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Chapterr 10 
DISCUSSIONN AND CONCLUSION. 



Discussion n 

Introduction Introduction 

Transmigrationn of leukocytes across the endothelium, which lines the blood vessel 

wall,, is a dynamic and tightly controlled process. This migration is part of inflammatory 

responsess as well as of immune surveillance and is relevant for all types of white blood cells. 

Transendotheliall  migration also determines the recovery of hematopoiesis after stem cell 

transplantation,, when mobilized hematopoietic stem cells (i.e. CD34+ cells), are re-infused 

intoo the veins of the patient following myelo-ablative chemo- and/or radiotherapy. These re-

infusedd stem cells will migrate from the blood stream, across the vessel wall, toward their 

bone-marroww niche. This process is called homing and is the main theme of this thesis. 

Thee knowledge on leukocyte transendothelial migration has increased significantly 

overr the past decade, albeit that a variety of aspects have only recently been addressed in 

moree detail, e.g. the role of the endothelium and the maintenance of its integrity during 

leukocytee passage. The complexity of the entire event is underscored by various recent 

reviews,, each discussing, in detail, part of the transmigration process.1"8 

SDF-1SDF-1 and CXCR4 

Chemokiness guide leukocytes on their route of migration. One of these chemokines, 

SDF-1/CXCL12,, together with its receptor CXCR4, is of key importance for the migration of 

stemm cells to the bone marrow.9 Over the years, it has been shown that SDF-1 is one of the 

mostt ubiquitous chemokines, affecting (transendothelial) migration of a wide range of 

leukocytess and other cell types.1'10 It appears that SDF-1 is not only involved in leukocyte 

transendotheliall  migration, but is also essential for lymphoma metastasis.11'13 

Wee have studied the interaction of SDF-1 and CXCR4 using a newly developed stem 

celll  model.14 Expression of a CXCR4-GFP fusion protein into a CXCR4-deficient KG la cell 

linee revealed that CXCR4 redistributes to the leading edge of crawling and adherent 

leukocytes,, only when SDF-1 is immobilized on activated endothelium. Moreover, it appears 

thatt CXCR4 redistributes into lipid rafts at the basolateral side of the migrating leukocyte, i.e. 

att the sites of contact of leukocytes with the endothelium. These rafts appear to be essential 

forr proper CXCR4 signalling and SDF-1-induced migration of CD34+ cells.14"16 
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SDF-1-SDF-1- induced adhesion to bone marrow endothelium 

Thee group of Alon previously showed that SDF-1 is constitutively expressed on, and 

localizedd to the luminal side of human bone-marrow endothelium in vivo}1 Additionally, it 

hass been shown that SDF-1, immobilized on cultured endothelial cells, improves firm 

adhesionn of T-lymphocytes and CD34+ cells under conditions of physiological flow in a 

CXCR4-dependentt fashion/4*18 presumably through activation of orintegrin (VLA-4) 

bindingg to VCAM-1.16'19,20 L-selectin, involved in the rolling of leukocytes, induces the 

upregulationn of CXCR4 to the leukocyte-surface.21 Immobilized SDF-1 activates CXCR4, 

followedd by Rapl activation, which in turn results in cu-integrin-mediated firm adhesion.22 

Recently,, impaired Rapl activation was linked to LAD-III , a leukocyte adhesion deficiency 

syndrome.233 Thus, the initial activation of leukocytes to spread and firmly adhere to the 

endotheliumm is induced by immobilized chemokines on the endothelial cell surface. 

Leukocytess firmly adhere to the endothelium through the interaction of integrins with 

endotheliall  adhesion molecules such as ICAM-1 and VCAM-1. Blocking these adhesion 

moleculess decreases the migration of leukocytes across endothelium dramatically.24 Barreiro 

andd colleagues previously observed VCAM-1-containing leukocyte docking structures on the 

endothelium.444 Recently, Feigelson and colleagues showed that VCAM-1 is not only involved 

inn mediating firm adhesion, but also in the rolling process of the leukocytes across the 

endothelium.25'266 We showed that VCAM-1 activation leads to Racl activation.2 Moreover, 

Racll  is the main inducer of membrane ruffles.28 Together with the finding that VCAM-1 is 

constitutivelyy expressed on human bone-marrow endothelium,29 we here postulate that the 

endotheliall  docking structures are induced upon VCAM-1-dependent adhesion and are 

instrumentall  in transendothelial migration of leukocytes. Figure 1 presents a schematic 

overvieww of the data presented above. 

EndothelialEndothelial cell signalling 

Ass already illustrated in figure 1, activated orintegrin (VLA-4) binds to VCAM-1 and 

providess the next step in the transmigration process: firm adhesion. VCAM-1-induced 

signallingg appears to be essential for efficient transendothelial migration of leukocytes, since 

inhibitionn of the VCAM-1-signalling pathway, by blocking Racl signalling, or by scavenging 

ROS,, decreases transendothelial migration of leukocytes.24,27 In addition, Racl inhibition 

preventss VCAM-1-induced loss of endothelial cell-cell adhesion and stress fiber formation. 

Thesee findings were recently underscored by other groups.30"32 
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Endothelium m 

Figuree 1. Schematic overview of (a part qj) an activated leukocyte in an endothelial docking structure. 

Chemokinee SDF-1, immobilized on the endothelium, induces polarization of CXCR4 into lipid-rafts to the 

leadingg edge of the migrating leukocyte. This results in integrin activation and firm adhesion of the leukocyte to 

thee endothelium. Through binding of the integrins to VCAM-1, the small GTPase Racl is activated, which then 

resultss in top-ruffles, or so-called docking structures. 

Inn line with our finding that VCAM-1 activation increases ROS production, which is 

criticallyy dependent on Racl,33 we showed that an active mutant of Racl, RacV12, induced 

ROSS production in endothelial cells, leading to a rapid loss of endothelial cell-cell contact and 

celll  retraction, followed by membrane ruffles. We and others already reported that active 

Racll  induces loss of cell-cell contacts in endothelial cells, whereas active Racl promotes cell-

celll  contacts in epithelial cells.34"37 Racl-induced loss of endothelial cell-cell contacts is 

possiblyy regulated through ROS, since scavenging of ROS prevents Racl-induced loss of 

endotheliall  cell-cell junctions. 8 

Forr the final step of transmigration, diapedesis, the leukocytes have to squeeze through 

thee intercellular clefts, i.e. the endothelial cell-cell junctions. VE-cadherin is the most 

importantt player in the assembly of the endothelial cell-cell junctions, because inhibition of 

VE-cadherinn function decreases monolayer integrity dramatically.24'39 Moreover, VE-cadherin 

appearss to be essential for angiogenesis.40 We and others recently showed that VE-cadherin 

mediatess the migration of leukocytes across the endothelium in vitro and in v/vo.24'41"43 

However,, inhibition of VE-cadherin function alone is not sufficient to improve leukocyte 

transendotheliall  migration. Blocking ICAM-1 and VCAM-1 on VE-cadherin antibody-treated 

endotheliall  cells still inhibited transendothelial migration of leukocytes,24 indicating that 

underr these condition the leukocytes remain dependent on firm adhesion, likely to be 

mediatedd by the endothelial cell docking structures.44 
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Itt is clear that VE-cadherin plays an important role in transmigration of leukocytes and 

inn the maintenance of the barrier function of the endothelium. However, its means of 

regulationn is less clear. It has been shown that loss of VE-cadherin-mediated cell-cell 

adhesionn increases tyrosine phosphorylation of VE-cadherin and associated proteins. ' m 

ett ai., chapter 6 Recenti V j ft w as shown that protein kinase C deregulates the barrier function by 

modifyingg the VE-cadherin complex.46 Together, these data point to an important role for 

tyrosinee phosphorylation in the regulation of VE-cadherin function. In addition, the group of 

Vestweberr has shown that the phosphatase VE-PTP interacts with VE-cadherin, leading to 

increasedd resistance of cellular monolayers.48 Moreover, others recently showed that 

phosphatases,, which are present at endothelial cell-cell contacts, increase junctional 

strength.49,500 Thus, the balance between tyrosine kinase and phosphatase activity determines 

thee state of VE-cadherin-mediated cell-cell adhesion. Recently, it has been shown that ROS 

inhibitt phosphatase activity.51 Moreover, F^C^-treated endothelial cells show increased 

tyrosinee phosphorylation levels and a loss of cell-cell adhesion.52 Others report that H2O2 

increasess tyrosine phosphorylation and disassembly of the adherens but not of the tight 

junctionss in epithelial cells.53 This would implicate that ROS has a specific effect on the 

cadherin-mediatedd cell-cell junctions through the modulation of phosphatase activity. 

Thee latter suggestion is underscored by the recent finding of increased ROS 

productionn upon the loss of VE-cadherin-mediated cell-cell contacts.Van Buul d "^ Chapter 6 

Detailedd observation of cell-cell adhesions reveal that the membranes retract and immediately 

inducee ruffles in order to restore cell-cell adhesion. Loss of VE-cadherin-mediated cell-cell 

adhesionn results in transient RhoA and prolonged Racl activation. Surprisingly, after loss of 

VE-cadherin-mediatedd cell-cell adhesion, a-catenin increases its association to P-catenin, 

possiblyy to increase the strength of the newly formed cell-cell junction. Figure 2 shows a 

schematicc overview of the current working hypothesis, based on the above-described data. 

EndotheliumEndothelium from different organs 

Severall  reports in the literature indicate that endothelium from different origin has 

distinctt characteristics. For instance, the endothelium tfiat forms the blood-brain barrier shows 

upregulationn of other genes than the endothelium isolated from umbilical veins. Human 

bone-marroww endothelial cell (HBMEC) monolayers appear to have a higher electrical 

resistancee than human umbilical vein endothelial cell (HUVEC) monolayers, although the 

expressionn of junctional proteins such as VE-cadherin and PECAM-1 are similar.Van Buul et d 

chapterr 7 interestingly, we found an, until now not appreciated, low but stable expression of the 
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adhesionn molecule ICAM-3 on both endothelial cell types, HBMEC and HUVEC. Although 

theree has been some literature about ICAM-3 expression on human endothelium, textbooks 

attributee the expression of ICAM-3 strictly to leukocytes.55"58'69 Recently, expression of 

ICAM-33 on endothelium was added to the "Protein Review On The Web" web.70 Thus, 

ICAM-33 expression on the endothelium is currently appreciated, although it is unclear what 

thee role of ICAM-3 is. 

Figuree 2. Schematic overview of endothelial signalling that might occur during transendothelial migration of 

humanhuman leukocytes. Disruption of VE-cadherin-mediated cell-cell contacts occurs when phosphotyrosine levels 

aree increased, due to ROS. Subsequently, VE-cadherin and its associated proteins are internalized into vesicles, 

resultingg in Vavl/Racl activation, i.e. membrane ruffles, in order to restore disrupted cell-cell contacts. 

ICAM-33 expression on endothelial cells is not affected by inflammatory stimuli such 

ass IL-i p or TNF-a. Also the chemokine SDF-1 or VEGF do not affect ICAM-3 expression. In 

addition,, we could not show any involvement of endothelial ICAM-3 in the process of 

transendotheliall  migration of leukocytes. Surprisingly, ICAM-3 activation decreases the 

resistancee of HBMEC, but not of HUVEC. A possible explanation might be that the basal 

ROSS levels in bone-marrow endothelium are different from those in HUVEC, since ICAM-3 
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activationn results in increased ROS levels in HBMEC. As already described above, different 

ROSS levels might influence the basal integrity of endothelial cell-cell junctions. 

ROSROS production in endothelial cells 

Itt is well established that ROS is involved in the killing of engulfed pathogens by 

phagocytes.. High levels of ROS are generated by the NADPH-oxidase (NOX2) complex in a 

specializedd phagosome, which protects the phagocyte from these toxic amounts of ROS. 

However,, low amounts of ROS have been found to be involved in intracellular signalling 

pathwayss in a variety of cell types.59'60 The presence and importance of ROS in endothelial 

celll  signalling has been appreciated for some time now. However, less is known how and 

wheree these ROS are generated. We showed the presence of NADPH-oxidase components in 

primaryy and immortalized HUVEC, and found p67p ox and p47p ox localized to membrane 

ruffles.VanBuuletall  ^ P ^ 8 Others have underscored these findings.6162 Moreover, Görlach et al. 

showedd that ROS generation was attenuated in the aortae of NOX2-deficient mice,63 whereas 

Souzaa and colleagues reported that the vascular oxidase is structurally distinct from the 

leukocytee oxidase.64 In addition, patients who suffer from chronic granulomatous disease 

(CGD),, i.e. functional mutations in NADPH-oxidase components NOX2 (gp91phox), p67phox, 

p47phoxx or p22phox and therefore unable to generate ROS in phagocytes have no specific 

clinicall  disorders of the vasculature, indicating that the leukocyte NADPH-oxidase 

componentss play a minor role in the maintenance of the vasculature barrier function, although 

vascularr lesions in a CGD patient has been described.65 

NOX-homotogues NOX-homotogues 

Recently,, a series of NOX2 homologues have been discovered.66 These new members 

off  the NOX family might play a more pronounced role in the endothelial ROS production. We 

foundd significant amounts of NOX2 mRNA and in particular its homologue NOX4 mRNA in 

endotheliall  cells using real-time PCR. No NOX1, NOX3 or NOX5 mRNA was detected. 

Otherss have also reported significant expression of NOX4 mRNA in atherosclerosis.67 These 

findingsfindings point to the possibility that NOX4 might be involved in ROS production in 

endotheliumm and might play an important role in intracellular signalling, especially in the 

regulationn of transendothelial migration. Future studies are now focussed on the localization 

off  NOX4 in endothelial cells, with NOX4-GFP fusion proteins and inhibitory studies with 

siRNAA of NOX4. 

134 4 



Guanine-nucleotideGuanine-nucleotide exchange factors as oxidase regulators 

Itt has been shown that overexpression of active mutants of Racl exchange factors 

Vavl ,, Vav2 and Tiaml induce activation of Racl, however, only the active mutant of Vavl 

inducess ROS production in transgenic Cos7 cells.68 Endothelial cells express Vavl and Vav2, 

butt not Tiaml. Since Vavl localizes to stress fibers (Unpublished observation, JDvB), where 

alsoo p47p ox and p67p ox are found, Vavl might play an important role in the activation of the 

NOXX complex in endothelial cells, although it is as yet unclear what the composition of this 

complexx would be. Figure 3 shows a schematic overview of a possible oxidase complex in 

endotheliall  cells. 

Extracellularr Stimuli 

Figuree 3. Schematic representation of a possible vascular oxidase system. NOX4 co-localizes with the 

endoplasmaticc reticulum (ER) in endothelial cells, together with p47phc" and p67ph°'1 (Chapter 8). Extracellular 

stimulii  activate intracellular signaling pathways, including Vavl. This might result in Racl activation and 

assemblyy of the ROS-generating complex on the ER. The hydrogen peroxide (H202) produced then inhibits 

phosphatasee activity at cell-cell junctions, which leads to loss of VE-cadherin-mediated cell-cell contacts. 

FinalFinal remarks 

Thiss thesis provides detailed information about the regulation of transendothelial 

migrationn of leukocytes in general, and of CD34+ cells in particular. It clearly shows that the 

endotheliumm is not just a passive layer, but rather an active component that helps and co-

operatess with the leukocytes to facilitate efficient passage through the endothelial junctions. 
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Futuree studies should aim on the regulation of the endothelial cell-cell junctions. Not 

onlyy to study the involvement in the migration of leukocytes, but also in the restoration of the 

endotheliall  cell-cell border after leukocyte passage or after disruption, caused by mechanical 

damage.. ROS and its oxidase system might be instrumental in the loss and subsequent repair 

off  endothelial cell-cell junctions. In more detail, the mechanism how VE-cadherin-mediated 

cell-celll  adhesion is regulated in the formation of new cell-cell adhesions is essential for 

processess such as angiogenesis and sprouting vessels. Information about this mechanism 

mightt lead to efficient therapies regarding new vessel formation and vessel repair. 
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