conditions, we observed remarkable significant differences in the expression levels of 

Src and Syk between the two genotypes with the MRP14 knockout BMCs exhibiting an 

already much higher total Src expression when compared to the wildtype cells (Fig 32 A). On 

the contrary, total Syk expression was found to be higher in the wildtype when compared to 

the MRP14 knockout BMCs (Fig 32 B).   

Due to the already observed differences in the total content of both kinases it is difficult to 

compare the activated (phosphorylated) states of the kinases, the most important point here, 

because the integrin signals are mediated by the activated kinases (Fig 32). In the Src blots, 

with increase in the duration of adhesion to the ligands of CD49d- Fibronectin and VCAM-1, 

we observed an increased Src expression in the cell types both in the total and phosphorylated 

states. This is clearly seen in the 15 and 30 minute adhesion condition. Though it is always 
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the MRP14 knockout BMCs that have a higher Src expression status, in these conditions of 

CD49d-ligand coated adhesion, the wildtype cells nearly equalize with the activated 

expression grades of the MRP14 knockout cells (Fig 32 A). On the other hand, the 

downstream kinase of Src, Syk phosphorylation was always found to be higher in the 

wildtype cells, independent of the presence of Fibronectin or VCAM-1 (Fig 32B).  

Additionally, the activation status of p38 and ERK MAP kinases were studied. Previously, we 

could document a difference in the expression of activated p38 and ERK kinases in the 

HEK293 cells (5.1.6). However on murine BMCs, we could not detect any critical differences 

in the expression of these kinases (Fig 32 C, 33 A). Hence these kinases served as the 

potential control for murine BMC expression studies. Src and Syk kinases function as initial 

kinases beneath the plasma membrane and are well known to mediate downstream integrin 

signaling which involves the activation of MAP kinases. Hence we speculated that in primary 

murine BMCs, since it is proven that the Src and Syk kinases are differentially expressed 

which could directly affect adhesion of these cells, the downstream signaling MAP kinase 

activation is not essential. This indicated that HEK293 cell lines and primary murine BMCs 

respond differentially to integrin activation. So it is most likely that HEK293 cells are not the 

best model system to investigate integrin signaling in a more precise and detailed manner.  

Similar protein analysis studies with kinases like integrin linked kinase (ILK) (Fig 33 B) did 

not yield any sticking differences between the two genotypes. 
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Figure 32: The integrin signaling downstream tyrosine kinases Src and Syk are differentially expressed 
and regulated in murine wildtype (+) and MRP14 knockout (-) bone marrow cells (BMC). Western blot 
analysis of total and phosphorylated expression levels of Src Family Kinase (SFK) (A) and Syk kinases (B) 
under before adhesion (BA) and adhesion for 5, 15 and 30 minutes under Control (C), Fibronectin (F) and 
VCAM-1 (V) conditions are shown. MRP14 knockout (-) BMCs show a significant higher amount of total Src in 
comparison to wildtype cells, while the opposite applies to Syk expression levels. In the absence of a specific 
integrin ligand the wildtype shows a lower Src-416 phosphorylation (activation) compared to the MRP14 
deficient cells, which is increased in the presence of Fibronectin and VCAM-1 matching the phosphorylation 
level of MRP14 knockout BMCs. Phosphorylation of Syk was found to be higher in the wildtype cells and to be 
independent of CD49d-ligands. The loading control was taken as p38 (C) since it did not show any aberrations 
between the wildtype (+) and MRP14 Ko (-) BMCs. (n=3, one of the representative of 3 independent 
experiments) 
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Figure 33: Analysis of the expression status of ERK and ILK kinases on wildtype (+) and MRP14 
Knockout (-) bone marrow cells (BMC). Western blot analysis of total and phosphorylated expression levels 
of ERK (A) and ILK (B) under before adhesion (BA) and adhesion for 5, 15 and 30 minutes under Control (C), 
Fibronectin (F) and VCAM-1 (V) conditions did not show any relevant dissimilarities between the two 
genotypes. (n=3, one of the representative of 3 independent experiments) 
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5.1.12.2 RNA quantification studies correlates with the Src protein data but not with 
Syk 

Since we found unexpected high differences in already total protein expression levels of Src 

and Syk kinases in the wildtype and MRP14 knockout BMCs (Fig 32), RT-PCR was 

performed with the RNA isolated from these cell types to investigate their RNA status. It was 

observed that the RNA status of Src kinase was strikingly similar to the protein levels, i.e. the 

MRP14 knockout BMCs express more Src RNA in comparison with the wildtype BMCs (Fig 

34). Here, we chose a member of Src family kinase for RNA quantification namely 

hematopoietic cell kinase (Hck) which is mainly expressed in the lymphoid and myeloid 

lineage of cells (Podar et al., 2004). In opposite to what was observed for Src, the RNA levels 

of Syk kinase depict that the wildtype and MRP14 knockout BMCs have equal RNA levels. 

 So, one might speculate that the defective (altered) integrin signaling in MRP14 deficient 

cells is due to increased Src kinase activation leading to the overall increase in adhesion under 

control conditions. Syk is downregulated on the protein expression level probably to 

counteract for the increased Src activities and to restrict (at least partly) the uncontrolled 

integrin activation. 

                       

 

 

 

          

 

Figure 34: RT-PCR analysis of wildtype and MRP14 knockout BMCs are in parallel with the protein 
studies. Upon RT-PCR analysis, it was seen that the MRP14 knockout cells express more Src kinase Hck when 
compared to the wildtype cells. The Syk expression status was approximately similar in both the cell types. This 
observation signifies the protein expression studies made with these two kinases. (n=4) 

 

5.1.12.3 Src and Syk kinases are involved in the adhesion of wildtype and MRP14 
knockout BMCs 

Tyrosine kinases Src and Syk are among the key regulators of leukocyte integrin signaling 

pathways that leads to adhesion of phagocytic cells. The integrin dependent adhesion is 

accompanied by the activation of SFKs (Src Family Kinases) and Syk in phagocytic cells 

(Berton et al., 2005). Therefore, we used PP1 and DHC that are tyrosine kinase inhibitors 
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selective for the SFKs and Syk respectively, in order to prove our findings on disregulated 

integrin activation mediated by Src and Syk kinases.  

After 1hour of BMC adhesion assay with 30 minute preincubation with the inhibitors, it was 

observed that the Src inhibitor PP1 did not affect the wildtype BMC adhesion at all but 

affected the MRP14 knockout adhesive ability drastically. The Syk inhibitor DHC intensively 

reduced the adhesive property of MRP14 knockout BMCs to a much greater extent as the 

wildtype cells. Another inhibitory adhesion condition with both the tyrosine kinase inhibitors 

again revealed a distinct blocking of the adhesion ability in both the cell types (Fig 35 A). 

These data are completely in line with the findings on Src and Syk kinase expression level 

(Fig 32) and because the expression of Src is very low in the wildtype cells, the adhesion 

property of the wildtype cells were not affected. Since Src kinases gets activated early during 

an immunoreceptor mediated signaling and then directly phosphorylates Syk, the Syk 

inhibitor could abolish the otherwise high adherence rate of the MRP14 knockout BMCs even 

though these cells have initially very low expression of Syk. 

Next, we performed Fibronectin and VCAM-1 coated inhibitory adhesion conditions with 

tyrosine kinase inhibitors. Earlier, researchers had proved that CD49d mediated adhesion to 

VCAM-1 was dependent on the Src kinase Lyn and also that Syk activation was abolished in 

the conjugate assay with PP1 and ER27319 inhibitors (Andrews et al., 2001). These tyrosine 

kinases, most importantly the Src kinases, are known to upregulate VLA-4 integrin affinity to 

VCAM-1 and Fibronectin (Feigelson et al., 2001). In these blocking experiments on 

Fibronectin (Fig 35 B) and VCAM-1 (Fig 35 C) coated plates, we observed that both the 

inhibitors of Src and Syk tremendously decreased the adhesive property of wildtype and 

MRP14 knockout BMCs. As seen earlier, in the control, Fibronectin and VCAM-1 coated 

adhesion conditions, the wildtype have an advantage in adhesion over MRP14 knockout 

BMCs. The pattern of inhibitory adhesions follows the same trend as the controls without any 

additional difference in the inhibition rate in wildtype and MRP14 knockout BMCs (Fig 35). 

These results signify that these kinases are actively involved in adhesion processes mediated 

by the ligands of CD49d- VCAM-1 and Fibronectin. 
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Figure 35: Downstream integrin signaling by tyrosine kinases Src and Syk affects cell adhesion of 
Wildtype and MRP14 Ko BMCs. Adhesion assay of wildtype and MRP14 knockout BMCs under Control (A), 
Fibronectin (B) and VCAM-1 (C) coated adhesion in the presence or absence of the specific Src-inhibitor PP1 or 
the specific Syk-inhibitor DHC are shown. In the control condition, addition of either inhibitor leads to a 
decrease in adhesion in case of the MRP14 knockout cells, while the wildtype is affected by Syk but not by Src 
blocking. In the presence of Fibronectin or VCAM-1, however, both genotypes are equally affected by the 
addition of the inhibitors and show a significant decrease in cell adhesion in comparison to corresponding 
untreated control cells. (all data are normalized to untreated wildtype cells in the absence of Fibronectin or 
VCAM-1 set to 100; n=3; mean ± SD; ***=p<0.001; **=p<0.01; *=p<0.05) 
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5.1.13 Extracellular MRP8/14 and MRP8 intensifies the adhesive property of MRP8/14 
expressing cells 

It is well described that beside its intracellular functions extracellular MRP8/14 acts as a 

chemoattractant for neutrophils and /or macrophages after specific release (Ryckman et al., 

2003b). Hence, we speculated whether stimulation of phagocytes could influence the 

adhesion properties of MRP14 knockout and wildtype cells. When a 1hr adhesion assay was 

performed with murine wildtype and MRP14 knockout BMCs that were preincubated for 30 

minutes with extracellular MRP8/14 (Fig 36 A) or MRP8 (Fig 36 B), it was seen that the 

adhesive property of the wildtype BMCs increased while that of the MRP14 knockout BMCs 

were not affected.  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 36: MRP8/14 and MRP8 prestimulation accelerated the adhesive property of the MRP8/14 
expressing cells. Freshly isolated wildtype and MRP14 knockout BMCs were prestimulated for 30 minutes prior 
to performing the adhesion assay with extracellular MRP8/14 (A) and MRP8 (B). The control condition, without 
any stimulation of the cells showed that the MRP14 knockout BMCs adhere more when compared to the 
wildtype BMCs. However, after prestimulation of both the genotypes, it was evident that the adhesive nature of 
the MRP8/14 expressing wildtype BMCs matched that of the MRP14 knockout levels, while that of the latter 
remained unchanged. (n=3; mean ± SD; ***=p<0.001; **=p<0.01; *=p<0.05)  

 

The control condition, which involved untreated BMCs, revealed that without prestimulation 

of BMCs prior to the adhesion assay, the MRP14 knockout BMCs adhered more than the 

wildtype BMCs. Both, MRP8/14 as well as MRP8 treated wildtype cells responded with 

increased adhesion properties to the same extent as untreated knockout cells while the 
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knockout cells did not respond to extracellular MRP treatment. These observations points to 

an important regulatory mechanism where a cross talk takes place between released MRP8/14 

and intracellular residual MRP8/14. It is obvious that both are important, extracellular 

MRP8/14 attracts phagocytes but to mediate this accurately, it is necessary that intracellular 

MRP8/14 has the ability to translate it correctly. 

 

5.2 Results on transmigration 

For studying transmigration process, murine BMCs from wildtype and MRP14 knockout 

mice and human monocytes were used. These two models were used with the prime goal of 

studying the contribution of MRP8/14 towards cells that are transmigrating. The murine 

BMCs were employed with the ultimate aim of determining the difference between the two 

cell types during the process of transmigration. Also, the effect of various stimuli on the 

process was extensively researched (Fig 15). The objective for using human monocytes that 

are usually rich in MRP8/14 proteins was to analyse the expression of these proteins in the 

cells that have undergone transmigration and in cells that have not transmigrated. These 

studies were performed with Day 1 human monocytes. Additionally, the MRP8/14 expressing 

cells were characterised to confirm the findings (Fig 37). 

 

 

 

 

 

 

 

 

 

 

                     

                     Figure 37: The aim of using human monocytes to perform experiments for this thesis. 
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5.2.1 Confirmation of an endothelial barrier suitable for transmigration of cells 

Having an intact endothelial monolayer is an indispensable factor for the flawless 

extravasation of cells through it (Sill et al., 1992). The endothelial cells that were seeded onto 

a transwell filter for 48 hours were thoroughly controlled before performing the 

transmigration experiment. The bEND5 endothelial cells that were used for studying 

transmigration of murine BMCs exhibited the following criteria. 

5.2.1.1 Transendothelial electrical resistance (TEER) measurements recorded were in 
the range that was optimised for endothelial monolayers 
 
The TEER of the filter membrane was first measured in the absence of endothelial cells and 

then is subtracted from the total resistance in the presence of the confluent monolayer to yield 

the resistance of the cell monolayer per unit surface area. The TEER values of bEND5 cells 

were found to be within the range of 50-80 Ωcm2. This value was within the standard range 

for an intact endothelial monolayer. 

 

5.2.1.2 The bEND5 endothelial cells proved negative for CD49d expression 

As we were mainly focussing on the CD49d interactions on transmigrating cells with its 

potential endothelial ligand VCAM-1, the endothelial cells were screened to check if they 

expressed the integrin CD49d. It was observed that these cells were negative for the integrin 

(Fig 38) thereby clarifying that bEND5 endothelial monolayer is indeed a perfect endothelial 

barrier to study the transmigration of MRP14 knockout and wildtype BMCs that have 

differences in the extracellular expression of CD49d, thereby avoiding any CD49d-CD49d 

interactions. 

 

 

 

 

 

  

 

 

Figure 38: bEND5 endothelial confluent layer stained for VCAM-1 and CD49d. The bEND5 cells that were 
used for the transmigration studies expressed VCAM-1 on their surface. Furthermore, these bEND5 cells 
showed a negative surface staining for CD49d. The isotypic controls are shown in dotted lines. (n=3, the figure 
shows one representative out of 3 independent experiments) 
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5.2.2 MRP8/14 affects the transmigration of cells 

After understanding the effects of the MRP8/14 expressing and deficient cells on adhesion, 

we went on to investigate the process of transmigration since cell adhesion has a strong 

impact on directed cell migration (Hogg et al., 2011). Here, we used murine BMCs isolated 

form wildtype and MRP14 knockout BMCs to analyse the effect of MRP8/14 expression on 

migration by performing two chamber filter based transmigration studies in the presence and 

absence of a bEND5 endothelial cell layer as an additional barrier to assess the rate and ability 

of spontaneous cell transmigration (Fig 39).  

 

 

 

 

 

 

 

 

 

 

Figure 39: MRP8/14 lowers transmigration of MRP8/14 expressing cells. Filter-based transmigration assay 
of wildtype and MRP14 knockout bone marrow cells (BMCs) in the presence or absence of a bEND5 
endothelial monolayer is shown. In both cases, the MRP8/14 expressing wildtype cells show a reduced number 
of transmigrated cells. (all data are normalized to untreated wildtype control cells set to 100%; n=5; mean ± SD; 
***=p<0.001; *=p<0.05) 

 

We observed that the MRP14 knockout BMCs transmigrated more in number in both 

conditions when compared to the wildtype cells. The condition with an additional bEND5 cell 

layer led to an overall decrease in transmigration with the MRP8/14 knockout BMCs still 

exhibiting a higher number of transmigrated cells in accordance to previous findings (Vogl et 

al., 2004). The observed results indicated that adhesion and transmigration in the MRP14 

knockout as well as wildtype cells is coupled together. The transmigration process was further 

analyzed for the involvement of the integrin receptor CD49d and the tyrosine kinases Src and 

Syk which had earlier proved to be actively involved in the adhesion process (5.1.4 and 5.1.12 

respectively). 
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5.2.3 Blocking CD49d integrin during transmigration reduces the transmigration 
property of MRP8/14 deficient cells 

In the previous section the involvement of CD49d on adhesion was demonstrated (5.1.4). The 

question now to be explored was whether CD49d also had some effect on transmigratory 

processes of MRP8/14 expressing and deficient cells. 

The importance and involvement of this integrin receptor in the transmigration process was 

therefore investigated using freshly isolated wildtype and MRP14 knockout BMCs. For this 

purpose, filter based transmigration assays in the presence and absence of the CD49d specific 

inhibitory antibodies R1-2 and Natalizumab were used. It was observed that the addition of 

both antibodies Natalizumab or R1-2 reduced the number of transmigrated cells only in 

MRP14 knockout BMCs to wildtype levels, whereas the wildtype was not adversely affected 

(Fig 40). Like the CD49d blocking adhesion results (Fig 26), this again indicated that a loss of 

MRP8/14 leads to an uncontrolled activation of CD49d signalling. 

 

 

  

 

 

 

Figure 40: CD49d blocking during transmigration process reveals it’s involvement in MRP8/14 
modulated transmigration. Addition of Natalizumab or R1-2 reduced the number of transmigrated MRP14 
knockout cells to wildtype levels, whereas the wildtype is not affected in a simple filter based transmigration 
assay. In the control condition without the use of CD49d inhibitors, it is the MRP145 knockout BMCs that 
transmigrate more in number than the wildtype cells. (all data are normalised to untreated wildtype cells set to 
100%; n=4; mean± SD; * = p<0.05) 

 

5.2.4 Src and Syk kinases are critically involved in the transmigration of wildtype and 
MRP14 knockout BMCs 

The evidence that the Src and Syk are involved in adhesion (Andrews et al., 2001) (5.1.12) 

directly leads to the hypothesis that these kinases might essentially participate in 

transmigration process. We performed inhibitory transmigration experiment for 4 hours with 

wildtype and MRP14 knockout BMCs which were preincubated with Src inhibitor PP1 and 

Syk inhibitor DHC for 30 minutes. On analyzing the data obtained, we could confirm that 

these kinases played a role in the extravasation of wildtype and MRP14 knockout BMCs. 
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Both the cell types showed a clear inhibition in the number of transmigrating cells to almost 

“baseline levels” through the bEND5 endothelial layer using these inhibitors (Fig 41). In all 

the three inhibition conditions of Src, Syk and combination of Src and Syk kinases, we 

observed similar reductions in transmigration activities in both genotypes indicating that 

although these kinases are differentially expressed on the protein level more or less, inhibition 

occurs at the same extent. 

 

 

 

 

 

 

 

 

 

Figure 41: Transmigration is dependent on Src and Syk activities. Src family and Syk kinase blocking 
drastically affects the extravasation properties of the wildtype and MRP14 knockout BMCs. Inhibitory 
transmigration assays were performed under control and under conditions using SFK inhibitor PP1 and Syk 
inhibitor DHC and a combination of both inhibitors taken together. It was observed that inhibiting Src and Syk 
kinases immensely reduced the transmigration rates of both the wildtype and MRP14 knockout BMCs when 
compared to their respective controls. The above result strongly implies the potentiality of these two tyrosine 
kinases in the process of transmigration of the genotypes studied. (data are normalized to untreated wildtype 
cells in the absence of any inhibitors set to 100%; n=3; mean ± SD; ***=p<0.001; **=p<0.01) 

 

5.2.5 Chemoattractant induced transmigration of wildtype and MRP14 knockout BMCs 
revealed no significant differences between the two genotypes 

To explore whether the transmigration property of either the wildtype or the MRP14 knockout 

BMCs could be affected by the application of different chemoattractants, we performed filter 

based transmigration assays with LTB4, MIP-2, SDF-1α, MCP-1 and KC under varying 

concentrations. These chemoattractants were added to the lower chamber containing media 

into which the BMCs transmigrate through the filter. In all the cases, we could not observe 

any significant differences in the response to chemoattractants between the wildtype and 

MRP14 knockout BMCs (Fig 42). Both genotypes displayed a basal difference but 

comparable concentration-dependent increase of transmigrated cells in response to various 

different concentrations of the chemoattractants under study. 
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Figure 42: Analysis of chemoattractant-induced transmigration of the wildtype and MRP14 knockout 
BMCs. LTB4 (A), MIP-2 (B), SDF-1α (C), MCP-1 (D) and KC (E) was used to stimulate the transmigration of 
both the BMCs from the basal side. In all the cases we could observe significant differences between the two cell 
types using varying concentrations of the chemokines. However there were no differences between the two cell 
types. (n=3)  
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5.2.6 Analysis of two distinct sub populations observed in experimental human 
monocytes  

Human monocytes were employed to study the pattern of MRP8/14 expression in cells that 

have undergone transmigration and the cells that have not participated in the process. 

Monocytes were allowed to transmigrate through a HMEC or HUVEC endothelial monolayer 

for 4 hrs and were then screened for MRP8/14 surface expression under three conditions: 

before transmigration (TM), the transmigrated cells harvested from the lower chamber and the 

non-transmigrated cells from the upper chamber (Fig 43). FACS analysis of isolated human 

monocytes that were used for transmigration studies apparently revealed two sub-populations 

of cells when stained for MRP8/14 in all the three conditions (Fig 44). Hence, to clarify 

whether the transmigrated cells were purely monocytes or if they had any other cellular 

contaminants, we characterised these cells from the three conditions by immunostainings. 

 

 

 

 

 

 

Figure 43: The cells categorized during transmigration (TM). A simple transwell filer (A) with endothelial 
monolayer used for transmigration studies. The upper chamber consists of non-transmigrated cells (B) and the 
lower chamber inhabits the transmigrated cells (C). 

 

 

 

 

 

 

Figure 44: Dot blots of MRP8/14 staining harbors two distinct sub populations of the human monocytes 
that were used for transmigration (TM) studies. The side scatter (SSC-H) dot blots of MRP8/14 staining of 
human monocytes under the three conditions of before TM (A), lower chamber (B) and upper chamber cells (C) 
clearly depict two sub populations of cells. (n=8, the figure shows one representative out of 8 independent 
experiments) 
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5.2.7 MRP14 positive monocytes are particularly favoured to undergo transmigration  

Immunohistochemical studies with human monocytes employed for transmigration 

experiment under the three conditions namely before transmigration (TM) (Fig 45 A), 

transmigrated cells harvested from the lower chamber (Fig 45 C) and non-transmigrated cells 

from the upper chamber (Fig 45 B) clearly confirms that the transmigrated cells are heavily 

rich in MRP14 (Fig 45). Parallely, the cells under study were also screened for CD14 surface 

marker (Ambarus et al., 2011) to establish that the cells were indeed human monocytes (Fig 

46) and CD20 and CD3 (Torlakovic et al., 1994) (Fig 47, 48) were analysed to approve if 

lymphocytes were present in the cell population used for the transmigration experiment. 

5.2.7.1 Cells expressing MRP14 are specifically selected for transmigration  

MRP14 immunohistochemical staining precisely shows an equal population of MRP14 

positive and negative cells in before TM condition (Fig 45 A). However after 4 hours of 

transmigration through a HMEC endothelial monolayer, the non-transmigrated cells harvested 

from the upper chamber (Fig 45 B) presents a majority of cells that are negative for MRP14 

while the transmigrated population from the lower chamber (Fig 45 C) of the transwell filter 

clearly signifies MRP14 positive cells. In every case, statistical analysis was performed to 

quantify the specific marker expressing cells (Table 50) which correlates perfectly with the 

observed staining pattern. These findings suggest that the cells that robustly express MRP14 

are selected to transmigrate through an endothelial monolayer. 

5.2.7.2 Human monocytes used for transmigration are heavily positive for the monocyte 
marker CD14  

The proof that the cells used for the transmigration experiment were purely monocytes was 

established by CD14 flow cytometric studies (Fig 46).  All of the cells from the three 

conditions of before TM (Fig 46 A), lower (Fig 46 B) and upper chambers (Fig 46 C) were 

heavily positive for CD14. Hence, the MRP14 positive cells are favoured to transmigrate are 

indeed monocytic in nature. 

5.2.7.3 The lymphocyte population are not especially favoured to undergo 
transmigration  

To rule out the possibility that the lymphocytic population is preferred to undergo 

transmigration, we analysed the expression pattern of the B-lymphocyte marker CD20 and the 

T-lymphocyte marker CD3 on the human monocytes used for transmigration studies. The 

immunohistochemical (Fig 47) and flow cytometric (Fig 48) examination with these markers 

used in combination depicted that the lymphocyte community is seen in equal proportions in 



5- Results 105 

the upper (Fig 47 B, Fig 48 C) and lower chambers (Fig 47 C, Fig 48 B). This indicates that 

the contamination of lymphocytes was similar in the non-transmigrated and transmigrated 

fraction of human monocytes thereby confirming that the lymphocytes are not especially 

favoured during transmigration.  

Thus we could conclude that human monocytes expressing MRP14 are particularly chosen to 

transmigrate through an endothelial barrier. 

 

Figure 45: MRP14 immunohistochemical staining establishes that MRP14 positive cells are particularly 
selected for transmigration through an endothelial monolayer. The before transmigration (TM) (A) picture 
shows a mixture of MRP14 positive and negative cells in an equal proportion. The non-transmigrated cells 
(upper chamber cells) (B) indicate that majority of the cells are MRP14 deficient and on the contrary, the 
transmigrated cells (lower chamber) (C) signifies a cell community rich in MRP14. (n=8, the figure shows one 
representative out of 8 independent experiments) 
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Table 50: Analysis for the MRP14 immunohistochemical staining confirms that MRP14 positive cells are 
selected for transmigration through HMEC endothelial monolayer. The statistics of the number of cells 
from each of the three conditions of before transmigration, upper and lower chamber cells are shown. The table 
precisely designates that the cells before transmigration has an almost equal percentage of MRP14 positive 
(41%) and negative cells 58.94%). After 4-hour transmigration, the upper chamber has a higher percentage of 
MRP14 negative cells (82.69%) than the MRP14 positive cells (17.3%). Conversely, the lower chamber has a 
greater percentage of MRP14 positive cells (94.73%) than the negative cells (5.26%). (n=8) 

 

 

 

 

 

 

 

 

 

Figure 46: Flow cytometry data of the monocyte marker CD14 on the cells used for transmigration. All 
the three conditions of before transmigration (A), upper chamber containing the non-transmigrated cells (C) and 
the lower chamber containing the transmigrated cells (B) showed a higher and similar surface expression of 
CD14. (n=8, the figure shows one representative out of 8 independent experiments) 
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Figure 47: Contaminating lymphocytes are not particularly selected to undergo transmigration. The 
immunohistochemical data of human monocytes used for transmigration with the B-lymphocyte marker CD20 
the T-lymphocyte marker CD3 (used in combination) depicts that there are equal proportions of lymphocytes in 
all the three conditions of before transmigration (TM) (A), upper (B) and lower chamber (C). Hence, the 
lymphocytic population, that are usually does not contain MRP8/14 might not play any significant role during 
transmigration of cells. (n=8, the figure shows one representative out of 8 independent experiments) 

 

 

 

 

 

Figure 48: Flow cytometry data of the lymphocytic markers CD20 and CD3 on the cells used for 
transmigration. All the three conditions of before transmigration (A), lower chamber containing the 
transmigrated cells (B) and the upper chamber containing the non-transmigrated cells (C) showed almost similar 
expressions of the lymphocyte markers CD20 and CD3 (used in combination). These findings are in perfect 
agreement with the IHC data of human monocytes with CD20 and CD3 (Fig 54).  (n=8, the figure shows one 
representative out of 8 independent experiments) 
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5.2.8 Evident interaction between the endothelial monolayer and MRP14 expressing 

cells during transmigration 

During the process of transmigration, human monocytes expressing the highest level of 

MRP8/14 preferentially transmigrate through the endothelium (Fig 45). Fluorescent analysis 

of the endothelial monolayer that acts as a barrier for transmigration of human monocytes 

evidently reveals the loss of integrity after 4 hours of extravasation. In our experimental set 

up, we used HMEC endothelial monolayer barrier for studying the extravasation process of 

human monocytes. An intact filter with the endothelial layer was kept aside as the potential 

control and was stained for β-catenin (green) (Fig 49 A). The nuclei of these cells were 

stained with DAPI (blue) that is suitable for staining nuclei (Tarnowski et al., 1991). We 

could clearly observe the intact HMEC monolayer integrity in the control section i.e. the 

endothelial cells that were not used for transmigration of human monocytes.  

The test HMEC monolayer that was subjected to transmigration of human monocytes was 

stained for β-catenin (red), DAPI (blue) and for MRP14 on human monocytes (green) (Fig 49 

B). In this case, we could precisely visualise the disruption of the endothelial integrity caused 

by the transmigrating MRP14 positive human monocytes. This suggests the importance of the 

protein MRP8/14 during the process of transmigration of cells expressing the protein,thereby 

regulating and more precisely controlling their way through the endothelium to the sites of 

inflammation. 

 

 

 

 

 

 

Figure 49: Impairment of HMEC endothelial integrity owing to transmigration of human monocytes. 
Category (A) shows β-catenin staining in green and DAPI in blue. Category (B) displays β-catenin staining in 
red, DAPI in blue and MRP14 in green. From both the categories we can clearly conclude that the endothelial 
integrity is lost after the transmigration human monocytes (n=3).  
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5.2.9 Extracellular MRP8/14 and MRP8 as potential stimulants of the endothelial 
barrier thereby accelerating directed transmigration of MRP8/14 expressing cells  

Apart from focussing on intracellular MRP8/14, the transmigration of MRP8/14 expressing 

and deficient BMCs were also studied using extracellular MRP8/14. It is a well-established 

fact that extracellular MRP8/14 modulates the integrity of endothelial monolayers (Viemann 

et al., 2005). Taking this into account, we performed transmigration studies using wildtype 

and MRP14 knockout BMCs through a bEND5 endothelial barrier, which was stimulated 

overnight on the basal side with extracellular MRP8/14 or MRP8. An unstimulated bEND5 

endothelial layer served as the control. After 4 hrs of transmigration of the two types of 

BMCs through these bEND5 endothelial barriers, it was evident that a preactivation of 

bEND5 monolayer with extracellular MRP8/14 or MRP8 induced increased transmigration of 

the wildtype cells and resulted in a reduction in the numbers of transmigrated MRP14 

knockout BMCs (Fig 50). The control set, wherein the two types of BMCs transmigrated 

through an unstimulated bEND5 monolayer showed that without stimulation of the 

endothelial barrier it was the MRP14 knockout BMCs that transmigrate more than the 

wildtype BMCs. This result directly point outs that extracellular MRP8/14 and MRP8 

stimulates the endothelial barrier which then allows preferably the cells expressing MRP8/14 

through it more readily than the cells devoid of MRP8/14, which obviously looses 

transmigrating properties. 

 

 

 

 

 

 

 

 

Figure 50: Extracellular MRP8/14 and MRP8 increases directed transmigration in wildtype but not in 
MRP14 knockout BMCs. Transmigration assay using wildtype and MRP14 knockout BMCs was performed 
through an overnight non-stimulated and stimulated bEND5 endothelial monolayer with extracellular MRP8/14 
or MRP8, respectively. While the MRP14 knockout BMCs show a higher amount of transmigrated cells in the 
absence of a stimulation of the bEND5 endothelial monolayer, the stimulation of the same induced 
transmigration of wildtype cells whereas the amount of transmigrated MRP14 knockout BMCs is markedly 
reduced. (all data are normalized to wildtype control cells set to 100%; n=4; mean ± SD; ***=p<0.001; 
**=p<0.01) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6- Discussion 110 

6. Discussion 

The family of S100 proteins is the largest group of calcium-binding proteins that are 

characterized by a tissue and differentiation-specific expression pattern (Roth et al., 1993; 

Vogl et al., 2004). MRP8 (S100A8) and MRP14 (S100A9) are two important members of this 

family that are mainly expressed in neutrophils (∼ 40% of detergent soluble cytoplasmic 

protein) and monocytes (4-5%). This thesis confirms the importance of MRP8/14 as an 

initiator, or more precisely, a regulator of the leukocyte adhesion and transmigration cascade.  

 

6.1 The process of adhesion is regulated by MRP8/14 
6.1.1 Intracellular MRP8/14 as a key regulator of adhesion 

From our adhesion studies, it was clear that MRP8/14 expressing cells have a slower adhesion 

capacity when compared to the MRP8/14 deficient cells. This could be confirmed both with 

the experimental primary BMCs and also with the cell lines HEK293 and NIH-3T3 (Fig 17). 

By this, we came to the conclusion that MRP8/14 is involved in the control of the cells to 

adhere on the endothelium. Another significant finding that we came across was that the 

MRP8/14 expressing cells mediates a greater affinity towards the specific ligands of CD49d 

i.e. Fibronectin and VCAM-1 (Fig 51). They adhered tremendously to the CD49d ligand 

coated condition when compared to the MRP8/14 deficient cells (Fig 24).  

We could further infer that, if a specific activation takes place in cells, then it became obvious 

that MRP8/14 has the inbuilt ability to ‘process’ the function properly while the MRP8/14 

deficient cells fails to ‘process’ this mechanism in a proper way. Therefore we can conclude 

that MRP8/14 keeps the cells in a resting state in the absence of the necessity of adhesion or 

migration, but upon specific activation of these cells they play a major role. 

 

6.1.2 The process of adhesion can also be regulated by extracellular MRP8/14 

There are various eminent studies relating MRP8/14 protein and the adhesion of primary 

cells. The heterodimer MRP8/14 and the monomeric forms MRP8 and MRP14 are known to 

mediate the adhesion process in neutrophils (Ryckman et al., 2003b). Human MRP14 has 

been reported to stimulate neutrophil adhesion to Fibronectin, but its activity was negatively 

regulated by forming the heterocomplex MRP8/14 with MRP8 (Newton and Hogg, 1998). 

Another study demonstrated that MRP14 and MRP8/14, but not MRP8, enhanced monocyte 

adhesion to endothelial cells, indicating that MRP8 does not negatively regulate MRP14 

activity towards monocytes by forming MRP8/14 (Eue et al., 2000). Furthermore, another 



6- Discussion 111 

significant study revealed that MRP8/14 is expressed and produced at a higher level by type 

1-diabetes monocytes, particularly after adhesion to Fibronectin (Bouma et al., 2005).  

In this thesis, we performed adhesion studies with extracellular MRP8/14 and documented an 

increase in the adhesion of wildtype BMCs when compared to the MRP14 knockout BMCs 

(Fig 36). The control adhesion with these cells signified that the MRP14 knockout cells 

adhere more when compared to the wildtype cells. However, with the addition of extracellular 

MRP8/14 during adhesion process, this pattern reversed thereby indicating that this protein 

has the capability to accelerate adhesion in MRP8/14 expressing cells and not in the MRP8/14 

deficient cells. However, this important and novel finding needs to be further investigated. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure 51: MRP8/14 expressing leukocytes have a greater affinity for the ligands of CD49d during the 
process of adhesion. The MRP8/14 expressing cells adhered more in number to the ligands of CD49d namely 
fibronectin and VCAM-1. Also we could establish that these two genotypes had a deviation in the surface 
expression of this integrin. The adhesion and transmigration processes might be regulated by intracellular 
MRP8/14 that has a possible interaction with the integrin CD49d which then carries out these two processes by 
interacting with its endothelial ligand VCAM-1 and the extracellular matrix glycoprotein fibronectin. 
 
 

6.2 MRP8/14 is actively involved in the transmigration of cells  
6.2.1 Intracellular MRP8/14 as a mediator of migration 

MRP8 and MRP14 mediate phagocyte migration by directly modulating the microtubule 

(MT) apparatus. There is evidence that these proteins stabilize MTs by promoting their 

polymerization and bundling, which so far has been shown only on cell-free in vitro 

experiments using purified MRP8/14 complexes and tubulin. Calcium induced complexes of 

MRP8 and MRP14 are known to readily colocalize with intermediate filaments and MTs on 
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activation of isolated monocytes (Roth et al., 1993; Rammes et al., 1997). Additionally, the 

murine MRP14 knockout granulocytes transmigrated more in numbers through a bEND5 

endothelial layer when compared to the wildtype cells (Vogl et al., 2004). These findings 

inspired us to explore the role played by MRP8/14 during trasmigration of primary cells 

namely human monocytes and murine BMCs. We could re-establish the findings of Vogl et al 

that in murine BMCs, the MRP14 knockout cells transmigrated more in number when 

compared to the wildtype cells, both with and without an endothelial barrier (Fig 39). With 

this evidence as the strong base, we proceeded to probe if there will be any reversibility in this 

result by trying several chemokines (Table 46). Earlier was documented by Vogl et al. 

(Blood, 2004) that upon preincubation of the wildtype and MRP14 knockout granulocytes 

with Arsenite, p38 MAPK was activated which made the wildtype cells to transmigrate more 

in number through an endothelial monolayer barrier and their transmigration was comparable 

to the MRP14 knockout cells which did not show any further increase. In our transmigration 

studies by using chemokines, we could find that the pattern of transmigration was not at all 

altered. It was always the MRP14 knockout BMCs transmigrating more in number than the 

wildtype cells. We could not see any additional difference in this pattern even by trying 

different concentrations of the chemokines (Fig 42). The transmigration of human monocytes 

through an endothelial layer signified by immunohistochemical staining that the 

transmigrated cells are heavily rich in MRP8/14 (Fig 45). These findings convinced us that 

MRP8/14 has a prominent role intracellularly that makes it feasible for the cells to 

transmigrate through the endothelial barrier but only in the presence of  the activation signals 

for migration. Otherwise MRP8/14 keeps the cells in the resting state to make sure that there 

is no uncontrolled extravasation. The studies with human monocytes also need further 

investigations. 

 

6.2.2 Migration of cells facilitated by extracellular MRP8/14  

It is a renowned fact that MRP8 and MRP14 have an established regulatory role in the 

extravasation of leukocytes through an endothelial barrier (Frosch et al., 2000). The treatment 

of endothelial cells with MRP8/14 is known to cause the loss of integrity of these cells 

(Viemann et al., 2005). Based of this research, we were curious to inspect the rates of 

transmigration of wildtype and MRP14 knockout BMCs under an ‘MRP8/14 treated bEND5 

endothelial barrier’.  Only after preincubation of the bEND5 endothelial monolayer at the 

basal side with the heterodimer MRP8/14 and also with the monomer MRP8 for 16-20 hours, 

we obtained stricking differences in the transmigration properties of the wildtype and MRP14 
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knockout BMCs. The reason behind adopting extracellular MRP8/14 and MRP8 to act on the 

endothelial layer was based on the study that MRP8 is the active component of MRP8/14 

complex and MRP14 functions as a regulatory subunit (Vogl et al., 2004). We wanted to 

explore if this holds good for our experimental condition as well. The results obtained form 

this set up clearly showed a reverse in the pattern of transmigration when compared to the 

earlier established one i.e. the wildtype cells transmigrated more in number than the MRP14 

knockout cells (Fig 50). This was true when the cell types were allowed to transmigrate 

through bEND5 monolayers stimulated with extracellular MRP8/14 and also with 

extracellular MRP8. Additionally, the number of transmigrating MRP14 knockout cells 

seemed to reduce drastically in comparison to the control condition (untreated bEND5 

monolayer). From this, we could conclude that there is some sort of interaction of the 

extracellular MRPs and the endothelial layer (Fig 52) wherein the signals from these can only 

be understood and decoded by the MRP8/14 expressing wildtype cells and not by the MRP14 

knockout cells. Hence only the MRP8/14 expressing cells could pass through the endothelial 

monolayer in more numbers. In other words, the MRP8/14 treated endothelial barrier permits 

only the MRP8/14 expressing cells to transmigrate through it more readily than the MRP14 

deficient cells.  

 

6.3 Crucial factors interacting with MRP8/14 during adhesion and 
transmigration of cells 
 
6.3.1 CD49d (VLA-4α chain) and its influence on MRP8/14 expressing cells 

CD49d, the alpha subunit of the α4β1 lymphocyte homing receptor VLA-4 (Very Late 

Antigen-4) is a crucial and thoroughly investigated factor that plays an important role in the 

adhesion of phagocytes to the endothelium prior to extravasation. In our studies we could 

establish that CD49d surface expression is altered in the wildtype and MRP14 knockout 

BMCs (Fig 20) and this directly affects its adhesion and (trans)- migration properties. Our 

findings imply that MRP14 knockout BMCs might alter the in the inside-out integrin 

signaling, which regulates the change between the quiescent and activated state. This 

mechanism is responsible for controlling the overall cell activation prior to the activation of 

ligand-induced outside-in signaling that finally mediates cell adhesion and (trans-) migration. 

However, further studies have to be performed to confirm this hypothesis in more detail. 

 

6.3.1.1 Adhesion of cells is precisely dependent on their CD49d surface expression   

Freshly isolated wildtype cells show a greater surface expression of CD49d when compared 
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to the MRP14 knockout cells. Conversely, after 1 hour of adhesion, this pattern showed a 

reversal i.e. the MRP14 knockout cells displayed a greater extracellular CD49d than the 

wildtype cells (Fig 20). In HEK293 variants (Table 6), we could precisely observe that their 

adhesion pattern (Fig 22) clearly correlated with their respective CD49d expression (Fig 21). 

Involvement and relevance of CD49d was additionally confirmed by blocking studies (Fig 

26), as the administration of CD49d inhibiting antibodies resulted in a clear decrease in cell 

adhesion. These antibodies bind directly to CD49d thereby preventing the interaction between 

CD49d and its ligands (Fig 53). More importantly, these experiments revealed that the 

regulation of CD49d surface expression is not only dependent on MRP8/14 expression, but 

also on the presence of the ligands of CD49d particularly Fibronectin and VCAM-1. The 

wildtype cells had the capacity to adhere more under the integrin ligand coated condition (Fig 

24) than the MRP14 knockout cells. Their CD49d surface expression correlates perfectly with 

their adhesion pattern (Fig 25). While the non-expressing cells showed a higher CD49d 

expression and adhesion in the absence of additional integrin ligands that could be decreased 

by inhibiting antibodies, the wildtype was not adversely affected most likely because of the 

already lower CD49d surface expression. Additionally, the wildtype and MRP14 knockout 

cells showed no differences in the presence of Fibronectin and VCAM-1 as was expected 

regarding their equal CD49d surface expression (Fig 25) under this condition.  

 

 

6.3.1.2 CD49d and its consequence on extravasation of cells 

The significant influence of CD49d integrin signaling on spontaneous transmigration could be 

proven by blocking studies (Fig 40), in which the addition of CD49d inhibitors decreased 

transmigration of MRP14 knockout but not wildtype cells, a result, which directly resembles 

the adhesion blocking assays (Fig 26). The inhibition in transmigration was specifically 

noticed in the MRP14 knockout cells while the wildtype cells were not affected. Most 

probably this could be due to the hypothesis that the MRP14 knockout BMCs exhibits more 

active CD49d integrin (Fig 20). On the contrary, CD49d activation is downregulated in the 

resting wildtype cells and therefore was not affected by blocking CD49d during 

transmigration process. These findings indicates that MRP8/14 supports and modulates the 

specific activation of integrin signaling, whereas a loss of this protein leads to an impaired 

regulation and inappropriate cell activation that finally results in an overall higher activity of 

MRP14 deficient phagocytes regarding adhesion and (trans-) migration. 
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Figure 52: Extracellular effect of MRP8/14 in mediating transmigration of MRP8/14 expressing cells. Two 
important functions of extracellular MRP8/14 could be observed. (1) It exerts a mechanism wherein it leads to 
the loss of endothelial cell junction proteins. (2) This interaction between the extracellular MRP8/14 and the 
endothelium can only be properly understood and executed by the MRP expressing cells (red) and they 
transmigrate in more numbers through the activated endothelium. Whereas, the MRP deficient cells (yellow) fail 
to decode the message and transmigrate slowly through the endothelium. 
 
 

 

 

 

 

 

 

 

 

  

 
Figure 53: CD49d blocking antibodies effectively prevent the interaction of α4 integrins with their cognate 
receptors. Natalizumab and R1-2 are two potent CD49d blocking antibodies. They readily bind to the α4 subunit 
(CD49d) of the α4β1 integrin, thereby preventing the possible interaction between CD49d and its ligands, namely 
fibronectin and VCAM. Disruption of these molecular interactions in leukocytes suppresses ongoing 
inflammatory reactions and prevents or reduces processes like adhesion and (trans-) migration that could be 
documented in our studies with MRP8/14 Wt and MRP8/14 knockout BMCs. Thus these blocking antibodies 
obstruct the healthy interaction between leukocytes and the activated endothelium. (Taken from Expert Rev 
Neurother © 2008, Future Drugs Ltd)  
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6.3.2 Tyrosine kinases are responsible for the downstream signaling mechanisms 
initiated by MRP8/14-CD49d interactions 
 
Sarcoma kinases (Src) and Spleen tyrosine knases (Syk) were found to be influencing the 

adhesion and transmigration processes of MRP8/14 expressing and non-expressing cells. 

 
6.3.2.1 Src family kinases and Syk kinases- mismatches in expression levels, a direct 
consequence of difference in adhesion 
 
Accordingly, consequences of the CD49d integrin signaling disrgulation should also affect 

downstream target kinases (Fig 54) as could be successfully shown for Src and Syk in 

subsequent western blot analyses (Fig 32), RT-PCR data (Fig 34) and adhesion assays (Fig 

35) additionally supporting the proposed integrin signaling disregulation. In the absence of 

the ligands of CD49d namely Fibronectin and VCAM-1, MRP14 knockout BMCs showed a 

higher total amount of Src as well as a higher Src phosphorylation compared to wildtype 

cells, which correlates with the aforementioned adhesion assays (Fig 35) and could be seen as 

a direct consequence of the higher CD49d surface expression (Fig 20). In contrast Syk 

expression was always found to be lower in the MRP14 knockout cells, possibly due to a 

compensatory effect to counter the elevated Src expression. In the presence of Fibronectin and 

VCAM-1, however, wildtype BMCs showed a strong increase in Src phosphorylation in 

contrast to the MRP14 knockout, which remained nearly unchanged. Phosphorylation of Syk 

on the other hand appeared to be independent of CD49d ligands and was, as mentioned above, 

always found to be lower in MRP14 knockout BMCs. Functional consequences of the 

observed alterations in Src/Syk expression and activity were also observed in subsequent 

adhesion inhibition studies (Fig 35). MRP14 knockout cells were prone to Src and Syk 

inhibition both in the presence and absence of CD49d ligands, while wildtype cells were only 

affected by Src inhibition in the presence, but not in the absence, of integrin ligands. Thus it 

seems that the dissimilarities in Src and Syk expression levels directly results in an altered 

adhesion pattern in the presence and absence of CD49d ligand mediated adhesion. 

 
6.3.2.2 Obvious role of Src and Syk tyrosine kinases in the transmigration of MRP8/14 
expressing cells 
 
Src and Syk activity was found to be essential for proper transmigration as inhibition of these 

kinases resulted in a clear reduction in transmigrated cells, both in the case of MRP14 

knockout and wildtype BMCs.  Hence, this inhibition of transmigration by Src and Syk kinase 

inhibitors was able to reduce the otherwise higher transmigration rate of MRP14 knockout 
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BMCs to wildtype level (Fig 41), which was expected, because it is known that these kinases 

play a pivotal role in cell migration (Zarbock and Ley, 2011). 

 

 

                         

 

 

 

 

 

 

 

 

 

 
 
 
Figure 54: Downstream signaling of CD49d in MRP8/14 expressing cells. In any immunoreceptor mediated 
signaling mechanism, it is the Src kinase that gets activated first which then recruits and phosphorylates Syk 
kinase. Both these kinase then work together sequentially thereby mediating and regulating a number of 
downstream processes that ultimately results in adhesion and transmigration of cells. In our scenario, we 
consider the parent integrin as CD49d that mediates the above mentioned downstream processes. 
 

Thus, MRP8/14 modulates the function of leukocytes and successfully guides their path along 

the activated endothelium by a mechanism that involves the active participation of the VLA-

4α integrin. These findings and the studies that MRP8/14 cross-links microtubules and actin 

filaments thereby forming the molecular basis of the described function in modulating 

integrin signaling are discussed in detail in our forthcoming publication (S100A8/S100A9 

integrates F-actin and microtubule dynamics to prevent uncontrolled extravasation of 

leukocytes).  
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7. Summary 

Cell adhesion and migration are highly complex processes strictly regulated by numerous 

signaling cascades often initiated by changes in cytosolic calcium concentrations (Odink et 

al., 1987; Roth et al., 2001; Vogl et al., 2004; Foell and Roth, 2004). As key regulators of 

cellular architecture, cytoskeletal components contribute greatly towards these processes. In 

leukocytes, these processes are strictly regulated and characterized by a highly dynamic 

turnover of microtubules (MTs), which is regulated by modulation of intracellular calcium 

levels and specific protein phosphorylation (Jones, 2000). Elevated calcium concentrations 

stimulate the interaction between calcium binding proteins and their specific intracellular 

targets.  

The major calcium-binding proteins expressed in granulocytes and monocytes are myeloid-

related protein 8 (MRP8 [S100A8]) and MRP14 (S100A9), two members of the S100 protein 

family (Roth et al., 2003). Mice deficient for these proteins show altered characteristics in 

transmigration rates (Vogl et al., 2004). We could show that this is true for the process of 

adhesion as well. MRP8/14 knockout cells were found to be more adherent and transmigrated 

more in number through a bEND5 endothelium monolayer than wildtype cells. Wildtype cells 

showed a higher basal surface expression of CD49d when compared to the knockout cells. 

Conversely, after 1 hour of adhesion, the CD49d expression level was downregulated in the 

wild type cells and upregulated in the knockout cells, which explain the observed differences 

in adhesion. CD49d, also known as VLA-4α chain is one subunit of the α4β1 integrin complex 

and plays a major role in adhesion of leukocytes to the activated endothelium and their 

subsequent transmigration to inflammatory sites. Accordingly adhesion patterns of wildtype 

and MRP14 knockout cells reversed in the presence of the primary ligands of CD49d e.g. 

Fibronectin or VCAM-1. Additionally, the wildtype cells portrayed more or less equal CD49d 

surface expression levels as compared to the MRP14 knockout cells under the CD49d-ligand 

coated adhesion condition. These findings in adhesion were confirmed using HEK293 and 

NIH-3T3 cell lines stably transfected with MRP8/MRP14.  

The significant role played by CD49d was further confirmed by blocking adhesion and 

transmigration by employing CD49d blocking antibodies Natalizumab and R1-2. These 

antibodies block CD49d thereby abrogating the leukocyte adhesion and migration to the 

inflamed tissues. In both the cases of employing Natalizumab and R1-2, we observed a 

precise retardation in the adhesion and transmigration pattern of the MRP14 knockout cells in 

comparison to the wildtype cells. This is strongly due to the fact that MRP14 knockout BMCs 
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exhibited an active form of the intergrin CD49d which was confirmed by the occurrence of an 

upregulation of CD49d surface expression after 1 hour of adhesion. These studies on CD49d 

strongly indicate that this α4 subunit of VLA-4α chain is a vital element for regulating the 

intracellular processes of MRP8/14 expressing cells. 

Extracellular MRP8/14 proved to be a potent factor in mediating adhesion and transmigration 

in MRP8/14 expressing cells. The homodimers of MRP8 and MRP14 and the heterodimer 

MRP8/14 have been described to increase the binding affinity of the neutrophil granulocytes 

to the endothelium (Ryckman et al., 2003b). In our studies, we could document a higher 

adhesion rate in the wildtype BMCs when extracellular MRP8/14 was used during the whole 

process; whereas the control adhesion without extracellular MRP8/14 always signified a 

higher adhesion rate for the MRP14 knockout BMCs. Transmigration studies had earlier 

revealed that the transmigration rate of MRP8/14 knockout cells was always greater than the 

wildtype cells (Vogl et al., 2004). This migratory property of wildtype and MRP8/14 

knockout cells switched when the bEND5 endothelial layer was stimulated overnight at the 

basal side with extracellular MRP8 or MRP8/14 prior to transmigration assay. There is strong 

evidence that MRP8/14 interacts with the endothelium leading to the loss of endothelial 

integrity (Viemann et al., 2005). Based on these findings we could further establish the 

plausible role of MRP8/14 as a chemokine during transmigration. MRP8/14 definitely has a 

convincing intracellular role during extravasation as it was observed that the cells that have 

transmigrated through an activated endothelium were heavily rich in MRP8/14. 

Downstream of the integrin CD49d, we could document the significant differences in the total 

expression levels of the tyrosine kinases namely, sarcoma family kinases (Src) and spleen 

tyrosine kinases (Syk). This could be evidently noted both on the protein level and the RNA 

level. The MRP14 knockout cells always expressed more Src and the wildtype cells expressed 

more Syk levels. This finding directly influenced the adhesion and transmigration of these 

two cell types. By this, it seems that these two genotypes compensated the expression of the 

kinases in them. In the presence of CD49d ligands namely Fibronectin and VCAM-1, the 

wildtype BMCs showed a strong increase in Src phosphorylation in contrast to the MRP14 

knockout that remained almost unchanged. Phosphorylation of Syk on the other hand 

appeared to be independent of CD49d ligands and was, as mentioned above, always found to 

be lower in MRP14 knockout BMCs. Upon performing blocking adhesion experiments with 

Src and Syk inhibitors it was observed that the MRP14 knockout cells were prone to Src and 

Syk blocking both in the presence and absence of CD49d ligands, while wildtype cells were 
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only affected by Src blocking in the presence, but not in the absence, of integrin ligands. In 

summary, all obtained data are can only be explained as being the consequences of an altered 

outside-in integrin signaling originally caused by MRP8/14 expression emphasizing its 

modulating role in overall integrin signaling. 

 

 

 

     

 

 

 

 

 

 

 

 

 

Figure 55: MRP8/14 and its role in mediating the adhesion and transmigration of leukocytes- a 
diagrammatic summary. Upon an inflammatory stimulus, leukocytes expressing MRP8/14 are recruited onto 
the activated endothelium. As they progress along the endothelium, the CD49d on the leukocytes become active 
and mediate the controlled adhesion of these cells onto the activated endothelium. This in due course leads to the 
transmigration process through the endothelium to inflammatory sites. CD49d mediates these leukocyte 
functions by directly interacting with its endothelial ligand VCAM-1 and the extracellular matrix protein 
fibronectin. There is a direct interaction of MRP8/14 with all these components. The cells that finally 
transmigrate through the endothelium are heavily rich in MRP8/14. 

 

All these data precisely indicates that MRP8/14 definitely modulates the function of 

leukocytes and successfully guide their path along the activated endothelium by a mechanism 

that involves the active participation of the VLA-4α chain wherein the downstream signaling 

is mediated by the tyrosine kinases Src and Syk (Fig 55). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



8- References 121 

8. References 

Abram, C. L. & Lowell, C. A. Convergence of immunoreceptor and integrin signaling. 
Immunol. Rev. 218, 29-44 (2007a). 

Abram, C. L. and Lowell, C. A. The expanding role for ITAM-based signaling pathways in 
immune cells. Sci STKE (2007b). 

Aguiar-Passeti, T., Postol, E., Sorg, C. & Mariano, M. Epithelioid cells from foreign-body 
granuloma selectively express the calcium-binding protein MRP-14, a novel down-regulatory 
molecule of macrophage activation. J Leukoc Biol. 62, 852–858 (1997). 
 
Alon, R., Kassner, P.D., Carr, M.W., Finger, E.B., Hemler, M.E. & Springer, T.A. The 
integrin VLA-4 supports tethering and rolling in flow on VCAM-1. J. Cell Biol. 128, 1243-
1253 (1995). 

Alon, R., Aker, M., Feigelson, S., Sokolovsky-Eisenberg, M., Staunton, D. E., Cinamon, G., 
Grabovsky, V., Shamri, R. & Etzioni, A. A novel genetic leukocyte adhesion deficiency in 
subsecond triggering of integrin avidity by endothelial chemokines results in impaired 
leukocyte arrest on vascular endothelium under shear flow. Blood. 101, 4437-4445 (2003). 

Ambartsumian, N., Klingelhofer, J., Grigorian, M., Christensen, C., Kriajevska, M., 
Tulchinsky, E., Georgiev, G., Berezin, V., Bock ,E., Rygaard, J., Cao, R., Cao, Y. & 
Lukanidin, E. The metastasis-associatedMts1 (S100A4) protein could act as an angiogenic 
factor. Oncogene. 20, 4685– 4695 (2001). 

Ambarus, C.A., Krausz, S., van Eijk, M., Hamann, J., Radstake, T.R., Reedquist, K.A., Tak, 
P.P. & Baeten, D.L. Systematic validation of specific phenotypic markers for in vitro 
polarized human macrophages. J Immunol Methods. 375, 196-206 (2011). 

Anceriz, N., Vandal, K. & Tessier, P.A. S100A9 mediates neutrophil adhesion to fibronectin 
through activation of beta2 integrins. Biochem Biophys Res Commun. 354, 84-9 (2007). 

Andrews, R.P., Kepley, C.L., Youssef, L., Wilson, B.S. & Oliver, J.M. Regulation of the very 
late antigen-4-mediated adhesive activity of normal and nonreleaser basophils: roles for Src, 
Syk, and phosphatidylinositol 3-kinase. J Leukoc Biol. 70, 776-782 (2001). 

Austermann, J., Nazmi, A.R., Müller-Tidow, C. & Gerke, V. Characterization of the Ca2+ -
regulated ezrin-S100P interaction and its role in tumor cell migration. J Biol Chem. 283, 
29331-40 (2008). 

Ausubel, L.J., Chodos, A., Bekarian, N., Abbas, A.K. & Walker, L.S. Functional tolerence is 
maintained despite proliferation of CD4 T cells after encounter with tissue-derived antigen. 
Dev Immunol. 9, 173-176 (2002). 

Bardoel, B.W. & Strijp, J.A. Molecular battle between host and bacterium: recognition in 
innate immunity. J Mol Recognit. 24, 1077-1086 (2011).  

Barreiro, O., Yanez-Mo, M., Serrador, J.M., Montoya, M.C., Vicente-Manzanares, M., 
Tejedor, R., Furthmayr, H. & Sanchez-Madrid, F. Dynamic interaction of VCAM-1 and 
ICAM-1 with moesin and ezrin in a novel endothelial docking structure for adherent 
leukocytes. J. Cell Biol. 157, 1233–1245 (2002). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ambarus%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krausz%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Eijk%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hamann%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Radstake%20TR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reedquist%20KA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tak%20PP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tak%20PP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baeten%20DL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Systematic%20validation%20of%20specific%20phenotypic%20markers%20for%20in%20vitro%20polarized%20human%20macrophages
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anceriz%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandal%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessier%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=anceriz%202007
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Andrews%20RP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kepley%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Youssef%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20BS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Oliver%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Regulation%20of%20the%20very%20late%20antigen-4-mediated%20adhesive%20activity%20of%20normal%20and%20nonreleaser%20basophils%3A%20roles%20for%20Src%2C%20Syk%2C%20and%20phosphatidylinositol%203-kinase
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Austermann%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nazmi%20AR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%BCller-Tidow%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gerke%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18725408
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Bardoel%20BW%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Strijp%20JA%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yanez-Mo%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Serrador%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Montoya%20MC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vicente-Manzanares%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tejedor%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Furthmayr%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanchez-Madrid%20F%22%5BAuthor%5D


8- References 122 

Basso, D., Greco, E., Fogar, P., Pucci, P., Flagiello, A., Baldo, G., Giunco, S., Valerio, A., 
Navaglia, F., Zambon, C.F., Falda, A., Pedrazzoli, S. & Plebani, M. Pancreatic cancer-derived 
S-100A8 N-terminal peptide: a diabetes cause? Clin Chim Acta. 372, 120-8 (2006). 

Belot, N., Pochet, R., Heizmann, C.W., Kiss, R. & Decaestecker, C. Extracellular S100A4 
stimulates the migration rate of astrocytic tumor cells by modifying the organization of their 
actin cytoskeleton. Biochim Biophys Acta. 1600, 74-83 (2002). 

Benaud, C., Gentil, B.J., Assard, N., Court, M., Garin, J., Delphin, C. & Baudier, J. AHNAK 
interaction with the annexin 2/S100A10 complex regulates cell membrane cytoarchitecture. J 
Cell Biol. 164, 133-44 (2003). 

Bergsbaken, T., Fink, S.L., & Cookson, B.T. Pyroptosis: host cell death and inflammation. 
Nat Rev Microbiol. 27, 99–109 (2009). 
 

Berlin, C., Bargatze, R.F., Campbell, J.J., von Andrian, U.H., Szabo, M.C., Hasslen, S.R., 
Nelson, R.D., Berg, E.L., Erlandsen, S.L. & Butcher, E.C. α4 integrins mediate lymphocyte 
attachment and rolling under physiologic flow. Cell. 80, 413–422 (1995). 

Berton, G., Mócsai, A. & Lowell, C.A. Src and Syk kinases: key regulators of phagocytic cell 
activation. Trends Immunol. 26, 208-214 (2005). 

Billadeau, D.D., Nolz, J.C. & Gomez, T.S. Regulation of T-cell activation by the 
cytoskeleton. Nat Rev Immunol. 7, 131-43 (2007). 

Blaschke, F., Stawowy, P., Goetze, S., Hintz, O., Gräfe, M., Kintscher, U., Fleck, E. & Graf, 
K. Hypoxia activates beta(1)-integrin via ERK 1/2 and p38 MAP kinase in human vascular 
smooth muscle cells. Biochem Biophys Res Commun. 296, 890-896 (2002). 

Block, H., Herter, J.M., Rossaint, J., Stadtmann, A., Kliche, S., Lowell, C.A. & Zarbock, A. 
Crucial role of SLP-76 and ADAP for neutrophil recruitment in mouse kidney ischemia-
reperfusion injury. J Exp Med. 209, 407-21 (2012). 

Bouma, G., Coppens, J.M., Lam-Tse, W.K., Luini, W., Sintnicolaas, K., Levering, W.H., 
Sozzani, S., Drexhage, H.A. & Versnel, M.A. An increased MRP8/14 expression and 
adhesion, but a decreased migration towards proinflammatory chemokines of type 1 diabetes 
monocytes. Clin Exp Immunol. 141, 509-517 (2005). 

Boussif, O., Lezoualc’h, F., Zanta, M.A., Mergny, M.D., Scherman, D., Demeneix, B. & 
Behr, J.P. A versatile vector for gene and oligonucleotide transfer into cells in culture and in 
vivo: Polyethylenimine. Proc. Natl. Acad. Sci. 92, 7297-7301 (1995). 

Boye, K. & Maelandsmo, G.M. S100A4 and metastasis: a small actor playing many roles. Am 
J Pathol. 176, 528-35 (2010). 

Campanero, M. R., Pozo, M.A., Arroyo, A.G., Sanchez Mateos,P., Hernandez Caselles, T., 
Craig, A., Pulido, R. & Sanchez Madrid, F. 1993. ICAM-3 interacts with LFA-1 and regulates 
the LFA-1/ICAM-1 cell adhesion pathway. J. Cell Biol.123, 1007 (1993). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Basso%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Greco%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fogar%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pucci%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Flagiello%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baldo%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Giunco%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Valerio%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Navaglia%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zambon%20CF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Falda%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pedrazzoli%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Plebani%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Basso%20D%2C%20Greco%20E%2C%20Fogar%20P%2C%20Pucci%20P%2C%20Flagiello%20A%2C%20Baldo%20G%2C%20Giunco%20S%2C%20Valerio%20A%2C%20Navaglia%20F%2C%20Zambon%20CF%2C%20Falda%20A%2C%20Pedrazzoli%20S%2C%20Plebani%20M%20%282006%29%20Pancreatic%20cancer-derived%20S-100A8%20N-terminal%20peptide%3A%20a%20diabetes%20cause%3F%20Clin%20Chim%20Acta%20372%3A120%E2%80%93128
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Belot%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pochet%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heizmann%20CW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kiss%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Decaestecker%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/12445462
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Benaud%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gentil%20BJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Assard%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Court%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Garin%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Delphin%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Baudier%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14699089
http://www.ncbi.nlm.nih.gov/pubmed/14699089
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=19148178
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bargatze%20RF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Campbell%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22von%20Andrian%20UH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szabo%20MC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hasslen%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nelson%20RD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berg%20EL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Erlandsen%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butcher%20EC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berton%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22M%C3%B3csai%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lowell%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=src%2C%20syk%2C%20Berton%20et%20al.%2C%202005
http://www.ncbi.nlm.nih.gov/pubmed/17259969
http://www.ncbi.nlm.nih.gov/pubmed/17259969
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blaschke%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stawowy%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goetze%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hintz%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gr%C3%A4fe%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kintscher%20U%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fleck%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Graf%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Graf%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Hypoxia%20activates%20b1-integrin%20via%20ERK%201%2F2%20and%20p38%20MAP%20kinase%20in%20human%20vascular%20smooth%20muscle%20cellsq%20Florian
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Block%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herter%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rossaint%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stadtmann%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kliche%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lowell%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zarbock%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Crucial%20role%20of%20SLP-76%20and%20ADAP%20for%20neutrophil%20recruitment%20in%20mouse%20kidney%20ischemia-reperfusion%20injury
http://www.ncbi.nlm.nih.gov/pubmed/16045741
http://www.ncbi.nlm.nih.gov/pubmed/16045741
http://www.ncbi.nlm.nih.gov/pubmed/16045741
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zanta%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mergny%20MD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Scherman%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Demeneix%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Behr%20JP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Boye%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maelandsmo%20GM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20019188
http://www.ncbi.nlm.nih.gov/pubmed/20019188


8- References 123 

Campbell, J.J., Hedrick, J., Zlotnik, A., Siani, M.A., Thompson, D.A. & Butcher, E.C. 
Chemokines and the arrest of lymphocytes rolling under flow conditions. Science 279, 381–
384 (1998). 

Campbell, I. D. & Ginsberg, M. H. The talin-tail interaction places integrin activation on 
FERM ground. Trends Biochem. Sci. 29, 429-435 (2004). 

Cancemi1, P., Di Cara, G., Albanese, N.N., Costantini, F., Marabeti, M.R., Musso, R., Lupo, 
C., Roz, E. & Pucci-Minafra, I. Large-scale proteomic identification of S100 proteins in 
breast cancer tissues. BMC Cancer. 10, 476 (2010). 
 
Carman, C. V. & Springer, T. A. A transmigratory  cup in leukocyte diapedesis both through 
individual vascular endothelial cells and between them.  J. Cell Biol. 167, 377–388 (2004). 
 
Carman, C.V. & Springer, T.A. Trans-cellular migration: cell-cell contacts get intimate. Curr. 
Opin. Cell Biol. 20, 533-540 (2008). 

Chan, B.M., Elices, M.J., Murphy, E. & Hemler, M.E. Adhesion to vascular cell adhesion 
molecule 1 and fibronectin. Comparison of alpha 4 beta 1 (VLA-4) and alpha 4 beta 7 on the 
human B cell line JY. J Biol Chem. 267, 8366-8370 (1992). 

Chan, J., Hyduk, S.J. & Cybulsky, M.I. α4ß1 Integrin/VCAM-1 Interaction Activates αLß2 
Integrin-Mediated Adhesion to ICAM-1 in Human T Cells. J Immunol. 164, 746-753. (2000). 
 

Chan, J. R., Hyduk, S. J. & Cybulsky, M. I. Chemoattractants induce a rapid and transient 
upregulation of monocyte α4 integrin affinity for vascular cell adhesion molecule 1 which 
mediates arrest: an early step in the process of emigration. J. Exp. Med. 193, 1149–1158 
(2001). 

Cheng, P., Corzo, C.A., Luetteke, N., Yu, B., Nagaraj, S., Bui, M.M., Ortiz, M., Nacken, W., 
Sorg, C., Vogl, T., Roth, J. & Gabrilovich, D.I. Inhibition of dendritic cell differentiation and 
accumulation of myeloid-derived suppressor cells in cancer is regulated by S100A9 protein. J 
Exp Med. 205, 2235-2249 (2008). 
 

Choi, K.S., Fitzpatrick, S.L., Filipenko, N.R., Fogg, D.K., Kassam, G., Magliocco, A.M. & 
Waisman, D.M. Regulation of plasmin-dependent fibrin clot lysis by annexin II 
heterotetramer. J Biol Chem. 276:25212–25221 (2001). 

Cinamon, G., Shinder, V., Shamri, R. & Alon, R. Chemoattractant signals and β 2 integrin 
occupancy at apical endothelial contacts combine with shear stress signals to promote 
transendothelial neutrophil migration. J. Immunol. 173, 7282–7291 (2004). 
 
Collins, T., Williams, A., Johnston, G.I., Kim, J., Eddy, R., Shows, T., Gimbrone,  M.A. & 
Bevilacqua, M.P. "Structure and chromosomal location of the gene for endothelial-leukocyte 
adhesion molecule 1". J. Biol. Chem. 266, 2466–2473 (1991). 

Cornish, C.J., Devery, J.M., Poronnik, P., Lackmann, M., Cook, D.I. & Geczy, C.L. S100 
protein CP-10 stimulates myeloid cell chemotaxis without activation. J Cell Physiol. 166, 
427-437 (1996). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Campbell%20JJ%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Hedrick%20J%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Zlotnik%20A%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Siani%20MA%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Thompson%20DA%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Butcher%20EC%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chan%20BM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Elices%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Murphy%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hemler%20ME%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=chan%2C%20vcam%2C%20fibronectin%2C%201992


8- References 124 

Dale, C.S., Goncalves, L.R., Juliano, L., Juliano, M.A., da Silva, A.M. & Giorgi, R. The C-
terminus of murine S100A9 inhibits hyperalgesia and edema induced by jararhagin. Peptides. 
25, 81-89 (2004). 
 
Dale, C.S., Pagano Rde, L., Paccola, C.C., Pinotti-Guirao, T., Juliano, M.A., Juliano, L. & 
Giorgi, R. Effect of the C-terminus of murine S100A9 protein on experimental nociception. 
Peptides. 27, 2794-2802 (2006). 

Davies, E.V. & Hallett, M.B. Cytosolic Ca2+ signalling in inflammatory neutrophils: 
implications for rheumatoid arthritis. Int J Mol Med. 1, 485-90 (1998). 

Delaguillaumie, A., Lagaudrière-Gesbert, C., Popoff, M.R. & Conjeaud, H. Rho GTPases link 
cytoskeletal rearrangements and activation processes induced via the tetraspanin CD82 in T 
lymphocytes. J Cell Sci. 115, 433-43 (2002). 

Diacovo, T. G., Roth, S.J., Buccola, J.M., Bainton, D.F. & Springer, T.A. Neutrophil rolling, 
arrest, and transmigration across activated, surface-adherent platelets via sequential action of 
P-selectin and the ß2-integrin CD11b/CD18. Blood. 88, 146 (1996). 

Ding, M., Robinson, J.M., Behrens, B.C. & Vandré, D.D. The microtubule cytoskeleton in 
human phagocytic leukocytes is a highly dynamic structure. Eur J Cell Biol. 66, 234-45 
(1995). 

Donato, R. S100: a multigenic family of calcium-modulated proteins of the EF-hand type 
with intracellular and extracellular functional roles. Int J Biochem Cell Biol. 33, 637-68 
(2001). 

Donato, R. Intracellular and extracellular roles of S100proteins. Microsc Res Tech. 6, 540-51 
(2003). 

Donato R. RAGE: a single receptor for several ligands and different cellular responses: the 
case of certain S100 proteins. Curr Mol Med. 7, 711-24 (2007). 

 

Dranoff, G. Cytokines in cancer pathogenesis and cancer therapy. Nature Reviews Cancer 4, 
11-22 (2004)  

Dutrochet, H. Recherches anatomiques et physiologiques sur la structure intime des animaux 
et des végetaux, et sur leur motilité. This book contains the first account and drawings of 
leukocyte transmigration through the wall of microvessels. Bailliere et fils. 1-233 (1984). 

Dvorak, A.M. & Feng, D. The vesiculo-vacuolar organelle (VVO). A new endothelial cell 
permeability organelle. J Histochem Cytochem. 49, 419-32 (2001). 

Eckert, R.L., Broome, A.M., Ruse, M., Robinson, N., Ryan, D. & Lee, K. S100 proteins in 
the epidermis. J Invest Dermatol. 123, 23-33 (2004). 
 
Ehlermann, P., Eggers, K., Bierhaus, A., Most, P., Weichenhan, D., Greten, J., Nawroth, P.P., 
Katus, H.A. & Remppis, A. Increased proinflammatory endothelial response to S100A8/A9 
after preactivation through advanced glycation end products. Cardiovasc Diabetol. 5, 6 
(2006). 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Davies%20EV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hallett%20MB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Davies%20EV.%2C%20Hallett%20MB.%20%281998%29%20Cytosolic%20Ca2%2B%20signalling%20in%20inflammatory%20neutrophils%3A%20implications%20for%20rheumatoid%20arthritis.%20Int%20J%20Mol%20Med.%201998%3B1%3A485-490.
http://www.ncbi.nlm.nih.gov/pubmed/11839793
http://www.ncbi.nlm.nih.gov/pubmed/11839793
http://www.ncbi.nlm.nih.gov/pubmed/11839793
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ding%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Behrens%20BC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandr%C3%A9%20DD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Ding%2C%20M.%2C%20Robinson%2C%20J.%20M.%2C%20Behrens%2C%20B.%20C.%20and%20Vandr%C3%A9%2C%20D.%20D.%20%281995%29%20The%20microtubule%20cytoskeleton%20in%20human%20phagocytic%20leukocytes%20is%20a%20highly%20dynamic%20structure.%20Eur.%20J.%20Cell%20Biol.%2066%2C%20234-245
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dvorak%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Feng%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=dvorak%202001%20vvo
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Eckert%20RL%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Broome%20AM%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Ruse%20M%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Robinson%20N%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Ryan%20D%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Lee%20K%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed/15191538


8- References 125 

Ehrchen, J.M., Sunderkötter, C., Foell, D., Vogl, T. & Roth, J. The endogenous Toll-like 
receptor 4 agonist S100A8/S100A9 (calprotectin) as innate amplifier of infection, 
autoimmunity, and cancer. J Leukoc Biol. 86, 557-566 (2009). 
 
Ehrhardt, C., Schmolke, M., Matzke, A., Knoblauch, A., Will, C., Wixler, V. & Ludwig, S. 
Polyethylenimine, a cost effective transfection reagent. Signal Transduction. 6, 179-184 
(2006). 

 

Ernst, J.D. & Stendahl, O. Phagocytosis of Bacteria and Bacterial Pathogenecity. New 
York:Cambridge Press (2006). 

Eue, I., Pietz, B., Storck, J., Klempt, M. & Sorg, C. Transendothelial migration of 27E10+ 
human monocytes. Int Immunol. 12, 1593-1604 (2000). 

Evans, R., Patzak, I., Svensson, L., De Filippo, K., Jones, K., McDowall, A. & Hogg, N. 
Integrins in immunity. Journal of Cell Science. 122, 215-225 (2009).  

Farkas, A.M., Kilgore, T.M. & Lotze, M.T. "Detecting DNA: getting and begetting cancer". 
Curr Opin Investig Drugs. 8 (12): 981–6 (2007). 

Feigelson, S.W., Grabovsky, V., Winter, E., Chen, L.L., Pepinsky, R.B., Yednock, T., 
Yablonski, D., Lobb, R. & Alon, R. The Src kinase p56(lck) up-regulates VLA-4 integrin 
affinity. Implications for rapid spontaneous and chemokine-triggered T cell adhesion to 
VCAM-1 and fibronectin. J Biol Chem. 276, 13891-13901 (2001). 

Feng, D., Nagy, J. A., Pyne, K., Dvorak, H. F. & Dvorak, A. M. Neutrophils emigrate from 
venules  by a transendothelial cell pathway in response to fMLP. J. Exp. Med. 187, 903–915 
(1998).  
 
Fitzpatrick, S.L., Kassam, G., Choi, K.S., Kang, H.M., Fogg, D.K. & Waisman, D.M. 
Regulation of plasmin activity by annexin II tetramer. Biochemistry. 39, 1021–1028 (2000).  

Foell, D. & Roth, J. Proinflammatory S100 proteins in arthritis and autoimmune disease. 
Arthritis Rheum, 50, 3762-3771 (2004). 

Foell, D., Wittkowski, H., Vogl, T. & Roth, J. S100 proteins expressed in phagocytes: a novel 
group of damage-associated molecular pattern molecules. J. Leukoc. Biol. 81, 28 – 37 (2007). 

Freemont, P., Hogg, N. & Edgeworth, J. Sequence identity. Nature. 339, 516 (1989). 

Fritz, G., Botelho, H.M., Morozova-Roche, L.A. & Gomes, C.M. Natural and amyloid self-
assembly of S100 proteins: structural basis of functional diversity. FEBS J. 277, 4578-4590 
(2010). 

Frosch, M., Strey, A., Vogl, T., Wulffraat, N. M., Kuis, W., Sunderkotter, C., Harms, E., 
Sorg, C. & Roth, J. Myeloid-related proteins 8 and 14 are specifically secreted during 
interaction of phagocytes and activated endothelium and are useful markers for monitoring 
disease activity in pauciarticular-onset juvenile rheumatoid arthritis. Arthritis Rheum. 43, 628-
637 (2000). 
 
Frosch, M., Vogl, T., Seeliger, S., Wulffraat, M., Kuis, W., Viemann, D., Foell, D., Sorg, C., 
Sunderkötter, C. & Roth J. Expression of myeloid-derived proteins 8 and 14 in systemic onset 

http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Ehrchen%20JM%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Sunderk%25C3%25B6tter%20C%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Foell%20D%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Vogl%20T%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Roth%20J%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=Jan%20Erschen%202009%20DAMPs
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eue%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pietz%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Storck%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Klempt%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sorg%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=MRP14%20and%20MRP8%2F14%2C%20but%20not%20MRP8%2C%20enhanced%20monocyte%20adhesion%20to%20endothelial%20cells%2C%20indicating%20that%20MRP8%20does%20not%20negatively%20regulate%20MRP14%20activity%20towards%20monocytes%20by%20forming%20MRP8%2F14%20%28Eue%20et%20al.%2C%202000%29
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Feigelson%20SW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grabovsky%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Winter%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20LL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pepinsky%20RB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yednock%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yablonski%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lobb%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alon%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11102438
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Freemont%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hogg%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Edgeworth%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Freemont%20P%2C%20Hogg%20N%2C%20Edgeworth%20J%20%281989%29%20Sequence%20identity.%20Nature%20339%3A516
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Foell%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sorg%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sunderk%C3%B6tter%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20J%22%5BAuthor%5D


8- References 126 

juvenile rheumatoid arthritis. Arthritis Rheum. 48, 2622-2626 (2003). 
 
Frosch, M., Vogl, T., Waldherr, R., Sorg, C., Sunderkotter, C. & Roth, J. Expression of 
MRP8 and MRP14 by macrophages is a marker for severe forms of glomerulonephritis. J 
Leukoc Biol. 75, 198-206 (2004). 

Garcia-Gila, M., Lopez-Martin, E.M. & Garcia-Pardo, A. Adhesion to fibronectin via alpha4 
integrin (CD49d) protects B cells from apoptosis induced by serum deprivation but not via 
IgM or Fas/Apo-1 receptors. Clin Exp Immunol. 127, 455-462 (2002).  

Goetzl, E.J. & Austen, K.F. A neutrophil-immobilizing factor derived from human 
leukocytes. I. Generation and partial characterization. J Exp Med. 136, 1564-80 (1972). 

Goetzl, E.J., Gigli, I., Wasserman, S. & Austen, K.F. A neutrophil immobilizing factor 
derived from human leukocytes. II. Specificity of action on polymorphonuclear leukocyte 
mobility. J Immunol. 111, 938-45 (1973). 

Goyette, J. & Geczy, C.L. Inflammation-associated S100 proteins: new mechanisms that 
regulate function. Amino Acids.;41, 821-42 (2011). 

Greenwood, J., Heasman, S.J., Alvarez, J.I., Prat, A., Lyck, R. & Engelhardt, B. Leukocyte-
endothelial cell crosstalk at the blood-brain barrier: a prerequisite for successful immune cell 
entry to the brain. Neuropathol Appl Neurobiol. 37, 24-39 (2011). 

Ginsberg, M.H., Partridge, A. & Shattil, S.J. Integrin regulation. Current Opinion in Cell 
Biology. 17, 509-516 (2005). 

Gioia, R., Leroy, C., Drullion, C., Lagarde, V., Etienne, G., Dulucq, S., Lippert, E., Roche, S., 
Mahon, F.X. & Pasquet, J.M. Quantitative phosphoproteomics revealed interplay between 
Syk and Lyn in the resistance to nilotinib in chronic myeloid leukemia cells. Blood. 118, 
2211-2221 (2011). 

Griffin, S. W. T., Sheng, J. G., Royston, M. C., Gentleman, S. M., McKenzie, J. E., Graham, 
D. I., Roberts, G. W. & Mrak, R. E. Glial-neuronal interactions in Alzheimer’s disease: The 
potential role of a ‘‘cytokine cycle’’ in disease progression. Brain Pathol (1998). 

Grimbaldeston, M.A., Geczy, C.L., Tedla, N., Finlay-Jones, J.J. & Hart, P.H. S100A8 
induction in keratinocytes by ultraviolet A irradiation is dependent on reactive oxygen 
intermediates. J Invest Dermatol. 121, 1168-74 (2003). 

Haga, H.J., Brun, J.G., Berntzen, H.B., Cervera, R., Khamashta, M., Hughes, G.R. 
Calprotectin in patients with systemic lupus erythematosus: relation to clinical and laboratory 
parameters of disease activity. Lupus. 2, 47-50 (1993). 

Harrison, C.A., Raftery, M.J., Walsh, J., Alewood, P., Iismaa, S.E., Thliveris, S. & Geczy, 
C.L. Oxidation regulates the inflammatory properties of the murine S100 protein S100A8. J 
Biol Chem. 274, 8561-9 (1999). 

Hasenberg, M., Kohler, A., Bonifatius, S., Borucki, K., Riek-Burchardt, M., Achilles, J.,  
Männ, L., Baumgart., K., Schraven, B. & Gunzer, M. Rapid immunomagnetic negative 
enrichment of neutrophil granulocytes from murine bone marrow for functional studies in 
vitro and in vivo. PLoS One. 6, 17314 (2011). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goetzl%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Austen%20KF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/4641855
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goetzl%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gigli%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wasserman%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Austen%20KF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Goetzl%2C%20E.%20J.%2C%20I.%20Gigli%2C%20S.%20I.%20Wasserman%2C%20and%20K.%20F.%20Austen.%201973.%20A%20neutrophil%20immobilizing%20factor%20derived%20from%20human%20leukocytes.%20II.%20Specificity%20of%20action%20on%20polymorphonuclear%20leukocyte%20mobility.%20J.%20Immunol.%20111%3A%20938.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Goyette%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20213444
http://www.scopus.com/authid/detail.url?authorId=7202385206&eid=2-s2.0-24644477668
http://www.scopus.com/authid/detail.url?authorId=7005243451&eid=2-s2.0-24644477668
http://www.scopus.com/authid/detail.url?authorId=7101856532&eid=2-s2.0-24644477668
http://www.scopus.com/source/sourceInfo.url?sourceId=18503&origin=recordpage
http://www.scopus.com/source/sourceInfo.url?sourceId=18503&origin=recordpage
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gioia%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leroy%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Drullion%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lagarde%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Etienne%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dulucq%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lippert%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roche%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mahon%20FX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pasquet%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=src%2C%20syk%2C%20Gioia%20et%20al.%2C%202011
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Grimbaldeston%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tedla%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Finlay-Jones%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hart%20PH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Grimbaldeston%20MA%2C%20Geczy%20CL%2C%20Tedla%20N%2C%20Finlay-Jones%20JJ%2C%20Hart%20PH%20%282003%29%20S100A8%20induction%20in%20keratinocytes%20by%20ultraviolet%20A%20irradiation%20is%20dependent%20on%20reactive%20oxygen%20intermediates.%20J%20Invest%20Dermatol%20121%3A1168%E2%80%931174
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Harrison%20CA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raftery%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Walsh%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alewood%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Iismaa%20SE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thliveris%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20CA%2C%20Raftery%20MJ%2C%20Walsh%20J%2C%20Alewood%20P%2C%20Iismaa%20SE%2C%20Thliveris%20S%2C%20Geczy%20CL%20%281999%29%20Oxidation%20regulates%20the%20inflammatory%20properties%20of%20the%20murine%20S100%20protein%20S100A8.%20J%20Biol%20Chem%20274%3A8561%E2%80%938569
http://www.ncbi.nlm.nih.gov/pubmed?term=Harrison%20CA%2C%20Raftery%20MJ%2C%20Walsh%20J%2C%20Alewood%20P%2C%20Iismaa%20SE%2C%20Thliveris%20S%2C%20Geczy%20CL%20%281999%29%20Oxidation%20regulates%20the%20inflammatory%20properties%20of%20the%20murine%20S100%20protein%20S100A8.%20J%20Biol%20Chem%20274%3A8561%E2%80%938569


8- References 127 

Heizmann, C.W. & Cox, J.A. New perspectives on S100 proteins: a multi-functional Ca(2+)-, 
Zn(2+)- and Cu(2+)-binding protein family. Biometals. 11, 383-97 (1998). 
 
Heizmann, C. W., Fritz, G. & Schafer, B. W. S100 proteins: structure, functions and 
pathology. Front. Biosci. 7, 1356 –1368 (2002). 

Herlaar, E. & Brown, Z. p38 MAPK signalling cascades in inflammatory disease. Mol Med 
Today. 5, 439-47 (1999). 

Hermani, A., De Servi, B., Medunjanin, S., Tessier, P.A., & Mayer, D. S100A8 and S100A9 
activate MAP kinase and NF-kappaB signaling pathways and trigger translocation of RAGE 
in human prostate cancer cells. Exp Cell Res. 312, 184-197 (2006). 
 
Hessian, P.A., Wilkinson, L. & Hogg, N. The S100 family protein MRP-14 (S100A9) has 
homology with the contact domain of high molecular weight kininogen. FEBS Lett, 371, 271-
275 (1995). 

Hobbs, J.A., May, R., Tanousis, K., McNeill, E., Mathies, M., Gebhardt, C., Henderson, R., 
Robinson, M.J. & Hogg, N. Myeloid cell function in MRP-14 (S100A9) null mice. Mol Cell 
Biol. 23, 2564-76 (2003). 

Hogg, N. & Leitinger, B. Shape and shift changes related to the function of leukocyte 
integrins LFA-1 and Mac-1. Journal of Leukocyte Biology. 69, 893-898 (2001). 

Hogg, N., Laschinger, M., Giles, K. & McDowall, A. T-cell integrins: more than just sticking 
points. J Cell Sci. 116, 4695-4705 (2003). 
 
Hogg, N., Patzak, I. & Willenbrock, F. The insider's guide to leukocyte integrin signalling and 
function. Nature Reviews Immunology. 11, 416-426 (2011).  
  
Hornstein, I., Alcover, A. & Katzav, S. Vav proteins, masters of the world of cytoskeleton 
organization. Cell Signal. 16, 1-11 (2004). 

Hua, J., Chen, D., Fu, H., Zhang, R., Shen, W., Liu, S., Sun, K. & Sun, X. Short hairpin 
RNA-mediated inhibition of S100A4 promotes apoptosis and suppresses proliferation of 
BGC823 gastric cancer cells in vitro and in vivo. Cancer Lett. 292, 41-7 (2010). 

Huo, Y., Schober, A., Forlow, B., Smith, D.F., Hyman, M.C., Jung, S., Littman, D.R., Weber, 
C. & Ley, K. Circulating activated platelets exacerbate atherosclerosis in mice deficient in 
apolipoprotein E. Nature Medicine. 9, 61-67 (2002).   
  
Huttunen, H.J., Kuja-Panula, J,. Sorci, G., Agneletti, A.L., Donato, R. & Rauvala, H. 
Coregulation of neurite outgrowth and cell survival by amphoterin and S100 proteins through 
RAGE activation. J Biol Chem. 275, 40096 – 40105 (2000). 
 

Hynes, R.O. Integrins: versatility, modulation, and signaling in cell adhesion. Cell. 69, 11-25 
(1992). 

Ikemoto, M., Murayama, H., Itoh, H., Totani, M. & Fujita, M. Intrinsic function of 
S100A8/A9 complex as an anti-inflammatory protein in liver injury induced by 
lipopolysaccharide in rats. Clin Chim Acta. 376, 197–204 (2007). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Heizmann%20CW%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Cox%20JA%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed/10191501
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Herlaar%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brown%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Herlaar%20E.%2C%20Brown%20Z.%20%281999%29%20p38%20MAPK%20signalling%20cascades%20in%20inflammatory%20disease.%20Mol%20Med%20Today.%201999%3B5%3A439-447.
http://www.ncbi.nlm.nih.gov/pubmed?term=Herlaar%20E.%2C%20Brown%20Z.%20%281999%29%20p38%20MAPK%20signalling%20cascades%20in%20inflammatory%20disease.%20Mol%20Med%20Today.%201999%3B5%3A439-447.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hobbs%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22May%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tanousis%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McNeill%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mathies%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gebhardt%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Henderson%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hogg%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Hobbs%20JA.%2C%20May%20R.%2C%20Tanousis%20K.%2C%20et%20al.%20%282003%29%20Myeloid%20cell%20function%20in%20MRP-14%20%28S100A9%29%20null%20mice.%20Mol%20Cell%20Biol.%202003
http://www.ncbi.nlm.nih.gov/pubmed?term=Hobbs%20JA.%2C%20May%20R.%2C%20Tanousis%20K.%2C%20et%20al.%20%282003%29%20Myeloid%20cell%20function%20in%20MRP-14%20%28S100A9%29%20null%20mice.%20Mol%20Cell%20Biol.%202003
http://www.scopus.com/authid/detail.url?authorId=7102844993&eid=2-s2.0-0034977350
http://www.scopus.com/authid/detail.url?authorId=6603021104&eid=2-s2.0-0034977350
http://www.scopus.com/source/sourceInfo.url?sourceId=29607&origin=recordpage
http://jcs.biologists.org/search?author1=Melanie+Laschinger&sortspec=date&submit=Submit
http://jcs.biologists.org/search?author1=Katherine+Giles&sortspec=date&submit=Submit
http://jcs.biologists.org/search?author1=Alison+McDowall&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hornstein%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alcover%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Katzav%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/14607270
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hua%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fu%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhang%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sun%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sun%20X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=hua%20apoptosis%20S100%202010


8- References 128 

 
Isaksen, B. & Fagerhol, M.K. Calprotectin inhibits matrix metalloproteinases by sequestration 
of zinc. Mol Pathol. 54, 289-292 (2001). 
 
Isobe, T. & Okuyama, T. The amino acid sequence of the S100 protein (PAP I-b protein) and 
its relation to the calcium binding proteins. Eur. J. Biochem.  89 , 379–388 (1978). 

Jamora, C. & Fuchs, E. Intercellular adhesion, signalling and the cytoskeleton. Nat Cell Biol. 
4, 101-108 (2002). 

Jones, G.E. Cellular signaling in macrophage migration and chemotaxis. J Leukoc Biol. 68, 
593-602 (2000). 

Jurk, K., Clemetson, K.J., de Groot, P.G., Brodde, M.F., Steiner, M., Savion, N., Varon, D., 
Sixma, J.J., Van Aken, H. & Kehrel, B.E. Thrombospondin-1 mediates platelet adhesion at 
high shear via glycoprotein Ib (GPIb): an alternative/backup mechanism to von Willebrand 
factor. FASEB J. 17, 1490-2 (2003). 

Kane, D., Roth, J., Frosch, M., Vogl, T., Bresnihan, B. & FitzGerald, O. Increased 
perivascular synovial membrane expression of myeloid-related proteins in psoriatic arthritis. 
Arthritis Rheum. 48, 1676-85 (2003). 

Kanwar, S., Bullard, D.C., Hickey, M.J., Smith, W., Beaudet, A.L., Wolitzky, B. A. & Kubes, 
P. The Association between α4-Integrin, P-Selectin, and E-Selectin in an Allergic Model of 
Inflammation. JEM. 185, 1077-1088 (1997). 
 
Katagiri, K., Hattori, M., Minato, N., Irie, S., Takatsu, K. & Kinashi, T. Rap1 is a potent 
activation signal for leukocyte function-associated antigen 1 distinct from protein kinase C 
and phosphatidylinositol-3-OH kinase. Mol. Cell. Biol. 20, 1956-1969 (2000). 

Kellermann, S.A., Dell, C.L., Hunt, S.W. & Shimizu, Y. Genetic analysis of integrin 
activation in T lymphocytes. Immunological Reviews. 186, 172–188 (2002). 

Kemler, R. From cadherins to catenins: cytoplasmic protein interactions and regulation of cell 
adhesion. Trends Genet. 9, 317-21 (1993). 

Kielbassa, K., Schmitz, C. & Gerke, V. Disruption of endothelial microfilaments selectively 
reduces the transendothelial migration of monocytes. Exp Cell Res. 243, 129-141 (1998). 

Kinashi, T., Aker, M., Sokolovsky-Eisenberg, M., Grabovsky, V., Tanaka, C., Shamri, R., 
Feigelson, S., Etzioni, A. & Alon, R. LAD-III, a leukocyte adhesion deficiency syndrome 
associated with defective Rap1 activation and impaired stabilization of integrin bonds. Blood. 
103, 1033-1036 (2004). 

Kisiel, S., Dempsey, A.C. & Shaw, G.S. Calcium-dependent and -independent interactions of 
the S100 protein family. Biochem L. 396, 201-214 (2006). 

Komada, T., Araki, R., Nakatani, K., Yada, I., Naka, M. & Tanaka, T. Novel specific 
chemotactic receptor for S100L protein on guinea pig eosinophils. Biochem Biophys Res 
Commun. 220, 871– 874 (1996). 

Kono, H., & Rock, K.L. How dying cells alert the immune system to danger. Nature reviews 
immunology. 8, 279-289 (2008). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jamora%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fuchs%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/11944044
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20GE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20GE.%20%282000%29%20Cellular%20signaling%20in%20macrophage%20migration%20and%20chemotaxis.%20J%20Leukoc%20Biol.%202000%3B68%3A593-602.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jurk%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clemetson%20KJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Groot%20PG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brodde%20MF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Steiner%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Savion%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Varon%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sixma%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Aken%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kehrel%20BE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=jurk%202003%20thrombospondin
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kane%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Frosch%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vogl%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bresnihan%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22FitzGerald%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/12794836
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kemler%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8236461


8- References 129 

  
Kubes, P., Niu, X.F., Smith, W., Kehrli, M.E., Reinhardt, P.H. & Woodman, R.C. A novel β1 
dependent adhesion pathway on neutrophils: a mechanism invoked by dihydrocytochalasin B 
or endothelial transmigration. FASEB J. 9, 1103-1111 (1995). 

Kuwano, Y., Spelten, O., Zhang, H., Ley, K. & Zarbock, A. Rolling on E- or P-selectin 
induces the extended but not high-affinity conformation of LFA-1 in neutrophils. Blood. 116, 
617-624 (2010). 

Lackmann, M., Cornish, C.J., Simpson, R.J., Moritz, R.L. & Geczy, C.L. Purification and 
structural analysis of a murine chemotactic cytokine (CP-10) with sequence homology to 
S100 proteins. J Biol Chem. 267, 7499-7504 (1992). 

Lackmann, M., Rajasekariah, P., Iismaa, S.E., Jones, G., Cornish, C.J., Hu, S., Simpson, R.J., 
Moritz, R.L. & Geczy, C.L. Identification of a chemotactic domain of the pro-inflammatory 
S100 protein CP-10. J Immunol. 150, 2981-91 (1993). 

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature. Bd. 227, 680-685 (1970). 

Lafuente, E. M., van Puijenbroek, A. A., Krause, M., Carman, C. V., Freeman, G. J., 
Berezovskaya, A., Constantine, E., Springer, T. A., Gertler, F. B. & Boussiotis, V. A. RIAM, 
an Ena/VASP and Profilin ligand, interacts with Rap1-GTP and mediates Rap1-induced 
adhesion. Dev. Cell. 7, 585-595 (2004). 

Laudanna, C. & Alon, R. Right on the spot. Chemokine triggering of integrin-mediated arrest 
of rolling leukocytes. Thromb Haemost. 95, 5-11 (2006). 

Lawrence, M. B. & Springer, T.A. Leukocytes roll on a selectin at physiologic flow rates: 
distinction from and prerequisite for adhesion through integrins. Cell. 65, 859 (1991). 

Leclerc, E., Fritz, G., Weibel, M., Heizmann, C.W. & Galichet, A. S100B and S100A6 
differentially modulate cell survival by interacting with distinct RAGE (receptor for advanced 
glycation end products) immunoglobulin domains. J Biol Chem. 282, 31317-31 (2007). 

Leclerc, E., Fritz, G., Vetter, S.W. & Heizmann, C.W. Binding of S100 proteins to RAGE: an 
update. Biochim Biophys Acta. 1793, 993-1007 (2009). 

Leclerc, E. & Heizmann, C.W. The importance of Ca2+/Zn2+ signaling S100 proteins and 
RAGE in translational medicine. Front Biosci . 3, 1232-62 (2011). 

Leukert, N., Vogl, T., Strupat, K., Reichelt, R., Sorg, C. & Roth J. Calcium-dependent 
tetramer formation of S100A8 and S100A9 is essential for biological activity. J Mol Biol. 16, 
961-972 (2006). 

Ley, K., Laudanna, C., Cybulsky, M.I. & Nourshargh, S.  Getting to the site of inflammation: 
the leukocyte adhesion cascade updated. Nature Reviews Immunology. 7, 678-689 (2007). 

Li, D.R., Michiue, T., Zhu, B.L., Ishikawa, T., Quan, L., Zhao, D., Yoshida, C., Chen, J.H., 
Wang, Q., Komatsu, A., Azuma, Y. & Maeda, H. Evaluation of postmortem S100B levels in 
the cerebrospinal fluid with regard to the cause of death in medicolegal autopsy. Leg Med. 11, 
273-5 (2010). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lackmann%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rajasekariah%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Iismaa%20SE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jones%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cornish%20CJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hu%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Simpson%20RJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moritz%20RL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Lackmann%20M%2C%20Rajasekariah%20P%2C%20Iismaa%20SE%2C%20Jones%20G%2C%20Cornish%20CJ%2C%20Hu%20S%2C%20Simpson%20RJ%2C%20Moritz%20RL%2C%20Geczy%20CL%20%281993%29%20Identification%20of%20a%20chemotactic%20domain%20of%20the%20pro-inflammatory%20S100%20protein%20CP-10.%20J%20Immunol%20150%3A2981%E2%80%932991
http://www.ncbi.nlm.nih.gov/pubmed/16543955
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leclerc%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fritz%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weibel%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heizmann%20CW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Galichet%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/17726019
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Leclerc%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heizmann%20CW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/21622268
http://www.nature.com/nri/journal/v7/n9/full/nri2156.html#a2
http://www.nature.com/nri/journal/v7/n9/full/nri2156.html#a4
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20DR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Michiue%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhu%20BL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ishikawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Quan%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhao%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yoshida%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20Q%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Komatsu%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Azuma%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maeda%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19366640


8- References 130 

Lominadze, G., Rane, M.J., Merchant, M., Cai, J., Ward, R.A. & McLeish, K.R. Myeloid-
related protein-14 is a p38 MAPK substrate in human neutrophils. J Immunol. 174, 7257-67 
(2005). 

Loser, K., Vogl, T., Voskort, M., Lueken, A., Kupas, V., Nacken, W., Klenner, L., Kuhn, A., 
Foell, D., Sorokin, L., Luger, T.A., Roth, J. & Beissert, S. The Toll-like receptor 4 ligands 
Mrp8 and Mrp14 are crucial in the development of autoreactive CD8+ T cells. Nat Med. 16, 
713-7 (2010). 

Lim, S.Y., Raftery, M., Cai, H., Hsu, K., Yan, W.X., Hseih, H.L., Watts, R.N., Richardson, 
D., Thomas, S., Perry, M. & Geczy, C.L.  S-nitrosylated S100A8: novel anti-inflammatory 
properties. J Immunol. 181, 5627-36 (2008). 

Lou, O., Alcaide, P., Luscinskas, F. W. & Muller, W. A. CD99 is a key mediator of the 
transendothelial migration of neutrophils. J. Immunol. 178, 1136–1143 (2007).  
 
Lugering, N., Stoll, R., Kucharzik, T., Schmid, K.W., Rohlmann, G., Burmeister, G., Sorg, C. 
& Domschke, W. Immunohistochemical distribution and serum levels of the Ca(2+)-binding 
proteins MRP8, MRP14 and their heterodimeric form MRP8/14 in Crohn’s disease. 
Digestion. 56, 406 –414 (1995).  
 
Mamdouh, Z., Chen, X., Pierini, L. M., Maxfield, F. R. & Muller, W. A. Targeted recycling 
of PECAM from endothelial surface-connected compartments during diapedesis. Nature. 421, 
748–753 (2003).  
 
Manitz, M. P., Horst, B., Seeliger, S., Strey, A., Skryabin, B. V., Gunzer, M., Frings, W., 
Schonlau, F., Roth, J., Sorg, C. & Nacken, W. Loss of S100A9 (MRP14) results in reduced 
interleukin-8-induced CD11b surface expression, a polarized microfilament system, and 
diminished responsiveness to chemoattractants in vitro. Mol. Cell. Biol. 23, 1034-1043 
(2003).  
 
Marenholz, I., Heizmann, C. W. & Fritz, G. S100 proteins in mouse and man: from evolution 
to function and pathology (including an update of the nomenclature). Biochem. Biophys. Res. 
Commun. 322, 1111-1122 (2004). 

Masumoto, A. & Hemler, M.E. Multiple Activation States of VLA-4. The Journal of 
Biological Chemistry. 268, 228-234 (1992). 

Matzinger P. "Tolerance, danger, and the extended family". Annu. Rev. Immunol. 12, 991–
1045 (1994). 

McCormick, M.M., Rahimi, F., Bobryshev, Y.V., Gaus, K., Zreiqat, H., Cai, H., Lord, R.S. & 
Geczy, C.L. S100A8 and S100A9 in human arterial wall. Implications for atherogenesis. J 
Biol Chem. 280, 41521-9 (2005). 

McEver, R.P. & Zhu, C.  Rolling cell adhesion. Annu. Rev. Cell Dev. Biol. 363–396 (2010). 

McDowall, A., Inwald, D., Leitinger, B., Jones, A., Liesner, R., Klein, N. & Hogg, N. A 
novel form of integrin dysfunction involving beta1, beta2, and beta3 integrins. J. Clin. Invest. 
111, 51-60 (2003). 

Middleton, J., Neil, S., Wintle, J., Clark-Lewis, I., Moore, H., Lam, C., Auer, M., Hub, E. & 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lominadze%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rane%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Merchant%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cai%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ward%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McLeish%20KR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/15905572?dopt=Citation
http://www.ncbi.nlm.nih.gov/pubmed/20473308
http://www.ncbi.nlm.nih.gov/pubmed/20473308
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lim%20SY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raftery%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cai%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hsu%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yan%20WX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hseih%20HL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watts%20RN%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Richardson%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Richardson%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Perry%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Lim%20SY%2C%20Raftery%20M%2C%20Cai%20H%2C%20Hsu%20K%2C%20Yan%20WX%2C%20Hseih%20HL%2C%20Watts%20RN%2C%20Richardson%20D%2C%20Thomas%20S%2C%20Perry%20M%2C%20Geczy%20CL%20%282008%29%20S-nitrosylated%20S100A8%3A%20novel%20anti-inflammatory%20properties.%20J%20Immunol%20181%3A5627%E2%80%935636
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sorg%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Domschke%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McCormick%20MM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rahimi%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bobryshev%20YV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gaus%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zreiqat%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cai%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lord%20RS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=S100%20McCormick%202005
http://www.ncbi.nlm.nih.gov/pubmed?term=S100%20McCormick%202005
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Middleton%20J%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Neil%20S%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Wintle%20J%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Clark-Lewis%20I%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Moore%20H%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Lam%20C%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Auer%20M%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Hub%20E%2522%255BAuthor%255D


8- References 131 

Rot, A. Transcytosis and surface presentation of IL-8 by venular endothelial cells. Cell. 91, 
385-395 (1997). 

Mikkelsen, S.E., Novitskaya, V., Kriajevska, M., Berezin, V., Bock, E., Norrild, B. & 
Lukanidin, E. S100A12 protein is a strong inducer of neurite outgrowth from primary 
hippocampal neurons. J Neurochem. 79, 767–776 (2001). 
 
Millan, J., Hewlett, L., Glyn, M., Toomre, D., Clark, P. & Ridley, A.J. Lymphocyte 
transcellular migration occurs through recruitment of endothelial ICAM-1 to caveola- and F-
actin-rich domains. Nature Cell Biol. 8, 113–123 (2006).  
 
Mo´csai, A., Abram, C.L., Jakus, Z., Hu, Y.,  Lanier, L.L. & Lowell, C.A. Integrin signaling 
in neutrophils and macrophages uses adaptors containing immunoreceptor tyrosine-based 
activation motifs. Nat Immunology. 7, 1326–1333 (2006). 
 
Moore, B. W. A soluble protein characteristic of the nervous system. Biochem. Biophys. Res. 
Commun. 19, 739 –744 (1965). 
 
Moroz, O.V., Blagova, E.V., Wilkinson, A.J., Wilson, K.S. & Bronstein, I.B. The crystal 
structures of human S100A12 in apo form and in complex with zinc: new insights into 
S100A12 oligomerisation. J Mol Biol. 391, 536-51 (2009). 
 
Moser, M., Nieswandt, B., Ussar, S., Pozgajova, M. & Fassler, R. Kindlin-3 is essential for 
integrin activation and platelet aggregation. Nat. Med. 14, 325-330 (2008). 

Murphy, K., Travers, P. & Walport, M. Janeway’s Immunobiology, seventh edition, Chapter 
1, (Pages 1-12). New York: Garland Science (2008). 

Murthy, A.R., Lehrer, R.I., Harwig, S.S., Miyasaki, K.T. In vitro candidastatic properties of 
the human neutrophil calprotectin complex. J Immunol. 151, 6291–6301 (1993). 
 
Nagy, N., Brenner, C., Markadieu, N., Chaboteaux, C., Camby, I., Schafer, B.W., Pochet, R., 
Heizmann, C.W., Salmon, I., Kiss, R. & Decaestecker, C. S100A2, a putative tumor 
suppressor gene, regulates in vitro squamous cell carcinoma migration. Lab Invest.  81, 599 – 
612 (2001). 

Newton, R. A. & Hogg, N. The human S100 protein MRP-14 is a novel activator of the α 
integrin Mac-1 on neutrophils. J. Immunol. 160, 1427 (1998).  
 
Nieminen, M., Henttinen, T., Merinen, M., Marttila-Ichihara, F., Eriksson, J.E. & Jalkanen, S. 
Vimentin function in lymphocyte adhesion and transcellular migration. Nature Cell Biol. 8, 
156–162 (2006).  

Nishimura, F., Terranova, V.P., Sawa, T. & Murayama, Y. Migration inhibitory factor related 
protein-8 (MRP-8) is an autocrine chemotactic factor for periodontal ligament cells. J Dent 
Res. 78, 1251-5 (1999). 

Nourshargh, S., Hordijk, P.L. & Sixt, M. Breaching multiple barriers: leukocyte motility 
through venular walls and the interstitium. Nat Rev Mol Cell Biol. 11, 366-78 (2010). 
  
Novitskaya, V., Grigorian, M., Kriajevska, M., Tarabykina, S., Bronstein, I., Berezin, V., 
Bock, E. & Lukanidin, E. Oligomeric forms of the metastasis related Mts1 (S100A4) protein, 

http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Rot%20A%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hewlett%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Glyn%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Toomre%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clark%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ridley%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moroz%20OV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Blagova%20EV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilkinson%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wilson%20KS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bronstein%20IB%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/19501594
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Henttinen%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Merinen%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Marttila-Ichihara%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eriksson%20JE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Jalkanen%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nishimura%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Terranova%20VP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sawa%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Murayama%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Nishimura%20F%2C%20Terranova%20VP%2C%20Sawa%20T%2C%20Murayama%20Y%20%281999%29%20Migration%20inhibitory%20factor%20related%20protein-8%20%28MRP-8%29%20is%20an%20autocrine%20chemotactic%20factor%20for%20periodontal%20ligament%20cells.%20J%20Dent%20Res%2078%3A1251%E2%80%931255
http://www.ncbi.nlm.nih.gov/pubmed?term=Nishimura%20F%2C%20Terranova%20VP%2C%20Sawa%20T%2C%20Murayama%20Y%20%281999%29%20Migration%20inhibitory%20factor%20related%20protein-8%20%28MRP-8%29%20is%20an%20autocrine%20chemotactic%20factor%20for%20periodontal%20ligament%20cells.%20J%20Dent%20Res%2078%3A1251%E2%80%931255
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nourshargh%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hordijk%20PL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sixt%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/20414258


8- References 132 

stimulate neuronal differentiation in cultures of rat hippocampal neurons. J Biol Chem. 275, 
41278 – 41286 (2000). 

Odink, K., Cerletti, N., Bruggen, J., Clerc, R.G., Tarcsay, L., Zwadlo, G., Gerhards, G., 
Schlegel, R. & Sorg, C. Two calcium-binding proteins in infiltrate macrophages of 
rheumatoid arthritis. Nature. 330 6143 (1987). 

Osterloh, D., Ivanenkov, V.V. & Gerke, V. Hydrophobic residues in the C-terminal region of 
S100A1 are essential for target protein binding but not for dimerization. Cell Calcium. 24, 
137-51 (1998). 

Pagano, R.L., Dias, M.A., Dale, C.S. & Giorgi, R. Neutrophils and the calcium-binding 
protein MRP-14 mediate carrageenan-induced antinociception in mice. Mediators Inflamm. 
11, 203-10 (2002). 

Pagano, R.L., Sampaio, S.C., Juliano, L., Juliano, M.A. & Giorgi, R. The C-terminus of 
murine S100A9 inhibits spreading and phagocytic activity of adherent peritoneal cells. 
Inflamm Res. 54, 204–210 (2005). 

Pagano, R.L., Mariano, M. & Giorgi, R. Neutrophilic cell-free exudate induces 
antinociception mediate by the protein S100A9. Mediators Inflamm. 2006, 36765 (2006). 

Paine, E., Palmantier, R., Akiyama, S.K., Olden, K. & Roberts, J.D. Arachidonic acid 
activates mitogen-activated protein (MAP) kinase-activated protein kinase 2 and mediates 
adhesion of a human breast carcinoma cell line to collagen type IV through a p38 MAP 
kinase-dependent pathway. J Biol Chem. 275, 11284-11290 (2000). 

Petrova, T.V., Hu, J. & Van Eldik, L.J. Modulation of glial activation by astrocyte-derived 
protein S100B: differential responses of astrocyte and microglial cultures. Brain Res. 853, 74-
80 (2000). 

Pettit, E.J. & Fay, F.S. Cytosolic free calcium and the cytoskeleton in the control of leukocyte 
chemotaxis. Physiol Rev. 78, 949-67 (1998). 

Pietzsch, J. S100 proteins in health and disease. Amino acids. 41, 755-760  (2010). 

Podar, K., Mostoslavsky, G., Sattler, M., Tai, Y.T., Hayashi, T., Catley, L.P., Hideshima, T., 
Mulligan, R.C., Chauhan, D. & Anderson, K.C. Critical role for hematopoietic cell kinase 
(Hck)-mediated phosphorylation of Gab1 and Gab2 docking proteins in interleukin 6-induced 
proliferation and survival of multiple myeloma cells. J Biol Chem. 279, 21658-21665 (2004). 

Prudovsky, I., Tarantini, F., Landriscina, M., Neivandt, D., Soldi, R., Kirov, A., Small, D., 
Kathir, K. M., Rajalingam, D. & Kumar, T. K. Secretion without Golgi. J. Cell. Biochem. 
103,1327-1343 (2008). 

Raftery, M.J. & Geczy, C.L. Electrospray low energy CID and MALDI PSD fragmentations 
of protonated sulfinamide cross-linked peptides. J Am Soc Mass Spectrom. 13, 709-18 (2002). 

Raftery, M.J., Yang, Z., Valenzuela, S.M. & Geczy, C.L. Novel intra- and inter-molecular 
sulfinamide bonds in S100A8 produced by hypochlorite oxidation. J Biol Chem. 276, 33393-
401(2001). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Osterloh%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ivanenkov%20VV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gerke%20V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=osterloh%201998%20s100A1
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pagano%20RL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dias%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dale%20CS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Giorgi%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Pagano%20RL%2C%20Dias%20MA%2C%20Dale%20CS%2C%20Giorgi%20R%20%282002%29%20Neutrophils%20and%20the%20calcium-binding%20protein%20MRP-14%20mediate%20carrageenan-induced%20antinociception%20in%20mice.%20Mediators%20Inflamm%2011%3A203%E2%80%93210
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pagano%20RL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mariano%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Giorgi%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Pagano%20RL%2C%20Mariano%20M%2C%20Giorgi%20R%20%282006%29%20Neutrophilic%20cell-free%20exudate%20induces%20antinociception%20mediated%20by%20the%20protein%20S100A9.%20Mediators%20Inflamm%202006%3A36765
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Paine%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Palmantier%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Akiyama%20SK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Olden%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roberts%20JD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Arachidonic%20Acid%20Activates%20Mitogen-activated%20Protein%20%28MAP%29%20Kinase-activated%20Protein%20Kinase%202%20and%20Mediates%20Adhesion%20of%20a%20Human%20Breast%20Carcinoma%20Cell%20Line%20to%20Collagen%20Type%20IV%20through%20a%20p38%20MAP%20Kinase-dependent%20Pathway*
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petrova%20TV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hu%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Van%20Eldik%20LJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=petrova%20%20S100B%202000
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pettit%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Fay%20FS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Pettit%20EJ.%2C%20Fay%20FS.%20%281998%29%20Cytosolic%20free%20calcium%20and%20the%20cytoskeleton%20in%20the%20control%20of%20leukocyte%20chemotaxis.%20Physiol%20Rev.%201998%3B78%3A949-967.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Podar%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mostoslavsky%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sattler%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tai%20YT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hayashi%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Catley%20LP%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hideshima%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mulligan%20RC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chauhan%20D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anderson%20KC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Hck%2C%20Podar%20et%20al.%2C%202004
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raftery%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Raftery%20MJ%2C%20Geczy%20CL%20%282002%29%20Electrospray%20low%20energy%20CID%20and%20MALDI%20PSD%20fragmentations%20of%20protonated%20sulfinamide%20crosslinked%20peptides.%20J%20Am%20Soc%20Mass%20Spectrom%2013%3A709%E2%80%93718
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raftery%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yang%20Z%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Valenzuela%20SM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Geczy%20CL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Raftery%20MJ%2C%20Yang%20Z%2C%20Valenzuela%20SM%2C%20Geczy%20CL%20%282001%29%20Novel%20intraand%20inter-molecular%20sulfinamide%20bonds%20in%20S100A8%20produced%20by%20hypochlorite%20oxidation.%20J%20Biol%20Chem%20276%3A33393%E2%80%9333401


8- References 133 

Rammes, A., Roth, J., Goebeler, M., Klempt, M., Hartmann, M. & Sorg, C. Myeloid-related 
protein (MRP) 8 and MRP14, calcium-binding proteins of the S100 family, are secreted by 
activated monocytes via a novel, tubulin-dependent pathway. J. Biol. Chem. 272, 9496-9502 
(1997). 
 
Ramos-Vara, J.A. Technical aspects of Immunohistochemistry. Vet Pathol. 42, 405-426 
(2005). 

Raquil, M.A., Anceriz, N., Rouleau, P. & Tessier, P.A. Blockade of antimicrobial proteins 
S100A8 and S100A9 inhibits phagocyte migration to the alveoli in streptococcal pneumonia. 
J Immunol. 180, 3366-74 (2008). 

Robinson, J.M. & Vandré, D.D. Stimulus-dependent alterations in macrophage microtubules: 
increased tubulin polymerization and detyrosination. J Cell Sci. 108, 645-55 (1995). 

Robinson, M.J., Tessier, P., Poulsom, R. & Hogg, N. The S100 family heterodimer, MRP-
8/14, binds with high affinity to heparin and heparan sulfate glycosaminoglycans on 
endothelial cells. J Biol Chem. 277, 3658-65 (2002). 

 
Roth, J., Burwinkel, F., van den Bos, C., Goebeler, M., Vollmer, E. & Sorg, C. MRP8 and 
MRP14, S-100-like proteins associated with myeloid differentiation, are translocated to 
plasma membrane and inter- mediate filaments in a calcium-dependent manner. Blood. 82, 
1875-1883 (1993).  
 
Roth, J., Goebeler, M. & Sorg, C. S100A8 and S100A9 in inflammatory diseases Lancet. 357, 
1041 (2001). 
 
Roth, J., Vogl, T., Sorg, C. & Sunderkotter, C. Phagocyte-specific S100 proteins: a novel 
group of proinflammatory molecules. Trends Immunol. 24, 155-158 (2003). 

Rugtveit, J., Nilsen, E.M., Bakka, A., Carlsen, H., Brandtzaeg, P. & Scott, H. Cytokine 
profiles differ in newly recruited and resident subsets of mucosal macrophages from 
inflammator y bowel disease. Gastroenterology. 112, 1493–14505 (1997).  

Ryckman, C., McColl, S.R., Vandal, K., de Médicis, R., Lussier, A., Poubelle, P.E. & Tessier, 
P.A. Role of S100A8 and S100A9 in neutrophil recruitment in response to monosodium urate 
monohydrate crystals in the air-pouch model of acute gouty arthritis. Arthritis Rheum. 48, 
2310-20 (2003a). 

Ryckman, C., Vandal, K., Rouleau, P., Talbot, M. & Tessier, P.A. Proinflammatory Activities 
of S100: Proteins S100A8, S100A9, and S100A8/A9 Induce Neutrophil Chemotaxis and 
Adhesion. J Immunol. 170, 3233-3242 (2003b). 
 
Sampson, B., Fagerhol, M.K., Sunderkotter, C., Golden, B.E., Richmond, P., Klein, N., 
Kovar, I.Z., Beattie, J.H., Wolska-Kusnierz, B., Saito, Y. & Roth, J. Hyperzincaemia and 
hypercalprotevtinaemia: a new disorder of zinc metabolism. Lancet. 360, 1742-1745 (2002). 

Sánchez-Madrid, F. & del Pozo, M.A. Leukocyte polarization in cell migration and immune 
interactions. EMBO J. 18, 501-11 (1999). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Raquil%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Anceriz%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Rouleau%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessier%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/18292562
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandr%C3%A9%20DD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Robinson%20JM.%2C%20Vandre%20DD.%20%281995%29%20Stimulus-dependent%20alterations%20in%20macrophage%20microtubules%3A%20increased%20tubulin%20polymerization%20and%20detyrosination.%20J%20Cell%20Sci.%201995%3B108%3A645-655.
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Robinson%20MJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessier%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poulsom%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hogg%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=robinson%20MRP%202002
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ryckman%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McColl%20SR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vandal%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20M%C3%A9dicis%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lussier%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Poubelle%20PE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessier%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tessier%20PA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Role%20of%20S100A8%20and%20S100A9%20in%20Neutrophil%20Recruitment%20in%20Response%20to%20Monosodium%20Urate%20Monohydrate%20Crystals%20in%20the%20Air-Pouch%20Model%20of%20Acute%20Gouty%20Arthritis
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kovar%20IZ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Beattie%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wolska-Kusnierz%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saito%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Roth%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22S%C3%A1nchez-Madrid%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22del%20Pozo%20MA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Sanchez-Madrid%20F.%2C%20del%20Pozo%20MA.%20%281999%29%20Leukocyte%20polarization%20in%20cell%20migration%20and%20immune%20interactions.%20EMBO%20J.%201999%3B18%3A501-511.


8- References 134 

Sebzda, E., Bracke, M., Tugal, T., Hogg, N. & Cantrell, D. A. Rap1A positively regulates T 
cells via integrin activation rather than inhibiting lymphocyte signaling. Nat. Immunol. 3, 
251-258 (2002). 

Shepherd, C.E., Goyette, J., Utter, V., Rahimi, F., Yang, Z., Geczy, C.L. & Halliday, G.M. 
Inflammatory S100A9 and S100A12 proteins in Alzheimer’s disease. Neurobiol Aging. 27, 
1554–1563 (2006). 
 
Shi, Y., Zheng, W., & Rock, K.L. Cell injury releases endogenous adjuvants that stimulate 
cytotoxic T cell responses. Proc. Natl. Acad. Sci. U. S. A. 97, 14590-14595 (2000). 

Shibata, F., Miyama, K., Shinoda, F., Mizumoto, J., Takano, K. & Nakagawa, H. Fibroblast 
growth-stimulating activity of S100A9 (MRP-14). Eur J Biochem. 271, 2137-2143 (2004). 
 
Shibata, F., Ito, A., Ohkuma, Y. & Mitsui, K. Mitogenic activity of S100A9 (MRP-14). Biol 
Pharm Bull. 28, 2312–2314 (2005). 
 
Shimaoka, M., Xiao, T., Liu, J.H., Yang, Y., Dong, Y., Jun, C.D., McCormack, A., Zhang, R., 
Joachimiak, A., Takagi, J., Wang, J.H. & Springer, T.A. Structures of the αL I Domain and Its 
Complex with ICAM-1 Reveal a Shape-Shifting Pathway for Integrin Regulation. Cell. 112, 
99–111 (2003). 

Sigal, A., Bleijs, D.A., Grabovsky, V., van Vliet, S.J., Dwir, O.,  Figdor, C.G., van Kooyk, Y. 
& Alon, R. The LFA-1 Integrin Supports Rolling Adhesions on ICAM-1 Under Physiological 
Shear Flow in a Permissive Cellular Environment. The Journal of Immunology,165, 442– 452 
(2000).  
 
Sill, H.W., Butler, C., Hollis, T.M. & Tarbell, J.M. Albumin permeability and electrical 
resistance as means of assessing endothelial monolayer integrity in vitro. J. Tiss. Cult. Meth. 
14, 253–258 (1992). 
 
Simon, S. I.  & Green, C.E. Molecular mechanisms and dynamics of leukocyte recruitment 
during inflammation. Annu. Rev. Biomed. Eng. 7, 151–185 (2005). 
 
Singbartl, K., Thatte, J., Smith, M. L., Day, K. & Ley, K. A CD2-GFP transgenic mouse 
reveals VLA-4 dependent CD8+ lymphocyte rolling in the inflamed microcirculation. J. 
Immunol. 166, 7520–7526 (2001). 

Sohnle, P.G., Hunter, M.J., Hahn, B., Chazin, W.J.  Zinc-reversible antimicrobial activity of 
recombinant calprotectin (migration inhibitory factor-related proteins 8 and 14). J Infect Dis. 
182, 1272–1275 (2000). 
 
Sozzani, S., Molino, M., Locati, M., Luini, W., Cerletti, C., Vecchi, A. & Mantovani, A. 
Receptor-Activated Calcium Influx in  Human Monocytes Exposed to  Monocyte 
Chemotactic Protein-1 and  Related  Cytokines. J Immunol. 150, 1544-1553 (1993).  
  
Srikrishna, G., Panneerselvam, K., Westphal, V., Abraham, V., Varki, A. & Freeze, H.H. 
Two proteins modulating transendothelial migration of leukocytes recognize novel 
carboxylated glycans on endothelial cells. J. Immunol. 166, 4678–4688 (2001). 

Sroussi, H.Y., Berline, J., Dazin, P., Green, P. & Palefsky, J.M. S100A8 triggers oxidation-
sensitive repulsion of neutrophils. J Dent Res. 85, 829-33 (2006). 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sroussi%20HY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berline%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dazin%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Green%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Palefsky%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Sroussi%20HY%2C%20Berline%20J%2C%20Dazin%20P%2C%20Green%20P%2C%20Palefsky%20JM%20%282006%29%20S100A8%20triggers%20oxidation-sensitive%20repulsion%20of%20neutrophils.%20J%20Dent%20Res%2085%3A829%E2%80%93833


8- References 135 

Sroussi, H.Y., Berline, J. & Palefsky, J.M. Oxidation of methionine 63 and 83 regulates the 
effect of S100A9 on the migration of neutrophils in vitro. J Leukoc Biol. 81, 818-24. (2007). 

Steinbakk, M., Naess-Andresen, C.F., Lingaas, E., Dale, I., Brandtzaeg, P. & Fagerhol, M.K. 
Antimicrobial actions of calcium binding leucocyte L1 protein, calprotectin. Lancet. 336, 
763-765 (1990). 

Stroncek, D.F., Shankar, R.A. & Skubitz, K.M. The subcellular distribution of myeloid-
related protein 8 (MRP8) and MRP14 in human neutrophils. J Transl Med. 28, 36 (2005). 

Strupat, K., Rogniaux, H., Van Dorsselaer, A., Roth, J. & Vogl, T. Calcium-induced 
noncovalently linked tetramers of MRP8 and MRP14 are confirmed by electrospray 
ionization-mass analysis. J Am Soc Mass Spectrom. 11, 780-8 (2000). 

Svensson, L., Howarth, K., McDowall, A., Patzak, I., Evans, R., Ussar, S., Moser, M., Metin, 
A., Fried, M., Tomlinson, I. & Hogg, N. Leukocyte adhesion deficiency- III is caused by 
mutations in KINDLIN3 affecting integrin activation. Nat. Med. 15, 306-312 (2009).  
 
Tan, J.Q., Vorum, H., Larsen, C.G., Madsen, P., Rasmussen, H.H., Gesser, B., Etzerodt, M., 
Honore, B., Celis, J.E. & Therstrup-Pederson, K. Psoriasin: a novel chemotactin protein. J 
Invest Dermatol 107, 5–10 (1996). 

Tarnowski, B.I., Spinale, F.G. & Nicholson, J.H. DAPI as a useful stain for nuclear 
quantitation. Biotech Histochem. 66, 297-302 (1991). 

Tasaka, S., Richer, S.E., Mizgerd, J.P. & Doerschuk, C.M. Very Late Antigen-4 in CD18 
independent neutrophil emigration during acute bacterial pneumonia in mice. Am. J. Respir. 
Crit. Care. 166, 53-60 (2002). 

Torlakovic, E., Litz, C.E., McClure, J.S. & Brunning, R.D. Direct detection of the 
Philadelphia chromosome in CD20-positive lymphocytes in chronic myeloid leukemia by tri-
color immunophenotyping/FISH. Leukemia. 8, 1940-1943 (1994). 

Tsai, W.C., Lin, Y.C., Tsai, S.T., Shen, W.H., Chao, T.L., Lee, S.L. & Wu, L.W. Lack of 
modulatory function of coding nucleotide polymorphism S100A2_185G>A in oral squamous 
cell carcinoma. Oral Dis. 17, 283-90 (2011). 

Tsuzuki, Y., Miura, S., Suematsu, M., Kurose, I., Shigematsu, T., Kimura, H., Higuchi, H., 
Serizawa, H., Yagita, H., Okumura, K. & Ishil, H. alpha 4 integrin plays a critical role in early 
stages of T lymphocyte migration in Peyer's patches of rats. Int. Immunol. 8, 287-295 (1996). 
 
van Lent, P.L., Grevers, L., Blom, A.B., Sloetjes, A., Mort, J.S., Vogl, T., Nacken, W., van 
den Berg, W.B. & Roth, J. Myeloid related proteins S100A8/S100A9 regulate joint 
inflammation and cartilage destruction during antigen-induced arthritis. Ann Rheum Dis. 67, 
1750-1758 (2007). 
 
Vestweber, D. & Blanks, J.E.  Mechanisms that regulate the function of the selectins and their 
ligands. Physiol. Rev. 1, 181–213 (1999).  

Vestweber, D. Adhesion and signaling molecules controlling the transmigration of leukocytes 
through endothelium. Immunol. Rev. 218, 178-196 (2007). 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sroussi%20HY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Berline%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Palefsky%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=Sroussi%20HY%2C%20Berline%20J%2C%20Palefsky%20JM%20%282007%29%20Oxidation%20of%20methionine%2063%20and%2083%20regulates%20the%20effect%20of%20S100A9%20on%20the%20migration%20of%20neutrophils%20in%20vitro.%20J%20Leukoc%20Biol%2081%3A818%E2%80%93824
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Stroncek%20DF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shankar%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Skubitz%20KM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=S100%20Stroncek%20et%20al.%2C%202005
http://www.ncbi.nlm.nih.gov/pubmed/10976885
http://www.ncbi.nlm.nih.gov/pubmed/10976885
http://www.ncbi.nlm.nih.gov/pubmed/10976885
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tarnowski%20BI%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Spinale%20FG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nicholson%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=DAPI%2C%20Tarnowski%20et%20al.%2C%201991
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Torlakovic%20E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Litz%20CE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22McClure%20JS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brunning%20RD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=CD3%2C%20CD20%2C%20Torlakovic%20et%20al.%2C%201994
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsai%20WC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lin%20YC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsai%20ST%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shen%20WH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chao%20TL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20SL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wu%20LW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=tsai%202011%20S100A2%20in%20adhesion


8- References 136 

Viemann, D., Strey, A., Janning, A., Jurk, K., Klimmek, K., Vogl, T., Hirono, K., Ichida, F., 
Foell, D., Kehrel, B., Gerke, V., Sorg, C. & Roth, J. Myeloid-related proteins 8 and 14 induce 
a specific inflammatory response in human microvascular endothelial cells. Blood. 105, 2955-
2962 (2005). 
 
Viemann, D., Barczyk, K., Vogl, T., Fischer, U., Sunderkotter, C., Schulze-Osthoff, K. & 
Roth, J. MRP8/14 impairs endothelial integrity and induces a caspase-dependent and 
independent cell death program. Blood. 109, 2453-2460 (2007). 

Villarreal, A., Aviles Reyes, R.X., Angelo, M.F., Reines, A.G. & Ramos, A.J. S100B alters 
neuronal survival and dendrite extension via RAGE-mediated NF-κB signaling. J Neurochem. 
117, 321-32 (2011). 

von Hundelshausen, P., Weber, K.S., Huo, Y., Proudfoot, A.E., Nelson, P.J., Ley, K. & 
Weber. CRANTES deposition by platelets triggers monocyte arrest on inflamed and 
atherosclerotic endothelium. Circulation. 103, 1772-1777 (2001). 

Vogl, T., Roth, J., Sorg, C., Hillenkamp, F. & Strupat, K. Calcium-induced noncovalently 
linked tetramers of MRP8 and MRP14 detected by ultraviolet matrix-assisted laser 
desorption/ionization mass spectrometry. J Am Soc Mass Spectrom. 10, 1124-1130 (1999).  

Vogl, T., Ludwig, S., Goebeler, M., Strey, A., Thorey, I. S., Reichelt, R., Foell, D., Gerke, V., 
Manitz, M. P., Nacken, W., Werner, S., Sorg, C. & Roth, J. MRP8 and MRP14 control 
microtubule reorganization during transendothelial migration of phagocytes. Blood. 104, 
4260-4268 (2004).  

Vogl, T., Tenbrock, K., Ludwig, S., Leukert, N., Ehrhardt, C., Zoelen, M.A., Nacken, W., 
Foell, D., Poll, T., Sorg, C. & Roth, J.  Mrp8 and Mrp14 are endogenous activators of Toll-
like receptor 4, promoting lethal, endotoxin-induced shock. Nature Medicine.13, 1042 - 1049 
(2007). 

Wagner, R. Erläuterungstafeln zur Physiologie und Entwicklungsgeschichte (Leopold Voss. 
1-81 (1839). 

Wedepohl, S., Beceren-Braun, F., Riese, S., Buscher, K., Enders, S., Bernhard, G., Kilian, K., 
Blanchard, V., Dernedde, J. & Tauber, R. L. Selectin – A dynamic regulator of leukocyte 
migration. European Journal of Cell Biology. (2011). 

Wegmann, F., Petri, B., Khandoga, A.G., Moser, C., Khandoga, A., Volkery, S., Li, H., 
Nasdala, I., Brandau, O., Fässler, R., Butz, S., Krombach, F. & Vestweber, D. ESAM 
supports neutrophil extravasation, activation of Rho, and VEGF-induced vascular 
permeability. J. Exp. Med. 203, 1671–1677 (2006). 
 
Yago, T., Shao, B., Miner, J.J., Yao, L., Klopocki, A.G., Maeda, K., Coggeshall, K.M. & 
McEver, R.P. E-selectin engages PSGL-1 and CD44 through a common signaling pathway to 
induce integrin αLβ2-mediated slow leukocyte rolling. Blood, 116, 485–494 (2010). 
 
Yanamandra, K., Alexeyev, O., Zamotin, V., Srivastava, V., Shchukarev, A., Brorsson, A.C., 
Tartaglia, G.G., Vogl, T., Kayed, R., Wingsle, G., Olsson, J., Dobson, C.M., Bergh, A., Elgh, 
F. & Morozova-Roche, L.A. Amyloid formation by the pro-inflammatory S100A8/A9 
proteins in the ageing prostate. PLoS ONE, 4, 5562 (2009). 
 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Villarreal%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Aviles%20Reyes%20RX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Angelo%20MF%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Reines%20AG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ramos%20AJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=villarreal%20%20S100B%202011
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522von%20Hundelshausen%20P%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Weber%20KS%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Huo%20Y%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Proudfoot%20AE%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Nelson%20PJ%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Ley%20K%2522%255BAuthor%255D
http://www.ncbi.nlm.nih.gov/pubmed?term=%2522Weber%20C%2522%255BAuthor%255D
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DWedepohl,%20Stefanie%26authorID%3D36571269700%26md5%3Dab9993474eb3978286b8a071e6dddb45&_acct=C000056461&_version=1&_userid=2160112&md5=89eeb1bd04da17fb1b9c4e31c3e975a9
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBeceren-Braun,%20Figen%26authorID%3D7006752510%26md5%3Da19fad6039bd2ecd22350d9bebdb2560&_acct=C000056461&_version=1&_userid=2160112&md5=7d21ab59d54307d8881af2c5a7609a4b
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DRiese,%20Sebastian%26authorID%3D37107296100%26md5%3D36249e5d20e9b2c182a473eae95e1fbe&_acct=C000056461&_version=1&_userid=2160112&md5=f25fe5950a4495c469532a9c9ab39fe7
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBuscher,%20Konrad%26authorID%3D35262800400%26md5%3D4b339d6281295a7f4ade6131713abfff&_acct=C000056461&_version=1&_userid=2160112&md5=c084a805e0c1f47f429be0d18b6bf68e
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DEnders,%20Sven%26authorID%3D35197822500%26md5%3D854e5b56d1db19cbbd8f3b86daea0bb7&_acct=C000056461&_version=1&_userid=2160112&md5=c041e6544dacc3dbfd3f3dc80db63232
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBernhard,%20Gesche%26authorID%3D15750751400%26md5%3Df863d45853d0d2365bf3a681a8773c64&_acct=C000056461&_version=1&_userid=2160112&md5=699cb6cbcf159dd9ba379d2a39c6d2e5
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DKilian,%20Karin%26authorID%3D35079972600%26md5%3D64c8a852b9b8b63f14c898206cbbd392&_acct=C000056461&_version=1&_userid=2160112&md5=b1380f1b1c4f856a7437a8d4e9217b21
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBlanchard,%20V%C3%A9ronique%26authorID%3D37107663900%26md5%3D9f2589bbcaddba81688bf835e3e18a8f&_acct=C000056461&_version=1&_userid=2160112&md5=0acdaf6724df577fa03e1144b2e8dceb
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DDernedde,%20Jens%26authorID%3D6603860781%26md5%3D2eefa3da9695857d7a1528985c31cdda&_acct=C000056461&_version=1&_userid=2160112&md5=34dc1881027b79a9cfefe43f05204137
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DTauber,%20Rudolf%26authorID%3D35232816000%26md5%3Debd1258b5ef275d1b329b0f9df6eb1fc&_acct=C000056461&_version=1&_userid=2160112&md5=11b8d065dc819e31706e6aa23fa6ce3e
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petri%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khandoga%20AG%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Moser%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Khandoga%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Volkery%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nasdala%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Brandau%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22F%C3%A4ssler%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Butz%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Krombach%20F%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vestweber%20D%22%5BAuthor%5D


8- References 137 

Yang, Z., Tao, T., Raftery, M.J., Youssef, P., Di Girolamo, N. & Geczy, C.L. 
Proinflammatory properties of the human S100 protein S100A12. J Leukoc Biol. 69, 986 –994 
(2001).  
 
Yong, H.Y. & Moon, A. Roles of calcium-binding proteins, S100A8 and S100A9, in invasive 
phenotype of human gastric cancer cells. Arch Pharm Res. 30, 75-81 (2007). 
 
Youssef, P., Roth, J., Frosch, M., Costello, P., Fitzgerald, O., Sorg, C. & Bresnihan, B. 
Expression of myeloid related proteins (MRP) 8 and 14 and the MRP8/14 heterodimer in 
rheumatoid arthritis synovial membrane. J. Rheumatol. 26, 2523-2528 (1999). 
 
Yui, S., Nakatani, Y., Hunter, M.J., Chazin, W.J. & Yamazaki, M. Implication of 
extracellular zinc exclusion by recombinant human calprotectin (MRP8 and MRP14) from 
target cells in its apoptosis-inducing activity. Mediators Inflamm. 11, 165-172 (2002). 
 
Zarbock, A., Lowell, C.A. & Ley, K. Spleen Tyrosine Kinase Syk Is Necessary for E-
Selectin-Induced αLβ2 Integrin-Mediated Rolling on Intercellular Adhesion Molecule-1. 
Immunity. 26. 773-783 (2007). 
 
Zarbock, A., Abram, C.L., Hundt, M., Altman, A., Lowell, C.A. & Ley, K. PSGL-1 
engagement by E-selectin signals through Src kinase Fgr and ITAM adapters DAP12 and 
FcRγ to induce slow leukocyte rolling. Journal of Experimental Medicine. 205, 2339-2347 
(2008).  
 
Zarbock, A. & Ley, K. Protein tyrosine kinases in neutrophil activation and recruitment. 
Archives of Biochemistry and Biophysics. 510, 112-119 (2011).  

Zhu, X. & Assoian, R.K. Integrin-dependent activation of MAP kinase: a link to shape-
dependent cell proliferation. Mol Biol Cell. 6, 273-282 (1995). 

 
 
 

 
 
 
 
 

 

 

 

http://www.scopus.com/source/sourceInfo.url?sourceId=21272&origin=recordpage
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhu%20X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Assoian%20RK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%28Zhu%20and%20Assoian%2C%201995




9- Appendix 138 

9. Appendix 

 

Hiermit versichere ich, dass ich bisher noch keinen Promotionsversuch unternommen habe. 

 

Münster, 12-04-2012 

 

 

 

 

 

Hiermit versichere ich, dass ich die vorgelegte Dissertation selbst und ohne unerlaubte 
Hilfe angefertigt, alle in Anspruch genommenen Quellen und Hilfsmittel in der 
Dissertation angegeben habe und die Dissertation nicht bereits anderweitig als 
Prüfungsarbeit vorgelegt habe. 

 

Münster, 12-04-2012 

 

 

 

 

 

Hiermit versichere ich, dass ich nicht wegen einer Straftat zu einer Strafe von mehr als 
einen Jahr Freiheitsentzug verurteilt worden bin, zu deren Begehung ich meine 
wissenschaftliche Qualifikation missbraucht habe. 

 

Münster, 12.4.2012 

 

 

 

 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


	Ambarus, C.A., Krausz, S., van Eijk, M., Hamann, J., Radstake, T.R., Reedquist, K.A., Tak, P.P. & Baeten, D.L. Systematic validation of specific phenotypic markers for in vitro polarized human macrophages. J Immunol Methods. 375, 196-206 (2011).
	Anceriz, N., Vandal, K. & Tessier, P.A. S100A9 mediates neutrophil adhesion to fibronectin through activation of beta2 integrins. Biochem Biophys Res Commun. 354, 84-9 (2007).
	Andrews, R.P., Kepley, C.L., Youssef, L., Wilson, B.S. & Oliver, J.M. Regulation of the very late antigen-4-mediated adhesive activity of normal and nonreleaser basophils: roles for Src, Syk, and phosphatidylinositol 3-kinase. J Leukoc Biol. 70, 776-7...
	Austermann, J., Nazmi, A.R., Müller-Tidow, C. & Gerke, V. Characterization of the Ca2+ -regulated ezrin-S100P interaction and its role in tumor cell migration. J Biol Chem. 283, 29331-40 (2008).
	Basso, D., Greco, E., Fogar, P., Pucci, P., Flagiello, A., Baldo, G., Giunco, S., Valerio, A., Navaglia, F., Zambon, C.F., Falda, A., Pedrazzoli, S. &
	Belot, N., Pochet, R., Heizmann, C.W., Kiss, R. & Decaestecker, C. Extracellular S100A4 stimulates the migration rate of astrocytic tumor cells by modifying the organization of their actin cytoskeleton. Biochim Biophys Acta. 1600, 74-83 (2002).
	Benaud, C., Gentil, B.J., Assard, N., Court, M., Garin, J., Delphin, C. & Baudier, J. AHNAK interaction with the annexin 2/S100A10 complex regulates cell membrane cytoarchitecture. J Cell Biol. 164, 133-44 (2003).
	Berton, G., Mócsai, A. & Lowell, C.A. Src and Syk kinases: key regulators of phagocytic cell activation. Trends Immunol. 26, 208-214 (2005).
	Blaschke, F., Stawowy, P., Goetze, S., Hintz, O., Gräfe, M., Kintscher, U., Fleck, E. & Graf, K. Hypoxia activates beta(1)-integrin via ERK 1/2 and p38 MAP kinase in human vascular smooth muscle cells. Biochem Biophys Res Commun. 296, 890-896 (2002).
	Block, H., Herter, J.M., Rossaint, J., Stadtmann, A., Kliche, S., Lowell, C.A. & Zarbock, A. Crucial role of SLP-76 and ADAP for neutrophil recruitment in mouse kidney ischemia-reperfusion injury. J Exp Med. 209, 407-21 (2012).
	Bouma, G., Coppens, J.M., Lam-Tse, W.K., Luini, W., Sintnicolaas, K., Levering, W.H., Sozzani, S., Drexhage, H.A. & Versnel, M.A. An increased MRP8/14 expression and adhesion, but a decreased migration towards proinflammatory chemokines of type 1 diab...
	Boye, K. & Maelandsmo, G.M. S100A4 and metastasis: a small actor playing many roles. Am J Pathol. 176, 528-35 (2010).
	Chan, B.M., Elices, M.J., Murphy, E. & Hemler, M.E. Adhesion to vascular cell adhesion molecule 1 and fibronectin. Comparison of alpha 4 beta 1 (VLA-4) and alpha 4 beta 7 on the human B cell line JY. J Biol Chem. 267, 8366-8370 (1992).
	Davies, E.V. & Hallett, M.B. Cytosolic Ca2+ signalling in inflammatory neutrophils: implications for rheumatoid arthritis. Int J Mol Med. 1, 485-90 (1998).
	Ding, M., Robinson, J.M., Behrens, B.C. & Vandré, D.D. The microtubule cytoskeleton in human phagocytic leukocytes is a highly dynamic structure. Eur J Cell Biol. 66, 234-45 (1995).
	Dvorak, A.M. & Feng, D. The vesiculo-vacuolar organelle (VVO). A new endothelial cell permeability organelle. J Histochem Cytochem. 49, 419-32 (2001).
	Eue, I., Pietz, B., Storck, J., Klempt, M. & Sorg, C. Transendothelial migration of 27E10+ human monocytes. Int Immunol. 12, 1593-1604 (2000).
	Feigelson, S.W., Grabovsky, V., Winter, E., Chen, L.L., Pepinsky, R.B., Yednock, T., Yablonski, D., Lobb, R. & Alon, R. The Src kinase p56(lck) up-regulates VLA-4 integrin affinity. Implications for rapid spontaneous and chemokine-triggered T cell adh...
	Freemont, P., Hogg, N. & Edgeworth, J. Sequence identity. Nature. 339, 516 (1989).
	Goetzl, E.J. & Austen, K.F. A neutrophil-immobilizing factor derived from human leukocytes. I. Generation and partial characterization. J Exp Med. 136, 1564-80 (1972).
	Goetzl, E.J., Gigli, I., Wasserman, S. & Austen, K.F. A neutrophil immobilizing factor derived from human leukocytes. II. Specificity of action on polymorphonuclear leukocyte mobility. J Immunol. 111, 938-45 (1973).
	Goyette, J. & Geczy, C.L. Inflammation-associated S100 proteins: new mechanisms that regulate function. Amino Acids.;41, 821-42 (2011).
	Gioia, R., Leroy, C., Drullion, C., Lagarde, V., Etienne, G., Dulucq, S., Lippert, E., Roche, S., Mahon, F.X. & Pasquet, J.M. Quantitative phosphoproteomics revealed interplay between Syk and Lyn in the resistance to nilotinib in chronic myeloid leuke...
	Grimbaldeston, M.A., Geczy, C.L., Tedla, N., Finlay-Jones, J.J. & Hart, P.H. S100A8 induction in keratinocytes by ultraviolet A irradiation is dependent on reactive oxygen intermediates. J Invest Dermatol. 121, 1168-74 (2003).
	Harrison, C.A., Raftery, M.J., Walsh, J., Alewood, P., Iismaa, S.E., Thliveris, S. & Geczy, C.L. Oxidation regulates the inflammatory properties of the murine S100 protein S100A8. J Biol Chem. 274, 8561-9 (1999).
	Herlaar, E. & Brown, Z. p38 MAPK signalling cascades in inflammatory disease. Mol Med Today. 5, 439-47 (1999).
	Hobbs, J.A., May, R., Tanousis, K., McNeill, E., Mathies, M., Gebhardt, C., Henderson, R., Robinson, M.J. & Hogg, N. Myeloid cell function in MRP-14 (S100A9) null mice. Mol Cell Biol. 23, 2564-76 (2003).
	Hua, J., Chen, D., Fu, H., Zhang, R., Shen, W., Liu, S., Sun, K. & Sun, X. Short hairpin RNA-mediated inhibition of S100A4 promotes apoptosis and suppresses proliferation of BGC823 gastric cancer cells in vitro and in vivo. Cancer Lett. 292, 41-7 (2010).
	Jamora, C. & Fuchs, E. Intercellular adhesion, signalling and the cytoskeleton. Nat Cell Biol. 4, 101-108 (2002).
	Jurk, K., Clemetson, K.J., de Groot, P.G., Brodde, M.F., Steiner, M., Savion, N., Varon, D., Sixma, J.J., Van Aken, H. & Kehrel, B.E. Thrombospondin-1 mediates platelet adhesion at high shear via glycoprotein Ib (GPIb): an alternative/backup mechanism...
	Kane, D., Roth, J., Frosch, M., Vogl, T., Bresnihan, B. & FitzGerald, O. Increased perivascular synovial membrane expression of myeloid-related proteins in psoriatic arthritis. Arthritis Rheum. 48, 1676-85 (2003).
	Kemler, R. From cadherins to catenins: cytoplasmic protein interactions and regulation of cell adhesion. Trends Genet. 9, 317-21 (1993).
	Lackmann, M., Rajasekariah, P., Iismaa, S.E., Jones, G., Cornish, C.J., Hu, S., Simpson, R.J., Moritz, R.L. & Geczy, C.L. Identification of a chemotactic domain of the pro-inflammatory S100 protein CP-10. J Immunol. 150, 2981-91 (1993).
	Laudanna, C. & Alon, R. Right on the spot. Chemokine triggering of integrin-mediated arrest of rolling leukocytes. Thromb Haemost. 95, 5-11 (2006).
	Leclerc, E., Fritz, G., Weibel, M., Heizmann, C.W. & Galichet, A. S100B and S100A6 differentially modulate cell survival by interacting with distinct RAGE (receptor for advanced glycation end products) immunoglobulin domains. J Biol Chem. 282, 31317-3...
	Leclerc, E. & Heizmann, C.W. The importance of Ca2+/Zn2+ signaling S100 proteins and RAGE in translational medicine. Front Biosci . 3, 1232-62 (2011).
	Li, D.R., Michiue, T., Zhu, B.L., Ishikawa, T., Quan, L., Zhao, D., Yoshida, C., Chen, J.H., Wang, Q., Komatsu, A., Azuma, Y. & Maeda, H. Evaluation of postmortem S100B levels in the cerebrospinal fluid with regard to the cause of death in medicolegal...
	Lominadze, G., Rane, M.J., Merchant, M., Cai, J., Ward, R.A. & McLeish, K.R. Myeloid-related protein-14 is a p38 MAPK substrate in human neutrophils. J Immunol. 174, 7257-67 (2005).
	Lim, S.Y., Raftery, M., Cai, H., Hsu, K., Yan, W.X., Hseih, H.L., Watts, R.N., Richardson, D., Thomas, S., Perry, M. & Geczy, C.L.  S-nitrosylated S100A8: novel anti-inflammatory properties. J Immunol. 181, 5627-36 (2008).
	McCormick, M.M., Rahimi, F., Bobryshev, Y.V., Gaus, K., Zreiqat, H., Cai, H., Lord, R.S. & Geczy, C.L. S100A8 and S100A9 in human arterial wall. Implications for atherogenesis. J Biol Chem. 280, 41521-9 (2005).
	Nishimura, F., Terranova, V.P., Sawa, T. & Murayama, Y. Migration inhibitory factor related protein-8 (MRP-8) is an autocrine chemotactic factor for periodontal ligament cells. J Dent Res. 78, 1251-5 (1999).
	Osterloh, D., Ivanenkov, V.V. & Gerke, V. Hydrophobic residues in the C-terminal region of S100A1 are essential for target protein binding but not for dimerization. Cell Calcium. 24, 137-51 (1998).
	Pagano, R.L., Dias, M.A., Dale, C.S. & Giorgi, R. Neutrophils and the calcium-binding protein MRP-14 mediate carrageenan-induced antinociception in mice. Mediators Inflamm. 11, 203-10 (2002).
	Pagano, R.L., Mariano, M. & Giorgi, R. Neutrophilic cell-free exudate induces antinociception mediate by the protein S100A9. Mediators Inflamm. 2006, 36765 (2006).
	Paine, E., Palmantier, R., Akiyama, S.K., Olden, K. & Roberts, J.D. Arachidonic acid activates mitogen-activated protein (MAP) kinase-activated protein kinase 2 and mediates adhesion of a human breast carcinoma cell line to collagen type IV through a ...
	Pettit, E.J. & Fay, F.S. Cytosolic free calcium and the cytoskeleton in the control of leukocyte chemotaxis. Physiol Rev. 78, 949-67 (1998).
	Podar, K., Mostoslavsky, G., Sattler, M., Tai, Y.T., Hayashi, T., Catley, L.P., Hideshima, T., Mulligan, R.C., Chauhan, D. & Anderson, K.C. Critical role for hematopoietic cell kinase (Hck)-mediated phosphorylation of Gab1 and Gab2 docking proteins in...
	Raftery, M.J. & Geczy, C.L. Electrospray low energy CID and MALDI PSD fragmentations of protonated sulfinamide cross-linked peptides. J Am Soc Mass Spectrom. 13, 709-18 (2002).
	Raftery, M.J., Yang, Z., Valenzuela, S.M. & Geczy, C.L. Novel intra- and inter-molecular sulfinamide bonds in S100A8 produced by hypochlorite oxidation. J Biol Chem. 276, 33393-401(2001).
	Raquil, M.A., Anceriz, N., Rouleau, P. & Tessier, P.A. Blockade of antimicrobial proteins S100A8 and S100A9 inhibits phagocyte migration to the alveoli in streptococcal pneumonia. J Immunol. 180, 3366-74 (2008).
	Robinson, J.M. & Vandré, D.D. Stimulus-dependent alterations in macrophage microtubules: increased tubulin polymerization and detyrosination. J Cell Sci. 108, 645-55 (1995).
	Robinson, M.J., Tessier, P., Poulsom, R. & Hogg, N. The S100 family heterodimer, MRP-8/14, binds with high affinity to heparin and heparan sulfate glycosaminoglycans on endothelial cells. J Biol Chem. 277, 3658-65 (2002).
	Ryckman, C., McColl, S.R., Vandal, K., de Médicis, R., Lussier, A., Poubelle, P.E. & Tessier, P.A. Role of S100A8 and S100A9 in neutrophil recruitment in response to monosodium urate monohydrate crystals in the air-pouch model of acute gouty arthritis...
	Sánchez-Madrid, F. & del Pozo, M.A. Leukocyte polarization in cell migration and immune interactions. EMBO J. 18, 501-11 (1999).
	Sroussi, H.Y., Berline, J., Dazin, P., Green, P. & Palefsky, J.M. S100A8 triggers oxidation-sensitive repulsion of neutrophils. J Dent Res. 85, 829-33 (2006).
	Sroussi, H.Y., Berline, J. & Palefsky, J.M. Oxidation of methionine 63 and 83 regulates the effect of S100A9 on the migration of neutrophils in vitro. J Leukoc Biol. 81, 818-24. (2007).
	Stroncek, D.F., Shankar, R.A. & Skubitz, K.M. The subcellular distribution of myeloid-related protein 8 (MRP8) and MRP14 in human neutrophils. J Transl Med. 28, 36 (2005).
	Tarnowski, B.I., Spinale, F.G. & Nicholson, J.H. DAPI as a useful stain for nuclear quantitation. Biotech Histochem. 66, 297-302 (1991).
	Tsai, W.C., Lin, Y.C., Tsai, S.T., Shen, W.H., Chao, T.L., Lee, S.L. & Wu, L.W. Lack of modulatory function of coding nucleotide polymorphism S100A2_185G>A in oral squamous cell carcinoma. Oral Dis. 17, 283-90 (2011).
	Villarreal, A., Aviles Reyes, R.X., Angelo, M.F., Reines, A.G. & Ramos, A.J. S100B alters neuronal survival and dendrite extension via RAGE-mediated NF-κB signaling. J Neurochem. 117, 321-32 (2011).
	Zhu, X. & Assoian, R.K. Integrin-dependent activation of MAP kinase: a link to shape-dependent cell proliferation. Mol Biol Cell. 6, 273-282 (1995).

