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ChapterChapter 1 

Introductio n n 

Thee immune system serves to protect organisms against pathogens such as bacteria, 
viruses,, and parasites. Based on functional grounds, it can be divided in two 
branches:: the innate and the adaptive immune system. The innate immune system 
iss constitutional and acts as a first line of defence. It involves soluble factors, 
naturall  killer cells, and phagocytes, and does not improve on repeated contact with 
thee same pathogenic factor (antigen [Ag]). The adaptive immune system, by 
contrast,, will evoke a highly specific immune reaction. In addition, it will develop 
ann immunological memory which will provide a quicker and enhanced immune 
responsee upon restimulation with the Ag. The most important players during an 
adaptivee immune response are the T and B lymphocytes. While T lymphocytes are 
mainlyy involved in the destruction of infected cells, and in the regulation of the 
immunee response, B cells are the producers of immunoglobulins (Igs). These Igs 
specificallyy recognize and bind Ag, leading to the destruction of the organisms or 
cellss that express the Ag. Most B cells express Igs at their cell surface in a complex 
withh several other proteins, the B cell antigen receptor (BCR). However, if B cells 
aree activated by antigen, and differentiate into plasma cells, they no longer express 
BCRs,, but secrete the Igs instead. Igs are composed of the unique combination of 

antigen n 
binding g 
site e 

CH2 2 

CH3 3 

Figur ee 1. Schematic representation of an immunoglobulin (Ig). Two Ig heavy (IgH) chains 

pairr with two Ig light (IgL) chains to form two identical antigen-binding sites. The constant 

(CHH or CL) and variable (VH or VL) regions, the complementarity determining regions 

(CDRs),, the framework regions (FRs). the hinge region (H), the antigen binding site, and 

thee sulphate bridges (SS) are shown. 
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twoo identical heavy (lgH) and two identical light chains (IgLj (Fig. 1). Both the 
IgHH and IgL chains consist of constant (Cn or CL) and variable (VH or VLj regions 
(Fig.. 1). While C regions mediate the expression at the cell membrane, the binding 
off  complement, and the interaction with Ig-reccptors on other cells. V regions 
interactt with the Ag. The recognition of Ag is mainly mediated by three 
hypervariablee domains of the V regions, the complementarity determining regions 
(CDRs)) (Fig. 1). These CDRs are separated by less variable framework regions 
(FRs)) which maintain the stability of the V regions (Fig, 1). 

BB cell development 

Primaryy B cell development takes place in the bone marrow. Here, (committed) 
lymphoidd progenitors differentiate into immature B cells. An important process 
duringg early B cell development is the rearrangement of the variable (V), diversity, 
andd joining (J) gene segments of the IgH gene locus (Tonegawa. 1983; Alt et al. 
1987).. This wil l allow the B cell to express the prc-BCR, which is composed of the 
rearrangedd IgH chain complcxcd to a surrogate IgL chain (Melchers et al., 1994). 
Successfull  expression of the pre-BCR is indispensible for survival of the B cell. B 
cellss lacking a pre-BCR, or expressing an aberrant prc-BCR. wil l die by apoptosis 
(Melchers,, 1999). Signaling via the pre-BCR wil l induce rearrangement of the V 
andd J gene segment of the IgL gene locus (Ten Boekel et al.. 1995; Constantinescu 
andd Schlissel, 1997). Adequate rearrangement, and successful complexation with 
thee IgH chain, are required for B cell survival, and allows the B cell to express a 
BCRR of the IgM isotype (Melchers et al, 1994). 

Thee IgM-cxpressing B cell wil l now leave the bone marrow, and travel via 
thee blood to secondary lymphoid organs, i.e. the spleen, lymph nodes, and 
mucosal-associatedd lymphoid tissue (MALT) . In these organs, the B cells may be 
confrontedd with native Ag that is recognized by their cell surface-expressed 
immunoglobulinss which form the B cell antigen receptor (BCR). In case of 
recognition,, the B cells wil l internalize and process the Ag. At the border or the T 
celll  area and the B cell area (follicle), the B cells wil l now present Ag-derived 
peptidess on major histocompatibility complex (MHC) class II molecules to antigen 
receptorss (TCRs) expressed by T helper cells that have been activated by dendritic 
cellss (Lindhout et al.. 1997: MacLennan et al.. 1997; Steinman et al., 1997; 
Banchereauu and Steinman, 1998; Garside et al., 1998). Upon recognition of the 
rightt peptide/MHC combination, the T cell wil l provide the B cell with co-
stimulatoryy signals which are indispensible for further differentiation. These 
signalss have been shown to critically depend on the interaction between CD40 and 
CD40L.. and between CD28 and CD86 (Foy et al., 1994; Gray et al., 1994; 
Renshaww et aL, 1994; Faechetti et al.. 1995: Han et al., 1995: Ferguson et al.. 
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1996).. The activated B cell can now develop into an antibody-producing plasma 
cell,, or respond with a series of e\ents known as the germinal center reaction (Fig. 
2)) (MacLennan. 1994. 1997; Nossul. 1994: Kelsoe et al., 1995: Kosco-Vilbois It 
ai.ai. 1997: Lindhout et al.. 1997; Liu and Arpin. 1997). This process, which wil l 
leadd to affinity maturation of the humoral immune response, is initiated bv the 
migrationn of' activated B cells into the primary follicl e of' the secondary lymphoid 
organn (Liu et al., 1991; Jacob et al., 1991a). Here, the activated B cells wil l initiate 
thee development of a germinal center (GC). On histological grounds. GC are 
subdividedd into a dark- and a light /one (Fig. 2) (Liu et al., 1992). In the GC dark 
/one.. the B cells, which have become centroblasts. undergo rapid clonal expansion 
andd start to somatically hypermutate the variable regions of their Ig genes (Berek et 
al..al.. 1991: Jacob et ai, 1991b: Kuppers et ai, 1993; McHcyzcr-Williams et ai. 
1993:: Pascual et ai, 1994: Kelsoe, 1996). Carnacho et ai (1998) demonstrated that 
inn mice, clonal expansion and somatic hypermutation take place in the GC light 
/onee as well. After expansion, and IgV hypermutation. the centroblasts migrate to 
thee basel part of the germinal center light /one and differentiate into centrocytes. In 
thee light /one the centrocytes will start to express their mutated slgs. and rc-
encounterr their Ag in the form of' immune complexes presented bv follicular 
dendriticc cells (FDCs) (Gray et ai, 1984; Liu et ai, 1992. 1996b; Caux et ai, 
1995:: Lindhout et ai. 1997: Liu and Arpin. 1997: Banchereau and Steininan. 
1998).. During this process, the apoptosis-sensitive centrocytes wil l become affinity 
selectedd (Liu et ai, 1989: Tew et ai, 1990; Hardie et ai. 1993: Lindhout et ai. 
1997).. Centrocytes expressing Igs with a high affinity for the Ag wil l survive, 
whilee centrocytes with low affinity Igs. and autoreactive centrocytes, will die bv 
apoptosis.. It has been demonstrated that strong adhesion, involving the adhesion 
moleculess LFA-1 - ICAM-1. and a4fjl VCAM-1 (see section Adhesion 
moleculesmolecules and their ligands). is required for an effective interaction between the 
centrocytee and the LDC in vitro (Koopman et ai. 1991. 1994; Lindhout et ai, 
1993).. After their rescue from apoptosis. the centrocytes wil l retreivc and process 
somee of the Ag. and present Ag-denved peptides in the context of MHC class II 
proteinss to Ag-specific T cells present in the apical light zone of the GC. If these T 
cells,, which have previously been activated by dendritic cells (Grouard et ai, 
1996).. recognize the peptide-loaded MHC. thev wil l provide the B cells with co-
stimulatoryy signals via CD40-CD40L interaction and cytokine production 
(Ledermann et ai, 1992; Fuller et al, 1993; Casamavor-Palleja et ai, 1995: Zheng 
etet ai, 1996). In addition, CD40-CD40L binding wil l downregulate the expression 
off  the apoptosis-inducing FasL protein on the T cells (Rathmell et ai, 1996). The 
stimulatoryy signals wil l eventually lead to Ig isotype switching and differentiation 
off  the centrocytes into cither memory B cells or Ig-secreting plasma cells (Kraal et 
ai.ai. 1982; Arpin et ai, 1995; Liu et al., 1996a; Mahsan et ai, 1996). Finally, the 
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fullyy differentiated Ag-specific B cells will receive signals that mediate their export 
fromm the lymphoid tissues. 

Plasmaa cei 

Darkk zone 

JTT ceil areaj 

Differentiation Differentiation 

f f 

T. . 

isotypeisotype svsitching 

Selection Selection 

Proliferation Proliferation 

Mutation Mutation 

iAL.. Activation 
T T 

Figuree 2. Schematic representation of the consecutive developmental steps that take place 
duringg the T cell-dependent B cell differentiation in secondary lymphoid organs. See the 
textt for details. B. B cell; FDC. follicular dendritic cell: T. T cell. 

Adhesionn and migration of B cells 

Adhesionn and migration are essential for the differentiation and functioning of B 
cells,, since these cells have to migrate between different lymphoid tissues, and 
havee to interact with many cell types. Due to the large number of possible 
migrationn pathways and cellular interactions, the adhesion and migration of B cells 
havee to be tightly regulated. The cells of the immune system are equipped with a 
numberr of molecules that perform this task. While adhesion molecules and their 
ligandss are involved in the adhesion and migration of B cells, several cytokines, in 
particularr members of the chemokine family, attract B cells and in this way 
determinee the direction of their migration. In the next sections these molecules will 
bee discussed. 

11 1 
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Adhesionn molecules and their  l igands 

Selectins Selectins 
Thee selectin family consists of three members: L-selectin, E-selectin and P-selectin 
(Tablee 1) (for review see Lasky, 1992. 1995; Bevilacqua 1993; Rosen et ai, 1994; 
McEverr et ai, 1995; Tedder et ai, 1995; Rossiter et ai, 1997). Structurally, they 
aree characterized by the presence of an N-terminal lectin domain, an epidermal 
growthh factor-like domain, a variable number of tandem consensus repeats 
homologuess to complement-binding domains, and a transmembrane and short 
cytoplasmicc domain (Fig. 3) (Bevilacqua et ai, 1989; Johnston et ai, 1989; Lasky 
etet ai, 1989; Siegelman et ai, 1989; Tedder et ai, 1989). Whereas E-selectin is 
expressedd by cytokine-activated endothelial cells, P-selectin is present in the 
Weibel-Paladee bodies of endothelial cells and in oc-granules of platelets (Hsu-Lin et 
ai,ai, 1984; Stenbcrg et ai, 1985; Pober et ai, 1986; Bevilacqua et ai, 1987; 
Bonfantii  et ai, 1989; Johnston et ai, 1989; Leeuwenberg et ai, 1989; McEver et 
ai,ai, 1989). Upon cytokine-activation P-sclectin becomes rapidly, but transiently, 
expressedd on the cell-surface (Hsu-Lin et ai, 1984; McEver et ai, 1989). In 
contrastt to E- and P-selectin, L-selectin is expressed on lymphocytes and myeloid 
cellss (Gallatin et ai, 1983; Tedder et ai, 1989, 1990; Bowcn et al, 1990). 

Inn the presence of calcium ions, selectins bind to sugar moieties present on 
glycoproteinss (sialomucins) expressed on the surface of leukocytes or endothelial 

outside e 

membrane e 

inside e 

selectins s members s 
immunoglobulin n 

superfamily y 

integrins s CD44 4 
family y 

Figuree 3. Schematic representation of the four major families of adhesion molecules (not 
drawnn to seale) involved in leukocyte adhesion and migration. See the text for details. 
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Tablee I. The selcctin family of adhesion molecules. 

Namee CD : repression Ligand(s) References 

L-sclectinn CDfi2L leukocytes GlyCAM-1. CD34, Lasky et al., 1992: Baumhueter c/ 

MAdCAM-1 ,, til.. 1993: Bert*  e! ai. 1993; 

PSGL-1:: PCLP-1 GnycT ctaL. 1996; Sprrt lnt et 

al..al.. 1996; Tu et al., 1996: 

Sasseuii  et al.. 1998 

L-selectinn CD62H activated HSL 1. PSGL-1; Berg . 1991: U-vinovii/. a al.. 

endotheliumm CLA 1993; Waleheck vt til.. 1993: Alun 

ctat..ctat.. 1994; Asa el al.. 1995; 

Stet'gmalLTT el al.. 1995 

P-seleetinn CD62P activated PSGL-1 Moore«<j/„  1992: Sak» a at. 

endothelium.. 1993: Alon el al. 1994 

pII  ate iets 

CD.. cluster of differentiation; CLA. eutaneous lymphocyte-associated antigen: L-selectin. 

endotheliall  selectin; ESL. L ^lectin ligand: GlyCAM. glyeosvlation-dependent cell adhesion 

molecule;; L-seleetm. leukocyte selectin; MAdCAM . mucosal addressin cell adhesion molecule: 

PCLP.. podoealyxin-like protein: P-seleetin. platelet selectin; PSGL. P-selectin glycoprotein ligand. 

cellss (Lasky, 1992, 1995; Nelson et ai, 1995). Sialic acid, fucose. and sulfate have 
beenn demonstrated to be essential components of most of the carbohydrate 
structuress recognized by the scleetins (Brandley et ai. 1990; Lowe et al., 1990; 
Walzz et ai, 1990). These structures have been shown to be closely related to the 
tetrasaccharidess sialyl Lewis x (sLe") and sialyl Lewis a (sLc") (Lasky, 1995). The 
carbohydratee Ugands for the selectins are linked to several mucin-likc molecules. 
Forr instance, L-sclcctin binds to saccharides attached to CD34. or to saccharides of 
thee secreted glyeosvlation-dependent cell adhesion molecule 1 (GlyCAM-1). while 
alll  three selectins are able to interact with sugars on P-sclcctin glycoprotein ligand 
11 (PSGL-1) (Table I) (Lasky et ai, 1992; Moore et ai, 1992; Baumhucter et ai, 
1993;; Sako et ai, 1993; Asa et ai, 1995; Puri et ai, 1995; Guyer et ai, 1996; 
Spertinii  et ai, 1996; Tu et ai, 1996). Moreover, E-selectin interacts also with E-
selcctinn ligand 1 (ESL-1), and with the cutaneous lymphocyte antigen (CLA) 
expressedd by skin-homing T cells (Berg et ai, 1991: Lcvinovitz et ai, 1993; 
WalchccktVrt/... 1993; Asa et ai, 1995; Stccgmalcr et ai, 1995). 

Selectinss and their ligands are mainly involved in tethering (bouncing) and 
rollingg of leukocytes on the endothelium (see also the section Lymphocyte 

13 3 
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Tab l ee II . imniunui i iobui in supemim ih members involved in ieukocvte adhesion 

Namee CD t:\pression Ligandl s) Refercnccis I 

ICAM- 11 CD54 leukocytes, endothelium, «L|32. aM^2. Makgoha : ui. WHS: 

dendriticc cells CD43 Siaunion e; til.. WHS: 

Diamondd t-i til.. 1W!I 

ICAM-.11 CD102 leukocytes, endothelium «Lf} 2 Staunton c; al WS9 

K 'AM- ii  CD50 leukocytes </.[.. :̂ DC-SIGN 1 ̂ ucett <1 al l'W2; \ - : /a ;\ 

*!! . 1992 ; Ceu ten neck ft 

üi..üi.. 2!HKi 

ICAM- 44 nd erythrocytes ul..fi2 F-iaiLs (,< ,J/.. W9̂  

I C A M oo nd telcnccphalie neurons 0.1. 2̂ Tian f / . W 9 7: M ; / u - : o < ,

(//... w i r 

VCAM -- I CDHKi activated endothelium. «401 Oshorn . WN9: Ei^es 

dendriticc cells ci at. WW 

MAdCAM- 11 nd mucosal endothelium, a4jj7: L-se lectin Bn\km ci al.. W93: Bert; ct 

mucosall  dendritic cells al.. W9.\ Berlin c; (j/.. 

! W :: Shyian ,7 ,// . W4f>: 

S/ahoo , 194V 

PCCAM-11 CD3I leukocytes, endothelium PECAM-1. \lhCda 11 ui.. W'M -. Mailer 

o:\fj.vv GACJS . 1992: DeLissorc; i(/. 

ii  99.< 

ALCA MM CD 166 aciivaled T cells. B cells. A1.CAV1. CD6 Cchida ; al.. 1997 ; Bimcn 

monocMess ^ (//., W9.s 

AII  .CAM. actuated leukocyte cell adhesion molecule : CD. cluster of differential ion; GAG. 

illl  vcosannnoghcan: ICAM . in tercel lulai cell adhesion molecule; I .F:A. lymphoeyie function

associatedd antigen: L-select in. leukocyte select in: MAdCAM . mucosal address m cell adhesion 

molecule,, nd. not determined: PHCA.M. piaielet-endothelial cell adhesion molecule: VCAM . vascular 

celll  adhesion molecule 

extravasation:extravasation: a itudtistep process). Several characteristics make these molecules 
welll  suited for these loose and reversible interactions. I;or example, the bonds 
betweenn selectins and their carbohydrate ligands have low association and 
dissociationn constants. Moreover, the high concentration of L-selectin and other 
tetheringg receptors, r.e. PSGL-I. on the tips of the lymphocyte's microvilli 
enhancess the efficiency of the brief interactions with their ligands (von Andrian et 
al.,al., 1995). Finally, the rapid cleavage of L-sclectin from the cell-surface upon 
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cross-linking,, ensures ihe reversibility of the binding process (Palecanda et ai. 
1992). . 

ImmunoglobulinImmunoglobulin superfamily 
Thee members of the immunoglobulin superfamily (IgSF) are characterized by the 
presencee of so-called immunoglobulin (Ig) domains. These Ig-domains are 
composedd of about 100 amino acids folded in a loop by disulfide bonds (Fig. 3). 
Besidee well-known family members like thelgs themselves, the T cell receptor, 
CD3.. and the major histoeompatability complexes, this family also contains several 
proteinss involved in cell adhesion (Table [I) . IgSF adhesion molecules can be 
expressedd by a broad array of cell types (Table II) (for review see Wang and 
Springer,, 1998). For instance, intercellular cell adhesion molecule 1 (ICAM-1) can 
bee expressed by leukocytes as well as by activated endothelial cells, dendritic cells, 
andd epithelial cells (Dustin et ai. 1986). Often the level of expression is regulated 
byy inflammatory mediators, e.g. both IL-1 and interferon y induce the the 
expressionn of ICAM-1 on endothelial cells (Dustin et ai, 1986), 

Manyy of the IgSF adhesion molecules are involved in the interaction 
betweenn leukocytes and endothelial cells. During most of these interactions the 
IgSFF members bind to activated integrins (Table II) . Since these interactions arc 
oftenn of high affinity, they are mainly involved in the tight adhesion of leukocytes 
too the endothelium (see also the section Lymphocyte extravasation: a multistep 
process).process). Mucosal addressin cell adhesion molecule 1 (MAdCAM-1) is an 
excptionall  member in this respect, because this molecule binds both L-sclectin via 
carbohydratee moieties, and the integrin a4[37 via Ig-domains (Berg et ai, 1993; 
Berlinn et ai. 1993). 

Integrins Integrins 
Thee integrin family is composed of related type I transmembrane proteins (for 
revieww see Hynes. 1992; Schwartz et ai, 1995; Shimi/.u et ai, 1999). These 
proteinss are heterodimcrs consisting of an a chain non-covalently associated with a 
[33 chain (Fig. 3). So far 17 a and 8 [5 subunits have been characterised in humans 
(Shimizuu et ai, 1999). Since most, if not all, [3 subunits can associate with several 
differentt partner subunits, more than 20 different heterodimcrs have been detected 
att present. Based on their common (3 chains, eight integrin subfamilies have been 
defined.. Some of these subfamilies, e.g. the (31 subfamily, are widely expressed. 
Memberss of the [32 subfamily are only expressed by leukocytes (Table III) . B cells 
aree able to express the integrins a4[3l. ot5pl, aL(32. and a4[37 (Freedman et ai, 
1990;; Koopman et ai. 1991; Roldan et ai, 1992; Arroyo et ai, 1996; Drillenburg 
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C / . L ^ : : 

VLAÖ Ö 

VI.. A-6 

L l .VV 1 

"Tablee I I I . The major integrins involved in leukocyte adhesion 

Namee Synummi si CD Expression Ligandfsi Reference!s i 

«11 (il VI.A- 1 CD4ya/CD29 broad [Liminin. (iuouman . 1491 

collagen n 

u2|3ll  VI.A- 2 CD49h/CD2M broad laminin. i ; i i ^< i , ( / :9X9 

collagen n 

oAp!ll  VI.A- s CD49e/CD24 nroad laminin. C^ncr ,; ai.. :*>\. 

collagen.. Lik:n.i..i ; m . :991 

fibroncctm. . 

epdigrin n 

</,4 1̂1 YL.A-4 CD49d/CD2,:-J broad fibroneetin. Eiseen <.' <;/. :99U 

YCAMM 1 

CD49e/CD2'JJ broad lïbnmecun Pyieia, . I4-S5 

CD49 Ï /CD299 broad laminin Sonncnhc:^  ai.. 14HK 

CDMa/CDl**  leukocytes ICAM !. 2. Marlm rf ,;/.. I9X7: 

3.. -4. ? Ylakyoba ei ui.. 19SS; 

Steuntonn e? d/.. 19S4. 

l-aueet:: f,' <;/. :W2: 

Baillvcff  ;/. 199.S-. 

Tiann (7 d.i/. 1997 

(x\l[J422 Mae 1.CR3 C I ) i l h /CD l 8 monocytes. ICAM I. 2, Allien and hdgintuun. 

macrophages.. fibrinogen. 19KS; Wright etui.. 14SS1-

granulocytes.. iC3b. Factor Diamond ci ui. I99H; 

Ivniphoeytess X. Lecnanet- I lone ho/ ; ul 

glycoproteinn 199̂  Xlec. a: . 199 v. 

ihu.. CD23 Simon ' / . 2000 

<JEX[J22 pi 50. 9s CD1 Ic'CDlK macrophages. fibrinogen. Mickiem .;,</. iWV 

monocytes,, iC3b. CD23 Mumewr «C 1'JHS: 

granulocytess Lnike I-IH( . 1991  Pusiigo 

rtui..rtui.. 1991; Ucuanet-

Hencho// ct ul.. 1995 

«4077 I PAM-1 CI)49d/nd lyniphoe>tes MAdCAM 1: R^^aui.. 1992: Hcrlin 

llhroneetin.. < i ul.. 199.x i99s 

VCAM- 1 1 

alLL[377 HML 1 CDI03/nd lymphoeytes I: cadherin ("cal e;«/.. 1994 

:: CD. cluster of dilTerentialton: L cadheriii epithelial eadherm: HAIL , human mucosal lymphocyte; 

ICAV1.. intercellular cell adhesion inoleciiic: LLA . lymphocyte funelion-assoeiated anligen; LP AM . 

lymphocytee Peyer's patch adhesion molecule: Mac, macrophage. MAdCAM . mucosal addressin cell 
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adhesionn molecule; nd. not determined: VCAM . vascular cell adhesion molecule: VLA . very late 

activationn antigen. 

etet aL, 1997). However, their expression is dependent on the differentiation state 
andd site of origin of the B eell (Horst et al., 1991; Shimi/u et aL, 1999; Buteher 
andd Pieker, 1996; Butcher et aL, 1999). 

Mostt integrins can bind to several different ligands (Tabic III) . Many of 
thesee ligands arc molecules of the extracellular matrix, e.g. fibroncetin and laminin, 
whilee others arc eell surface-expressed members of the immunoglobulin 
superfamily,, e.g. ICAM-1 and VCAM-1 (see Immunoglobulin superfamily). In 
orderr to bind their ligand, integrins require metabolic energy, the presence of 
extracellularr CV' and/or other divalent cations like Mg"~ or MrT' (Hyncs, 1992; 
Schwartzz et aL, 1995; Shimizu el a!., 1999). Generally, leukocyte integrins reside 
inn a resting state and have to be activated before they can bind their ligand. This 
activationn may involve enhanced affinity due to a conformational change of the 
integrin,, and/or enhanced avidity resulting from the rccruitement of intcgrin 
moleculess in adhesion complexes (Shimizu et aL, 1999). Many studies have 
indicatedd that activation of signaling molecules, and alterations in the organization 
off  the cytoskeleton are involved in intcgrin-dependent adhesion (Schwartz et aL, 
1995;; Hemler, 1998; Giancotti and Ruoslahti, 1999). The mechanisms involved in 
thesee (transient) processes arc as yet not completely clear. However, it has been 
demonstratedd that activation of several cell surface receptors, including the TCR, 
MHCC class II . and CD44, leads to activation of integrins (Dustin and Springer. 
1989;; van Kooyk et aL, 1989; Koopman et aL. 1990; Mourad et aL, 1990; 
Alexanderr et aL, 1993; Vermotdcsroehcs et aL. 1995). In addition, cytokines, in 
particularr the chemokines, have been shown to induce intcgrin-dependent adhesion 
(Schwartzz et aL, 1995; Baggiolini. 1997, 1998) (see also the section Regulation of 
BB cell adhesion and migration). Hence, intracellular signals evoked by cell surface-
expressedd receptors can lead to intcgrin activation, a process known as inside-out 
signalingg (Hyncs, 1992; Schwartz et a/., 1995). Alternatively, outside-in signaling. 
i.e.i.e. stimulation of integrins via external factors, can lead to signals that influence 
manyy biological processes like adhesion, proliferation, cytokine production, and 
apoptosiss (Hynes. 1992; Koopman et aL, 1992. 1994; Schwartz et aL, 1995; van 
Koo\kKoo\k etal., 1998; Shimizu et aL. 1999). 

CD44 CD44 
CD444 represents a large family of cell-surface expressed glycoproteins encoded by 
onee gene which consists of 19 exons (Screaton et aL. 1992; Lesley et aL, 1993) 
(Fins.. 3 and 4). Through alternative RNA-splicing, involving at least 10 exons. 
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manyy different CD44 isoform.s can he generated (Goldstein et aL, 1989; Dougherty 
etet aL, 1991; Gunthert ct aL. 1991; Stamenkovic et aL. 1989, 1991; Jackson et aL, 
1992;; Tölg et aL, 1993). In addition to alternative splicing, post-trunslational 
modificationss contribute to the diversity of the CD44 family. These modifications 
cann result in isoforms modified with N- and/or (?-linked glycans. and/or 
glueosammoglycann (GAG) chains like chondroitin sulfate, heparan sulfate and 
dcrmatann sulfate (Jalkanen ct aL, 1988; Brown et aL, 1991; Jackson et aL, 1995; 
Takahashii  et aL, 1996). Members of the CD44 family can be expressed by almost 
alll  cell types (Lesley et aL. 1993). Most cells express the 90 kDa "standard" 
(CD44s)) CD44 tsoform This protein is the smallest CD44 i so form and does not 
containn any of the alternative domains. However, several cell types, including 
activatedd lymphocytes and endothelial cells, epithelial cells, and tumor cells, also 
expresss CD44 splice variants with molecular weights of up to 200 kDa (Pals et aL, 
1989b;; Dougherty et aL, 1991; Gunthert et aL, 1991; Hofmann et aL, 1991; 
Stamenkovicc et aL. 1991; Arch ct aL. 1992; Jackson et aL, 1992; Heider et aL. 
1993;; Koopman et aL, 1993: Vox et aL. 1994; Mackay et aL. 1994: Griffioen eta!., 
1997). . 

Throughh alternative splicing of exon 18. CD44 proteins can have a short (3 
ammoo acids) or long (70 amino acids) cytoplasmic tail (Fig. 4) (Goldstein et aL. 
1989;; Stamenkovic et aL, 1989; Sercaton et aL, 1992). CD44 isoforms with the 
longg cytoplasmic tail have been shown to interact with several components of the 
cytoskclcton.. including aetin, ankyrin. and the linker proteins ezrin. radixin. and 
moess in (Tarone et aL. 1984; Lacy and Underhill, 1987; Kalomiris and 
Bourguignon,, 1988; Isacke. 1994; Tsukita et aL, 1994». The association between 
CD444 proteins and the cytoskclcton has been suggested to regulate the binding 
betweenn CD44 and its extracellular Iigand hyaluronic acid (HA. see below) (Lesley 
ctct aL, 1992; Thomas ct aL, 1992). In addition, crossdinking of CD44. or binding to 
HA.. have been demonstrated to induce signal transduction resulting in. for 
instance,, proliferation, adhesion or cytokine production ( Huet et aL, 1989; Shimi/u 
ctct aL, 1989; Koopman et aL, 1990; Rothman ct aL. 1991). As yet. not much is 
knownn about the signal transduction pathways activated by CD44. However, in T 
cellss CD44-induced signal transduction was shown to involve the Src family 
tyrosinee kinases ick and fyn (Taher et aL. 1996; Ilangumaran et aL, 1998). 
Recently.. Ras. PKC. and IK B were demonstrated to be involved in the activation of 
N F - K BB induced by the binding of CD44 to HA (Fizgerald et aL, 2000). 

Thee CD44 family has heen implicated in a number of important 
physiologicall  and pathological processes (Lesley et aL, 1993). For instance. CD44 
isoformss play a role in migration, lymphocyte activation, hematopoiesis, 
development,, and autoimmune diseases (Jalkanen et aL, 1986. 1987; Koopman et 
aL,aL, 1990; Miyake et aL, 1990a; Hayncs et aL, 1991: Camp et aL. 1993; Wheatlcy 
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length h 
(bp)) exon 

Cartilagee link protein 
homologyy domain 

Figuree 4. Schematic representation of the CD44 gene and proteins it encodes. As a result of 

alternativee mRNA splicing both the extracellular domain and the cytoplasmic tail can vary 

inn size. The alternatively spliced exons arc indicated by open boxes. The human vl exon 

containss a stop codon. Al l (putative) glycosylation sites of the CD44 protein are indicated: 

O-linkedd glycosylation sites (open circles); /V-linked glycosylation sites (closed circles); 

chondroitinn sulphate-attachment sites (open diamonds); heparan sulphate (HS)-attachment 

sitee (rod). In addition, the hyaluronic acid-binding sites (black lines), the disulfide bonds 

(S-S).. the ankyrin-binding site (—), the czrin-binding site (gray line), the phosphorylation 

sitess (P), and the putative interaction site for the sre-family kinase p56e are indicated. 
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etet ui.. 1993; Hstess et ai, 1998; Sherman ei ai, 1998; Brockc et ai, 
1999:.Siegelmann et ai, 1999: Weiss et ai, 2000). Moreover, experimental and 
elinieall  data suggest that several CD44 isoforms are involved in tumorigenesis and 
metastasiss (Herrlieh et ai. 1993; Naor et ai. 1997; Drillenburg and Pals, 2000; 
Wielengaa et ai, 2000). For instance. CD44s was shown to enhance the migration 
off  melanoma cells in vitro, as well as the local tumor formation and metastatic 
capacityy of lymphoma cells in nude mice (Sy et ai. 1991. 1992: Thomas et ai, 
1992).. Interaction of CD44s with HA (see below) was shown to be important in 
thesee tumor models (Thomas et ai. 1992: Bartola/./i et ai, 1994). In other studies, 
expressionn of CD44 splice variants containing the domain encoded by exon v6 was 
showw n to confer a metastatic potential to rat pancreatic carcinoma cells (Günthcrt et 
ai,ai, 1991 ). Several elinieal studies demonstrated that enhanced expression of C 1)44 
byy non-Hodgkm's lymphomas is associated with tumor dissemination and an 
unfavorablee prognosis (Pals et ai, 1989a; Horst et ai, 1990; Jalkancn el ai. 1991; 
Stauderr et ai, 1995: Drillenburg and Pals, 2000). Furthermore, high expression of 
CD444 proteins by colorectal carcinomas was reported to be correlated with a more 
malignantt tumor phenotype and with tumor-related death (Wielenga et ai, 1993. 
1998;; Mulder et ai, 1994. 1995; Orzechowski et ai. 1995; Imazeki et ai, 1996: 
Yamaguchw'/rt/.,, 1996). 

Onee extensively studied interaction is that between CD44. mainly CD44s. 
andd the proteoglycan hyaluronic acid (HA) (Aruffo et ai. 1990; Culty et ai. 1990; 
Miyakcc et ai, 1990b: Lesley et ai, 1990. 1993; Kincade et ai, 1997; Siegelman et 
ai.ai. 1999). HA is a major component of the extracellular matrix (LCM) and plays a 
rolee in cell migration and differentiation (Knudson and Knudson. 1993). The \ -
terminall  CD44 domain, which is homologues to the ITVbinding domains o( the 
cartilagee link and core proteins, mediates the binding to HA (Peach et ai, 1993). 
Althoughh some cell lines and tumor cells bind HA constitutive]}', CD44 on most 
normall  cells needs to be activated before it can mediate adhesion to HA (Lesley et 
ai,ai, 1990. 1994; Murakami et ai. 1990; Lesley and Hyman, 1992; l.vdo et ai, 1993; 
DeGrendelee et ai, 1997b: Maita et ai. 1998). So far. three distinct mechanisms 
havee been shown to regulate CD44 - HA interaction: First, differences in 
glycosylationn of CD44 can result in cell-typc-dependent differences in HA binding. 
Forr instance, the presence of GAG chains, or A'- or <94inked saccharides on CD44 
proteinss regulates their ability to hind HA (Katoh et ai, 1995: Bartola/zi et ai, 
1996:: Takahash] et ai, 1996; English et ai, 1998: Skelton et ai, 1998). Also, 
sialylationn of saccharides attached to CD44 was shown to be an important factor 
(Katohh et ai. 1999). Furthermore, the proinflammatory cytokine tumor necrosis 
factorr a (TNF-a) was demonstrated to convert CD44 from its inactive, nonbinding 
formm to its active form by inducing sulfation of CD44. resulting in enhanced 
bindingg to HA and to vascular endothelial cells (Maiti et ai, 1998). Second, 
alternativee splicing of CD44 mRNA was shown to influence the affinity for HA. 
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presumablyy by inducing conformational changes or by attachment of saccharides to 
dede novo expressed CD44 domains (Stamenkovic et al, 1991; Bennett et al., 1995a; 
thiss thesis). Third, clustering of CD44 was shown to increase HA binding capacity 
(Slccmann et al, 1996). Although some reports suggest that sequences in the 
cytoplasmicc tail and/or transmembrane domain of CD44 are also required for the 
bindingg to HA, this issue remains controversial (He et al, 1992; Lesley et al, 
1992,, 2000; Thomas et al. 1992; Isacke. 1994; Lokeshwar et al, 1994; Perschl et 
al.,al., 1995; Pure et al., 1995; Uff el al, 1995; Liu and Sy, 1996: Leg and Isacke, 
1998;; Uuetal, 1998). 

Functionall  studies indicate that triggering of the T cell receptor induces 
CD44-dependentt rolling of T cells on purified or endothclial-exprcssed HA 
(DcGrendclee et al.. 1996. 1997b; Siegelman et al.. 1999) (see also the section 
LymphocyteLymphocyte extravasation: a nudtisiep process). In animal models this interaction 
wass shown to play an important role in the extravasation of activated T cells into 
sitess of inflammation (DeGrendele et al. 1997a). 

Inn addition to HA. fibronectin, collagen, laminin, the cytokine osteopontin, 
andd the proteoglycan serglycin were also reported to bind to CD44 (Wayncr and 
Carter,, 1987; Jalkanen and Jalkanen, 1992; Faassen et al., 1992, 1993; Toyama-
Sorimachii  et al., 1995; Weber et al., 1996; Smith et al.. 1999). As yet it is not 
knownn which specific CD44 isoforms bind these molecules and what the functional 
consequencee of their interaction is. 

Ann interesting interaction is that between CD44 and "heparin-binding*, 

cytokines.. Tanaka et al. (1993b) demonstrated that purified CD44 molecules were 
ablee to bind the ehemotactic cytokine (chemokine) macrophage inflammatory 
proteinn 3a (\ l IP-3a) and to present it to T cells. Presentation of MIP-3a resulted in 
enhancedd integrin-dependent adhesion of the T cells and was shown to bc HS 
dependent.. Also fibroblast growth factor 2 (FGF-2) and heparin-binding epidermal 
growthh factor (IIB-LGF) were reported to bind to CD44 proteins in a heparan 
sulfatee (HS)-dcpendent way (Bennett et al.. 1995b). Moreover, binding and 
presentationn of FGF-8 by HS-modificd CD44 (CD44-HS) may be involved in limb 
budd formation during vertebrate development (Sherman et al., 1998). It was shown 
thatt only CD44 isoforms expressing the domain encoded by exon v3 can be 
modifiedd with HS and hence are able to bind cytokines like FGF-2 and HB-LGF 
(Bennettt et al.. 1995b; Jackson et al, 1995; this thesis). Covalcnt attachment of HS 
occurss at an evolutionary conserved SGSG consensus motif present in the CD44v3 
domainn (Bourdon et al.. 1987; Greenfield et al, 1999). The presence of several 
specificc amino acids flanking the SGSG motif has been shown to be essential for 
thee modification with HS (Greenfield et al. 1999). In addition to the attachment of 
HS,, all CD44 isoforms can be modified with the GAG chondroitin sulfate (CS) 
(Jalkanenn et al, 1988). Modification with CS takes place at the SGSG site in the v3 
domain,, but also at an SG site present in the domain encoded by the constant CD44 
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exonn e5 (Greenfield el <</., 1999). Interestingly. CS attached to CD44 mediates the 
bindingg of IFN-y and probably some of its biological functions, including the 
suppressionn of cell proliferation, and the induction of major histocompatabihty 
complexx II antigens on vascular smooth muscle cells. The chemokine RANTES 
11 regulated upon activation, normally T cell expressed and secreted) was shown to 
bindd both CS and HS attached to recombinant CD44 molecules, resulting in 
enhancedd T cell activation (Wolff <v ai, 1999). 

Surprisingly,, despite the broad expression and functionality of the CD44 
family.. Schmits and colleagues (1997) observed only minor defects in mice 
carryingg a disrupted CD44 gene. Although these mice could not express any CD44 
Isoform.s.. they were born in a Mendel ian ratio and showed no obvious 
developmentall  abnormalities. More detailed analysis demonstrated minor 
impairementss in hematopoietic progenitor distribution and an exaggerated 
granulomaa formation during infection. An independent study using CD44-deficient 
micee showed that two small T cell subsets. CD4'CD2.v"u and CD8~CD25;"W cells, 
aree lost in the thymus (Protin ex al. 1999). Therefore, the authors hypothesized that 
CD444 isoforms are involved in the recirculation and/or survival of these T cell 
subsets.. In addition, a study using mice bearing a. keratinoeyte-speeific antisense 
CD444 transgene demonstrated that these mice suffered from a disrupted HA 
metabolismm in their skin and an impaired proliferation of their keratinocytes (Kava 
exex a!., 1997). These latter results indicate that for investigating the functions of the 
CD444 family, the generation of conditional knock-out mice is desirable 

Lymphocyt ee extravasat ion: a multistep process 

Lymphocytess entering lymphoid tissues via the blood have to migrate between the 
endotheliall  cells lining the vessel wall, a process that generally takes place at 
specialisedd sites of the blood circulation known as high endothelial venules 
(HEVs).. HHVs are located within secondary lymphoid organs, but often also 
developp at sues oi' inflammation (Pals ex al., 1989c; Kraal and Mebius. 1997) 
HHVss are lined by cuboid endothelial cells which are well equipped with adhesion 
moleculess to facilitate lymphocyte transmigration. As shown in Fig. 5. lymphocyte 
extravasationn is a multistep process (Butcher. 1991; Springer. 1994), During the 
firstt step leukocytes tether and subsequently roll on the endothelial cells of post-
capillaryy venules. These events arc transient and reversible, and mainly involve the 
(weak)) interaction between selectins and their cognate carbohydrate ligands 
(sialomucins).. Rolling slows the leukocyte down, and allows it to sample the 
environmentt for activating and/or ehemotactie factors. If these factors, 
predominantlyy chemokines. are indeed present on the endothelial cells, this leads to 
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Figuree 5. The multistep model of leukocyte extravasation. In postcapillary venules, the 

interactionn between selectins and sialomucins mediates the rolling of leukocytes on the 

endothelium.. Next, chemokines, probably presented by heparan sulphate proteoglycans, 

bindd to their receptors expressed by the leukocytes. This leads to activation of integrins on 

thee surface of the leukocyte. The integrins can now bind to members of the Ig superfamily 

expressedd by the endothelial cells, resulting in firm adhesion, spreading, and 

transmigration. . 

thee activation of the leukocyte, the second step. There is now increasing evidence 
thatt the activating chemokines are bound and presented by heparan sulfate 
proteoglycanss (HSPGs) (see below) expressed by the endothelial cells. Chcmokine 
presentationn would highly increase the number of chcmokine - receptor 
interactions,, and consequently increase the chance to activate the leukocyte 
(Tanakaa et al, 1993a). Activation of the leukocyte results in step three: strong and 
sustainedd adhesion, predominantly caused by the activation of integrins which now 
bindd to members of the immunoglobulin superfamily (IgSF) expressed by the 
endotheliall  cells. The last step involves the transendothclial migration of the 
leukocyte.. It has been suggested that the IgSF-member PECAM-1/CD31 (see 
sectionn Adhesion molecules and their ligands - Immunoglobulin superfamily) plays 
ann important role during this process (Muller et al, 1993; Wakclin et ai, 1996). 
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Interestingly,, the extravasation oi' lymphocytes is often tissue-specific, a 
phenomenonn known as 'homing' (Springer. 1994; Butcher and Picker. 1996; Salmi 
andd Jalkanen. 1997; Butcher et ai, 1999). Horning of lymphocytes is mediated by 
adhesionn molecules, the "vascular address ins", expressed on endothelial cells 
presentt in specific regions of' the body. So far, specific homing to the skin, 
gastrointestinall  tract, central nervous system and peripheral lymph nodes have been 
described.. For instance, the mucosal addressin cell adhesion molecule 1 
(MAdCAM-1)) mediates the binding of gut-homing lymphocytes by interacting 
withh the intcgrin «4p7 (Berlin et ai, 1993), 

Regulat ionn of B cell adhesion and migratio n 

Chemokines Chemokines 
Thee chemokines are a group of small secreted cytokines with chemotactic capacity 
(Baggiolini.. 1997. 1998; Mantovani. 1999; Xlotnik and Yoshie. 2000). In addition, 
chemokiness are involved in proliferation, apoptosis. and angiogenesis (D'Souza 
andd Harden. 1996; Baggiolini. 1997. 1998: Berger el ai., 1999). Chemokines are 
beingg secreted by a wide variety of cell types, including lymphocytes, dendritic 

Tablee IV . Chemokine receptors expressed on B cells. 

Receptor r 

CCR22 ; 

CCR5 5 

CCR6 6 

CCR7 7 

CXCR2 2 

CXCR4 4 

CXCR5 5 

BB cell subpopulations 

naivee and activated B cells 

immature,, naive and activated B cells 

naivee and activated B cells 

immature,, naive and activated B cells 

naivee and activated B cells 

immature.,, naive and actuated B cells 

naivee and activated B cells 

Ligand(s) ) 

MCP-1.-2.. -3. -4. Ó 

RANTHS.. MlP-hx.  1 [3 

MIP-3rx x 

MIPop1.. SIX 

IL-SXjROa.. -|3. y. NAP-2. 
ENA-78XXP-2.. LIX 

SDF-I I 

BCA-1 1 

BCA,, B eel I attracting chemokine: CCR. CC chemokine receptor. CXCR. CXC chemokine receptor: 

H.NA.. epithelial neutrophil acti\ atinti protein: GCP. granulocyte chemotactic protein; GRO. growth 

relatedd oncogene: IL. lnterleukin; HIX. lipopoly saccharide induced CXC chemokine: MCP. monocyte 

chemotacticc protein: VHP. macrophage inflammatory protein: NAP. neutrophil activating protein; 

RANTHS.. regulated upon activation, normally T cell expressed and secreted: SDH. stromal cell-

derivedd factor; SLC, secondary lymphoid tissue chemokine. 
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cellss and stromal cells. To date, almost 50 chemokines have been characterized in 
mann (Mantovani, 1999; Zlotnik and Yoshie. 2000). Chemokines are at least 20'/r 
homologuess to each other and have been devided into 4 subgroups defined on the 
basiss of a conserved cysteine motif near the N-terminus: C, CC, CXC. or CX-,C. 
Chemokiness can also be subdivided into homeostatie chemokines and 
inflammatoryy chemokines (Mantovani. 1999; Lindhout et ai, 1999; Zlotnik and 
Yoshie.. 2000). Generally, homeostatie chemokines regulate the homing of 
lymphocytess to lymphoid organs/microenvironments, while inflammatory 
chemokiness are involved in the transient recruitment of leukocytes to sites of 
inflammation. . 

Al ll  chemokines bind and activate seven-transmembrane-spanning receptors 
expressedd by many cells of the immune system, including all white blood cells, and 
dendriticc cells (Baggiolini, 1997. 1998; Lindhout et ai, 1999; Mantovani, 1999). 
Bindingg of a ehemokine to its receptor induces G protein-dependent signal 
transduction,, resulting in rearrangement of the cytoskeleton. and in integrin 
activation,, ultimately leading to chemotaxis or other biological responses (Ben-
BaruchetaL,BaruchetaL, 1995; Bokoch, 1995; Kuang et ai. 1996; Laudanna et ai. 1996). 

BB cells can express several ehemokine receptors including CCR7. CXCR4, 
andd CXCR5 (see Table IV) . CCR7 and its ligand macrophage inflammatory protein 
33 p (MIP-3p) attract B and T cells, but not monocytes or granulocytes (Kim et ai, 
1998;; Ngo et ai, 1998). A second agonist for CCR7 is secondary lymphoid tissue 
ehemokinee (SLC). SLC is expressed by endothelial cells of HEVs and by stromal 
cellss in the T cell areas of secondary lymphoid organs (Gunn et ai, 1998b; Nagira 
etet ai, 1998). Both human and murine SLC arc potent attraetants for T cells and B 
cellss (Gunn et ai, 1998b; Nagira et ai. 1997). Nagira et ai (1998) demonstrated 
thatt SLC is able to induce the transendothelial migration of large numbers of B 
cellss and T cells in vitro. Remarkably, it was shown that rolling of T cells on HEVs 
off  murine Peyer's patches is dependent on SLC/CCR7, while rolling of B cells is 
nott (Warnock et ai, 2000). Mice deficient in CCR7 demonstrate a disturbed 
microarchitecturee of all secondary lymphoid organs, probably as a result of 
impairedd entry and retention of B cells. T cells, and dendritic cells (Förstcr et ai, 
1999).. The deranged architecture of lymphoid organs in CCR7-dcficicnt mice 
resultedd in delayed humoral responses against DNP-KLH, and in absent contact 
sensitivityy or delayed type hypersensitivity reactions. 

CXCR44 and its ligand stromal cell-derived factor 1 (SDF-1) have also been 
describedd to be important for B cell functioning. SDL-1 was originally identified as 
aa pre-B cell growth-stimulating factor (Nagasawa et ai. 1994). Subsequently, it 
wass demonstrated that it also acts as a chernoattraetant for both lymphocytes and 
monocytess and that it attracts naive and memory B cells, but not geminal center B 
cellss (Bleul et ai. 1996, 1998; D'Apuzzo et ai, 1997). Interestingly, by promoting 
CXCR44 internalization, activation of the B cell antigen receptor (BCR) inhibits 
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SDF-1-inducedd chemotaxis (Guinamard et ai. 1999). In addition to mediating B 
celll  migration. CXCR4 and/or SDF-1 are involved in B lymphopoiesis and 
myelopoiesis.. angiogenesis. and cardiac and cerebellar development (Nagasawa et 
nl..nl.. 1996; Nagasawa et ai. 1996: Oberlin et al.. 1996; Ma et al.. 1998, 1999; 
Tachibanaa *>*«/., 1998; Zou et al. 1998). 

AA chemokine receptor, highly expressed in murine B cells and Burkitt's 
lymphomas,, was cloned by Dobncr et a!. ( 1992). Disruption of the murine gene 
encodingg this receptor. CXCR5. resulted in a severely impaired migration of B 
cellss to follicles of the spleen and Peyer's patches, and in the absence of inguinal 
lymphh nodes (Förster et ai. 1996i. However, despite the disturbed architecture of 
theirr lymphoid organs, these mice demonstrate normal humoral immune responses 
andd Ig affinity maturation upon immunization with T cell-dependent antigens 
(Försterr et ai 1996; Voigt et ai. 2000)- Recently, a B cell-homing chemokine, 
calledd B cell attracting chemokine 1 (BCA-1) in humans and B lymphocyte 
chemoattractantt (BLC) in mice, was shown to be an agonist for CXCR5 (Gunn et 
ai,ai, 1998a; Lcgler et ai. 1998). BLC is highly expressed in the follicles of 
secondaryy lymphoid organs and attracts B cells and to a much lesser degree T cells 
andd macrophages (Gunn et ai. 1998a). BCA-1 was shown to induce ehemotaxis of 
BB cells, but not activated T cells, monocytes, or neutrophils (Lcgler et ai. 1998). 

HepaiocyleHepaiocyle growth factor 
Hcpatocytee growth factor (HGF), also known as scatter factor (SF). induces 
growth,, motility, and morphogenesis of target epithelial and endothelial cells by 
bindingg to the receptor tyrosine kinase Met (Stoker et ai, 1987; Nakamura et ai. 
1989:: Bottaro et ai. 1991: Montesano et ai, 1991; Bladt et al, 1995: Schmidt et 
aiai 1995; Uehara et ai, 1995). Many studies suggest important roles for HGF in 
tumorr growth, invasion, and metastasis (Weidner et ai. 1990; Giordano et ai, 
1993;; Rong et ai, 1994). In addition. HGF was shown to be involved in 
hematopoiesis.. adhesion of neutrophils, and in the migration of T cells (Kmiecik et 
ai,ai, 1992: Adams et ai, 1 994; Galimi et ai, 1 994; Nishino et ai, 1995; Takai et ai. 
1997;; Mine et ai. 1998: Weimar et ai, 1998). In Chapter 6 of this thesis an 
extensivee overview of the structure, expression, and functions of HGF and Met is 
given.. Data demonstrating a function for HGF/Met in B cell adhesion and 
differentiationn wil l be presented and discussed in Chapter .?. In addition, the 
bindingg and presentation of HGF by heparan sulfate-modified CD44 to Met are 
shownn and discussed in Chapters 4 and 5. 
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Heparann sulfate proteoglycans 

Thee function of many cytokines, including the chemokines. can be modified by 
heparann sulfate proteoglycans (HSPGs). HSPGs form a subgroup of the family of 
proteoglycans,, proteins that contain complex carbohydrate chains, called 
glycosaminoglycanss (GAGs) (Kjellen and Lindahl. 1991). The GAG heparan 
sulfatee (HS) is composed of a tctrasaccharide linkage unit covalently attached to a 
serinee present in the core protein, followed by repeats of uronic acid (either D-
glucuronicc acid (GlcA) or L-iduronic acid (IdoA)) and D-glucosaminc (GlcN) (Fig. 
6).. The GlcN units of HS can cither be TV-sulfated or /V-acctylated (Fig. 6). Because 
off  differences in the number and position of /V-linked and O-linked sulfates, HS 
chainss are often very heterogeneous (Fig. 6) (Kjellen and Lindahl, 1991; Lindahl et 
ai,ai, 1998; Bernfield et ai, 1999). Additional HSPG variability is given by the large 
numberr of core proteins to which HS chains can be attached. 

HSPGss are widespread throughout mammalian tissues both as cell surface 
molecules,, e.g. the syndeeans. glypieans, several CD44 isoforms, and as 
extracellularr matrix (ECM) components, e.g. perlecan (Bernfield et ai, 1992, 1999; 
David.. 1993; Jackson et ai, 1995; Iozzo. 1998). A number of cell biological and 
geneticc studies have recently provided compelling evidence for an in vivo role of 
cell-surfacee HSPGs in growth control and morphogenesis in fruitflies, mice and 
humanss (Sclleck, 1998; Bernfield et ai. 1999). For instance, proteoglycans in 
DrosophilaDrosophila bind the secreted glycoprotein wingless, and promote u'm^/ew.v-induced 
signall  transduction (Reichsman et ai, 1996; Binari et ai, 1997). Moreover, 
mutationn of a Drosophila glypican, or of enzymes required for the biosynthesis of 
HSPGs,, lead to major developmental defects (Jackson et ai, 1997; Lin et ai. 
1999).. Deletion of the murine gene encoding the sulfation enzyme HS 2-
sulfotransfcrasc,, resulted in developmental defects of the kidney, eye, and skeleton 
(Bullockk et ai, 1998). These data indicate the importance of correct HS synthesis 
andd expression for murine development. In man, mutations in GPC3, the glypican-
33 gene, cause the Simpson-Golabi-Behmel syndrome, which is characterized by 
bothh pre- and postnatal overgrowth, a distinct facial appearance, and a diverse 
spectrumm of other developmental defects (Pilia et ai. 1996). This suggest that 
glypican-33 plays an important role in growth control during development. In 
additionn to these functions in development. HSPGs have been implicated in cell 
adhesionn and migration, angiogenesis. and in the regulation of blood coagulation 
(Jacksonn et ai, 1991; Kjellen and Lindahl, 1991; Iozzo, 1998). During these 
processes.. HSPGs bind ligands via their core protein, but more often via their HS 
chain(s).. For instance, many cytokines, e.g. fibroblast growth factors (FGFs). 
vascularr endothelial growth factor (VFGF). and most, if not all, chemokines can 
bindd to heparin, a highly sulfated GAG homologues to HS (Kjellen and Lindahl, 

27 7 



ChapterChapter I 

i.i i A A 
coree protein 

11 A . serine e 

uronicuronic acids 

OO GIcA 

 IdoA 

glucosamines glucosamines 

AA GlcNAc 

AA GlcNSulfate 

Osulfates Osulfates 

AA 6-0 

 2-Oor3-0 

linkagee unit 

no o 

Figur ee 6. Schematized structure of a (short) heparan sulfate chain attached to a core 

protein.. See the text for details. Modified from Bernfield et al., 1992. 

1991;; Nelson et al, 1995). The binding of cytokines to HS chains has been shown 
too be highly specific and depends on the chemical composition and structure of the 
HSS chains (Ishihara et al., 1993; Maccarana et al., 1993; Lyon et al, 1994; 
Guimondd and Turnbull, 1999). Cytokine/HS interactions may serve a variety of 
functionss ranging from immobilization and concentration, to distinct modulation of 
theirr biological function (Ruoslahti and Yamaguchi, 1991; Schlessinger et al., 
1995).. This functional importance is illustrated by fibroblast growth factor 2 (FGF-
2),, whose binding to its signal-transducing receptor and consequent biological 
effectss is dependent on its interaction with cell-surface HSPGs (Rapraegcr et al., 
1991;; Yayon et al., 1991). HS chains may bind and oligomerize FGFs, thereby 
promotingg FGF receptor (FGFR) cross-linking and subsequent activation (Spivak-
Kroizmann et al., 1994; Schlessinger et al, 1995; DiGabrielc et al, 1998). The 
structurall  model of a recently crystallized dimer of FGF-2 bound to a variant of 
FGFR11 suggested that heparin- (or HS-) induced dimerization represents the 
minimall  structural unit required for activation of FGFRs (Plotnikov et al, 1999). 
Interestingly,, this model also suggests that a heparin dodecasaccharide interacts 
withh heparin-binding regions in both FGF-2 and FGFR1. An alternative function 
forr HS is, that it induces conformational changes in FGFs, which might be 
neccesaryy to bind to FGFRs (Yayon et al, 1991). In addition, HS might protect 
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FGFss from degradation (Gospodarowicz and Chen. 19S6: Saksela et ai. 1988: 

Damonn et ai. 1989). 
Mostt studies coneerning the expression and function of cell-surface HSPGs 

havee focussed on epithelial cells and fibroblasts, but these molecules presumably 
alsoo plav important roles in the immune system. For instance, a vast number of 
cytokines,, involved in lymphoid tissue homeostasis or inflammation bind to 
HS/heparin.. These cytokines, which include chemokincs, as well as interlcukins 
andd hematopoietic growth factors, e.g. intcrleukin (IL) 3. IL-8, granulocyte-
monocytee colony stimulating factor (GM-CSF), and HGF, thus can be potentially 
immobilizedd by HSPGs (Gordon et ai, 1987; Roberts et ai. 1988; Webb et ai, 
1993;; Lyon et ai, 1994; Jackson. 1997; Gupta et ai. 2000). Moreover, HSPGs 
expressedd on the luminal surface of endothelial cells have been shown to bind 
chemokincss produced at sites of inflammation (Tanaka et ai, 1998), preventing 
theirr immediate dilution by the blood stream. Presentation of HSPG-bound 
chemokincs,, e.g. macrophage inflammatory protein (MIP) 1(3 and IL-8, to 
leukocytess plays a crucial role in activating the leukocyte integrins that mediate 
stablee adhesion to and transmigration across the vessel wall (Rot, 1992; Tanaka et 
ai,ai, 1993a. 1993b. 1996). Chemokincs and other heparin-binding cytokines do not 
exclusivelyy act at the endothelial-blood interface. They also play key roles in the 
regulationn of lymphocyte trafficking within lymphoid tissues and are involved in 
thee control of lymphocyte growth, differentiation and survival (see also section 
RegulationRegulation of B cell adhesion and migration - Chemokines). This suggests that 
cell-surfacee HSPGs on cells of the immune system, such as lymphocytes and 
antigen-presentingg cells, might also be involved in the regulation of cytokine 
responsiveness. . 

Ass yet, not much is known about the expression of HSPGs by B cells. In 
mice,, precursor B cells present in the bone marrow, and plasma cells in interstitial 
matrices,, have been shown to express the HSPG syndecan-1 (Sanderson et ai, 
1989).. In vitro, expression of syndccan-1 was shown to mediate the binding of B 
cellss to collagen (Sanderson et ai, 1992) Also human plasma cells, in addition to 
myelomaa cells, and Recd-Sternberg cells of classical Hodgkin's disease, express 
syndecan-11 (Ridley et ai, 1993; Wijdcnes et ai. 1996; Carbone et ai, 1997; 
Carboncc et ai, 1997). Ectopic expression of syndccan-1 in a human B cell line 
conferss adhesion and spreading on thrombospondin and fibronectin (Lebakken and 
Rapraeger.. 1996). However, this binding was shown to be mediated by the 
syndecan-11 core protein and not by HS chains. Also syndecan-4 has been shown to 
bee expressed by murine B cells, with the interesting exception of Ig isotype 
switchedd B cells (Yamashita et al., 1999). So far the functional consequence of HS 
expressedd by B cells is largely unknown, although HS has been reported to mediate 
IL-7-dependentt B lymphopoiesis in vitro (Borghesi et ai. 1999). 
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Aimm of this study 

Thee studies described in this thesis investigate the involvement of two types of 
proteins,, i.e. the CD44 family of adhesion molecules, and the hepatoeyte growth 
factorr (HGF) receptor Met. in the regulation of B cell activation and adhesion. 

Thee molecular structure of distinct members the CD44 family of adhesion 
moleculess differs greatly as a result of alternative mRNA splicing and differential 
glycosylation.. These molecules might bind to different ligands. or to the same 
ligandd with distinctive affinity. In Chapter  2. the capacit\ of several alternatively 
splicedd CD44 isoforms. to bind hyaluronic acid, a major CD44 ligand, was 
explored. . 

HGFF and its receptor tyrosine kinase Met are involved in mitogenesis. 
motogenesis.. and morphogenesis of epithelial and endothelial cells Moreover. 
HGI :: plays a role in hematopoiesis.. and in the adhesion and migration of T cells 
andd neutrophils. In Chapter  3. we investigated the role of HGF/Met in B cell 
functioning.. It describes the expression of Met on freshly isolated tonsillar B cells, 
andd the secretion of HGF by cells present in lymphoid organs. In addition, we 
describee the effect of HGF on the adhesion of B cells to the extracellular matrix 
moleculee fibronectin. and to vascular cell adhesion molecule 1 (VCAM--1), a 
moleculee expressed by endothelial and follicular dendritic cells. 

Thee action of many cytokines, including HGF. is regulated through their 
bindingg to heparan sulfate proteoglycans. CD44 isoforms containing a domain 
encodedd by the alternatively expressed exon \3 can be modified with heparan 
sulfatee (HS). Therefore, we investigated the influence of HS-modified CD44 
(CD44-HS)) on HGF functioning. Data concerning HGF-induced signal 
transductionn in B cells expressing Met in combination with CD44-HS are described 
inn Chapters 4 and 5. Chapter  5 furthermore describes the delicately regulated 
expressionn of HSPGs. in particular CD44-HS. on tonsillar B cells 

Chapterr  6 comprises a review on the involvement, of the HGF Met 
pathwavv during development, tumongcnesis. and B cell differentiation. 
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SUMMAR Y Y 

CD444 is a major cell-surface receptor for hyaluronate (HA). By alternative RNA-
splicingg a large number of CD44 variants is generated. To explore the role of CD44 
splicingg in the regulation of cell binding to HA. three different isoforms of CD44 
weree transfected in the CD44 negative B cell lymphoma line Namahva and in the 
fibroblastoidd cell line COS7. We observed that whereas the standard form of CD44 
(CD44s)) mediated adhesion of Namahva to HA. Namalwa transfected with 
CD44v3-l()) or CD44v8-10 was unable to bind to either immobilized or soluble 
HA.. After stimulation of CD44 with an activating anti-CD44 mAb or with phorbol 
ester,, the binding of CD44s to HA was 5- to 10-fold higher than that of the other 
twoo isoforms. By contrast. COS7 cells transfected with CD44s. CD44v8-10. or 
CD44vv 3-10 bound equally effective to HA. Hence, in addition to alternative 
splicing,, cell type determines CD44 binding to HA. 

INTRODUCTIO N N 

CD444 is a broadly distributed family of cell surfabe glycoproteins that has benn 
implicatedd in a number of' important biological processes including lymphocyte 
homing,, T cell actuation, hematopoiesis. and tumor metastasis (1-11). The CD44 
genee consists of 20 exons. Due to alternative RNA-splicing involving at least 10 
exonss encoding domains of the extracellular portion of the molecule, a large 
numberr of CD44 splice variants is generated (8. 12 15). 

Althoughh unique functional properties have been attributed to certain 
CD444 splice variants, the precise effects of particular inserted domains on the 
ligandd binding specificity of the molecule have remained unclear. The standard 
(hematopoietic)) form of CD44 has been shown to function as a receptor for 
hyaluronatee (HA) (15-18). Cell-surface HA receptors are believed to regulate many 
aspectss of cell behaviour such as cell differentiation, cell migration and tumor 
metastasiss ( 19). Interestingly, Stamenkovie and colleagues have reported that 
CD44E.. a major CD44 splice variant on epithelium containing a 132 amino acid 
insertt encoded by exons CD44v8-10. is unable to bind this ligand (16). This 
suggestedd that CD44 splicing might regulate cell adhesion to HA. This finding has 
remainedd controversial, however, since studies by He et al. (20) suggested that the 
murinee homologue of CD44v8-10 (CD44E) is capable of' mediating binding to HA. 
Furthermore,, in a recent paper Dougherty et al. (21) reported that CD44v8-10 
clonedd from the human myelomonocytic leukemia line KG la, binds avidly and 
specificallyy to HA when transfected in COS7 cells. The above controversy 
promptedd us to fulher explore the role of alternative splicing of CD44 in the 
regulationn o( HA binding. 
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Figur ee 1. Schematic representation of CD44 DNA (A) and the CD44s, CD44v8-10, and 

CD44v3-100 cDNAs (B) used for transfection. 

M A T E R I A L SS A N D M E T H O D S 

MonoclonalMonoclonal antibodies (mAbs). The anti-CD44 mAbs used were NKI-P1 (3), 

Hermes-11 (2), and Hermes-3 (2) (kindly provided by Drs. C.G. Figdor, Nijmegen and E.C. 

Butcher.. Stanford) all reactive with epitopes on the constant portion of the extracellular 

domainn of CD44. 

CD44CD44 cDNAs. CD44s. CD44v8-10. and CD44v3-10 cDNAs were cloned as 

EcoRI-Bglll-PCRR fragments from HPKII cells into EcoRI and BamHI cloning sites of the 

expressionn vector pAD-CMV2. The sequences of the inserts were idenical to the CD44 

sequencess published by Screaton et al. (12). A schematic representation of the CD44 gene 

andd the cDNAs is given in Fig. 1. 

CellCell cultures and transfections. Stable Namalwa (ATCC. Rockville. MD) CD44 

transfectantss were obtained by electroporation-mediated co-transfection of CD44 cDNAs 

andd pSVneo plasmid containing the bacterial neomycin resistence gene driven by a SV40 

promotor.. Cells with surface expression of CD44 were identified by indirect 

immunofluorescencee using the CD44 mAb NKI-P1 and cloned by single cell sorting using 

aa Becton Dickinson FACStarplus flow cytometer (Mountain View. CA). At least two 
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Figur ee 2. Expression of CD44 on untransfected Namalwa cells and on Namalwa cells 

transfectedd with CD44s, CD44v8-10. and CD44v3-10. CD44 expression was analysed by 

FACSS using mAb NKI-P1 against a standard CD44 epitope. 

independentt transfectants expressing each CD44 variant were used. The SV40-transformcd 

simiann fibroblastoid cell line COS7 (ATCC) was transiently transfected with the different 

CD444 cDNAs by electroporation and then incubated for 72 h in DMEM culture medium to 

alloww replication and expression. 

Immunofluorescence.Immunofluorescence. Surface expression of CD44 on Namalwa and COS 

transfectantss was analysed by flow cytometry (FACScan, Becton Dickinson) using indirect 

immunofluorescencee (13). The fluorescein-tagged hyaluronic acid (HA-FITC) (22) was a 

generouss gift of Dr. P. Heldin (Dept. Of Medical and Physiological Chemistry. University 

off  Uppsala. Sweden). HA-FITC binding to CD44 transfectants was performed as described 

byy Uesley et al. (23). 

CellCell adhesion to immobilized hyaluronate. To study the adhesion of cells to HA. 

wellss of a 96-wells-plate (Costar. Cambridge. MA ) were coated with 0.001-5 mg/ml rooster 
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Figur ee 3. Percentage of Namaiwa cells transfected with different CD44 splice variants 

boundd to immobilized HA before (-) or after treatment with the stimulating anti-CD44 mAb 

NKI-P11 or with PMA. Mean +/- standard deviation of 4 experiments. 

combb HA (Sigma, St Louis, MO) at 4°C overnight followed by 1 h at 37°C. Aspecific 

bindingg was blocked by incubating the wells with 4% BSA/RPMI 1640 at 37°C for 1 h. 

Subsequently,, cells (100 ml, 1 x 106 cells/ml) were added to the wells and incubated for 1 h 
att 37°C in 5% C02 in air. In some cases, cells were incubated with mAbs (for 1 h on ice) or 

PMAA (50 ng/ml. for 18 h at 37°C in 5% CO: in air), before adding the cells to the HA 

coatedd wells. After binding to HA. the wells were washed 6 times with 1% BSA/RPMI. 

Thee adherent cells were scored using a quantative determination MTT assay (Boehringer. 

Mannheim.. Germany) (24). 

RESULTSS AND DISCUSSION 

NamaiwaNamaiwa cells transfected with different CD44 variants show differential 
bindingbinding to hyaluronan. cDNAs of CD44s, CD44v8-10, and Cd44v3-10 (Fig.1) 
weree transfected into Namaiwa cells, which in accordance with previous reports (9, 
25),, were negative for CD44 at both the protein (Fig. 2) and RNA level (data not 
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Figur ee 4. Binding of HA-FITC to untransfcctcd Namalwa cells transfected with CD44s. 

CD44v8-10.. and CD44v3-10. 

shown).. CD44 positive cells were cloned and several independent clones were 
establishedd for each CD44 variant. Fig. 2 shows the approximately equal levels of 
expressionn of CD44 on a panel of representative CD44s, CD44v8-10, and CD44v3-
100 transfectants. 

Too assess whether modification of the extracellular domain of CD44 by 
alternativee splicing plays a role in regulating the HA receptor function of CD44, 
thee binding of the various CD44 Namalwa transfectants to plastic immobilized and 
solublee HA was measured. Untransfected and mock transfected Namalwa cells, 
whichh lack CD44, were unable to bind to coated HA (Fig. 3). However, 
transfectionn of CD44s resulted in a significant adhesion of Namalwa to HA. This 
adhesionn was completely blocked by Hermes-1, a mAb that is known to interfere 
withh CD44-HA binding, confirming the direct role of CD44 in the binding (not 
shown).. By contrast, CD44v8-10 or CD44v3-10, did not support adhesion of 
Namalwaa cells to HA. Like immobilized HA, hyaluronate in solution (F1TC-
labcled)) also bound to CD44s but hardly or not to CD44v8-10 and CD44v3-10 
(Fig.. 4). 

Previouss studies of CD44-HA interaction have shown that CD44 can exist 
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Figuree 5. Binding of HA-FITC to untranfectcd COS7 cells and to COS7 cells transfeted 
withh different CD44 splice variants. CD44 positive cells were identified by FACS double 
stainingg with HA-FITC and anti-CD44-PE (NKI-Pl). I. HA-FITC binding to untransfected 
cells;; 2. HA-FITC binding to CD44 transfected cells. 

onn the cell surface in either an inactive, a low affinity, or a high affinity state. 
Activationn of CD44 could be achieved by PMA and by certain stimulating anti-
CD444 mAbs (1, 22), To assess whether the HA binding activity of CD44v8-10 and 
CD44v3-100 is inducible, we treated the various CD44 transfectants with either the 
stimulatingg anti-CD44 mAb NKI-Pl or with the phorbol ester PMA. As shown in 
Fig.. 3, both the antibody and the PMA treatment resulted in a strong increase in 
adhesionn of CD44s bearing Namalwa cells. Low levels of HA binding were also 
inducedd in the CD44v8-10 and CD44v3-10 transfectants after PMA stimulation 
(Fig.. 3), but this binding remained 5- to 10-fold lower than that of CD44s. Thus, 
whereass CD44s on Namalwa cells is either constitutively active or can be readily 
activatedd to mediate binding to HA, CD44v8-10 and CD44v3-10 are unable to bind 
HAA efficiently. 

CD44CD44 isoforms expressed by COS 7 cells show identical hyaluronate 
binding.binding. Both CD44s and CD44v8-10 transfected into the Simian monkey 
fibroblastoidd cell line COS7 have been reported to mediate HA binding (21). We 
studiedd the interaction of CD44s, CD44v8-10, and CD44v3-10 transfected COS7 
cellss with HA-FITC (Fig. 5). FACS double staining with mAb NKI-Pl against 
CD444 and HA-FITC clearly showed that the transfected COS7 bound on average 
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approximatelyy 10-fold the amount of HA-HTC of the non-transfected ceils. 
Interestingly,, this binding was similar for cells transfected with all three CD44 
cDNAs.. Hence, unlike in Namahva cells, CD44s. CD44v8-l(). and CD44v3-10 
variantss transfected to COS7 cells bind HA effectively. 

Thee molecular basis for the huge differences in HA affinity of the CD44 
isotbrmss when expressed on Namalwu and for the cell type specific character of 
thiss difference in affinity is presently unknown. Possible mechanisms include 
conformationall  changes at the HA binding site of CD44 induced by insertion of the 
alternativelyy spliced domains, differences in receptor clustering on the cell surface, 
andd interactions with other cell surface molecules. Also, the observed differences 
inn affinity for HA might be caused by differential association with the 
cvtoskeleton.. which in turn might be regulated by phosphorylation of cytoplasmic 
serinee residues. Indeed, it has recently been shown that serine phosphorylation of 
CD444 regulates HA binding (26). In conclusion, our data provide further evidence 
thatt CD44 mediated cell adhesion to HA is subject to complex regulation. This 
regulationn involves alternative splicing as well as other unknown cell type-specific 
factors,, and presumably allows for functional activity of CD44 at the appropriate 
timee and location. 
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SUMMAR Y Y 

TT cell-dependent humoral immune responses are initialed by the activation of naive 
BB cells in the T cell areas of the secondary lymphoid tissues. This primary B cell 
activationn leads to migration of germinal center (GC.) cell precursors into B cell 
follicless where they engage follicular dendritic cells (FDC) and T cells, and 
differentiatee into memory B cells or plasma cells. Both B cell migration and 
interactionn with FDC critically depend on integnn-mediated adhesion. To date, the 
phvsiologicall  regulators of this adhesion were unkown. In the present report, we 
havee identified the c->mj/-eneoded receptor tyrosine kinase and its ligand. the 
growthh and rnotüitv factor hepaiocvle growth factor/scatter factor (HGF/SI7). as a 
novell  paracrine signaling pathway regulating B cell adhesion. We observed that c 
Mett is predominantly expressed on CD3SCD77' tonsillar B cells localized in the 
darkk /one of the GC (centroblasts). On tonsil B cells, ligation of CD40 by CD40-
ligand.. induces a transient strong upregulation of expression of the c-Met tyrosine 
kinase,, Stimulation of c-Met with HGF/SF leads to receptor phosphorylation and. 
inn addition, to enhanced integrin-mediated adhesion o( B cells to both VCAM-1 
andd fibronectin. Importantly, the c-Met ligand HGF7SF is produced at high levels 
hyy tonsillar stromal cells thus providing signals for the regulation of adhesion and 
migrationn within the lymphoid microenvironment. 

INTRODUCTIO N N 

Antigen-specificc B cell differentiation, the process by which naive B cells develop 
intoo memory cells or plasma cells, requires multiple interactions of B cells with 
otherr cells such as T cells and follicular dendritic cells (FDC). and with the 
extracellularr matrix (FCM). that take place within distinct microenvironmental 
compartmentss oi' the lymphoid tissues (1-6). After their initial activation in the 
cxtrafolheularr T cell (paracortical) area, germinal center (GC) founder cells 
migratee into B cell follicles where they initiate the formation of GCs (7. 8). Once in 
thee GC. the B cells first pass the dark zone where they undergo rapid clonal 
expansionn and somatic hypermutation in their IgV genes (9-13). Mutated B cells 
thenn progress to centrocytes and move to the basal light /one of the GC. Here they 
reencounterr antigen, presented as low levels of immune complexes on FDC. and 
undergoo affinity selection ( 14-16). Whereas low-affinity mutants and autoreactive 
mutantss die by apoptosis. high-affinity mutants internalize antigen and process it 
onn their migration pathway to the apical light and outer zones of the GC. In these 
areas,, the affinity-selected B cells present antigen to antigen-specific GC T cells 
(( 17-19). Cognate T-B interaction results in expansion and Ig isotype switching oi' 
high-affinityy B cells (20. 21 ). that mature into memory B cells or plasma cells and 
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receivee signals mediating their export from the lymphoid organ (1). Adhesion 
regulation,, particularly regulation of lymphocyte integrin function, is believed to be 
fundamentall  to the control o( cell migration and microenvironmental homing 
duringg this B cell differentiation process (22, 23). 

Integrinss are a widespread family of hcterodimerie (aB) transmembrane 
glycoproteinss that can function as cell-ECM and cell-cell adhesion receptors (for 
revieww see reference 24). In the immune system they are involved at multiple 
levels,, including interaction of lymphoid precursors with stromal cells during 
lymphopoiesis,, lymphocyte homing, and antigen presentation. Importantly, 
adhesionn receptors of the integrin family have recently been implicated in B cell 
differentiation.. Integrins. specifically «4B1, were shown to be involved in adhesion 
andd terminal differentiation of precursors during B-lymphopoiesis in the bone 
marroww in vitro (25, 26), and in B cell adhesion to FDC during GC reactions (27-
29).. In vivo experiments with a4null chimeric mice, confirmed a key role for this 
integrinn in early B cell development (30). Together, these studies indicate that 
integrinn mediated adhesion plays an important role in the control of several steps of 
BB cell development, including migration and adhesion during antigen-specific 
differentiation.. However, the physiological regulators of lymphocyte integrin 
activityy during B cell differentiation remain unkovvn. 

Inn a survey of the molecular pathways that might regulate B cell adhesion, 
wee explored the possible role of the c-/«tj/-eneoded receptor tyrosine kinase and its 
ligandd hepatocytc growth factor/scatter factor (HGF/SF). The HGF/SF - c-Met 
pathwayy has been shown to regulate growth, motility and morphogenesis of 
epitheliall  and endothelial cells (31-36), which requires tight regulation of adhesion 
andd de-adhesion. Furthermore, this pathway mediates invasion and migration of 
tumorr cells (37-39). a process reminiscent of lymphocyte migration. Here, we 
identifyy the HGF/SF - c-Met pathway as a novel molecular pathway in antigen-
specificc B cell differentiation, which is involved in the regulation of integrin-
mediatedd B cell adhesion. 

MATERIAL SS AND METHOD S 

Antibodies.Antibodies. Mouse monoclonal antibodies used were anti-c-Met. 0024 (IgG2a) 
(Upstatee Biotechnology. Lake Placid. NY); anti-CD3S. OKT-10 (IgGl) (American Type 
Culturee Collection [ATCC]. Roekvillc MO): FITC-conjugated anti-CD38, HIT2 (IgGl) 
(Callagg Laboratories. Burlingame. CA): biotin-conjugated anti-CD3X. 1IIT2 (IgGl) 
(Caltag):: anti-BI integrin (CD29). 4B4 (IgGl ) (Coulter Immunology. Ilialeah. FL); anti-«4 
integrinn (CD49d). IIP2/I (IgGl) (Immunotech. Marseille. France): anti-cö integrin 
(CD49e).. SAM-1 (IgG2b) (40) (a gift from A. Sonnenberg. NKI. Amsterdam. The 
Netherlands):: unti-«4IJ7. Act-1 (IgGl) (41) (a gift from A. La/arovits. University of 
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Westernn Ontario, London. Canada); anti-lCAM-1 (CD54), RRI/'I (IgGI) (42) (a gift from 

T.. Springer. Harvard Uni\crsity. Boston. MA) ; anti-HGF/SF. 24612.111 (IgGI) (R&D 

Systems.. Abingdon. L'K); anti-CD3. OKT-3 (IgG2a) (ATCC): anti-DRC-1. R4/23 (IgM) 

(DAKO.. Glostrup. Denmark): anu-CDI9. IID37 (IgGI) (DAKO): and anti-phosphotyro-

sine.. PY-20 (IgG2b) (Afflniti . Nottingham, UK). Polyclonal antibodies used were rabbit 

anti-c-Met.. C-12 ilgG) (Santa Cruz Biotechnology. Santa Cruz. CA): goat anti-HG[;/SI: 

(R&DD Systems): FFrC-conjugated rabbit atiti-IgD (DAKO); RPK-conjugated goat anti-

mousee (Southern Biotechnology. Birmingham. AF): AF-conjugated goat anti-mouse (total. 

IgGI.. or UG2ai (Southern Biotechnology)', biotin-conjugated rabbit anti-mouse (DAKO): 

biotin-conjugatedd goat anti-mouse (DAKO): biotin-conjugated rabbit anti-goat (Vector 

Laboratories.. Burlingamc. CA); MRP-conjugated goat anti-rabbit (DAKO): and I Un-

conjugatedd goat anti-rabbit (DAKO). in addition wc tised a rat monoclonal anti-CD77 

3K.133 (IgM) (43) ('provided by J Wii'ls, Institute Gustave Roussy. Villejuif . France): and 

RPF'Cy5-con|ugatedd strepiavidin (DAKO). 

CellCell lines. The epidermoid carcinoma cell line A43 1, the lung fibroblast cell line 

MRC-5.. and the B cell lines Raji. Namalwa. Daudi. Ramos. JY. and Nalm-6 were obtained 

fromm ATCC and cultured in RPMI 1640 (Gibco BRL/Lif e Technologies, Paisley. L'K) 

supplementedd with l()cv FCS (Integro. Zaandam. The Netherlands). The Burkitt's 

lymphomaa line LB4B (44) was provided by R. Jefferis (University of Birmingham. 

Fdgbastomm UK) and cultured in ]()<*  FCS/RPMI 1640. 

BB cell isolation and culturing. B cells were isolated as described previously (29). 

Totall  B cell tractions were >91rr pure as determined by FACS analysis. 

BB cells were cultured in Iseove's medium (Gibco BRL/Lif e Technologies) 

containingg KY'i FCS. 0.5 f t BSA. 50 ug/ml human transferrin (Sigma. Bornem. Belgium) 

andd 5 ug/ml bovine pancreas insulin (Sigma). Some media were supplemented with 50 

ng/mll  phorboi-1 2-myristate-1 3-acetate (PMA; Sigma). 

Forr CD40 ligation. B cells were cultured on irradiated (7.000 rad) CD40F 

transfectedd or. as a control, wild-tvpe I cells (45) (provided by J. Banchereau. Schering 

Plough.. Dardilly, France). In specific experiments, culture media were supplemented with 

eitherr pansorbin cells of Staphylococcus aureus stram Cowan I (0.002r,f : Culbiochem 

Novabiochem.. La Jolla. CA). rabbit anti-human Ig-coated beads (2 pg/ml) (BioRad 

Laboratories.. Hercules. CA). recombinant human !L-2 (100 U/ml) (Furocetus. Amsterdam. 

Thee Netherlands), recombinant human 11-4 (100 U/ml) (Gen/yme Diagnostics. Cambridge. 

VIA) ,, or recombinant human IL-6 (1.000 UVnil) (CLB. Amsterdam. The Netherlands). 

77 cell isolation and culturing. Tonsillar T cells were isolated as described for the 

BB cell isolation, except that after the second Ficoll-Isopaque density gradient centrifugation 

thee pellet was collected, washed, and ix-suspended in shock medium. The remaining B cells 

weree removed bv using a MACS magnetic cell seperator (Miltenyi Biotec. Bergisch 

Gladbach.. Germany) using anti-CD 19. The T cell fraction was >98ff pure as determined by 

FF ACS analvsis. 
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StromalStromal cell isolation and culturing. Tonsillar stromal cells were isolated as 

desenbedd (46). The cells were cultured in 100-mm petri dishes (Costar. Cambridge. MA) 

containingg 10% FCS/RPMI 1640. After 4 d nonadherend cells were removed. 

FDCFDC isolation and culturing. FDC were isolated as described (29). The cells were 

culturedd in Iseove's medium containing 10% Fetal Clone I serum (HyClone Laboratories. 

Logan.. UT). These FDC-enriched cell cultures contained 10-15% DRC-1 positive cells. 

Transfections.Transfections. c-Met transt'ected Namalwa cells (Nam"'"') were obtained by 

eleetroporatingg Namalwa cells with the eukaryotic expression plasmid pA7ld containing 

full-lengthh c-tnef cDNA (a gift from 0. Ilartmann and E. Gherardi. University of 

Cambridge.. Cambridge, L'K). After 2 d in culture, transfectants were selected in culture 

mediumm containing 250 ug/ml hygromicin (Sigma). c-Mct positive cells were sub-cloned 

byy using a FACStarpL;' flow cytometer (Becton Dickinson. Mountain View. CA). 

ImmunoprecipitationImmunoprecipitation and Western blot analysis. For analysis of tyrosine 

phosphorylationn of the c-Met protein, cells were incubated overnight in serum-free RPMI 

1640.. Nam""'"' or EB4B cells were incubated in serum-free RPMI 1640 in the presence or 

absencee of 200 ng/ml HGI7SF (R&D Systems). After 5 min at 37 C the cells were 

solubilizedd in ice-cold 2X lysis buffer containing 20 mM Tns-HCl (pH 8). 250 mM NaCl. 

20%% glycerol. 2% NP-40, 20 jag/ml aprotinin (Sigma), 20 ug/ml leupeptin (Sigma). 4 mM 

sodiumm orthovandate (Sigma), 10 mM EDTA. and 10 mM NaF. After 1 h at 4 C the 

insolublee nuclear material was removed by ccntrifugation at 1 X 10 !>  at 4 C for 20 min 

afterr which the supernatant was prccleared with protein A-Sepharose CL-4B (Pharmacia 

Biotech)) for 45 min at 4 C. c-Met was precipitated with rabbit anti-c-Met coupled to protein 

A-Sepharosee at 4 C for at least 2 h. The immune complexes were washed with lysis buffer 

andd diluted in Laemmli sample buffer containing final concentrations of 62,5 mM Tris-HC! 

(pHH 6.8). 2% SDS. 10% glycerol. 100 mM 2-mereaptoethanol (BioRad Laboratories), and 

0.001%% bromophenol blue. After boiling for 5 min, the samples were subjected to 8% SDS-

PAGE.. Western blotting was performed as described previously (48). 

Forr analysis of c-Met in total cell lysates. cells were lyscd in 50 mM Tris-HCl (pH 

8).. 150 mM NaCl. 1% NP-40. 10 u.g/ml aprotinin. 10 ug/ml leupeptm. I mM sodium 

orthovandate.. 2 mM EDTA. and 5 mM NaF for 1 h at 4 C. After centrifugation at I X 104 tf 

andd 4 C for 20 min. the supernatant was diluted in Laemmli sample buffer, boiled for 5 min 

andd subjected to 8% SDS-PAGF. Western blotting was performed as described previously 

(48). . 

FACSFACS analysis. Expression of c-Met on tonsillar B cell subpopulations was 

studiedd using a triple staining technique (47). Staining was measured by using a 

FACSCaliburr flow cytometer (Becton Dickinson). 

Immunohistochemistry.Immunohistochemistry. Expression of c-Met in tonsillar tissue was analysed by 

singlee and double staining. For single staining eryostat tonsil sections were fixed in acetone 

forr 10 min, washed in PBS and pre-incubated with 10% normal goat serum (Sera Lab. 

Sussex.. UK) in PBS for 15 mm. After incubating with the primary antibody for 1 h. 

endogenouss peroxidases were blocked with 0.1% NUN.L 0.3% H : 0 : , PBS for 10 min. 
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Subsequentlyy me sections were stained with biotin-conjugated rabbit anti-mouse tor 30 

min.. followed by an incubation with HRP-conjugated uvidin-biotin complex tor 30 min. 

Substratee was developed with 3.3-amino-9-ethvlcarba/ole (Sigma) for -10 mm. Tissue 

sectionss were counterstained with Ilacmatoxylin (Merck. Darmstadt. Germany), 

Doublee staining was performed as described lor the single staining, except that a 

cocktaill  of primary antibodies was used, which was detected by either a cocktail of AP-

conjugatedd goat anti-mouse and HRP-conjugated goat anti-rabbit, or a cocktail of AP-

conjugatedd goat anti-mouse IgG2a and HRP-conjugated goat ami-mouse IgGl. The second 

colorr was developed with Fast Blue BB (Sigma) for about 10 min. 

AdhesionAdhesion assays. 96-well flat-bottom plates (Costar) were coated overnight with 5 

ug/m!!  human iibroncctin (CLB) or 0.2 ug/nil recombinant human sVCAM- i (R&D 

Svstems)) at 4 C. After blocking the plates with 4rr USA. RPMI 1640 (2 h at 31 C). B cells 

thatt had been pre-incubated with HGF/SF iR& D Systems), in the presence or absence ot' 

monoclonall  antibodies, for 30 min at 37 C. were added. Then, the plates were centnfuged 

(33 min S00 rpm, no brake) and incubated at 37 C for 25 mm. After washing the wells, the 

boundd cells were fixed with 10fr neutral buttered formalin solution (Sigma) and stained 

withh Giemsa (Merck). Bound cells were quantified by using a color CCL) camera (Sony) 

andd NTH Image 1.60 software on an Apple Quadra 840AV. 

c-Metc-Met ELISA. 96-well EIA/R1A plates (Costar) were coated overnight with mouse 

anti-IIGF/SFF immunoglobulins at 4 C. Then, the plates were washed and blocked with 4f7 

BSA.. PBS for 1 h at 37 C Next, the wells were incubated with culture supernatants or with 

aa IIGF/SF concentration series tor 2 h at 37 C, followed by an incubation with goat anti-c-

Mett immunoglobulins for I h at 37 C. Subsequently, the wells were incubated with biotin-

conjugatedd rabbit anti-goat immunoglobulins for 60 min at 37 C followed by HRP-

conjugatedd avidin-biotin complex (DAK.O) for 1 h at 37 C. Substrate was developed with 

1,2-phenylenediaminee (Lluka Chemica. Buchs. Switzerland) in 50 m\l KH;PO.i. 50 m\l 

Na:HPO;-2H;()) (pH 5.4) containing lLO : . The reaction was stopped with 1 N II :SO: and 

thee results were analysed at 492 nm using a microplate reader iBioRad Laboratories). 

R.XAR.XA Isolation and RT-PCR. Total RNA was isolated with RNAsol (Cirma/Biotex 

Laboratories.. Houston. TXi according to manufacturers description First-strand eDNA 

svnthesiss was performed on total RNA by a standard reverse transcription reaction, using 

Moloneyy leukemia virus reverse transcriptase (Gibeo BRL/Lif e Technologies) and p(dN),, 

randomm hexamers (Pharmacia Biotech). PCR was performed with Taq DNA Polymerase 

(Gibeoo BRL/Lif e Technologies). 200 uM dNTPs (Pharmacia Biotech) and 1.5 m\1 MgCF 

inn IX PCR Buffer (both Gibeo BRL/Lif e Technologies). Primers used were 11GL-I (5-

CGACAGTGTTTCCCTTCTCG-3')) in combination with HÜF-3 (5'-

GGTGGGTGCAGACACAC-3').. or 5B2M (5'-ATCCAGCG TACTCCAAAGATT-3') in 

combinationn with 3'U2M o'-CATGTCTCGATCCCACTTAACo'). PCR was started with a 

55 min denaturation step at 95 C. after which amplification was performed in 35 cycles ot 

denaturationn at 95 C for 30 s„  annealing at 60 C for I mm and elontzation at 72 C for 2 min. 
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Figur ee 1. c-Met expression on human B cells. (A) PMA induces c-Met expression on 

tonsillarr B cells. (B) Several B cell lines constitutively express c-Met. A431 (positive 

control)) is an epidermoid carcinoma cell line. Raji, EB4B and Namalwa (Nam"') are 

Burkitt'ss lymphoma cell lines. Nam"""' are c-Met transfected Namalwa cells. In both A and 

BB the Western blot of the cell lysates was stained with anti-c-Met. The c-Met precursor (pre 

c-Met)) and c-Met 6 chain (c-Met (8)) are indicated. 

Afterr a final elongation step for 10 min at 72 C. samples were cooled on ice and analysed 

byy electrophoresis in a 1.5% agarose TBE gel containing ethidium bromide. 

R E S U L T S S 

TheThe c-Met receptor tyrosine kinase is expressed by activated human tonsillar B 
cellscells as well as by several B cell lines. Expression of c-Met by human tonsillar B 
cellss and by a panel of B cell lines was assessed by Western blotting and by FACS 
analysis.. On Western blot, c-Met expression was hardly detectable in freshly 
isolatedd tonsillar B cells, but we observed a strong induction of c-Met (and the c-
Mett precursor [pre c-Met]) upon stimulation with the phorbol-cster PMA (Fig. \A). 
Furthermore,, constitutive expression of c-Met was found in the Burkitt's lymphoma 
celll  lines Raji and EB4B, but not in the Burkitt's lymphoma cell line Namalwa 
(Fig.. IS) nor in the B cell lines Daudi, Ramos, JY, or Nalm-6 (data not shown). As 
positivee controls, c-Met expression of the epidermoid carcinoma cell line A431 and 
off  Namalwa cells stably transfected with c-Met (̂ 17-1™'') are shown (Fig. \B). 

TheThe c-Met receptor on B cells is functional. The above findings clearly 
showw that B cells can express c-Met and, hence, might potentially be triggered via 
thee HGF/SF - c-Met pathway. To demonstrate that the c-Met receptor on B cells 
cann indeed be functionally activated by HGF/SF, we studied c-Met receptor 
phosphorylationn on tyrosine residues in response to HGF/SF. As is shown in Fig. 2, 

B B 
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Figur ee 2. Tyrosine phosphorylation of c-Mct on B cells in response to HGF/SF. c-Met on 

EB4BB and Nam""'' B cells becomes phosphorylated on tyrosine residues upon triggering 

withh HGF/SF. c-Met was precipitated with anti-c-Met antibodies and the Western blot was 

consecutivelyy stained with anti-phosphotyrosine- or with anti-c-Met antibodies. The c-Met 

precursorr (pre c-Met) and c-Met B chain are indicated. 

HGF/SFF stimulation of EB4B cells as well as of Nam"""' B cells resulted in an 
enhancedd tyrosine phosphorylation of c-Met. This indicates that the HGF/SF - c-
Mett pathway on B cells is capable of signaling. 

c-Metc-Met receptor expression on human tonsillar B cell subsets. To 
investigatee whether c-Met induction is a physiological phenomenon, that occurs 
alsoo during antigen-specific B cell differentiation in vivo, we assessed the 
expressionn of c-Mct on human tonsillar B cell subsets using FACS triple staining. 
Thee subsets studied, recently defined by Pascual et al. (13), were: the naive B cell 
subset,, IgD+CD38 (Bml-2); two GC B cell subsets, IgD'CD38+CD77~ centroblasts 
(Bm3),, and IgD CD38+CD77 centrocytes (Bm4); and an IgD"CD38' memory B 
celll  subset (Bm5). Fig. 3 shows that c-Met is expressed by CD38XD77" 
centroblastss (Bm3) and by a part of the CD38+CD77" subset. This finding is 
supportedd by immunohistochemical studies on frozen sections of human tonsillar 
tissue:: as is shown in Fig. 4, c-Mct is predominantly expressed by lymphocytes 
withinn the dark zone of the GC, which contains rapidly dividing centroblasts and 
loww numbers of FDC. These results mean that c-Met induction in vivo, occurs in 
GC-cellss at a pre-selection stage, i.e., cells that have recently been recruited by 
antigenn plus antigen-specific T lymphocytes in the T cell-rich extrafollicular 
microenvironment. . 

CD40CD40 ligation induces a transient expression of c-Met on tonsillar B 
cells.cells. Ligation of the B cell antigen receptor (BCR) and CD40 plays a key role in 
thee initiation of a T cell dependent B cell response and initiates the GC reaction (1, 
49-51).. In view of the expression of c-Met on centroblasts, i.e., on recent GC 
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immigrants,, we hypothesized that these receptors might also regulate c-Met 
expression.. To address this hypothesis, the biological conditions for B cell 
activationn were mimicked in vitro. Tonsillar B cells were cultured on CD40 ligand 
(CD40L)) transfected L cells or, as a control, on wild-type L cells, in the presence 
orr absence of BCR stimuli (anti-Ig antibodies or Staphylococcus aureus Cowans 
strainn I [SAC]). As is shown in Fig. 5A, concurrent ligation of CD40 and the BCR 
inducedd a strong transient induction of c-Met in human tonsillar B cells, peaking at 
488 h. Single triggering of CD40 also strongly induced c-Met (Fig. 5C) but single 
ligationn of the BCR did not induce c-Mct expression above control levels 
(untransfectedd L cells and medium alone) (Fig. 5B and D). In approximately half of 
thee experiments, concurrent CD40 and BCR stimulation resulted in a c-Met 
inductionn that was stronger than after CD40 ligation alone, suggesting synergy 
betweenn the CD40 and BCR pathways. Stimulation by various cytokines including 
IL-2,, IL-4, and IL-6 did not induce c-Met (data not shown). 

Thesee data clearly identify CD40-CD40L as a major pathway for induction 
off  c-Met in B cells. 

HGF/SFHGF/SF induces integrin-mediated adhesion of c-Met-positive B cells to 
VCAM-1VCAM-1 andfibronectin. Cell motility and morphogenesis, major functions of the 

c-Mett c-Met C-Met 

Figuree 3. Expression of c-Met on tonsillar B cell subsets. (A) Germinal center (CD38 ) B 
cellss express the c-Met tyrosine kinase, while naive (IgD'CD38 ) and memory (IgD"CD38") 
tonsillarr B cells are c-Met negative. Tonsillar B cells were triple-stained with anti-CD38, 
anti-lgD.. and either anti-c-Met (solid line) or control antibodies (dotted line). (B) c-Met is 
expressedd on centroblasts (CD38TD77 ) and on a subset of CD38+CD77' GC cells. 
Tonsillarr B cells were triple stained with anti-CD38, anti-CD77, and either anti-c-Met 
(solidd line) or control antibodies (dotted line) 
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Figuree 4. c-Met expression in the human tonsil. {A) Immunohistochemical double-staining 
forr c-Met (blue) and IgD (red). c-Met is expressed by GC cells and by vascular 
endotheliumm (arrows). Prominant IgD expression is present on B cells of the mantle zones. 
(B)(B) Serial section of A, stained for c-Met (blue) and CD38 (red). There are virtually no 
singlee c-Met positive (blue) lymphocytes. Part of the GC cell show double staining (pink) 
(mostt clearly visible in the GC at the lower-right of the picture). A and B are not 
counterstained.. (C) Immunohistochemical single-staining for DRC-I (red) showing the 
FDC-networkk of the GC. The FDC poor area at the left handside represents the GC-
darkzonee (dz). (D) serial section of C. stained for c-Met (red). c-Met positive cells are 
predominantlyy present in the GC-darkzone. C and D are counterstained with hematoxylin 
(blue). . 

c-Mett - HGF/SF pathway, are dependent on tightly controlled cell adhesion. This 
promptedd us to study whether the c-Met - HGF/SF pathway might regulate B cell 
adhesion.. Since c-Met-positive B cells represent a subset of tonsillar B cells that 
cannott be readily purified by negative selection procedures, we addressed this 
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Figuree 5. Induction of c-Met expression on tonsillar B cells by CD40 and BCR ligation, c-

Mett expression by tonsillar B cells cultured on (A) CD40L-transfected L cells plus anti-lg 

antibodies;; (B) wild-type L cells; (C) CD40L-transfected L cells; or (D) wild-type L cells 

pluss anti-lg antibodies. Western blots of the cell lysates were stained with anti-c-Met 

antibodies.. The c-Met precursor (pre c-Met) and the c-Met B chain (c-Met (B)) are 

indicated.. In the absence of CD40 stimulation (B and D), no viable B cells were recovered 

att 96 and 192 h. 

questionn by using Namalwa cells transfected with c-met cDNA (Nam""'). The 
expressionn of c-Met in this B cell lymphoma line and the wild-type control (Nam"') 
aree shown in Fig. \B. We observed that HGF/SF induces a strongly augmented 
adhesionn to both vascular cell adhesion molecule 1 (VCAM-1) and fibronectin of 
c-metc-met transfected Namalwa B cells (Nam""') (Fig. 6A and B). This effect of 
HGF/SFF on B cell adhesion was dose dependent and was not observed upon 
stimulationn of wild-type Namalwa cells (Nam"'). An increased adhesion in 
responsee to HGF/SF to both VCAM-1 and fibronectin was also observed with the 
Burkitt'ss lymphoma cell lines Raji and EB4B (data not shown). 

Too identify the adhesion receptors on Nam""1' responsible for enhanced 
VCAM-11 and fibronectin binding, antibody blocking experiments were performed. 
Nam'""'' expresses cc4Bl and a4B7, which both are receptors for VCAM-1 and for 
ann alternatively spliced segment (CS-1) of fibronectin, but expresses no detectable 
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levell  of the fibronectin receptor a5Bl (data not shown). We observed that adhesion 
too VCAM- 1 and fibronectin was completely blocked by mAbs against both the a4 
andd Bl integrin chain (Fig. 6C and D). Since c-Met stimulation by HGF/SF did not 
leadd to increased a4Bl expression (and also did not upregulate or induce a4B7 or 
a5Bl)) (data not shown), these results indicate that the c-Met - HGF/SF pathway 
enhancess B cell adhesiveness through activation of the oc4Bl integrin. 
TonsillarTonsillar stromal cells produce high levels of HGF/SF. Alltogether, the above 
dataa strongly favor a functional role of the c-Met -HGF/SF pathway in B cell 
differentiation,, namely in the regulation of B cell adhesiveness. However, 
obviously,, an in vivo biological role in this process would require the availability of 
HGF/SFF within the lymphoid tissue microenvironment. This prompted us to (a) 
assayy the production of HGF/SF by primary cultures of various tonsillar cell 

A A 
|| 10O0 

c c 
nee -  51 

a-:: -.11 - HGF.'SF \ 

amm c.4 - HGF/SF | 

 - HGF/SF | 

Figuree 6. The HGF/SF - c-Mct pathway regulates 4B1 integrin-mediated adhesion to 
sVCAM-11 and fibronectin. (A) Effect of HGF/SF on the binding of c-Met transfected 
(Nam""'')) and control (Nam"') B cells to sVCAM-1. (B) Effect of HGF/SF on the binding of 
Nam™'' and Nam'" B cells to fibronectin. (Q Effect of anti-BI (4B4), anti- 4 (HP2/1). and 
anti-- 4B7 (Act-1) integrin antibodies on the binding of Nam""'' B cells to sVCAM-1. (D) 
Effectt of anti-BI (4B4). anti- 4 (HP2/1), and anti- 4B7 (Act-1) integrin antibodies on the 
bindingg of Nam'"''' B cells to fibronectin. Cells were pre-incubated with HGF/SF in the 
presencee or absence of anti-intcgrin monoclonal antibodies. The results are expressed as 
relativee (compared with the control cells not incubated with HGF/SF) adhesion. Error bars 
representt the standard deviation of triplicate wells. 
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Figuree 7. Expression of HGF/SF protein and mRNA by tonsillar stromal cells and 

lymphocytes.. (A) HGF/SF secretion by cultured T cell, B cells, stromal cells, and FDC 

enrichedd tonsillar cells. ELISAs were performed to determine HGF/SF concentrations in 

thee culture media (lower limi t of detection 400 pg/ml). T and B cells were stimulated as 

indicated.. (B) Expression of HGF/SF mRNA in T cells, B cells, tonsillar stromal cells, and, 

ass a positive control, in the lung fibroblast cell line MRC-5. The RT-PCR was performed 

onn total RNA, a plasmid containing full-length human HGF/SF cDNA (pHGF/SF). or on 

water.. Primers used were HGF/SF-specific or. as a control, 82-microglobulin specific. 

populations,, and (b) study the expression of HGF/SF mRNA within these cell 
populationss by RT-PCR. Determinations of HGF/SF production by ELISA 
demonstratee that high levels of HGF/SF are produced by primary cultures of 
tonsillarr stromal cells, including cultures of FDC-enriched tonsillar cell 
subfractionss (Fig. 7A). By contrast, tonsillar T- or B-lymphocytes, cultured in the 
presencee or absence of various mitogenic stimuli, did not produce detectable levels 
off  HGF/SF. Consistent with these results, in RT-PCR studies HGF/SF mRNA was 
exclusivelyexclusively detectable in tonsillar stromal cells (Fig. IB). 

DISCUSSION N 

Thee products of proto-oncogenes are important regulatory molecules that exert a 
widee range of effects on basic cellular functions such as the control of cell growth 
andd differentiation. The c-met proto-oncogene product is a receptor tyrosine kinase 
(52,, 53) that binds HGF/SF, a mesenchymally derived cytokine with pleiotropic 
biologicall  effects on proliferation, cell motility and morphogenesis of epithelial, 
endothelial,, and myogenic cells (31-36, 54). More recently, the c-Met - HGF/SF 
pathwayy has also been implicated in the proliferation and differentiation of early 
hematopoieticc progenitor cells (55-58) and in monocyte-macrophage 
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differentiationn o 9 j. Here, we demonstrate that the e-Vlct - HGF/SF pathway is also 
operativee during T cell dependent B cell differentiation, where it is involved in the 
controll  of lymphocyte integrin function on B cells, a process regulating adhesion 
andd homing of B cells within the lymphoid mieroenvironment. 

Wee observed that stimulation of tonsillar B cells with phorbol ester PMA 
leadss to a rapid c-Met induction (Fig. \A). Induction of c-Mct expression upon 
proteinn kinase C (PK.C) stimulation by phorbol ester has previously also been 
reportedd in epithelial cell lines (60). In addition, we observed constitutive 
expressionn oi' c-Met on several R cell lymphoma lines (Fig. \B). The e-Met 
receptorr on these B cell lines is signaling competent, as triggering by HGF/SF' 
resultedd in enhanced tyrosine phosphorylation of e-Met (Fig. 2). These findings 
presentt the first direct evidence for expression of a functional e-Met receptor on B 
lymphocytes.. Indirect evidence for a role of e-Met in B cells has previously been 
providedd by Delaney el al. (61 i. who demonstrated that HGF/SF enhances 
immunoglobulinn production by murine B cells. However, as e-Met expression was 
nott studied and whole splenocytc cultures were used, indirect effects of HGF/SF 
weree not ruled out. For T cells. Shaw and colleagues reported that HGF/SF 
stimulatedd the adhesion and migration oi' (he memory subset. However, these target 
cellss appeared not to express c-Met (62). 

Onee of the key findings of our study is that concurrent CD40 and BCR 
ligationn induces a strong transient expression of e-Met on B cells /// vitro (Fig. 5). 
Presumably.. BCR and CD40 mediated signals are also instrumental in the 
physiologicall  induction of c-Met. This is suggested by the fact that c-Met is 
expressedd in vivo on a subset of tonsillar centroblasts (CD38'CD77~) (Figs. 3 and 
4).. Centroblasts are the offspring of B cells that have recently been activated at 
extrafolheularr sites by antigen plus accessory signals provided by antigen-specific 
TT cells I 1 ). These signals critically involve CD40/CD40L interactions: patients 
withh x-linked hyper-IgM syndrome (due to mutated and consequently defective 
CD40L)) do not develop GC and blocking of the CD40/CD40L pathway in mice 
leadss to complete inhibition of GC reactions (49-51, 63. 64). Our results strongly 
suggestt that c-Met induction is directly linked to the initiation of the B cell immune 
response.. Indeed, we observed that dual ligation of CD40 and the BCR also 
inducess e-Met on naive (IgD'CD38'i B cells (our own unpublished observation). 

Ass both the migratory and morphogenic responses to HGF/SF arc critically 
dependentt on cell adhesion, could regulation of the c-Met-HGF/SP pathway also 
havee a regulatory role in B cell adhesion'1 Phis idea is supported by the finding that 
HGF/SFF augments adhesion of c-Met transfected Namalwa B cells as well as the c 
Mett expressing B cell lines Raji and FIB4B to VCAM-1 and fibroneetin (Fig. 6 and 
dataa not shown). This HGF/SF induced adhesion was mediated through activation 
oïoï the integrin C/4B1. Previous studies from our own and from other laboratories 
havee shown an important role for a.46 1 in GC formation (27-29). In the GC. tx4Bl 
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mediatess B cell adhesion to VCAM-1 on f :DC. an interaction that regulates the 
formationn of the microenvironment required for the affinity selection ot GC B 
cells.. Apart from establishing physical contact between B cells and FDC, a4Bl 
presumablyy contributes directly to the B cell selection process itself, as signaling 
throughh the a4Bl-VCAM-1 pathway costimulates rescue oï GC B cells from 
apoptosiss (6, 29, 47). Furthermore. (x4Bl also regulates cell adhesion to fibroneetin 
(65),, an important substrate for cell migration. 

Thee above data strongly favor a functional role of the c-Met-HGF/SF 
pathwayy in B cell differentiation, namely in the regulation of B cell adhesiveness. 
Obviously,, however, an in vivo biological role in this process requires the 
availabilityy of HGF/SF within the lymphoid microenvironment. Interestingly, we 
indeedd observed production of high levels of HGF/SF as well as expression of 
HGF/SFF mRNA by tonsillar stromal cells. In contrast, tonsillar T- or B-
lymphocytess were HGF/SF negative (Fig. 7). 

Adhesionn regulation is believed to be fundamental to the control of cell 
migrationn and microenvironmcntal homing during lymphocyte differentiation. This 
migrationn and homing within tissues, like recruitment from the blood, presumably 
iss determined by an organized display of adhesive ligands and regulatory factors, 
specificc for a given microenvironment (23). Thusfar, most studies on the regulation 
off  intcgrin-mediated adhesion have focussed on cytokines of the chemokine family 
(66).. Chemokincs, which bind to G protein linked 7-transmembrane serpentine 
receptorss (67, 68), have been shown to mediate chemotaxis and rapid functional 
activationn of leukocyte intcgrins on myeloid cells, macrophages, and lymphocytes 
(69-73).. HGF/SF belongs to the family of plasminogen-related growth factors (74), 
thatt also includes macrophage stimulating protein. These molecules, that are 
structurallyy unrelated to the chemokincs, have the basic domain organization and 
mechanismm of activation of the blood proteinase plasminogen, i.e., they arc 
characterizedd by the presence of a kringlc domain(s), an activation domain, and a 
serinee proteinase domain. Our present data strongly support a physiological role of 
HGF/SFF in the regulation of B cell adhesiveness, microenvironmcntal homing and 
inn the morphogenesis of the GC. Focal production of HGF/SF has been 
demonstratedd surrounding blood vessels in inflammation (75, 76). and in this paper 
wee demonstrate that HGF/SF is produced by FDC-enriched cell populations. In 
vieww of the pleiotropic effects of HGF/SF on other cell types. HGF/SF may have 
additional,, as yet unkown, roles in antigen-specific B cell differentiation. In 
particular,, cross-talk between intcgrins and c-Met-signaling pathways triggered by 
FDCC might contribute to B cell survival (6, 29. 47). Interestingly, like the 
chemokincs,, HGF/SF has a high affinity for heparin, which is present on cell 
surfacess and in the ECM in the form of heparan sulphate proteoglycans. This 
heparann sulphate binding limits diffusion, thus allowing the development of 
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chemotacticc gradients and the localizaiion of' proadhesive activity to the 
appropriatee lymphoid mierocnvironmcnt (77). 
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SUMMAR Y Y 

CD444 has been implicated in tumor progression and metastasis, but the mecha-
nism!!  s) involved arc as yet poorly understood. Recent studies have shown that 
CD444 isoiorms containing the alternatively spliced exon v3 carry heparan sulfate 
sidee chains and are able to bind heparin-binding growth factors. In the present 
study,, we have explored the possibility of a physical and functional interaction 
betweenn CD44 and hepatocyte growth factor/scatter factor (HGF/SF). the Iigand of 
thee receptor tyrosine kinase c-Met. The HGF/SF-c-Met pathway mediates cell 
growthh and motility and has been implicated in tumor invasion and metastasis. We 
demonstratee that a CD44\3 splice variant efficiently binds IIGF/SF via its heparan 
sulfate-sidee chain To address the functional relevance of this interaction Xamahva 
Burkitt'ss lymphoma cells were stabh co-transfected with c-Met and either 
CD44v33 or the isoform CD44s. which lacks heparan sulfate. We show that, as 
comparedd to CD44s. CD44v3 promotes: (i) HGF/SF-indueed phosphorylation of c-
Met.. (ii ) phosphorylation of several downstream proteins, and (iii ) activation of the 
MA PP kinases FRK1 and 2. By heparitmase treatment and the use of a mutant 
HGF/SFF with greatly decreased affinity for heparan sulfate, wc show that the 
enhancementt of c-Met signal transduction induced by CD44v3 was critically 
dependentt on heparan sulfate moieties. Our results identify heparan sulfate 
modifiedd CD44 (CD44-HS) as a functional co-receptor for HGF/SF which 
promotess signaling through the receptor tyrosine kinase c-Met. presumably by 
concentratingg and presenting HGF/SF". As both CD44-HS and c-Met arc over 
expressedd on several types of tumors, we propose that the observed functional 
collaborationn might be instrumental in promoting tumor growth and metastasis. 

INTRODUCTIO N N 

Thee CD44 family of cell surface glycoproteins is broadly expressed by cells of 
epithelial,, mesenchymal, and hematopoietic origin and is involved in cell-matrix 
adhesion,, hematopoiesis. and lymphocyte homing and activation ( 1). Furthermore, 
aa large body of experimental and clinical studies support a role for CD44 in tumor 
progressionn and metastasis (2-4). The CD44 gene consists of 19 exons (5). Due to 
alternativee splicing, which involves at least 10 exons encoding domains of the 
extracellularr portion of the CD44 molecule, a large number of CD44 isoforms is 
generatedd (6-10). Posttranslational modification generates further diversity, 
yieldingg both N- and O-linked glycan forms of CD44 in addition to proteoglycan 
variantss containing chondrohin-, keratan-. or heparan sulfate (11-14). The 
expressionn pattern of these CD44 variants is tissue-specific. On lymphocytes the 
shortt SO-90 kDa standard form of CD44 (CD44s) is most abundant, while larger 
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variantss (CD44v) predominate on some normal and neoplastic epithelia and arc 
alsoo found on activated lymphocytes and on malignant lymphomas ( 15-19). This 
selectivee expression suggests specific biological functions for the various splice 
variants,, but at present, these are poorly defined. Similarly, the mechanism(s) 
throughh which CD44 functions in tumorigenesis is not known. 

Ann obstacle towards understanding the functions of the CD44 family is the 
limitedd knowledge of its molecular partners. The cytoplasmic tail of the CD44 
moleculee has been shown to interact with the actin cytoskcleton via ankyrin and 
proteinss of the ERM-family\ and is associated with Src-family tyrosine kinases (20-
23).. This suggests a role in signaling as well as in the regulation of cell shape and 
motility.. Although several potential CD44 ligands have been identified, the only 
interactionn of the extracellular domain of CD44 that has been extensively studied is 
thatt with hyaluronate. CD44s acts as a major receptor for this glycosaminoglycan 
whichh is highly abundant in mesenchymal tissues and is believed to play a role in 
celll  migration and differentiation (24, 25). 

AA novel and potentially highly significant function of CD44 is its ability to 
interactt with heparin-binding growth factors (26, 27). These growth factors bind to 
aa HS side chain attached to the evolutionary conserved consensus motif SGSG 
encodedd by exon v3 (13, 27). Heparan sulfate proteoglycans (HSPGs) are believed 
too play an important regulatory role in cell growth and motility by binding growth 
factorss and by presenting these factors to their high affinity receptors. This process 
hass been particularly well explored for the fibroblast growth factors 1 and 2 (FGF-
11 and 2). For these factors, binding to HSPGs has been shown to be required for 
theirr biological function, presumably by promoting FGF dimerization required for 
efficientt receptor cross-linking and activation (28-32). 

Inn the present study, we explored the physical and functional interaction 
betweenn heparan sulfate modified forms of CD44 (CD44-HS) and hepatoeyte 
growthh factor/scatter factor (HGF/SF'). HGF/SF is a heparin-binding growth factor 
(33)) that induces growth, motility, and morphogenesis of target epithelial and 
endotheliall  cells by binding to the receptor tyrosine kinase c-Met (34, 35). In 
addition,, recently HGF/SF was shown to be involved in hematopoiesis, and 
lymphocytee adhesion and migration (36-42). Apart from these physiological 
functions,, there is ample evidence for a key role of the HGF/SF - c-Met pathway in 
tumorr growth, invasion and metastasis. For example. HGF/SF induces epithelial 
cellss to invade collagen matrices in vitro, and NIH 3T3 cells co-transfeced with c-
metmet and HGF/SF acquire an invasive and metastatic phenotype (43-45). 
Furthermore,, in HGF/SF transgenic mice, tumors develop in many different tissues 
includingg mammary glands, skeletal muscles and melanocytes (46). In human 
cancer,, both HGF/SF and c-Met are often over expressed, and in hereditary renal 
cancerr germline mutations in the c-met gene have recently been reported (47-52). 
Here,, we show that CD44-HS strongly promotes signal transduction through the 
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HGF/ 'SFF - o Met pathway, which is demonstrated to occur in a heparan suifate-

dependentt fashion. 

M A T E R I A L SS A N D M E T H O D S 

Antibodies.Antibodies. Mouse monoclonal antibodies (mAbs) used were anti-pan CD44. 

NK.I-P11 (IgGl) (53) and Hermes-3 (IgG2a) (54) ia gift from S. Jalkanen. University of 

Turku.. Turku, [-"inland)'. ami-HGF/SF. 24612.1 1 I dgGI ) (R&D Systems. Abmgton. United 

Kingdom):: anti-heparan sulfate, I0F4 (IgM) (55): anti-desarurated uronate from 

hepannnascc treated heparan sulfate i AHS stub i. J>G1U (IgG_bi 155)- anti 

phosphotyrosine.. PY-20 (IgG2bi (Affmiti. . Nottingham. 1'K): and IgGl and IgM control 

antibodiess (TCN. /oetermeer. The Netherlands). Polyclonal antibodies used were rabbit 

anti-c-Mcl.. C-12 ilgG) (Santa Cruz Biotechnology, Santa Cru/.. CA): rabbit anti-phospho-

p44/422 MAP kinase (Thr202/Tyr204.! (New England Biolabs, Beverly. MA) : rabbit anti-

FRK11 (C-16) and anti-ERK2 (CM4) (Santa Cruz Biotechnology): RPL-conjugated goat 

anti-mousee (Southern Biotechnology. Birmingham. ALi : FITC-conjugated rabbit anti-

mousee iDAKO . Glostrup, Denmark): HRP conjugated rabbit anti-mouse (DAKO); and 

HRP-conjugatedd goat anti-rabbit (DAKO). 

CellCell lines and transfectants. The Burkitt's lymphoma cell line Namalwa was 

purchasedd from American Type Culture Collection < ATCC. Rockville. MD). The cells were 

culturedd in RPMI 1640 (Lif e Technologies, Breda The Netherlands) supplemented with 

HKrr Petal Clone I serum (HyClone Laboratories. Logan. I T ) . 10cr PCS (Integro. 

Zaandam.. The Netherlands). 2 inM F-glutaminc. 100 11.7ml penicillin and 100 R7ml 

streptomveinn (all Lif e Technologies). Namalwa cells transfectcd with CD44s (Nam-S). 

CD44vH-100 (Nam-V8) or CD44\3-)0 iNam-V3) were described previously (56). A second 

Uansfectionn of Namalwa cells, expressing either CD44s (Nam SM) or CD44v3 |() (Nam 

V3M) .. with e-Met was performed as described (41 ). 

PurificationPurification of wild type and mutant IIGF/SF. The construction of pVL1393 

vectorss (Pharmingcn. San Diego. CA) containing wild type or mutant HGP/SF (IIP1) 

cDNN A was described elsewhere (57 ). 

HGF/SFF (wild txpe and HI'! ) was produced in a Bacutovirus system as described 

previouslyy (58). In brief. Sf 9 insect cells were transduced with an amplified virus stock and 

afterr 3 days media were pooled and analysed for scattering activity in the MDCK 

dissociationn assay (59). Then. HGF/SF was purified with Ni-NTA-resin from the 

QIAexpresss system (Qiagen. Hilden. Germany). HGF/SF" concentrations were measured by 

FLISAA as described previously (41 ). In addition, HGF/SF (\vt and HP1 ) vvas analysed by 

Westernn blotting using goat antiTIGF/SF. 

EnzymeEnzyme treatments. For en/ymatic cleavage of glycosaminoglycans, cells were 

treatedd with either heparitinase (Flafobactenum heparinum, FC 4.2.2.S, ICN Biomedicals. 

Aurora.. OH) or chondroitinase ABC (Proteus vulgaris, FC 4.2.2.4. Boehnnger Mannheim, 
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Almcrc.. The Netherlands) in PEÏS at 31 "C for the periods indicated. Enzyme treatments 

weree followed by EACS analysis or immunoprecipitation. 

FACSFACS analysis. For E ACS analysis cells were blocked with \0c/r pooled human 

serumm (CLB. Amsterdam. The Netherlands). 1 c/r BSA (Eraction V) (Sigma. Bornem. 

Belgium)) in PBS at 4 C for 15 min and washed with FACS buffer (1 # BSA in PBS), 

respectively.. Then, the cells were incubated with the primary antibodies for 1 h. washed, 

andd incubated with the secondary antibody for 30 min. Incubations were in EACS buffer at 

44 C. and cells were analyzed by using a EACScan (Becton Dickinson, Mountain View. 

CA). . 

Forr binding of recombinant human HGE/SF {wild type or HP1) R & D Systems or 

ourr own product), cells were incubated with this protein (18 nM or as indicated) for 1 h. 

priorr to the antibody incubations. This step was followed by washing with FACS buffer. 

ImmunoprecipitationImmunoprecipitation and Western blot analysis. Immunoprecipitation was 

performedd as described (41). The only modifications were that, for precipitation of CD44. 

cellss were lysed in lysis buffer containing 50 mM TrLs-HCl (pH S). 150 mM NaCK 1% NP-

40.. 10 (ig/ml aprotinin (Sigma), 10 ug/ml leupeptin (Sigma). I mM sodium orthovandate 

(Sigma).. 2 mM EDTA. and 5 mM NaE. For precipitation of c-Met. ceils were lysed in 10 

mMM Tris-IICl (pH 8). 150 mM NaCl. 109f glycerol. 1 rf NP-40. 10 ug/ml aprotinin 

(Sigma).. 10 fig/ml leupeptin (Sigma). 2 mM sodium orthovandate (Sigma). 5 mM EDTA. 

andd 5 mM NaF. 

Westernn blotting of immunoprecipitates and total cell lysates was essentially 

performedd as described previously (23). A single modification was that, for analysis of 

phosphorylatedd proteins, membranes were blocked and stained in 2rA- BSA. 20 mM Tris-

HC1.. 150 mM NaCl (pH 7.5). and 0.05 r̂ Tween-20 (Sigma). Films were scanned with an 

Eaglee Eye II video system (Stratagene. La Jolla. CA) and band intensities were determined 

withh ONE-Dscan software (Stratagene). c-Met phosphorylation was expressed as the ratio 

off  phosphorylated c-Met to c-Met precipitated. 

Forr analysis oï phosphorylation of the ERK1 and 2 MAP kinases, after the 

indicatedd treatments. 5 x 10'1 cells were directly lysed in sample buffer and analysed by 

](Wc](Wc SDS-PAGE and blotted. Equal loading was confirmed by Ponceau S staining of the 

blot.. The part of the blot below 50 kD was stained with anti-phospho-MAPK antiserum, the 

upperr part with anü-phosphotyrosine PY-20. Primary antibodies were detected by HRP-

conjugatedd goat anti-rabbit and HRP-conjugated rabbit anti-mouse, respectively. 

Identificationn of the ERKs was confirmed by staining with anti-ERKI or anti-ERK2. 

RESULT S S 

BindingBinding of HOF/SF to CD44 isoforms. Binding of HGF/SF to different CD44 

isoformss was assessed by using a panel of Namalwa Burkit t 's lymphoma cell lines 
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Figuree 1. /A, Schematic representation of the CD44 gene, and the CD44v3-10. CD44v8-10, 

andd CD44s cDNAs used for transfection. Solid boxes represent constant exons while open 

boxess represent alternative exons. Note that, due to a stop codon. the variable exon 1 (vl ) is 

nott translated in the human. UT. untranslated region; EC. extracellular constant region; EV, 

extracellularr variable region: TM. transmembrane region: CT. cytoplasmic region. B, 

Bindingg of HGE/SF to CD44 Namalwa transfectants. Using a FACS flow cytometer. one 

clonee of mock transfected (Neo) Namalwa cells, and two independent clones of CD44s. 

CD44v8-100 or CD44v3-10-transfected Namalwa cells were analysed for their binding of 

HGF/SF.. Bound HGF/SF was detected with mouse anti-HGF/SF followed by RPE-

conjugatedd goat anti-mouse. 
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Tablee I. Surface expression of CD44 on Namalwa transfectants. 

CD444 isoform clone e MFI I cc/c/c positive cells 

nonee (Neo) 
CD44s s 

CD44v8-l() ) 

CD44v3-10 0 

A A 
A A 
B B 
A A 
B B 
A A 
B B 

4 4 
83 3 
96 6 
126 6 
142 2 
137 7 
82 2 

3 3 
94 4 
97 7 
84 4 
88 8 
88 8 
87 7 

"meann fluorescence intensity after siaining with the anti-pan CD44 ruAb XKI-P' 
followedd by FITC-conjugatcd rabbit anti-mouse. 

stablyy transfeeted with cDNAs encoding either CD44s, CD44v8-10 or CD44v3-10 
(Fig.. \A) (56). Prior to transfection, the cells were negative for CD44 and c-Met 
expressionn at both the protein and mRNA level (data not shown). Al l transfectants 
usedd for HGF/SF binding studies expressed comparable levels of CD44 (Table 1). 
HGF/SFF binding to the CD44 transfectants was measured by FACS analysis using 
ann anti-HGF/SF mAb. an approach that avoids chemical modification of the ligand. 
Ass shown in Fig. \B, CD44 negative control cells as well as CD44s and CD44v8-
100 transfectants showed a low saturable binding of HGF/SF. In contrast, cells 
expressingg CD44v3-10 bound much larger quantities of HGF/SF. These results 
suggestt that CD44v3-10 contains (a) binding site(s) for HGF/SF. 

BindingBinding of HGF/SF to CD44 is heparan sulfate-dependent We next 
conductedd a series of experiments aimed at determining the role of HS-side chains 
inn the binding of HGF/SF. First, the presence of total HS on the different 
transfectantss was assessed by FACS analysis using the HS-specific mAb 1ÜE4 
(Fig.. 2,4). and the mAb 3G1Ü (Fig. IB) which recognizes the AHS-stubs remaining 
onn HSPG core proteins after treatment with heparitinase (55). Both figures show 
thatt cells transfeeted with CD44v3-10 express approximately 20-fold higher levels 
off  HS compared to those transfeeted with other CD44 isoforms. Next, we 
investigatedd the presence of HS on CD44 itself. This was done by using mAb 
3G10.. With this mAb. a single major HS band was detected in Western blots of 
CD444 precipitates from the CD44v3-10 cells, but not from the other transfectants 
(Fig.. 2C). Staining the blot with an anti-pan CD44 mAb demonstrated that this 
bandd corresponded to CD44v3-10 (Fig. 2C). 

Too assess the role oi' HS in the interaction between HGF/SF and CD44v3-
10.. we studied the effect of heparitinase treatment and performed binding studies 
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Figuree 2. Presence of heparan sulfate on CD44 isoforms. A. Heparan sulfate expressed on 

representativee mock, CD44s. CD44v8-10. or CD44v3-10 Namalwa transfectants that were 

treatedd with either PBS (filled histogram), 25 mU/ml heparitinase (solid line), or 25 mU/ml 

chondroitinascc ABC (dotted line) at 37°C for 3 h. Heparan sulfate was detected by FACS 

analysiss using the mAb 10E4. followed by RPE-conjugated goat anti-mouse. B, A similar 

FACSS analysis as shown in A. but with the use of mAb 3G10 which recognizes AHS-stubs 

whichh remain on HSPG core proteins after treatment with heparitinase. C, Western blot of 

CD444 immunoprecipitates. CD44 was precipitated from CD44 Namalwa transfectants 

usingg the anti-pan CD44 mAb Hermes-3. Precipitates were then treated with either PBS (-). 

2000 mU/ml heparitinase (HT), or 1 U/ml chondroitinasc ABC (CH) at 37°C for 2 h. The 

Westernn blot was stained with the anti-pan CD44 mAb Hermes-3 (upper panel), stripped. 

andd re-stained with the mAb 3G10 (lower panel) which recognizes AHS-stubs after 

treatmentt of HS with heparitinase. 
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withh HP1, a HGF/SF mutant which has a greatly decreased (more than 50-fold) 
affinityy for heparan sulfate and heparin (57). As shown in Fig. 3A, hcparitinase 
treatmentt resulted in a near complete loss of HGF/SF binding, while treatment with 
chondroitinasee ABC had no effect. The essential role of HS-moieties on CD44v3-
100 in HGF/SF binding was further confirmed by the observation that HP1 did not 
bindd to CD44v3-10 (Fig. W). These data demonstrate that CD44v3-10 is a heparan 
sulfatee modified CD44 isoform (CD44-HS), that binds HGF/SF via its HS side 
chain. . 

CD44-HSCD44-HS promotes c-Met activation. To explore the functional impact of 
HGF/SFF bound to CD44-HS on the c-Met signaling pathway, we generated double 
transfectantss expressing c-Met in combination with cither CD44v3-10 or CD44s. 
Wee selected stable transfectants expressing equal amounts of c-Met to be used in 
thee subsequent studies (Fig. 4). Using these cell lines, we assessed in the first 
instancee HGF/SF induced c-Mct phosphorylation. As shown in Fig. 5, triggering 
withh HGF/SF led to a vast and rapid increase in the phosphorylation of c-Met on 
tyrosinee residues in the cells expressing CD44v3-10. By contrast, phosphorylation 

AA C=:PBS B S —]HCF/SF 

Neoo C0-14S CCW4V3-10* CD44v3-103 \eo CD44s CD44v3-i0a CD44v3-10'3 

Figuree 3. The role of heparan sulfate in the binding of IIGF/SF to CD44 Namalwa 
transfectants.. A, FACS analysis to detect HGF/SF bound to CD44 Namalwa transfectants 
thatt were treated with either PBS, 10 mU/ml heparitinase. or 50 mU/ml chondroitinase 
ABCC at 37°C for 2 h prior to incubation with 18 nM HGF/SF at 4°C for 1 h. B. FACS 
analysiss of wild type or mutated (HP1) HGF/SF bound to CD44 Namalwa transfectants. 
HGF/SFss were detected with mouse anti-HGF/SF followed by RPE-conjugated goat anti-
mouse.. Results are expressed as relative mean fluorescence intensity (MFI) (as compared 
withh PBS treated mock transfectants). Error bars represent the standard deviation from three 
independentt experiments. 
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Figur ee 4. Expression of c-Met in CD44 or CD44/c-Met Namalwa transfectants. CD44s and 

CD44v3-100 Namalwa transfectants with or without c-Met were lysed and analysed for the 

expressionn of c-Met by Western blotting. The Western blot was stained with rabbit anti-c-

Mett followed by HRP-conjugatcd goat anti-rabbit. The epidermoid carcinoma cell line 

A4311 was used as a positive control. The c-Met precursor (pre c-Met) and (3-chain (c-Met 

((3))) arc indicated. 

off  c-Met was only weakly increased in the cells with CD44s (Fig. 5) and was 
absentt in the parental cell line (data not shown), confirming the lack of endogenous 
c-Mett in these cells. The dose-response studies demonstrated that CD44v3-10 
promotess c-Met phosphorylation over a broad dose range (Fig. 5A) with an 
approximatelyy 7-fold relative increase at plateau level. The time curve (Fig. 5B) 
showedd that phosphorylation was maximal between 2 and 10 min after addition of 
thee growth factor and declined thereafter. Moreover, this strong enhancing effect of 
CD44v3-100 on c-Met phosphorylation was dependent on HS moieties since it was 
lostt upon heparitinase treatment (Fig. 6A). The importance of HS for HGF/SF 
signalingg was further strengthened by studies using the HGF/SF heparin-binding 
domainn mutant HP1. This mutant induced an equal (weak) phosphorylation of c-
Mett in both the CD44v3-10 and CD44s transfectants (Fig. 65). Thus, these data 
suggestt that CD44v3-10 binds HGF/SF via its HS side chains and then presents it 
too the high affinity receptor c-Met. 

CD44-HSCD44-HS promotes downstream signaling through c-Met in a heparan 
sulfate-dependentsulfate-dependent fashion. The pivotal role of CD44-HS in promoting the action 
off  HGF/SF was further supported by analysing the cell lysates of HGF/SF-
stimulatedd cells for tyrosine phosphorylated proteins. We observed tyrosine 
phosphorylationn of several substrates, the two most prominent phosphoproteins of 
unknownn identity arc found at 1 15-125 kD. A minor phosphoprotein is found at 
1455 kDa which likely represents c-Met (Fig. 6C). In addition, several smaller 
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Figuree 5. CD44v3-10 strongly promotes c-Met activation. A. Dose-kinetics of the tyrosine 

phosphorylationn of c-Met in CD44v3-10/c-Met and CD44s/c-Met double transfectants. 

Transfectantss were stimulated with increasing concentrations HGF/SF for 10 min at 37°C. 

c-Mett was immunoprccipitated with rabbit anti-c-Met and the Western blot was stained 

withh the anti-phosphotyrosine mAb PY-20 followed by HRP-conjugated rabbit anti-mouse 

(upperr panel). Then, the blot was stripped and re-stained with rabbit anti-c-Met followed by 

HRP-conjugatedd goat anti-rabbit (lower panel). The ratios of tyrosine-phosphorylated c-

Mett to precipitated c-Met, as determined by densitometric scanning of the blots, are shown 

inn a diagram. /?, Time-kinetics of the tyrosine phosphorylation of c-Met in CD44v3-10/c-

Mett and CD44s/c-Met double transfectants that were stimulated with 2.2 nM HGF/SF for 

increasingg periods at 37°C. c-Met was precipitated and analysed as in (A). The ratios of 

tyrosine-phosphorylatedd c-Met to precipitated c-Met, as determined by densitometric 

scanningg of the blots, are shown in a diagram. The c-Met precursor (pre c-Met) and [3-chain 

(c-Mett (p)) are indicated. Several independent clones were tested and gave comparable 

results. . 

phosphoproteinss of unknown origin were observed (not shown) including a 42 kD 
phosphoproteinn which may represent the p42 ERK.2 MAP kinase. 

Inn order to establish whether signal transduction by c-Met is potentiated by 
thee HS moieties on CD44v3-10, we further investigated the activation of 
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Figur ee 6. H G F / SF binding to heparan sulfate moiet ies on C D 4 4 v 3 - 10 potent iates signal 

t ransduct ionn through c-Met. A. CD44v3-10/c-Met (v3) and CD44s/c-Met (s) double transfectants 

weree treated with 10 mU/ml heparitinase at 37°C for 3.5 h. and subsequently incubated in the 

presencee or absence of 2.2 nM HGF/SF. Then. c-Met was precipitated with rabbit anti-c-Met and the 

Westernn blot was stained with anti-phosphotyrosine (PY-20) followed by HRP-conjugated rabbit anti-

mousee (upper panel). Next, the blot was stripped and stained with rabbit anti-c-Met followed by HRP-

conjugatedd goat anti-rabbit (lower panel). The c-Met precursor (pre c-Met) and (3-chain (c-Met ([3)) 

aree indicated. B. CD44v3-10 does not promote c-Met phosphorylation by a HGF/SF heparin-binding 

domainn mutant. CD44s/c-Met (s) and CD44v3-10/c-Mct (v3) double transfectants were incubated in 

thee presence or absence 2.2 n.M wild type HGF/SF or with the heparin-binding domain mutant 

HGF/SFF (HPl) for 10 min at 37°C. Then. c-Met was precipitated with rabbit anti-c-Met and the 

Westernn blot was stained with anti-phosphotyrosine (PY-20) followed by HRP-conjugated rabbit anti 

mousee (upper panel). Next, the blot was stripped and re-stained with rabbit anti-c-Met followed by 

HRP-conjugatedd goal anti-rabbit (lower panel). C. Western blot from total cell lysates from equal 

numberss of the cells described in (A). The upper part of the blot was stained with the anti-

phosphotyrosinee mAb PY-20. followed by HRP-conjugated rabbit anti-mouse. The lower part of the 

samee blot was stained with anti-phospho-MAPK antibody, followed by HRP-conjugated goat anti-

rabbit.. The arrows indicate a phosphorylated protein at 145 kDa and two major phosphoproteins at 

115-1255 kD (upper panel), and the phosphorylated ERK1 and ERK2 MA P kinases (lower panel). 

Severall  independent clones were tested and gave comparable results. 
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downstreamm targets of c-Mct signaling. Since HGF/SF has been shown to activate 
thee ERK MA P kinases in MDCK, HT29 and A549 cells (60-64), we assessed 
whetherr HGF/SF is also able to induce MAP kinase activation in Namalwa B cells. 
Forr this purpose we used an antibody recognizing only the active, phosphorylated, 
formm of the FRK 1 and 2 fp44 and p42) MA P kinases. As shown in Fig. 66', 
HGF/SFF treatment results in phosphorylation of the MAP kinases RRK1 and 2 in 
Namalwaa transfectants expressing c-Met. The phosphorylation of the ERK2 MAP 
kinasee upon HGF stimulation of the cells was also confirmed by V1AP kinase gel-
shiftt analysis \ We observed stronger phosphorylation of ERK1 and 2 in the 
CD44v3-100 expressing cells as compared to the CD44s expressing cells (Fig. 6C. 
bottomm panel). Moreover, heparitinase treatment resulted in a decrease of HGF/SF-
inducedd ERK phosphorylation in the CD44v3-10 cells, resulting in a level of ERK 
phosphorylationn that is similar to the level of HGF/SF-induccd ERK 
phosphorylationn in CD44s transfectants. HGF/SF-induced phosphorylation of the 
FRKss in CD44s transfectants remained unaffected by heparitinase treatment. 
Takenn together, our data demonstrate that signal transduction elicited by HGF/SF-
inducedd c-Met activation is strongly promoted by CD44-HS, and depends on the 
presencee of the HS moiety on CD44-HS. 

DISCUSSION N 

Wcc observed that cells transfected with CD44v3-10 efficiently bind HGF/SF (Fig. 
1)) and that this CD44 isoform is decorated with HS moieties (Fig. 2). By contrast, 
transfectantss that express CD44s or CD44v8-10, CD44 isoforms which are not 
modifiedd with HS (Fig. 2), were not able to bind HGF/SF above background 
(parental)) levels (Fig. 1). This selective HS-modification of CD44v3-10 is in line 
withh the recent study by Jackson et al. ( 13) which demonstrated that HS side chains 
bindd to CD44 at the SGSG motif encoded by exon v3. Indeed, we demonstrated 
thatt the interaction of HGF/SF with CD44v3-10 is HS-dependent. Binding was 
completelyy abrogated by heparitinase treatment, and HP1, a HGF/SF mutant with 
greatlyy decreased affinity for heparan sulfate and heparin (57). failed to bind 
CD44\3-100 (Fig. 3). Interestingly, it has been demonstrated that specific chemical 
modificationss of HS side chains on proteoglycans appear to regulate their affinity 
forr selected heparin-binding growth factors, including HGF/SF and FGF-2, and 
hencee determine growth factor binding specificity (65-69). This suggests that the 
HSS moiety covalently attached to CD44v3-I() contains specific binding sites lor 
HGF/SF. . 

Thee key finding of our study is that CD44-HS has a major functional effect 
onn HGF/SF-induced signal transduction. Expression of CD44-HS at the cell 
surfacee led to a vast increase in HGF/SF induced phosphorylation of c-Met on 
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tyrosinee residues (Fig. 5). Furthermore, it resulted in a strong tyrosine 
phosphorylationn of two as yet unidentified 115-125 kDa proteins that were hardly 
phosphorylatedd in the absence of CD44-HS (Fig. 6C). One of these proteins might 
representt pi 10/115-Grb2 associated binder (Gab)-l. an adaptor protein that has 
recentlyy been found to associate with the multifunctional docking site of c-Met 
(70).. Alternatively, the observed bands might be pl20-Cbl and/or pl25-FAK. Both 
proteinn tyrosine kinases participate in signal transduction via receptor protein 
tyrosinee kinases and integrins (71, 72). This is particular interesting given our 
previouss results that HGF/SF-stimulation of Namalwa Burkitt's lymphoma cells 
resultss in enhanced integrin a4(31 -mediated adhesion (41) and the recent 
observationn that Cbl is involved in integrin activation and spreading of 

vv HGF/SF v 

c-Met t 

Figuree 7. Model for the presentation of HGF/SF to c-Met. A. HGF/SF molecules, which are 
largelyy monomers, only weakly activate the c-Met pathway in (tumor) cells that lack cell 
surfacee expression of CD44-HS. B. By upregulating CD44-HS, (tumor) cells acquire a 
greatlyy increased sensitivity to FIGF/SF. which might result in a growth and 
motogenic/metastaticc advantage. Presumably, CD44 acts by concentrating HGF/SF at the 
celll  surface and by presenting HGF/SF to c-Met. This presentation may involve ligand 
multimerizationn by HS side chains, resulting in increased c-Met dimerization. Alternatively, 
HGF/SFF - CD44-HS interaction might lead to a conformational changes of the c-Met 
receptorr promoting signal transduction. 
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macrophagess (73). Furthermore, Cbl was recently reported to be required for 
efficientt cellular transformation through the Tpr-Mei oncoprotein (74). In addition 
too the 120-125 kDa proteins, we demonstrated for the first time that HGF/SF 
inducess phosphorylation of the MA P kinases ERK1 and 2 in B cells (Fig. 6 0. 
Livenn more intriguing was the observation that CD44-HS promoted the HGF/SF-
inducedd phosphorylation of FRK1 and 2. FRK1 and 2 arc intermediates in 
signalingg pathways linking extracellular signals to gene transcription in the nucleus 
andd have been implicated in a wide variety of biological responses including cell 
proliferation.. Interestingly, several recent studies have implicated the FRKs in 
integrinn activation (75) as well as in HGF/SF-induced motility (i.e. scattering), and 
tubulogcncsiss of the epithelial Madin-Darby canine kidney cell line (60. 62, 63). 
Becausee of our previous data concerning the involvement of HGF/SF in integrin-
mediatedd adhesion of B cells (41), we are currently investigating the possible role 
off  the ERKs in B cell adhesion and migration. 

Wee demonstrated that the enhancing effects of CD44-HS on signal 
transductionn via e-Vlet were critically dependent on the interaction of HGF/SF with 
thee HS moieties on CD44-HS, as they were not observed after heparitinase 
treatment,, or when the cells were triggered with the heparin-binding domain 
HGF/SFF mutant HP! (Fig. 6). Importantly, the specific effects of the heparitinase 
treatmentt and the mutations in HP! on HGF/SF-induced signal transduction in the 
CD44v3-100 expressing cells as compared to the CD44s cells demonstrates that the 
differencee in HGF/SF-clicitcd responses in these cells is not due to any possible 
clonall  variation in these stable cell lines. We speculate that CD44-HS promotes the 
actionn of HGF/SF through concentration of HGF/SF on the cell surface and by 
presentingg it to the high affinity receptor c-Met (Fig. 7). Similar mechanisms were 
proposedd for the role of high and low affinity receptors in FGF functioning (32, 76. 
77).. In addition. CD44-HS might also protect HGF/SF from proteolytic 
degradationn as endothelial cell-derived HS was shown to do for FGF-2 (78). 

Itt should be noted, that, apart from growth factor presentation, CD44 may 
havee additional functions in HGF/SF c-Met mediated signaling. For example, 
CD444 might recruit molecular partners into a multi-molecular complex with c-Met. 
Thiss possibility is suggested by the fact that two recently identified cytoplasmic 
moleculess associated with CD44 have also been implicated in e-Met signaling. 
First,, studies by Ponzetto ct al. (64) have shown that c-Mct is a substrate for Sre-
familyy tyrosine kinases, while our own studies have revealed a physical and 
functionall  association between CD44 and Src-family member p56k" (23). Second, 
studiess by Jiang et al. (79) and Crepaldi et al. (80) have demonstrated that HGF/SF 
stimulatess the tyrosine phosphorylation of the ER.YFprotein eznn. As reported by 
Tsukitaa ct al. (22). ERM-proteins serve as molecular linkers between CD44 at the 
celll  surface and the aclin eytoskcleton. This interaction is believed to be involved 
inn the regulation of cell shape and motility. 
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Wee propose that collaboration between CD44-HS and growth factor 
receptors.. r/~. e-Met. as shown in our present study, might be an important factor in 
tumorr growth and metastasis; By over expressing CD44-HS. tumor cells would 
acquiree a strongly increased sensitivity to HGF/SF mediated growth signals, 
leadingg to a growth advantage and promoting metastasis (Fig. 7). This hypothesis is 
supportedd by the fact that e-Met and HGF/SF are (over)expressed in conjunction 
withh CD44 in several types of tumors. In colorectal cancer, for example. c-Met is 
frequentlyy over expressed (48. 49. 81). while HGF/SF is expressed within the 
tumorr tissue microenviroment . Interestingly, in these tumors CD44 splice 
variants,, including variants decorated with HS. are often over expressed and 
predictt metastatic spread and tumor related death (82. 83). A simnar scenario ma\ 
holdd for breast cancer and non-Hodgkin's lymphoma, as in these tumor types over 
expressionn of CD44v3 as well as c-Met has also been reported ( 19. 42. 51. 84). 

Inn conclusion, we demonstrated that through binding and presenting 
HGF/SF.. CD44-HS promotes signal transduction via the receptor tyrosine kinase c-
Met.. Consequently, over expression of CD44-HS might give tumor cells a growth 
andd metastatic advantage and. in this way. might influence disease outcome. 
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SUMMAR Y Y 

Recently,, biochemical, cell biological, and genetic studies have converged to 
reveall that integral membrane heparan sulfate proteoglycans (HSPGs) arc critical 
regulatorss of growth and differentiation of epithelial- and connective tissues. Since 
aa large number of cytokines involved in lymphoid tissue homeostasis or 
inflammationn contain potential heparan sulfate-bmding domains. HSPGs 
presumablyy also play important roles in the regulation of the immune response. In 
thee present report, we explored the expression, regulation and function of HSPGs 
onn B lymphocytes. We demonstrate that activation of the B cell antigen receptor 
(BCR)) and/or CD40, induces a strong transient expression oi' HSPGs on human 
tonsillarr B cells. Bv means o{' these HSPGs, the activated B cells can bind 
hepatoeytcc growth factor (HGF). a cytokine that regulates integrin-mediated B cell 
adhesionn and migration. This interaction with HGF is highly selective since the 
HSPGss did not bind the chemokine stromal cell-derived factor l a (SDF-lot). even 
thoughh the affinities of HGF' and SDP-la for heparin are similar. On the activated 
BB cells, we observed induction of a specific HSPG isoform of CD44 (CD44-HS). 
butt not of other HSPGs such as syndecans or glypican-1. Interestingly, the 
expressionn of CD44-HS on B cells strongly promotes HGF-indueed signaling, 
resultingg in a heparan sulfate-dependent enhanced phosphorylation of Met. the 
receptorr tyrosine kinase for HGF as well as downstream signaling molecules 
includingg the Grb2 associated binder 1 (Gab!) and Akt/protein kinase B (PKB), 
Ourr results demonstrate that the BCR and CD40 control the expression of HSPGs. 
specificallyy CD44-HS. These HSPGs act as functional co-receptors which 
selectivelyy promote cytokine signaling in B cells, suggesting a dynamic role for 
HSPGss in antigen-specific B cell differentiation. 

INTRODUCTIO N N 

Proteoglycanss are proteins that are covalently linked to sulfated glycosaminoglyean 
(GAG)) chains composed of repeating disaccharide units (1). These molecules, 
whichh are widespread throughout mammalian tissues as extracellular matrix 
(ECM)) components and membrane-bound molecules, have been implicated in 
severall important biological processes including cell adhesion and migration, 
angiogencsis,, tissue morphogenesis, and regulation of blood coagulation (1-3). In 
thesee processes, proteoglycans are believed to function as scaffold structures, 
designedd to accommodate proteins through non-covaleni binding to their GAG 
chains.. In particular heparan sulfate proteoglycans (HSPGs) have been shown to 
functionn as versatile protein co-receptors. Their ligand-binding sites reside within 
discretee sulfated domains formed by complex, cell-specific, chemical modifications 
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off the heparan sulfate (HS) disaccharide repeat (4). Binding of proteins, including 
growthh factors/cytokines, to HS chains may serve a variety of functions ranging 
fromm immobilization and concentration, to distinct modulation of biological 
functionn (5, 6). This functional importance is illustrated by fibroblast growth factor 
22 (FGF-2), whose binding to its signal-transducing receptors and consequent 
biologicall effects are critically dependent on its interaction with cell-surface 
HSPGss (7. 8). Recently, a number of cell biological and genetic studies have 
providedd compelling evidence for an in vivo role of cell-surface HSPGs in growth 
controll and morphogenesis in Drosophila, mice and humans (9-14). 

Mostt studies concerning the expression and function of cell-surface 
HSPGss have focussed on epithelial cells and fibroblasts, but these molecules 
presumablyy also play important roles in the immune system. A vast number of 
cytokiness involved in lymphoid tissue homeostasis or inflammation bind to 
heparin,, a GAG structurally related to HS. These cytokines, which include 
ehemokines.. as well as interleukins and hematopoietic growth factors, e.g. 
interleukinn (IL) 3, IL-8. granulocyte-monocyte colony stimulating factor (GV1-
CSF),, and HGF (15-20). can thus be potentially immobilized by HSPGs. HSPGs 
expressedd on the luminal surface of endothelial cells have been shown to bind 
ehemokiness produced at sites of inflammation (21), thereby preventing their 
immediatee dilution by the blood stream. Presentation of HSPG-bound ehemokines. 
e.g.e.g. macrophage inflammatory protein (MIP) lp* and IL-8, to leukocytes plays a 
cruciall role in activating the leukocyte intcgrins that mediate stable adhesion to and 
transmigrationn across the vessel wall (22, 23). However, ehemokines and other 
heparin-bindingg cytokines do not exclusively act at the endothelial-blood interface. 
Theyy also play key roles in the regulation of lymphocyte trafficking within 
lymphoidd tissues and are involved in the control of lymphocyte growth, 
differentiationn and survival (24). This suggests that cell-surface HSPGs on cells of 
thee immune system, such as lymphocytes and antigen-presenting cells, might also 
bee involved in the regulation of cytokine responsiveness. To explore this 
hypothesis,, we have studied the expression, identity, regulation and function of 
HSPGss on human tonsillar B cells. We show that ligation of the BCR or CD40. 
twoo key receptors in the initiation of antigen-specific B cell differentiation (25-29). 
inducess a strong upregulation of cell-surface HSPGs. specifically of CD44-HS. 
Thesee HSPGs enable B cells to selectively bind hepatocyte growth factor (HGF). a 
growthh factor that induces integrin-dependent adhesion and migration of B cells 
(30.. 31). Moreover, we show that CD44-HS strongly potentiates HGF-indueed 
signalingg in B cells. 
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MATERIALSS AND METHODS 

Antibodies.Antibodies. Mouse monoclonal antibodies used were anti-pan CD44. Hermcs-3 

(IgG2a)) (32): anti-CD44v3. 3G5 (lgG2b) (R&D Systems. Abingdon, UK): anti-heparan 

sulfate.. 101:4 (IgM) (Seikagaku. Tokyo. Japan); anti-desaturated uronate from hepantinase 

treatedd heparan sulfate ('anti-AHS-stub'). 3G10 (IgG2b) (Seikagaku): anti-HGF. 24612.1 1 1 

flgGl)) (R&D Systems): anti-Met, D024 (IgG2ai (Upstate Biotechnology. Lake Placid. 

NY):: anti-CXCR4. 12G5 (IgG2a) (Pharmingen. San Diego. CAi: anti-sy ndeean-1. 1D4 

(IgGl)) (CLB. Amsterdam. The Netherlandsi: anti-syndecan-2. 10114 (IgGl) (33): anti-

s\ndecan-4.. 8G3 (IgGl ) (34); anti-gl ypican-L SI (IgGl ) (35); anti-phosphotyrosine. PY-20 

<IgG2b.ii (Affiniti. Nottingham. UKj. aiid IgGl. lgG2a. igG2b and IgM cuntiol antibodies 

(ICNN Zoetermcer. The Netherlands). Polyclonal antibodies used were rabbit anti Met. C-12 

(IgG)) (Santa Cruz Biotechnology. Santa Cruz. CA): rabbit anti-Gab I (Upstate 

Biotechnology):: rabbit anti-SDF-lu (Pepro Tech. Flocks Hill. NJ); rabbit anti-Akt (H-136) 

(Santaa Cru/. Biotechnology): phospho-specific rabbit anti-Akt i'Ser 473.1 (New Hngland 

Biolabs.. Hitcin. UK); RPE-conjugated goat anti-mouse (Southern Biotechnology 

.Associates,, Birmingham. AL); biotin-conjugated swine anti-rahbit (DAKO): HRP-

coniugatedd goat anti-rabbit (DAKO); and IIRP-conjugated rabbit anti-mouse (DAKO). In 

additionn we used RPE-conjugated streptavidin (DAKO), 

BB cell isolation and citlturing. B cells were isolated from human tonsils as 

describedd previously (36). Total B cell fractions were >97 rr pure as determined by I-'ACS 

analysis.. B cells were cultured in RPMI 1640 containing KKY PCS. 2 mM L-glutamine. 

1000 IU/ml penicillin, and 100 IL'/ml streptomycin fall Gibeo BRU/Life Technologies. 

Breda.. The Netherlands). Some media were supplemented with cither 50 ng/ml phorbol-12-

mvristale-11 3-acctatc (PMA) (Sigma). ().002rf Staphylococcus aureus strain Cowan I (SAC) 

(Calbiochemm Novabioehem. La Jolla, CA), 1 ug/ml Immunobeads with covalcntly bound 

rabbitt anti-human Ig (Irvine Scientific. Santa Ana. CA). 100 17ml IL-2 (Lurocetus, 

Amsterdam.. The Netherlands). 100 1.7ml IL.-4 iGen/ymc Diagnostics. Cambridge. MA). 

0,55 ng/ml IL-6 (CLB). or 25 ng/ml IL-10 (Gen/.yme Diagnostics), 

Lorr CD40 ligation. B ceils were cultured on irradiated (7000 rad) CD40L 

(CD154)-transfectedd or. as a control, wild-type L cells (37). 

CellCell lines and transfectanls. The Burkitt's lymphoma cell line Namalwa was 

purchasedd from American Type Culture Collection (ATCC. Rockville. MD). The cells were 

culturedd in RPMI 1640 (Gibeo BRL/Life Technologies) supplemented with \Wk Petal 

Clonee 1 serum (HyClone Laboratories, Logan. UT). 10'* PCS (Integro. Zaandam. The 

Netherlands).. 2 mM L-glutaminc. 100 IUVml penicillin and 100 IU/ml streptomycin (all 

Gibcoo BRL/Life Technologies). The Namalwa cell lines transfected with CD44s (Nam-

SM)) or CD44v3-10 (Nam-V3M) were described previously (30. 38). 

EnzymeEnzyme treatments. Lor en/\matic cleavage of HS. cells or tissue sections were 

treatedd with 10 mU/ml heparitinase (Llafobaeterium heparinum. LC 4.2.2.8. ICN 

Biomedicals.. Aurora. OH) in RPMI 1640 (Gibco BRL/Life Technologies] at M~C for 3 h. 
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Thee cleavage of HS by heparitinase was determined by the loss of cell-surface expressed 
HSS (mAb 10E4). and the simultaneous gain of ILS-stub expression (mAb 3G10). 
Chondroitinasee treatment was used as a specificity control. 

FACSFACS analysis. FACS analyses using a single or triple staining technique were 
describedd previously (39. 40). For cytokine binding assays, cells were incubated with 
saturatingg concentrations (20 n\l) of recombinant human HGF or recombinant human SDF-
laa (both R&D Systems), in FBS for I h. prior to the antibody incubations. This step was 
followedd by washing with FACS buffer. For blocking studies, cells were incubated with 
1255 nM recombinant human FGF-2 or recombinant human SDF-lct (both R&D Systems) in 
PBSS at 4:,C for 1 h. prior to the incubation with HGF. 

ImmunoprecipitationImmunoprecipitation and Western blot analysis. Immunoprecipitation and 
Westernn blotting were performed as described (39). For the immunodeplelion experiments, 
thee lysates were immunoprecipitated twice and the lysatc remaining after the second 
immunodepletionn and the immunoprecipitate obtained during the first immunoprecipitation 
weree analysed by Western-blotting. 

RESULTS S 

ExpressionExpression and Regulation of HSPGs on Human B Cells. We investigated the 
expressionn of HSPGs on the cell-surface of resting and activated human tonsillar B 
cellss by means of FACS analysis, employing mAb 10E4, against an epitope on HS-
chains.. In addition, we used mAb 3G10, recognizing the AHS-stubs that remain 
presentt on HSPG-eore proteins after heparitinase treatment. HSPGs were hardly 
detectablee on freshly isolated tonsillar B cells. However, upon stimulation of these 
cellss with the phorbol ester PMA, we observed a strong induction of HSPGs (data 
nott shown). This observation prompted us to explore whether HSPGs can also be 
inducedd by physiological B cell activators. Since engagement of the BCR and 
CD400 plays a key role in the initiation of T cell-dependent B cell responses and in 
thee formation of germinal centers (GC) (25-29). we assessed whether activation via 
thesee receptors also leads to HSPG uprcgulation. Tonsillar B cells were cultured on 
CD400 ligand (CD40L) transfected L cells or, as a control, on wild-type L-cells, in 
thee presence or absence of BCR stimuli (anti-Ig antibodies or Staphylococcus 
aureusaureus Cowans strain I [SAC]). As is shown in Fig. 1, concurrent ligation of CD40 
andd the BCR induced a strong induction of HSPGs on the B cells. Single triggering 
off either the BCR or CD40 also led to enhanced HSPG expression, although the 
HSPGG levels were lower than those obtained upon dual receptor ligation. In 
contrast,, stimulation by various cytokines including IL-2, IL-4. IL-6, and 
IL-100 did not lead to a significant induction of HSPGs (data not shown). These 
dataa identify activation via the BCR and CD40 as major signals for the induction of 
HSPGG expression on tonsillar B cells. 
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HSPGsHSPGs on Activated B Cells Selectively Bind HGF. HSPGs arc capable of 
highlyy selective cytokine binding and presentation (4). To explore the cytokine-
bindingg ability and specificity of the HSPGs expressed on activated B cells, we 
testedd their capacity to bind two distinct cytokines with established heparin-binding 
capacitiy,, i.e. HGF and stromal cell-derived factor (SDF) l a (18. 41). Although 
theyy are structurally unrelated, HGF belongs to the plasminogen-related growth 
factorr family (42) and SDF- la is achemokine (43), these cytokines have both been 
implicatedd in the regulation of B cell adhesion and migration (30, 31, 41, 43). In 
agreementt with the data presented in Fig. 1, culturing of tonsillar B cells on CD40L 
transfected,, but not on wild-type, L-cells, led to a strong induction of HS (Fig. 2A). 
InIn parallel, these B cells acquired a vast capacity to bind HGF (Fig. 2A). This HGF 
bindingg was largely dependent on HS, since over 80% was lost after heparitinase 
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Figuree 1. Activation via the BCR and CD40 induces strong expression of HSPGs on B 
cells.. Tonsillar B cells were cultured on CD40L-transfected L cells or wild-type L cells, in 
thee presence or absence of BCR stimuli, i.e. anti-Ig immunobcads (Ig) or Staphylococcus 
aureusaureus Cowans strain I (SAC), for 0. 24. or 48 h, and analysed by FACS. Expression of 
HSPGss is given as the mean fluorescence intensity (MFI) of the anti-AHS-stub staining 
afterr heparitinase treatment minus its staining before treatment. 
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Figuree 2. HSPGs on activated B cells bind HGF but not SDF-la . A. CD40 stimulation 

inducedd HS expression and HGF binding, but not SDF-l binding. Tonsillar B cells were 

analyzedd by FACS for HS expression and for their capacity to bind HGF or SDF- la after 

beingg cultured on CD40L-transfected L cells or wild-type L cells for 48 h. To determine the 

involvementt of HS, the cells were analyzed after control or heparitinase treatment. 

Expressionn of HS is given as the MFI after staining with anti-HS mAb 10E4 minus staining 

withh an isotype-matched control mAb. Binding of HGF or SDF-la is given as the MFI of 

cellss that were incubated with one of the cytokines, washed, and stained with a cytokine-

specificc Ab. minus the MFI of identically stained control cells. B, Effect of CD40 

stimulationn on Met and CXCR4 expression. Expression of the receptor for HGF, Met, and 

thee receptor for SDF-la , CXCR4. on unstimulated or CD40L-stimulated tonsillar B cells 

wass analysed by FACS. Expression of Met or CXCR4 is given as the MFI after staining 

withh receptor-specific mAbs, minus the MFI after staining with an isotype-matched control 

mAb. . 

treatmentt of the B cells (Fig. 2A). The HGF that remained present on the cells after 
heparinnase-treatmentt most probably was bound to its receptor tyrosine kinase 
Met,, as Met was also induced by CD40 ligation (Fig. 25). In contrast to HGF, 
bindingg of SDF-la to the B cells was completely independent of HS: The HSPG 
loww B cells that were cultured on wild-type L cells had a much greater SDF-la 
bindingg capacity than the HSPG high B cells cultured on CD40L-transfected L 
cellss (Fig. 2A). Moreover, heparitinase treatment did not have any effect on SDF-
laa binding. The differences in SDF-la binding between resting and activated cells 
weree directly related to differential expression of CXCR4, the high affinity receptor 
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Figuree 3 . CD40 stimulation induces expression of CD44-HS on tonsillar B cells. A, CD44-

HS,, but not syndecan-1. is induced by CD40 stimulation. Expression of syndecan-1, or 

CD44v33 by tonsillar B cells cultured on CD40L-transfectcd L cells, or wild-type L cells for 

0,, 24. or 48 h, was analyzed by FACS. Expressions are given as the MFI after staining with 

anti-syndecan-11 or anti-CD44v3, minus the staining with isotype-matched control mAbs. B, 

CD44v33 isoform(s) on CD40-activated B cells are decorated with HS. CD44 was 

immunoprecipitatedd from tonsillar B cells that had been cultured on wild-type L cells or 

CD40L-transfectedd L cells for 48 h. and immunoblotted with anti-pan CD44 (left panel), or 

withh anti-AHS-stub (right panel). To allow the detection of AHS-stubs. the cells had been 

treatedd with heparitinase before immunoprecipitation. Namalwa B cells transfected with the 

HSPGG CD44v3-10 (Nam-V3M) were used as a positive control. 
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Figuree 4. HGF, but not SDF- la . binds to CD44v3-lO (CD44-HS). A, Namalwa B cells 

stablyy transfectcd with CD44v3-lO (Nam-V3M) express HS, whereas those transfectcd 

withh CD44s (Nam-SM) do not. B, Namalwa B cells stably transfectcd with CD44v3-lO 

(Nam-V3M)) express Met, and CXCR4. and show HS-dependent binding of HGF but not of 

SDF- la .. Nam-V3M cells were analyzed by FACS for their expression of HS, Met, or 

CXCR4.. In addition, their capacity to bind HGF or SDF- la is shown. To determine the 

involvementt of HS. the cells were analyzed after control or heparitinase treatment. 

Expressionn of HS. Met. or CXCR4 is given as the MFI after staining with specific mAbs 

minuss the MFI after staining with an isotype-matched control mAb. Binding of HGF or 

SDF- l aa is given as the MFI of cells that were incubated with one of the cytokines, washed, 

andd stained with a cytokine-specific Ab, minus the MFI of identically stained control cells. 

C.. HGF binding to CD44v3-10 is cross-blocked by FGF-2 but not by SDF- la . HGF 

bindingg to Namalwa CD44v3-lO transfectants was analyzed by FACS as described above. 

Priorr to the incubation with HGF, the cells were incubated with a range of concentrations of 

eitherr FGF-2 or SDF-la . 
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forr SDF- la : Fxpression oi this receptor strongly decreased as a result of CD4Ü 
ligationn (Fig. IB). 

ActivatedActivated B Cells Express HSPG forms of CD44. The above data show 
that,, upon their activation. B cells acquire cell-surface expressed HS-ehains that are 
capablee of selective growth factor binding. This may be the consequence of cither 
upregulationn of proteoglycan core protein(s) or upregulation or activation oi the 
enzymess involved in HS-synthesis. To address this issue and to identify the 
proteoglycann core proteins carrying the US-chains, we employed mAbs against a 
panell of defined proteoglycan core proteins, i.e.. the syndecans-1. -2, and -4. 
glvpican-1,, and CD44. As is shown in big. 3,-A. B cell activation enhanced 
expressionn ui CD44 splice \anant.s containing epitopes encoded by exon v3. which 
cann be 
decoratedd with HS (39. 44). By contrast, no basal expression, nor induction of the 
distinctt syndeeans or glvpican-1 was observed after B cell activation via CD40 
and/orr the BCR (Fig. 3.4, and data not shown). 

Too ensure that the CD44 isoforms expressed by activated tonsillar B cells 
aree indeed decorated with HS-chams, CD44 was immunoprccipitatcd from resting 
andd activated B cells and the immunoprecipitates were analysed on Western blot 
forr the presence oi CD44 and HS. Whereas both unstimulated and CD40F-
stimulatedd B cells expressed the 90 kDa "standard' isoform oi CD44 (CD44s) (Fig. 
3B).3B). activation via CD40, in addition, induced expression of a 200 kDa CD44 
isoformm (Fig. 3B). Upon re-staining the blot, only this 200 kDa CD44 isoform was 
foundd to be modified with HS. By its size, the CD44-HS isoform on activated B 
cellss resembles the HS-modified CD44v3-l() isoform expressed on Namalwa cells 
(Fig.. 3#). suggesting that they are the products of similar or identical transcripts. 

Sincee we demonstrated in Fig. 2 that the HSPGs which were induced upon 
BB cell activation specifically bound HGF but not SDF-la . we investigated the 
abilitvv of CD44-HS to bind HG1-' and SDF-la. For this purpose we employed 
Namalwaa B cells transfected with cither the CD44-HS isoform CD44v3-10. or the 
isoformm CD44s, which does not contain an 
HS-attachmentt site (44). Indeed, as shown in Fig. 4,4. did only the Namalwa cells 
transfectedd with GD44v3-10 express HS. Moreover, in contrast to HGF. SDF- la 
didd not bind to these cells in a HS-dependent manner (Fig. AB). Furthermore, in 
contrastt to the heparin-binding growth factor FGF-2. SDF- la did not compete with 
HGFF for binding to the cells, even at concentrations exceding those oi' FGF-2 by 
moree than a factor of ten (Fig. 4C). Taken together, these results indicate that 
ligationn of CD40 on tonsillar B cells induces the expression of CD44-HS., most 
likelyy the CD44v3-10 isoform. This CD44 isoform is capable of selectively 
recruitingg HGF to the B cell surface. 
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Figuree 5. CD44-HS promotes HGF/Met signaling in B cells in a HS-dependent fashion. A, 

CD44-HSS promotes HGF-induccd tyrosine phosphorylation of Met. Namalwa B cells. 

stablyy transfected with either CD44v3-lO (v3), which is HS-decorated, or CD44s (s), were 

treatedd with heparitinase. as indicated, and subsequently stimulated with HGF. Anti-Met 

immunoprecipitatess were immunoblotted with anti-phosphotyrosine (PY-20) (upper panel), 

orr with anti-Met (lower panel). B. CD44-HS promotes HGF-induccd tyrosine 

phosphorylationn of proteins downstream of Met. An immunoblot of total cell lysates 

preparedd from cells treated as described in A, was stained with anti-phosphotyrosine. The 

arroww indicates (a) highly phosphorylatcd protein(s) at 115-120 kDa. C, HGF-induced Gab-

11 phosphorylation is enhanced in the presence of CD44-HS. An immunoblot of 

immunodepletedd Namalwa CD44v3-10 cell lysates (left panels) or their corresponding 

immunoprecipitatess (right panels) is shown. Immunoprecipitation was performed with anti-

Gabll or with control mAbs (C) as indicated. The blots were stained with anti-

phosphotyrosinee (upper panels) or with anti-Gabl (lower panels). The arrowhead indicates 

aa band probably representing co-immunoprecipitated Met. while the thin and thick arrow 

indicatee an unidentified protein of about 1 15 kDa, and Gabl . respectively. D, CD44-HS 

promotess HGF-induced activation of Akt/PKB. Control or heparitinase-treated cells were 

incubatedd with HGF for 0. 2, or 10 min as indicated. Total cell lysates from the 

transfectantss described in A were immunoblotted with anti-phospho-Akt (upper panel), or 

anti-Aktt (lower panel). 
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CellCell Surface HSPGs Regulate Met Signaling in B Cells. The above data 
suggestt a role for HSPGs, specifically CD44-HS, in the regulation of HGF/Met 
signaling.. To address this hypothesis, we employed Met positive Numakva B cells 
transfectedd with either a CD44-HS isoform (CD44v3-10h or. as a control, with a 
CD444 isoform which can not be decorated with HS (CD44s) (39). Upon HGF 
stimulationn a strong phosphorylation of Met was induced in the cells expressing 
CD44-HS.. whereas phosphorylation in the cells expressing CD44s was weak (Fig. 
5,4).. HS-moieties decorating CD44 were responsible for the strongly enhanced Met 
phosphorylationn in the cells carrying CD44-HS. as heparitinase treatment reduced 
thee HGF' induced phosphorylation to the control level observed in the cells 
expressingg CD44s (which lack HS) iFig. 5,4). The strong potentiation of Met 
signalingg by HS on the B cell surface was not onlv present at the level of receptor 
phosphorylation:: As is show in Fig. 5#, upon HGF stimulation a broad band 
representingg (a) hyperphosphorylated protein(s) of about 110-120 kDa was 
detectedd in (he lysates of B cells expressing CD44 ITS. but not in those expressing 
CTD44s.. Like the Met phosphorylation, this hyperphosphorylation was HS-
dependentt (Fig. 5B). By performing immunodepletion experiments, we observed 
thatt the broad band was actually composed of (at least) two bands (Fig. 5C), The 
lowerr of these bands was identified as Grb2-associated binder 1 (Gabl) (Fig. 5C). 
ann adapter protein that can associate with the cytoplasmic docking site of Met (45). 
Indeed,, in anti-Gabl immunoprecipitates, we detected a phosphoryiated protein of 
aboutt 145 kDa which probably represents Met (Fig. 5C). In addition to Gabl 
phosphorylation,, a strongly enhanced activation of Akt, also referred to as protein 
kinasee B (PKB). was found upon HGF-stimulation in cells expressing CD44-HS as 
comparedd to cells expressing CD44s (Fig. 5D). Again, enhanced Akt activation 
wass HS-dependent. as it could be abrogated by heparitinase treatment of the cells 
expressingg CD44-HS but not CD44s (Fig. 5D). Taken together, these data 
demonstratee that CD44-HS is capable of regulating HGF/Met signaling in B cells 
inn a HS-dependent fashion 

DISCUSSION N 

Heparann sulfate proteoglycans arc involved in regulating the growth, migration, 
andd differentiation of epithelial cells and fibroblasts (1. 3. 7-9). During these 
processess HSPGs immobilize and oligomen/e cytokines and present them to their 
highh affinity receptors (5. 46-48). In this way. HSPGs create niches in the 
microenvironmentt and regulate cytokine responses. Since a large number ot 
cytokiness invoked in lymphoid tissue homeostasis or inflammation contain 
potentiall heparan sulfate-binding sites. HSPGs presumably also play important 
roless in the regulation of the immune response. However, the expression and 
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functionn of HSPGs on the cell surface of lymphocytes, as well as within the ECM 
off the lymphoid tissues, has thusfar remained largely unexplored. In the present 
study,, we investigated the regulation and function of HSPGs on human B cells. We 
demonstratee that expression of HSPGs on human B cells is dynamic and that 
HSPGss arc capable of selective cytokine binding and regulation of cytokine-
inducedd signaling. 

Wee observed that freshly isolated tonsillar B cells express low levels of 
HSPGss but that single or concurrent ligation of the BCR and CD40 induced a 
strongg expression of HSPGs on the B cell surface (Fig. 1). These observations for 
thee first time show that B cell triggering by physiological stimuli has a profound 
effectt on their HSPG expression and suggests that B cells use cell surface HSPGs 
ass a means to control their cytokine-binding capacity and responsiveness. To 
exploree this hypothesis, we analyzed the binding of the cytokines HGF and SDF-
l aa to HSPGs on activated B cells. These cytokines were selected since they bind 
heparin,, a heavily sulfated heparan sulfate proteoglycan, with similar affinities (41. 
49,, 50). Moreover, although HGF and SDF-la are structurally unrelated, they have 
bothh been implicated in the regulation of B cell adhesion and migration (30, 31 ,51 , 
52).. HGF is a 90 kDa cytokine, which induces complex responses in target cells, 
e.g.e.g. stimulation of motility, growth and morphogenesis, by binding to the receptor 
tyrosinee kinase Met (53-58). HGF is essential for vertebrate development, since 
knock-outt of the HGF or Met genes is lethal and causes abnormal development of 
thee liver and placenta and disrupt the migration of myogenic precursors to the limb 
budss (59-61). Other studies suggest important roles for HGF in tissue regeneration 
andd in tumor growth, invasion, and metastasis (53, 62-64). The CXC chemokine 
SDF-11 was originally identified as a pre-B cell growth stimulating factor (65) and, 
moree recently, has been implicated in a variety of processes, including 
hematopoiesis,, cerebellar and vascular development, and eardiogenesis, by 
activatingg its receptor CXCR4 (66-69). SDF-!cc is a potent chemoattractant for 
hematopoieticc progenitors, and induces migration of naive and memory, but not 
germinall center. B cells (43, 52, 69. 70). 

Wee observed that the ïnducibly expressed HSPGs on CD40-activatcd B 
cellss are capable of binding large quantities of HGF, but not SDF-la. Instead. B 
celll activation resulted in a strongly decreased binding of SDF-la to the B cells 
(Fig.. 2A). This could be explained by the observation that CXCR4. the SDF-la 
receptor,, was down-regulated in response to CD40 triggering, in analogy to BCR-
induccdd down-regulation oï' CXCR4 (71) (Fig. IB). The finding that HS-moietics 
onn B cells do not bind SDF-la was further corroborated by our observation that 
SDF-la ,, unlike the heparin-binding cytokine FGF-2. docs not compete with HGF 
forr HSPG-binding (Fig. 4C). Hence, upon their activation via the BCR and CD40. 
BB cells do not only gain expression of the HGF receptor Met (30) (Fig. 2B). but in 
additionn acquire the appropriate HSPGs. i.e, HSPGs with the capacity to bind large 
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quantitiess of HGF. Thus, unlike interactions with heparin, the interaction between 
cytokiness and the natural HSPGs that are induced during B cell activation appear to 
bee highly selective, suggesting that HSPG contribute an additional level of 
specificitvv to B cell-cytokine interactions and may co-regulate B cell 
differentiation.. Selectivity of HSPGs-protein interactions has also been observed in 
otherr biological systems, including blood coagulation and embryonic development 
(2-4.. 9). It is determined by the structural modifications of the HS-ehains. which 
takee place within the Golgi complex, as well as by the nature of the core protein (4. 
18). . 

HSPGss consist of HS-chains covalently attached to a core protein. Ligation 
oll CD40 icsulted in a strong induction of cell-sur lace expressed CD44 spnce 
variantss containing the domain encoded by exon \3 (Fig. 3,4), This domain 
containss a consensus motif for HS attachment (39. 44), and we indeed confirmed 
thatt CD44 isotorms on activated B cells are decorated with HS (Fig. 3#). The 
relativee molecular mass of the HSPG form of CD44 on activated B cells was 
indistinguishablee from that of a CD44v3-10 isoform expressed by Namalvva cells, 
suggestingg that they are products of similar or identical transcripts (Fig. 38). 
Althoughh we cannot exclude a contribution of other (unknown) core proteins, our 
findingss identify CD44 as an important cell surface HSPGs on activated B cells. As 
ol'' vet. data on the expression and function of HSPGs in lymphocytes arc scarce. 
Thee HSPG svndecan-1 can be expressed by human plasma cells, myeloma cells, 
andd Reed-Stcrnberg cells of classical HodgkirTs disease (72-74). and svndecan-4 
expressionn has been demonstrated in mouse B cell (75). Apart from a possible role 
inn growth factor presentation, analogous to that observed for CD44-HS in our 
presentt study, syndecan-1 and -4 may be important mediators of cell-cell adhesion 
sincee their transfection to B lvmphoblastoid cell lines results in cell spreading and 
aggregationn (76. 77). 

Incubationn of HGF with heparin or HS-derived oligosaccharides has been 
reportedd to promote phosphorylation of the HGF receptor Met (15). This prompted 
uss to explore the impact oï' CD44-HS expression on HGF-indueed signal 
transduction.. Interestingly, we observed that the autophosphorylation of Met, as 
welll as the phosphorylation of the kinase Akt/PKB. and of two proteins of 110-120 
kDaa is strongly promoted by expression of CD44-HS at the B cell surface (Fig. 5}. 
Immunodepletionn experiments indicated that the smaller of the two proteins 
representss Grb2-associated binder 1 (Gabl). an adapter protein which can associate 
withh Met (45) (Fig. 5C). The other hyperphosphorylated protein might represent 
pl2()-CbLL a protein tyrosine kinase that participates in signal transduction via 
receptorr tyrosine kinases, and that has implicated in the regulation of integnn 
activationn (78. 79). This is of particular interest, since stimulation of B cells with 
HGFF results in enhanced integnn dependent adhesion (see below). 
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Ourr observations suggest a scenario in which B cells, upon their activation 
byy antigen and T cells, become insensitive to the migation promoting activity of 
SDF-laa as a result of down-regulation of CXCR4. At the same time they acquire 
thee receptor tyrosine kinase Met (30) as well as HSPG, viz. CD44-HS. which allow 
themm to selectively recruit HGF to the B cell surface, resulting in efficient 
HGF/Mett signaling. We have previously shown that HGF is produced by follicular 
dendriticc cells (FDC) and enhances integrin-dependent adhesion of B cells to 
fibroneetinn and VCAM-1. Hence, activation of the HGF/Met pathway may 
strengthenn B cell adhesion, specifically to FDC, which is mediated by 
« 4 p l - V C A M - 11 (80). Interestingly, apart from establishing physical contact, 
outside-inn signaling via a4(3l presumably contributes to the B cell selection 
processs in the germinal center by inhibiting apoptosis of B cells (36, 40). Since 
bothh integrin engagement and Met stimulation may lead to activation of Akt/PKB, 
aa pathway reported to suppress apoptosis (81), it will be of interest to explore the 
collaborativee effects of integrin and Met signaling on B cell survival. 

Inn conclusion, our data demonstrate that the BCR and CD40 control the 
expressionn of HSPGs, specifically CD44-HS, on B cells. By selectively binding 
HGFF to the B cell surface, these HSPGs act as functional co-receptors for HGF 
promotingg signaling through Met, which suggests a role for these HSPGs in the 
regulationn of antigen-specific B cell differentiation. 
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I .. INTRODUCTIO N 

Hepatoeytee growth factor/Scatter factor (HGF). originally described as a strong 
mitogenn for hepatocytes (Michalopoulos et al.. 1984; Nakamuru et at. 1984; 
Russell et aL, 1984a, 1984b). is a multifunctional cytokine with a domain structure 
andd a proteolytic mechanism o\ activation similar to that of the blood serine 
proteasee plasminogen. 1'nlike plasminogen, however. HGF is devoid of protease 
activityy but has pleiotropic effects on target cells, including stimulation of growth, 
motility,, and morphogenesis. All known biological effects of HGF are transduced 
viaa a single receptor, i.e. Met. the product oï the Met proto-oncogene. The Met 
proteinn is a receptor tyrosine kinase and is the prototype of a distinct subfamily, 
alsoo encompassing Ron and Sea. L'pon ligand binding. Met interacts with several 
cytoplasmicc target proteins resulting in activation of a number of distinct signaling 
cascadess including the Ras/MAP kinase and PI3-K/PKB pathways. In addition to 
bindingg Met. HGF has a high affinity for heparin and heparan sulfate. Heparan 
sulfatee is present on the cell surface and in the FCM, in the form of heparan sulfate 
proteoglycanss (HSPGs). By binding HGF. HSPGs function as co-regulators o\ Met 
signaling. . 

Geneticc studies in mice have indicated that HGF is indispensable for 
mammaliann development, as mutations of the HGF or Met genes cause abnormal 
developmentt oi the liver and placenta, and disrupt the migration ni myogenic 
precursorss into the limb bud, Other studies have provided evidence for important 
roless of HGF in angiogenesis. and in the three dimensional organization of kidney 
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tubularr cells and various glandular structures, e.g. mammary glands. Apart from 
mediatingg these physiological functions, the HGF/Mct pathway is also believed to 
playy a key role in tumor growth, invasion, and metastasis. For example. Met was 
originallyy isolated as the product of a human oncogene Tpr-Met and Met and/or 
HGFF overexpression have been reported in several human tumors. The 
tumorigenieityy of HGF/Mct signaling has been confirmed in transgenic mouse 
models,, which develop tumors in many different tissues, In human hereditary 
papillaryy renal carcinomas, potentially activating Met mutations are found. 

Inn this review, we discuss the structure, signal transduction, and 
physiologicall functions of the HGF/Mct pathway, as well as its role in 
tumorigencsis.. Furthermore, we highlight recent studies which indicate a role for 
thee HGF/Mct pathway in antigen-specific B cell differentiation and B cell 
neoplasia. . 

II .. STRUCTURE AND FUNCTIO N OF HGF AND ME T 

A.. Structure of HGF and Met 

/.. Structure of HGF 

Hepatocytee growth factor/scatter factor (HGF) was independently identified by 
groupss working in two different fields of research. In 1984, a factor present in 
serumm of partially hepatectomized rats and in rat platelet lysates, was found to have 
aa strong mitogenic effect on hepatocytes (Michalopoulos et ai. 1984; Nakamura et 
at.,at., 1984; Russcl et al., 1984a, 1984b). Hence, this factor was designated 
hepatocytee growth factor (HGF). Almost simultaneously. Stoker and Ferryman 
(1985)) identified a molecule secreted by fibroblasts, which causes dissociation or 
"scattering"" of epithelial cell colonies, and was thus named scatter factor (SF). 
Subsequentt structural and functional studies showed HGF and SF to be identical 
(Gherardii and Stoker 1990; Wcidncr et at., 1990. 1991; Furlong et at., 1991; 
Konishii et al., 1991; Naldini et at., 1991c; Rubin et al.. 1991). 

Thee mature HGF protein has a relative molecular mass o( 90 kDa under 
non-reducingg conditions and is a hcterodimer composed of an a-subunk of 60 kDa 
andd a (3-subunit of 30 kDa linked together by a disulfide interchain bridge 
(Nakamuraa et at.. 1987. 1989; Wcidncr et aL 1990: Rubin et aL. 1991). Due to 
differentiall glycosylation. two (3-chains. of -34 kDa and -32 kDa. respectively, can 
generallyy be detected. HGF is secreted as a biologically inactive monomer which is 
activatedd through proteolytic cleavage (Naka et al., 1992). Several proteases have 
beenn shown to be able to activate HGF. These include urokinase-type (uPA) and 
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Figuree 1. Schematic representation of the HGF protein. HGF is a secreted glycoprotein 

composedd of a 60 kDa a-chain and a 30 kDa {3-chain linked by a disulfide bridge. The a-

chainn contains an NH2-terminal domain with a hairpin loop (HL). and 4 kringle domains 

(Kl-4) .. The (3-chain is homologous to the protease domain of plasminogen, but has no 

catalyticc activity due to the lack of several essential amino acids. 

tissue-typee (tPA) plasminogen activator, proteases known to function in blood 
clottingg and extracellular matrix (ECM) breakdown, blood-coagulating factor Xlla, 
andd two new serine proteases, i.e. HGF activator and HGF converting enzyme 
(Naldinii et al, 1992; Mars et al, 1993; Miyazawa et al, 1993; Mizuno et al, 
1994;; Shimomura et al, 1995). Recently, a negative regulator of HGF activation 
wass identified, underscoring the complexity of this activation process (Shimomura 
etal.,etal., 1997). 

Thee full length human HGF cDNA encodes a protein of 728 amino acids 
(Fig.. 1) (Nakamura et al., 1989). Its amino acid sequence predicts translation as a 
precursorr protein, which becomes activated by proteolytic cleavage at an Arg-Val 
cleavagee site. This cleavage results in the above mentioned a and (3-chains. 
Furthermore,, the cDNA sequence contains 4 putative N-linked glycosylation sites. 
Interestingly,, significant homology was found between HGF and plasminogen. 
Likee this serine protease, the a-chain of HGF has 4 kringle domains, structures that 
playy a role in protein-protein interaction. The p-chain shows high homology with 
thee catalytic domain of plasminogen, but, due to the lack of 2 crucial amino acids 
fromm the active site, HGF has no proteolytic activity. 
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Figuree 2. Phylogenctic tree of plasminogen-related proteins, including HGF and 
HGFL/MSP.. Evolution of the proteins was deduced from the structure of their serine 
proteasee domains. Apo (a), apolipoprotein (a); HGF-AP. HGF activator protein; 
HGFL/MSP,, HGF-likc protein/macrophage stimulating protein; tPA. tissue-type 
plasminogenn activator; uPA, urokinase-type plasminogen activator. Adapted from Donate 
etal.etal. (1994). 

Severall structurally different HGF transcripts were shown to exist. For 
instance,, in cultured human fibroblasts, Northern blotting revealed 3 HGF mRNAs 
off 6, 3 and 1.5 kb, respectively (Chan et al, 1991; Miyazawa et al, 1991b; Rubin 
etet al., 1991; Wcidner et al., 1991). Molecular cloning and Northern blotting 
indicatedd that the 6 and 3 kb messages emanated from differential polyadcnylation 
(Weidnerr et al, 1991). The 1.5 kb mRNA represents a splice variant encoding the 
N-terminall domain of HGF in combination with the first 2 kringle domains (Chan 
etet al, 1991; Miyazawa et al, 1991b). This variant, NK2, behaves as an HGF 
antagonistt (Chan et al, 1991). The subsequently described one kringle domain 
variant,, NK1, functions as a partial HGF agonist (Cioce et al, 1996; Jakubczak et 
al,al, 1998). In addition to these two variants, a putative splice variant containing a 
deletionn of 15 nucleotides in the first kringle domain has been described (Rubin et 
al,al, 1991; Weidner et al, 1991). This deletion results in a change of the biological 
activityy of HGF, presumably caused by a change in its tertiary structure (Shima et 
al,al, 1994). 

Genomicc studies have revealed that human HGF is encoded by a single 
genee localized on the long arm of chromosome 7, band 21.1 (Weidner et al, 1991; 
Sacconee et al, 1992). The gene spans about 70 kbp of DNA and contains 18 exons 
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Figur ee 3. Schematic representation of the receptor tyrosine kinase Met. The receptor is 

composedd of two disulfide-linked chains: a 50 kDa a-chain and a 145 kDa (3-chain. The |3-

chainn contains the tyrosine kinase domain (TK) and a 'docking site* (DS) which interacts 

withh signaling molecules. 

(Miyazawaa et ah, 1991a). The promoter region contains a number of regulatory 
sequences,, including a TATA-like element, an IL-6 responsive clement, and a 
potentiall binding site for nuclear factor-IL-6, a regulator of IL-6 expression. Also, 
wild-type,, but not mutant, p53 was shown to activate the HGF promoter (Metcalfe 
etal,etal, 1997). 

Hann and colleagues (1991) identified a gene which shared about 50% 
sequencee homology with HGF. The molecule was designated hepatocyte growth 
factor-likee protein (HGFL), but was subsequently shown to be identical to 
macrophagee stimulating protein (MSP) (Yoshimura et al, 1993), a molecule 
involvedd in macrophage chemotaxis and in phagocytosis (Skcel et al, 1991) . 
Structurall analysis suggests that HGF and MSP, together with plasminogen and 
apolipoproteinn (a) have evolved from a common ancestral gene (Fig. 2) (Donate et 
al,al, 1994). 
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2.2. Structure of Met, the high affinity receptor for HGF 

Met,, the receptor for HGF, was originally identified as the product of an oncogene 
(Cooperr et al., 1984). This oncogene, TPR-Met , results from a chromosomal 
translocation,, fusing the sequence encoding the intracellular domain of Met to that 
off Tpr (Park et al.. 1986), a protein with unknown function. Tpr-Mct functions as a 
constitutivclyy active homodimer with a strong transforming capacity (Cooper et al., 
1984;; Gonzatti-Haces et al., 1988). Molecular cloning of the 8 kb Met proto-
oncogenee indicated that this molecule is a cell-surface tyrosine kinase receptor for 
growthh factors (Dean et al., 1985; Park et al., 1987; Rodrigues et al., 1991), 
whereass functional studies revealed that HGF is the ligand of Met (Bottaro et al., 
1991;; Naldiniefw/., 1991b; Rubin et al., 1991). 

Thee Met protein is synthesized as a single-chain 170 kDa precursor. After 
synthesis,, the molecule is cleaved and rearranged into a 190 kDa heterodimer 
linkedd by a disulfide bridge (Fig. 3) (Giordano et al., 1989a. 1989b). Komada et al. 
(1993)) demonstrated that Met can be cleaved by turin. but that endoproteolytic 
processingg is not essential for HGF-induced signal transduction. The Met 
heterodimerr is composed of a 50 kDa o-subunit, and an 145 kDa |3-subunit 
(Giordanoo et al., 1989a). The cytoplasmic tail of the {3-ehain contains the tyrosine 
kinasee domain and a 'docking site', which interacts with multiple signaling 
moleculess (Ponzctto et al., 1994). Both functional domains will be discussed in 
moree detail in Section II.C. 

Thee identification of Tpr-Met resulted in the assignment of the human Met 
genee to chromosome 7, band q31 (Cooper et al., 1984; Dean et al., 1985; Lin et al., 
1996).. The gene spans more than 1 10 kbp and contains 21 exons (Dun et al., 1997; 
Linn et al., 1998; Liu. 1998) The sequence of the Met promoter region revealed a 
numberr of binding sites for regulatory elements, including API. AP2. N F - K B , and, 
likee the HGF gene, IL-6RE (Liu, 1998). Recently, wild-type, but not mutant p53. 
wass shown to enhance the activity of the Met promoter (Seol et al., 1999). as had 
beenn shown before for the HGF gene. 

Twoo receptor tyrosine kinases related to Met. i.e. Sea (Huff et al., 1993) 
andd Ron (Ronsin et al., 1993). have been identified. MSP was shown to be the 
ligandd for Ron (Gaudino et al., 1994; Wang et al., 1994). whereas Sea remains, as 
yet,, an orphan receptor. In addition. Met shows homology with the putative 
receptorr tyrosine kinase stem cell-derived tyrosine kinase (STK) and with the SEX 
familyy of transmembrane proteins (Iwama et al., 1994; Maestrini et al., 1996). 
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3.. Low affinity receptors for HGF 

Apartt from binding to Met. HGF also binds to heparan sulfate proteoglycans 
(HSPGs).. These interactions, which appear to play an important role in the 
regulationn of HGF activity, will be discussed in Section IFD. 

B.. Expression and functions of HGF and Met 

/.. Introduction 

Thee receptor tyrosine kinase Met is prominently expressed on a wide variety o( 
epitheliall cells, whereas its ligand. HGF. is expressed by stromal cells. This 
reciprocall expression pattern points to their important role in epithelial-
mescnchytnall interactions underlying branching morphogenesis and tubulogenesis 
duringg development of organs such as lungs, kidney and mammary glands. Over 
thee past few years, it has become clear, however, that HGF and Met are also 
involvedd in a plethora of other biological processes. In the next paragraphs we will 
givee an overview oï the well established expression pattern and functions of HGF 
andd MET. as well as of those attributed more recently. It places HGF and Met in 
thee center of developmental processes, leading to a proper organization not only of 
epitheliall tissues, but also of muscle, endothelium, and the nervous and 
haematopoieticc systems. 

2.2. Expression pattern during amphibian, avian and mammalian development 

Duringg embryogenesis of the tadpole Xenapas la'vis. Met is present as early as in 
thee gastrula stage and remains expressed at high levels throughout neurulation 
{Aokii el a!.. 1996). Sites of expression include the foregut region, tail bud 
mesenchyme,, and. in neurulaiing embryos, neural tissues. HGF expression 
becomess apparent later, from the neurula stage onwards. The spatiotemporal 
expressionn pattern of both HGF and Met point to multifarious roles in amphibian 
organogenesis.. This has been shown more specifically by use of dominant-negative 
Mett constructs, introduced into fertilized Xenopus eggs. Embryos thus treated fail 
too develop a normal liver, whereas organogenesis of the gut and early kidney are 
greatlyy impaired (Aoki et ai. 1997). Hence, in Xenopus embryos, a functional 
HGF-Mctt system is involved in early organogenesis, especially of organs derived 
fromm the primitive gut. 

Interferencee with the HGF-Mct system during early chick embryo 
developmentt leads to abnormal axis formation, underscoring its determining role 
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duringg avian development, especially in neural induction and limb bud elevation 
(Sternn et a!., 1990). ÏIGF, but not MET, is expressed in the mesoderm of the limb 
budd and in the central core region of mandibular arch and maxillary processes at 
stagess 17 to 24 of development (Myokai et al., 1995; Thcry et ai, 1995). During 
limbb bud extension, HGF is expressed in the mesenschyme and becomes later 
confinedd to the ventral and subapical mesenchyme of the limb bud. suggesting that 
HGFF production in the limb bud is involved in the induction and maintenance of 
apicall ectoderm during limb bud development f Myokai et al, 1995). 

Duringg embryonic development of rodents, HGF is prominently expressed 
inn a multitude of tissues, mainly at sites where epithclial/mesenchymal interactions 
determinee organogenesis (Iyer et al., 1990). In gastrulating mouse embryos, the 
expressionn of HGF and Met overlaps. Initially, the two genes are expressed in the 
endodermm and in the mesoderm along the rostro-intermediate part of the primitive 
streakk and, later, in the node and in the notochord. Neither HGF nor Met is 
expressedd in the ectodermal layer throughout gastrulation (Sonnenberg et al., 1993; 
Andcrmarcherr et al., 1996). During early organogenesis, overlapping expression of 
HGFHGF and Met is found in the heart, condensing somites, and neural crest cells. 
However,, a second and distinct pattern of expression, characterized by the presence 
off the ligand in mesenchymal tissues and the receptor in the surrounding ectoderm, 
iss seen in the bronchial arches and in the limb buds. At E13. only this second 
patternn of expression is observed in differentiated somites and several major 
organs,, such as the lungs, the liver, and the gut (Andcrmarcher et al., 1996). The 
expressionn of the HGF and Met genes throughout embryogencsis suggests a shift 
fromm an autocrine to a paracrine signaling system. Halfway gestation. HGF is 
presentt in renal collecting tubes of the kidney, in the liver, in esophageal and skin 
squamouss epithelium and in bronchial epithelium (Defranees et al., 1992; Lee et 
al.,al., 1993). HGF is also detected in brain, somites, haematopoietic cells, and 
chondrocytess (Defranees et al., 1992). 

Similarr patterns of Met and HGF expression arc found along human 
embryonicc development. From the 511 week of gestation onwards, placental tissue 
highlyy expresses HGF and Met. HGF is secreted by amniotic epithelium, the 
placentall villi and the villous core mesenchyme, whereas Met is present on the 
trophoblastt and vascular endothelium (Kauma et al., 1997; Somerset et al., 1998; 
Wolff et al., 1991). A human pathological condition, known as intra-utcrine growth 
restriction,, is associated with an underdeveloped placenta and could be linked to a 
decreasedd secretion of HGF by the villous stromal cells (Somerset et al., 1998). 
Thee absolute dependence of placenta maturation on HGF has been unequivocally 
shownn in HGF null mutant mouse embryos, whose placenta fail to develop 
properlyy and which die in utero (Schmidt et al., 1995; Uehara et al., 1995}. From 
weekk 6-13 of gestation, when major organogenesis takes place. HGF and Met are 
eo-expressedd in liver, metanephnc kidney, intestine, lung, gall bladder and spleen 
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(Kolatsi-Joannouu et al., 1997; Wang et al., 1994b). In the digestive traet of 7-8 
weekk old embryos, Met is localized in epithelia of the liver, pancreas, esophagus, 
stomach,, the small and large intestine, and in smooth muscle layers, whereas HGF 
becomess concentrated in mesenchymal tissue and smooth muscle (Kermorgant et 
al.,al., 1997). Interestingly, HGF expression has also been shown in epithelial tissues 
inn the interval from week 9-17 of gestation, particularly in the crypt region of the 
smalll intestine, keratinizing epithelium of the tongue, skin and esophagus (Wang et 
aa I., 1994b). 

Inn conclusion. HGF and Met are highly conserved molecules in a wide 
rangee of species, not only structurally (see Section II.A), but also with respect to 
theirr particular role during embryogenesis. In the next paragraphs some specific 

Figuree 4. Scattering of MDCK cells induced by HGF. A, HGF treatment leads to 

dissociationn of the islands and to migration of the cells. 5 , MDCK cells grown in the 

absencee of HGF form islands. 
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functionss of HGF and Mel will be discussed. We will focus on branching 
morphogenesis,, muscle development, angiogenesis and neuronal development. 

3.3. Mesenchymal-epithelial interaction and branching morphogenesis 

HGFF induces scattering of epithelial cells in vitro (Stoker et at., 1987; L'ehara and 
Kitamura,, 1992) through activation of Met (Weidner et ai, 1993) (Fig. 4). This 
effectt can be mimicked by a constitutively active mutant of Met (Jeffers et at.. 
1998a),, suggesting that activation of Met is sufficient in this process. Once 
activated.. Met can in turn activate PI3K and the Ras-MAPK pathway (Boccaccio et 
ai,ai, 1998: Potempa and Ridley, 1998). Furthermore, enzymes involved in FCM 
proteolysiss {e.g. uPA) arc activated (Pepper et at., 1992). Partial FCM proteolysis 
mayy increase cell motility by diminishing adhesion properties of epithelial cells 
towardss matrix components. Although scattering in vitro can hardly be considered 
ass its physiological function, the phenomenon per se reflects the first phase of 
epitheliall morphogenesis (by activation of MFT) through mesenchymal induction 
(secretionn of HGF), underlying the complex, but coordinated formation of 
branchedd organs, such as the lungs, the kidney and mammary gland (Sonncnbcrg et 
«/.,, 1993). 

Tubularr differentiation can be induced under "ECM conditions'", i.e. when 
epitheliall cells are cultured in a 3-dimensional ECM-like environment. Thus, 
kidneyy epithelial cells, treated with HGF, form tubules resembling those emanating 
duringg kidney organogenesis in early embryonic development (Boccaccio et ai., 
1998;; Cantlcy et ai, F994; Liu et at., 1998a; Sachs et «/., 1996). Ezrin, a member 
off the HRM family of membrane to cytoskeleton linkers (reviewed in Tsukita and 
Yonemura,, 1997), and a substrate of MFT, is involved in the cytoskeletal 
reorganizationn associated with tubulogenesis (Crepaldi et ai., 1997). Embryonic 
mesenchymall kidney cells undergo a mesenchymal to epithelial transition, which is 
acceleratedd by HGF (Karp et ai., 1994). This conversion mimics developmental 
processess in the mctancphros in vivo, where mesenchymal specialization is induced 
byy the ingrowth of a branching ureteric bud and is in accordance with expression 
patternss of Met and HGF during development (Santos et at.. 1994; Woolf et a!.. 
1995). . 

Surprisingly,, kidney epithelial cells derived from Met null mutant mouse 
embryos,, and hence unresponsive to HGF', were able to form tubular structures in 
vitrovitro and to express epithelial-specific markers after treatment with epidermal 
growthh factor (HGF) (Kjclsberg et at.. 1997). An intact HGF-Mct pathway may 
thuss not be necessary for kidney development, although it can play an auxiliary 
role.. This opens the possibility that HGF may be involved in kidney epithelial 
regeneration,, rather than embryonic kidney development. Indeed, following renal 
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injury.. HGF expression is ele\ated t Horie et al.. 1994; Igawa et al.. 1993; Liu et 
al..al.. 1999). Moreover, transgenic mice, overexpressing HGF in the kidney die of 
renall failure, associated with the stimulation of the HGF-Met autocrine pathway 
(Takayamaa et al., 1997a). In these mice, kidney pathology is not apparent at birth, 
butt rather develops progressively. 

Inn epithelial cells derived from another branched, lumen forming organ, the 
mammaryy gland, HGF treatment leads to the formation of branches and structures 
resemblingg mammary gland ducts when cultured in a 3-dimensional matrix 
(Bcrdiehe^skyy et al.. 1994; Brinkmann et al.. 1995; Niemann et al. 1998; Soriano 
etet al.. 1995: Yang et al., 1995). In accordance with its role in mesenchymal -
epitheliall interaction in the mammary gland. Met expression is confined to the 
epitheliall cells lining the mamman duets, whereas HGF is produced by mammary 
glandd fibroblasts (Niranjan et al., 1995; Tsarfaty et al... 1992: Wang et al., 1994a; 
Yangg et al.. 1995). During pregnancy. HGF and Met transcripts are progressive^ 
reducedd to background levels during lactation, and increase during the phase o\ 
involutionn to pre-pregnancy levels. The reduction in HGF and Met expression 
correspondss to periods in which functions other than tubulogenesis predominate in 
thee mammary gland: alveolar budding and milk protein synthesis (Pepper et al.. 
1995).. Indeed, treating mammary gland cultures with the milk production inducing 
hormonee prolactins sharply reduces Met transcript levels (Pepper et al., 1995). 

Inn the developing lung. HGF is expressed in the mesenchyme and Met in 
thee pulmonary epithelium lOhmiehi et al.. 1998). Alveolar type II cells, when 
culturedd in the presence of HGF. are induced to proliferate (Mason et al., 1994: 
Shiratonn et a!., 1995). whereas tracheal epithelial cells are driven to differentiate 
intoo a polarized cell type (Shen et al, 1997). HGF also proved to be a mitogen for 
bronchiall epithelial cells (Singh-Kaw et al.. 1995) and furthermore to facilitate the 
organotypicc rearrangement of cultured F15 mouse lung epithelial cells (Sato and 
Takahashi.. 1997) and branching morphogenesis in organ cultures (Ohmichi et al., 
1998).. Apart from the function in pulmonary development. HGF can act as growth 
factorr in vivo for alveolar type II cells after lung injury and can thus add to the 
restorationn of epithelial integrity (Panos et al., 1996; Yanagita et al.. 1993). Its 
tissuee distribution in the developing lung, together with its proliferation and 
differentiation-stimulatingg effects, renders HGF a paracrine growth factor in lung 
developmentt and regeneration. 

Pancreaticc epithelial cells, as well as pancreas carcinoma cells, are induced 
too proliferate and differentiate by HGF. forming tubular structures composed of a 
lumen,, lined by polarized epithelial cells (Brinkmann et al., 1995). These cells 
havee characteristics of pancreas ductal epithelia. including apical microvilli (Jeffcrs 
etet al, 1996a) and the appearance of characteristic markers of normal ductal cells 
(Vilaa et al., 1995). HGF further influences pancreatic islet formation and [3-ceIl 
differentiation,, leading to the secretion of insulin (Otonkoski et al.. 1994. 1996). 
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HGFF has initially been described as a mitogenie factor tor cultured 
hepatocytess (Michalopoulos et ai, 1984; Nakamura el ai, 1984) (sec also Section 
II.A)) and it has been implicated in embryonic hepatic development. In the liver, 
HGFHGF is expressed in Ito cells, whereas Met transcripts are strongly expressed by 
hepatocytess (Hu et ai, 1993). After chemical or mechanical liver injury HGF 
levelss sharply increase, leading to a strong hepatocytc proliferation (Horimoto et 
ai,ai, 1995; Hu et al., 1993). Livers from transgenie mice with liver-specific 
overexprcssionn of HGF arc twice the size of livers of control animals and they 
regeneratee much faster after partial hepatectomy (Sakata et ai, 1996; Shiota et ai, 
1994).. Apart from their placental phenotype described above. HGF null mutant 
mousee embryos fail to develop a fully functional liver (Schmidt et ai, 1995), 
demonstratingg that the presence of HGF is an absolute requirement during liver 
organogenesis.. In rats with an experimental liver cirrhosis the administration of 
HGFF through autologous gene transfer was shown to have a beneficial effect on 
overalll survival (Ueki et ai, 1999). Thus, HGF acts as a paracrine factor for 
hepatoeytee proliferation and differentiation, both during embryonic liver 
development,, as well as during post-trauma regeneration. 

HGFF and Met are furthermore involved in the proliferation and migration 
off a wide variety of epithelial cells, and in the morphogenesis of epithelial tissue. 
Inn colon epithelial cells, a complete epithelial developmental program is enrolled 
uponn treatment with HGF, including apical/basal polarization and the formation of 
crypt-likcc structures (Brinkmann et ai, 1995). Prostate stromal cells produce HGF 
inin vivo (Kasai et ai, 1996) and prostate epithelial cells, grown in the presence of 
HGFF proliferate and develop tubular structures reminiscent of those found in the 
prostatee (Brinkmann et ai, 1995). Other implications of HGF-Met include the 
developmentt of bone (especially of cartilage) (Blanquaert et ai. 1999; Grumbles et 
ai,ai, 1996; Takcbayashi et ai, 1995), teeth (Tabata et ai, 1996), the (male and 
female)) reproductive tract (Depuydt et ai, 1996; Naz et ai, 1994; Parrott and 
Skinner,, 1998), thyroid (Schultc et ai, 1998; Trovato et ai, 1998). and the 
regulationn of hair growth (Jindo et ai, 1994. 1998; Shimaoka et ai, 1995). 

Duringg epithelial wound healing, many cellular programs that play a role 
duringg embryonic development are re-activated. The HGF-Met axis has been 
implicatedd in epithelial wound healing of various epithelia, including gastric, 
intestinall and corneal epithelia (Nusrat et ai, 1994; Takahashi et ai, 1995a, b; 
Wilsonn etai, 1999). 

Inn conclusion. HGF and Met are involved in tissue-specific programs of 
differentiationn in a wide variety of lumen-forming organs, leading to the formation 
off contiguous, polarized epithelial cell layers and. depending on the type of tissue, 
tubulogcnesiss and branching. 
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4.4. Development of the nervous system 

Ass described above. HGF and Met are already expressed in the developing central 
andd peripheral nervous system (CNS and PNS). but they remain present during 
adulthood,, embryonic prospective chick neural plate explains, when treated with 
HGF.. differentiate into cells with a neuronal morphology, and start to express 
neuronall markers (Streit el ai, 1995). whereas in transgenic mice that eetopieally 
expresss HGF, cells of the neural crest lineage become inappropriately targeted 
(Takavamaa el ai. 1996). Thus. HGF" is involved in neural induction, as well as in 
laterr stages oi' neuronal development, when neural cells adopt a migratory 
phenotype.. In the mammalian CNS. Mei is abundantly expressed in the neurons ot 
thee hippocampus, cerebral cortex, septum, amygdala, pons, olfactory bulb, medulla 
andd spinal cord (Aehim el a!.. 1997: Honda et ai. 1995: Jung et ai, 1994; Thewke 
andd Seeds. 1999: Wong et ai, 1997}. During embryogenesis. HGF expression 
seemss to be confined to prospective target cells for the outgrowing neurites. HGF is 
thereforee considered as a chemoattraetant. e.g. for spinal motoneurons 
Furthermore.. HGF has been identified as a survival factor for these neurons, and is 
secretedd by their target tissue, muscle, during later stages of development (Ebens et 
ai.ai. 1996: Yurnainoto et ai. 1997), HGF has been shown to act synergisticaily with 
anotherr neurotrophic factor, ciliary neurotrophic factor (CNTF). in motoneuron 
survivall (Wong et ai. 1997). During adulthood. HGF remains expressed in the 
CNS.. where it is found, apart from its localization in neurons, in a/o central glial, 
ependymall cells, and cells lining the choroid plexus (Honda el ai, 1995; Jung et 
ai.ai. 1994). In cultured sympathetic neurons, which express both HGF and Met 
throughoutt development. HGF acts as an autocrine axonal outgrowth-stimulating 
factor,, and not as a survival factor (Maina et ai, 199S: Yang et ai, 1998). 
However,, in the precursor cells of the sympathetic neurons, the sympathetic 
neuroblasts,, HGF does have a stimulating effect on cellular survival, pointing to a 
shiftshift in the dependence upon HGF from a survival factor to an outgrowth 
stimulatingg factor (Mama et a!., 1998). Transgenic mice expressing dominant 
negativee Met fail to develop a complete set of sensory innervating connections 
(Mainaa et ai, 1997). In cultured dorsal root ganglia of these mice, which contain 
predominantlyy sensory neurons. HGF acts synergisticaily with nerve growth factor 
(NGF)) in axonal outgrowth (Maina et ai, 1997). Neurotrophic effects of HGF have 
alsoo been reported in mesencephalic dopaminergic neurons from neocortical 
explainss in vitro (Hamanoue et ai, 1996). In these explains. HGF is mainly 
expressedd in microglia, suggesting a role in CNS development. 

Thus,, depending on the -spatiotcmporal distribution pattern and the type of 
neuronss involved. HGF may act as a neural inducer, a neuronal survival factor, or 
ann axonal guidance factor. 
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5.5. Angiogenesis 

HGFF is a potent in vitro motility-stimulating factor for endothelial cells under 2-
dimensionall culture conditions (Rosen et al, 1990), whereas in 3-dimensional 
collagenn matrices, endothelial cells can be induced by HGF to adapt an elongated 
phenotype,, or to even form tubular, vessel-like structures {Bussolino et al., 1992; 
Grantt et al., 1993). Abundant and genuine angiogenesis in vivo is observed when 
rabbitt cornea is treated with HGF {Bussolino et al., 1992). Accordingly, after 
implantationn into mice, tumor cells that express both Met and HGF. expand much 
fasterr than cells that do not secrete HGF and they constitute larger tumors. This 
coincidess with increased and abundant microvaseularization of the HGF-secrcting 
tumorss (Lamszus et al., 1997; Laterra et al., 1997). Blood vessel endothelial cells 
expresss Met on their plasma membrane (Bussolino et al., 1992), but it is not clear 
whetherr HGF-induced angiogenesis is a direct consequence of increased 
endotheliall cell motility and proliferation. HGF can also enlarge the expression of 
vascularr endothelial growth factor fVFGF) in gastric epithelial cells and could thus 
bee responsible for neovascularization in gastric tumors (Takahashi et al, 1997). On 
thee other hand, VEGF induction has been described in endothelial smooth muscle 
cellss after HGF treatment, where it may act synergistieally with HGF in 
angiogenesiss (Van Belle et al., 1998). Finally. HGF has been described to induce 
platelet-activatingg factor in macrophages that are in the vicinity of the site of 
neovascularizationn (Camussi et al., 1997). HGF thus increases proliferation and 
migrationn of endothelial cells and may engender angiogenesis directly, or indirectly 
viaa VEGF and platelet-activating factor. 

6.6. Muscle development 

Duringg embryonic muscle development, HGF secreted by limb bud mesenchymal 
cellss induces migration of Met expressing myogenic precursor cells from the 
somitess (Bladt et al., 1995; Yang et al, 1996). Met signaling is essential for the 
detachmentt of the myogenic precursor cells and the subsequent migration into the 
limbb bud and diaphragm (Brand-Saberi et al., 1996). In Met null mutant mouse 
embryos,, myogenic precursor cells remain in the dermomyotome and 
consequently,, the limb bud and diaphragm arc not colonized, leading to the 
absencee of skeletal muscles in the limb and diaphragm (Biadt et al, 1995; Dietrich 
etet al, 1999). In contrast, development of the axial skeletal muscles proceeds in the 
absencee of Met signaling. Ectopic HGF' expression leads to aberrant muscle 
developmentt as shown in chick embryos, where additional limb buds had been 
inducedd by the ectopic application of fibroblast growth factor (FGF). Here, 
myogenicc precursor cells colonize this newly formed limb bud. through ehemo-
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attractionn towards HGF i Heymann et ai, 1996). whereas in transgenic mice that 
inappropriatelyy express HGF. ectopic muscle formation occurs (Takayama et ai. 
1996). . 

MetMet and HGF mRNA arc present in immature neonatal rat skeletal muscle, 
butt in adult skeletal muscle their levels are below detection limits. After muscle 
damage,, both HGF and Met expression is upregulated in the regenerating muscle 
(Jennischee et ai. 1993; Anastasi et ai, 1997: Tatsumi et ai, 1998). In a cultured 
undifferentiatedd myoblast cell line both genes are also co-expressed, pointing to the 
existencee of an autocrine pathway in the regulation of cell proliferation (Anastasi et 
ai,ai, 1997). It appears that HGF expression is developmental!} regulated in skeletal 
musclee and transiently re-expressed during muscle regeneration. The laltei process 
mayy involve the concerted activation of quiescent satellite cells to proliferate 
(Allenn et ai, 1995). while at the same time their differentiation is inhibited (Gal-
Lcwerai.Lcwerai. 1998). 

HGFF and Met arc also expressed in progenitor cells o\ the cardiomyocytcs 
andd may plav a role in cardiomyogenic differentiation and heart organogenesis 
(Rappolccet(Rappolccet ai, 1996; Song et ai. 1999). 

HGFF is hence an inducer oï myogenic migration during embryonic 
developmentt and of satellite cell proliferation during muscle regeneration. 
Contrarilvv to the mutually exclusive expression pattern generally found in 
mcsenchvmal/epitheliall tissues, myoblast proliferation may be regulated by HGF-
Mett in an autocrine fashion. 

/.. Haematofxriesis 

Thee HGF/Mct pathway has also been implicated in haematopoiesis. Both HGF and 
Mell are expressed in the yolksac of the chicken embryo (Théry et ai, 1995). and in 
thee human and rodent fetal liver, primordial sites oi' haematopoiesis (Selden et ai. 
1990:: Hu et ai, 1993). Within the adult haematopoietic mieroenvironment. the 
bonee marrow. Met is expressed by a subset of haematopoietic precursor cells 
(HPC).. whereas HGF is expressed by stromal cells, suggesting that HGF functions 
ass a paracrine growth factor (Kmiecik et ai, 1992: Galimi et ai, 1994: Takai et ai, 
1997;; Weimar et ai, 1998). Indeed, it was shown that HGF promotes 
differentiationn and proliferation of HPC induced by other haematopoietic growth 
factors.. In the presence of IL-3. HGF stimulates the formation from CD34* 
progenitorss of burst forming units erythroid, as well as colony forming units 
granulocytee erythroid macrophage, but not of colony forming units granulocyte 
monocytee (Galimi et ai, 1994: Takai et ai, 1997). In the presence of stem cell 
factor,, an even stronger synergistic effect is obtained (Galimi et ai, 1994; Weimar 
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Figur ee 5. A schematic representation of the most relevant signaling pathways activated by 

HGF.. For reasons of clarity both relevant autophosphorylation sites of Met, i.e. Y1349 and 

Y1356,, are depicted twice. Furthermore, the Met-associating proteins, except for Grb2. are 

ablee to interact with either autophosphorylation site. Crossed shapes represent adaptor or 

dockingg proteins without catalytic activity, squares represent kinases, circles represent 

GTPases.. octagons represent guanine nucleotide dissociation stimulators, and pentagons 

representt transcription factors. The solid arrows indicate a direct activation, whereas the 

dottedd arrows indicate activation via known or unknown intermediate proteins or 

phospholipidd metabolites, and the blunted arrows indicate a direct inhibition. Although only 

Mett is depicted, most signaling pathways also apply to the oncoprotein Tpr-Met. See text 

forr further details. 
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etet ai, 1998). Apart from effects on growth and differentiation. HGF stimulation of 
CD344 cells leads to integrin activation and adhesion to fibronectin. This adhesive 
interactionn prolonged survival of haematopoietic cells in culture (Weimar et ai. 
1998).. Taken together, these data indicate that the HGF/Mct pathway is involved in 
thee regulation of the proliferation, differentiation and survival of haematopoietic 
progenitors s 

C.. Signal transduction hy Met 

/.. introduction 

Likee in most other receptor tyrosine kinases, the activation of the kinase domain of 
Mell is believed to depend upon receptor dimerization or oligomerization, resulting 
inn intermolecular iransphosphorylation. This process of di- or oligomerization may 
bee facilitated by the action of HSPGs. as discussed in Section II.D. Upon 
stimulationn by HGF. the C-tcrminus of the [3-chain of Met is strongly tyrosine 
phosphorviatedd (Bottaro el ai. 1991; Naldini et a!., 1991a.b). The 
autophosphorylationn of the tyrosine residues Y1349 and Yl 356 of Met. as well as 
thee equivalent residues Y4K2 and Y489 of the oncoprotein Tpr-Mct, are critical for 
mostt biological responses (Pon/etto et ai. 1994, 1996: Zhu et al., 1994: Fixman et 
ai,ai, 1995). These tyrosine residues serve as a multisubstratc docking site for several 
proteins,, including GabL Grb2. phosphatidylinositol 34\inase (PI3-K). 
phospholipasee C (PLCy), Src. She. SHP-2 and STAT3 (Fig. 5). Except for Gabl. 
whichh has a unique Met-binding domain (Weidner et ai, 1996: see. however, 
discussionn below), these proteins interact with Met via their SH2 domains: Grb2 
specificallyy to Y1356. the other proteins to both Y1349 and Y1356 (Ponzetto et ai, 
1993.. 1994. 1996; Pelicci et ai, 1995: Nguyen et <ii.  1997). Here we will discuss 
thee nature and function of the different Met-assoeiating signaling molecules. 
Furthermore,, the signaling pathways activating Met. and their biological function, 
willl be discussed. 

2.. The role ofGrbl and signal transduction via Ras 

Onee of the signaling molecules that associates directly with Met upon HGF 
stimulationn is Grb2 (Ponzetto et ai, 1994). Grb2 is an adapter protein consisting of 
onee SH2 and two SH3 domains. SH2 domains are involved in binding to 
phosphorviatedd tyrosine residues, whereas SH3 domains bind to proline-rich 
regions.. By means of its SH3 domain. Grb2 is eonstitutively associated with Sos, 
ann exchange factor for Ras. The Grb2-Sos complex is recruited by receptor tyrosine 
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kinases,, via their autophosphorylated tyrosine residues, to the plasma membrane 
wheree Ras is localized. As a consequence, Ras becomes activated (Fig. 5). After 
HGF-inducedd autophosphorylation. Met also associates with the She adapter 
proteinn (Pelicci et ai, 1995J. Interestingly, upon phosphorylation. She is also able 
too associate with Grb2 (Pelicci et ai, 1995). Thus, HGF stimulation can trigger the 
Ras-pathwayy by both direct and She-mediated association of the Grb2-Sos complex 
too Met (Fig. 5). 

Activationn of Ras has been implicated in a wide variety of cellular 
responsess including eytoskclctal reorganization, adhesion. proliferation, 
differentiationn and apoptosis. The first identified and best characterized effector 
moleculee for Ras is the serine/threonine kinase Rafl, which phosphorylates and 
activatess MEK, resulting in the phosphorylation and activation of MAP kinase 
(Campbelll et ai, 1998: Vojtek and Der. 1998) (Fig. 5). Among the substrates for 
MAPP kinase are the transcription factors Elk-1 and Ets-2 involved in ternary 
complexx formation al serum response elements. Upon activation, these 
transcriptionn factors regulate expression of immediate early genes, such as c-fos. 
eventuallyy leading to cell proliferation (Wasylyk et ai, 1998). Besides Raf, several 
additionall effector molecules for Ras have been identified. These include PI3-K 
(Rodriguez-Vicianaa et al., 1994), which will be discussed below, and RalGDS 
(Spaargarenn and Bischoff, 1994). an exchange factor for Ral (Albright et ai. 1993; 
Feigg et al, 1996) (Fig. 5). Ral has been implicated in Ras-depcndent proliferation, 
genee expression, phospholipase D activation and transformation (Wolthuis et ai. 
1999),, however, no studies have been conducted yet to investigate its involvement 
inn Met signal transduction and functional responses. 

Inn initial studies using mutants of Met, it was shown that YI356, the Grb2 
bindingg site, is required for scattering and branching tubulogenesis of MDCK cells, 
whereass the equivalent residue Y489 of Tpr-Met is required for cell proliferation 
andd transformation (Zhu et ai, 1994; Fixman et ai, 1995), However, these 
mutationss also reduced binding of other Met associating proteins (Ponzetto et ai, 
1993,, 1994; Pelicci et ai, 1995). Using a more sophisticated mutant that selectively 
failss to bind Grb2 only, it was shown that Grb2 association by Met is required for 
HGF-inducedd branching tubulogenesis of MDCK cells, but not for scattering 
(Fournierr et ai, 1996; Ponzetto et ai, 1996; Royal et ai, 1997). Similarly, whereas 
Grb22 binding by Tpr-Met is not required for motility, it is required for induction of 
transformationn and invasion, in vitro, as well as metastasis and tumorigenicity, in 
vivovivo (Fixman et ai, 1996; Ponzetto et ai, 1996; Giordano et ai, 1997; Joffers et ai, 
1998b;; Bardelli et ai, 1999). Intriguingly. however, Grb2 binding to Met is 
dispensablee for transformation, metastasis and tumorigenicity, when Met is 
activatedd by either a point mutation or by autocrine HGF stimulation (Jeffers et ai, 
1998b). . 
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Interestingly,, it has been shown that expression of N17-Ras. a dominant 
negativee mutant of Ras. abolishes HGF-indueed cell scattering (Harimann et al., 
1994:: Ridley et al., 1995). Since scattering docs not require a Grb2 binding site, 
thiss suggests that HGF/Mct activates Ras by a Grb2-indcpendent mechanism. 
Indeed,, a recent study by Tulasnc et al. ( 1999). shows that a mutant oi' Met. which 
lackss four major autophosphorylation tyrosine residues (including Y1349 and 1356 
whichh constitute the multisubstrate docking site), despite its loss of Grb2 binding 
ability.,, is still able to induce Ras activation. Moreover, the scattering response, 
whichh was clcarlv not affected by these mutations, was abolished upon treatment 
withh the specific pharmacological inhibitor PD98059 of the Ras-MAP kinase 
pathwayy intermediate MEK (Tulasnc et al., 1999). Using cither this MFK-inhibitoi 
orr eonstitutivciy active or dominant negative mutants o\' Ras or MAP kinase, it was 
concludedd that the activation of the Ras-MAPK pathway is required but not 
sufficientt i'or HGF-indueed scattering (Ridley et al., 1995; Potempa and Ridley 
1998;; Herrera 1998: Khwaja et al., 1998: Tanimura et al., 1998; Tulasnc et aL. 
1999).. and for tubulogcnesis of MDCK cells (Khwaja et at., 1998). In conclusion. 
Grb22 and the Ras-MAP kinase pathway appear to play an important regulatory role 
inn a variety of responses elicited by HGF/Mel. including mitogenesis. motogenesis 
andd morphogenesis, as well as in Tpr-Met-induced transformation, invasion, 
metastasiss and tumorigcnieity. 

J.. The role of Gab/ and signal transduction \ia P13K 

Anotherr important substrate for Met is the docking protein Gabl {Weidner et al., 
1996).. //; vitro. Gabl interacts directly with Met via a proline rich binding domain 
(Weidnerr et al, 1996). but it has been concluded that the interaction of Gabl with 
Mett and Tpr-Mcl in vivo is mediated by Grb2 (Nguyen et al., 1997; Bardelli et al.. 
1997;; Fixman et al., 1997). Gabl. which contains a PH-domain as well as u 
prohne-richh region, and can become heavily tyrosine phosphorylated. has the 
abilityy to directly associate with several signaling molecules such as Grb2, PI3-K. 
PLCyandd SHP2 (Holgado-Madruga et al.. 1996). 

Ovcrexpressionn of Gabl partially mimics the action of HGF. as it results 
inn tubulogenesis oï mammary epithelial cells (Niemann et al., 1998). as well as in 
enhancedd MAP kinase activity, cell scattering and tubulogenesis of MDCK cells 
(Weidnerr et al., 1996). The HGF responses in MDCK cells could be abrogated by 
overexpressingg the Met binding domain of Gabl (Weidner et al., 1996). In NIH3T3 
fibroblasts,, however, Holgado-Madruga et al. (1996) did not observe enhanced 
MAPP kinase activity or activation upon ovcrexpression of Gabl. Moreover, a 
recentt study shows that Met with mutations of the multisubstrate docking site, 
whichh abolish recruitment oï Gabl. as well as Grb2. She and PI3-K. although 
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indeedd impaired in the induction of morphogenesis, is still able to activate the Ras-
MAPP kinase pathway and to induce MEK-dependent scattering (Tulasne et ai, 
1999).. Finally, the transforming potential of Tpr-Mct mutants correlates with their 
abilityy to induce tyrosine phosphorylation of Gab] (Bardelli et al., 1997; Fixman et 
ai,ai, 1997). Taken together, these findings convincingly demonstrate the 
involvementt of Gabl in Met-induced morphogenesis (Weidncr et al.. 1996; 
Nguyenn et ai, 1997; Niemann et al., 1998; Vlaroun et al., 1999; Tulasne et al., 
1999),, and suggest a role for Gabl in transformation by Tpr-Met 

Onee of the first molecules that was shown to become associated with Met 
uponn HGF stimulation was PI3-K (Graziani et ai, 1991; Ponzctto et al., 1993). 
Thiss interaction of PI3-K with Met may enhance PI3-K activity and/or localize PI3-
KK in the proximity of its substrate (Ponzctto et ai, 1993). PI3-K is composed of a 
p855 adapter subunit. which contains the Met interacting SH2 domain, and a pi 10 
catalyticc subunit. PI3-K is able to phosphorylate P1P2 in order to produce PIP3. 
PIP33 in its turn can bind to the PH domain of target proteins, resulting in their 
translocation,, membrane localization and, indirectly, in their activation. Among the 
PH-domain-containingg effector molecules of PI3-K is the kinase Akt/PKB 
(Burgcringg and Coffer. 1995), which, upon membrane localization, is 
pbosphorylatcdd and activated by PDKHStokoe et ai, 1997; Stephens et ai. 1998) 
(Fig.. 5). Downstream effector molecules for the PI3-K-regulated kinase PKB 
includee the Bcl-2 family member Bad. which can exert pro-apoptotic activity by 
interactingg with Bcl-2 (Datta et ai, 1997: del Peso et ai, 1997); glycogen synthase 
kinasee 3 (GSK3), involved in regulation of glycogen synthesis and, as discussed 
below,, in phosphorylation of pVcatenin (Cross et al., 1995); p70S6K. involved in 
regulationn of protein synthesis and gene expression (Proud, 1996); and the forkhead 
transcriptionn factor AFX (Kops et ai, 1999). The function of these effector 
moleculess in Met signal transduction has not. yet been investigated. 

Besidess the ability of PI3-K to directly interact with Met, two additional 
mechanismss may account for Met-induced PI3-K activation (Fig. 5). Firstly, the 
p855 subunit of PI3-K was also found to associate with Gabl (Holgado-Madruga et 
ai.ai. 1996), and, at least in cells overexpressing both Met and Gabl. more PI3-K 
activityy is associated with Gabl than with Met (Maroun et ai, 1999). Interestingly, 
besidess being able to associate with PI3-K, Gabl requires PI3-K activity and an 
intactt PH domain for proper localization and induction of morphogenesis (Maroun 
etet ai. 1999). Secondly, PI3-K has been identified as an effector molecule for Ras, 
ass Ras has the ability to directly interact with the pi 10 catalytic subunit of PI3-K 
(Rodriguez-Vicianaa et ai, 1994). To what extent these three different mechanisms 
contributee to HGF-induccd PI3-K activation remains to be established. However. 
Ras-mediatedd PI3-K activation has been implicated in HGF-induccd adherens 
junctionn disassembly in MDCK cells (Potempa and Ridley, 1998), 
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Byy means of either specific pharmacological inhibitors such as 
Wortt mannin and LY2940O2. or by expression of dominant negative or 
constitutivelyy active mutants of PI3-K. its function in Met signaling has been 
extensivelyy studied. These studies revealed a prominent regulatory role for PI3-K in 
Met-inducedd mitogenesis. motility and morphogenesis. (Royal and Park. 1995: 
Rahimii et ai.. 1996: Royal et ai. 1997: Potempa and Ridley. 1998; Khwaja et ai. 
1998).. Activation of PI3-K has heen reported to be required and sufficient for 
tubulogenesis.. and required for scattering (Royal and Park. 1995: Khwaja et ai. 
1998:: Potempa and Ridley. 1998) Interestingly, however, mutation of the 
muu hi substrate docking site of Met. which results in the loss of PI3-K and Gabl 
associationn with Mel upon HGf .stimulation, does not abrogate HGI-induced 
scatteringg or Ras activation (Tulasne et ai, 1999). This indicates that Ras-mediatcd, 
ratherr than direct Met-mduced or Gabl-mediated. activation of PI3-K is required 
forr HGF-induced scattering. 

Whetherr PI3-K activation alone is also sufficient for HGF-induced 
scatteringg of MDCK cells is still a matter of debate. On the one hand Potempa and 
Ridleyy ( 1998) reported that neither expression of an active mutant of PI3-K. nor the 
combinedd expression of PI3-K with active Ruf or MFK. was sufficient for adherens 
junctionn disassembly, a prerequisite for scattering. On the other hand. Khwaja et ai 
(1998)) reported that expression of an active mutant of PI3-K is sufficient to induce 
scattering,, provided a basal level of MAP kinase activity is present, however, 
expressionn of active Rac or PKB is not sufficient to induce scattering. Based upon 
thesee observation, both studies suggested the requirement of an additional (novel) 
motogenicc pathway for HGF-induced scattering, either downstream of Ras. other 
thann PI3-K or Raf (Potempa and Ridley. 1998). or downstream of PI3-K. other than 
PKBB or Rac (Khwaja et ai, 1998). Noteworthy, a recent study also suggested the 
existencee of an additional mitogeme signaling pathway, as NK2. the truncated HGP 
isoformm as described in Section II.A. despite its ability to induce both PI3-K and 
MAPP kinase activation, as well as a motogenic response, is unable to induce a 
mitogeniee response in breast epithelial ceils (Day et ai. 1999). In agreement with 
thee data from Khwaja et ai. (1998). it has been reported that expression of active 
PI3-KK disrupts the polarized tubular growth of well-differentiated mammary 
epitheliall cells, resulting in enhanced motility and invasion (Keely et ai., 1997). 
Takenn together. PI3-K activation is required, and may also be sufficient, for HGF-
inducedd scattering. 

PI3-KK has also been implicated in the responses elicited by Tpr-Met. A 
mutantt of Tpr-Met. which preferentially binds PI3-K over Grb2. although still able 
too elicit cell motility, is unable to induce transformation, invasion and metastasis 
(Bardellii et ai.. 1999). However, a mutant of Tpr-Met which selectively binds Grb2 
only,, is also impaired in its ability to induce invasion and metastasis (Giordano et 
ai...ai... 1997). This could, however, he overcome by expression of constitutively active 
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PI3-KK (Bardelli et ai. 1999). Thus, these data indicate that simultaneous activation 
off the Ras and PI3-K pathway is required and sufficient for full invasive and 
metastaticc activity of Tpr-Mct. In conclusion, the PI3-K pathway is an important 
regulatoryy pathway in HGF/Met-induccd mitogenesis, motogenesis and 
morphogenesis,, as well as in Tpr-Met-induced motility, invasion and metastasis. 

4.4. The role of signal transduction via Rho family GTPases and j3-catenin 

Memberss of the Rho subfamily of Ras-rclatcd GTPases. as well as Ras itself, have 
beenn implicated in HGF-induccd cytoskclctai reorganization, cell scattering and 
tubulogenesis.. Initially, mainly based upon studies in fibroblasts, cdc42, Rac and 
Rhoo were shown to regulate the formation of filopodia, lamcllipodia, and stress 
fibers,, respectively (Hall, 1998; van Aelst and D'Souza-Schorey, 1997). Evidence 
wass presented indicating that cdc42 may function upstream from Rac. which in turn 
mayy function upstream from Rho (Zigmond, 1996). Furthermore, it was shown that 
Rass can induce PI3-K-depcndent activation of Rac (Rodriguez-Viciana et al., 
1997),, which may be mediated by the PH domain-containing exchange factor for 
Rac,, Tiam (Michiels et al.. 1995). More recently, these Rho-family GTPases were 
shownn to be involved in the regulation of a wide variety of cellular functions, 
includingg regulation of membrane trafficking, transcriptional activation and cell 
growthh control (Hall, 1998; van Aelst and D'Souza-Schorey. 1997). Several 
effectorr molecules for Rho-family GTPases have been identified, including the Rho 
effectorss ROK and ROCK, involved in stress fiber formation, and the Rac effector 
PAK,, involved in JNK activation and cytoskeletal organization (van Aelst and 
D'Souza-Schorey,, 1997). 

Withh respect to HGF/Mct signaling, it has been reported that the 
activationn of Rho is required for HGF-induced membrane ruffling and cell motility 
inn keratinocytes {Takaishi et al., 1994; Nishiyama et al., 1994). Furthermore, HGF-
inducedd act in reorganization, membrane ruffling, spreading and scattering of 
MDCKK cells was reported to require activation of Ras and Rac (Hartmann et al.. 
1994,, Ridley et al.. 1995, Potempa and Ridley, 1998), but not of Rho (Ridley et al., 
1995).. Interestingly, recent studies revealed that Rac and Rho are involved in 
intercellularr E-cadherin-mcdiated adhesions in epithelial cells. In MDCK cells and 
keratinocytess the basal cadherin-mediatcd cell-cell adhesion was inhibited by the 
dominantt negative mutant N 17-Rac and by inhibition of Rho (Braga et al.. 1997; 
Takaishii et al., 1997). Furthermore, expression of constitutively active V12-Rac 
enhancedd cadherin- mediated cell-cell adhesion in MDCK cells (Takaishi et al., 
1997). . 

Inn agreement with the stimulatory effect of V12-Rac on cell-cell adhesion, 
overexpressionn of either VI2-Rac or Tiam] inhibits HGF-induced scattering of 
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MDCKK cells (Hordijk et ai, 1997). Furthermore, V'12-R.uc and 'haml suppressed 
thee scattered appearance and invasion of fibroblast-like Ras-transformcd MDCKO 
cells.. This was shown to be due lo restoration of E-cadhenn-mediated cell-ceil 
adhesion,, as a consequence of enhanced levels of [3-catenin and E-cadhenn at 
intercellularr junctions (Hordijk et ai, 1997) (Fig. 5). In contrast, however, in well-
differentiatedd mammary epithelial cells expression of active mutants of Rac. cdc42 
orr PI3-K disrupts their polarized tubular growth, and rather promotes their motility 
andd invasion (Keely et ai, 1997;. Most likely, these apparent contradictory results 
reflectt the delicate balance between the Rac-dependent regulation of cell-cell 
adhesion,, cell-matrix adhesion, and matrix-dependent cell migration (Sander et 
f(/..i99S).. Finally, expression of N17-Rac in MDCK cells prevents HGF-induced 
andd Ras-mediated dispersal of [3-catenin and F-cadhcrin. adherens junction 
disassemblyy and. as mentioned before, scattering (Potempa and Ridley. 1998). 
Sincee tyrosine phosphorylation of [J-caienin has been implicated in the dissociation 
ofof the cadherin/pVcatcnin complex from the aetin eytoskeleton. it is noteworthy 
that,, although this was not observed in MDCK cells (Potempa and Ridley. 1998). 
[3-eateninn as well as plakoglobin (y-catenin) become phosphorylated on tyrosine 
residuess upon HGF stimulation of HT29 colon adenocarcinoma cells (Shibamoto et 
cil.,cil., 1994). In conclusion. Rac. Rhu and [3-catenin play an important regulatory role 
inn cell-cell adhesion and HGF-induced cytoskeletal organization and motogenesis. 

Besidess its involvement in cell-cell adhesion. (3-catenin has also been 
implicatedd in the regulation of gene transcription. [3-Catenin can form mutually 
exclusivee complexes with either cadhcrins or with APC. the tumor suppressor gene 
productt that is mutated in colon carcinoma (Rubinfeld et ai. 1993). GSK3. which 
cann be phosphorylated and inactivated by the PI3-K-dependent PKB. can in turn 
phosphorylatee APC and [3-catenin on serine residues (Rubinfeld ei ai, 1996; Cross 
etet ai. 1995) (Fig. 5}. As a consequence of this phosphorylation. [3-catenin is 
degradedd (Morin et ai,1997). However, upon phosphorylation and thus inhibition 
o(o( GSK3. free [3-catenin will accumulate, translocate to the nucleus and interact 
withh the transcriptional regulator T cell factor/lymphocyte enhancer-binding factor 
(TCF/LEF-1).. thereby inducing expression of TCF/LEF-1 target genes (Behrens et 
ai.ai. 1996: Molenaar et ai, 1996) (fig. 5). Interestingly. HGF' stimulation of mouse 
mammaryy cells was reported to result in a decrease in GSK3 activity, the nuclear 
accumulationn of [3-catenin. and the activation of TCF/LEF-i (Papkoff and Aikawa. 
1998).. Thus, via direct or indirect phosphorylation of [3-catenin on either tyrosine 
orr serine residues. Mel appears to be able to regulate cell-cell adhesion as well as 
genee expression. 

Expressionn of N17-Rac has also been shown to inhibit both .INK 
activationn and transformation by Tpr-Met (Rodngues et ai, 1997). Based upon this 
observationn it was suggested that activation of the JNK pathway, which is mediated 
byy the sequential activation oi PI3-K and Rac (Coso et ai, 1995: Minden et ai. 
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1995)) (Fig. 5), is essential for transformation by the Tpr-Met oncoprotein 
(Rodriguess et ai, 1997). JNK in turn is able to phosphorylate a number of 
transcriptionn factors, including the immediate early gene c-jun. Noteworthy, both 
GTPasess Rac and Rho have also been implicated in regulation of the transcriptional 
activityy of the Serum response factor (SRF) (Hill et al, 1995). In conclusion, Rac. 
Rhoo and j3-catenin play an important regulatory role in HGI7Met-induced 
mitogenesiss and motogenesis, whereas Rac is also involved in Tpr-Met-induccd 
transformation. . 

4.4. The role of additional signaling molecules 

Ann additional Met associating protein is PLCy (Ponzetto et al.. 1994). PLCy 
mediatess the production of IP3, which results in enhanced calcium release from 
intracellularr stores, and diacylglycerol, which activates of PKC. Indeed. PKC has 
beenn implicated in Met signaling in a variety of cell types (Santos et al.. 1993; 
Adaehii et at., 1996; Dunsmore et al., 1996: Laping et al, 1998: Machidc et at., 
1998).. Furthermore, both PKC and calcium have also been implicated in the 
negativee regulation of Met signaling, by phosphorylation of residue S985 of Met. 
resultingg in decreased kinase activity (Gandino et at., 1990, 1991, 1994). Using a 
pharmacologicall inhibitor, PLCy has been implicated in the chcmotactic response 
elicitedd by stimulation of a chimeric PDGF-Mct receptor molecule expressed in 
renall epithelial cells (Derman et al., 1996). 

HGFF also activates STAT3 (Schaper et ai, 1997), and stimulates 
recruitmentt of STAT3 to the autophosphorylated Y1356 of Met (Boccaccio et al.. 
1998).. Upon phosphorylation, the STAT proteins can dimerize and translocate to 
thee nucleus, where they act as transcription factors controlling the promoter activity 
off target genes. Inhibition of STAT-mediated transcription prevents IIGF-induccd 
tubulogenesis,, whereas scattering and proliferation were unaffected (Boccaccio et 
ai,ai, 1998). 

Furthermore,, the Sre tyrosine kinase was shown to directly associate with 
Viett (Ponzetto et al., 1994). This association with Met and activation of Sre was 
shownn to play a critical role in carcinoma cell motility (Rahimi et ai, 1998). and in 
HGF-inducedd phosphorylation of FAK (Chen et at., 1998). With respect to another 
Mett associating protein, the tyrosine phosphatase SHP-2 ('Nguyen et ai, 1997). no 
functionall data are available yet. Recent data indicate that SHP-2 can also be 
indirectlyy recruited to Met via Gabl (Maroun et ai, 1999). 

Inn addition, BAG-1, a cell death suppressor gene product that binds the 
anti-apoptoticc proto-oncogenc product BcL2 in a cooperative fashion (Takayamae? 
ai,ai, 1995). interacts with Met. This interaction was independent of phosphorylation 
off cither Y1349 or Y1356 of Met (Bardelli et ai, 1996), and may very well be 
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mediatedd by the molecular chaperonc Hsp7() ( 1 akayama et al, 1997c). 
Overcxpres.sionn of BAG-1 enhances the anti-upoptotic effect of HGF on liver 
progenitorr cells (Bardelli et al, 1996). 

Finally,, it is noteworthy that ezrin. a member of the ERM protein family 
involvedd in membrane-cytoskelcton interactions, is a substrate for Met in vitro and 
alsoo becomes phosphorylated on tyrosine residues in vivo. Both a truncated and a 
tyrosinee mutated variant of ezrin impair the motogenie and morphogenic response 
off epithelial kidney cells to HGF iCrepaldi et al, 1997). Furthermore, as will be 
discussedd in more detail in the next Section, the observations that the HSPG CD44 
cann directly interact with ezrin (Tsukita etal, 1994). and can bind and present HGF 
too Mel (van der Voort ei al, 1999: Tahcr ei ai. 1999). adds an extra dimension to 
thee role of ezrin in Met-signaling. 

D.D. Heparan sulfate proteoglycans and HGFYMet function 

Besidess Met. heparan sulfate proteoglycans (HSPGs) have been identified as a 
secondd class of HGF-binding sites on various cell types. These binding have a 
muchh lower affinity than the Met receptor, but they are considerably more 
numerouss ( 10-1000 fold) (Higuchi et al, 1991; Tajima et at., 1992). 

HSPGss are proteins that carry one or more eovalcntly linked heparan 
sulfatee chains. They are widespread throughout mammalian tissues both as cell 
surfacee molecules, e.g. the syndecans. glypicans. and CD44-HS. and as ECM 
components,, e.g. perleean. HSPGs have been implicated in several important 
biologicall processes including cell adhesion and migration, angiogenesis. tissue 
morphogenesis,, and regulation of blood coagulation. In these processes, they are 
believedd to function as scaffold structures, designed to accommodate proteins 
throughh non covalent binding to their heparan sulfate (HS)-ehains (reviewed in 
Schlessingerr ei al. 1995: Findahl et al, 1998). The ligand-binding sites reside 
withinn discrete sulfated domains formed by complex, cell-specific modifications to 
thee HS disaecharide repeat. Binding of proteins, including many growth factors and 
cytokines,, e.g. FGFs, VFGF. HB-EGF. IL-3. 1L-7. GM-CSF. and certain 
ehemokincs.. to HS-chains may serve a variety of functions ranging from 
immobilizationn and concentration, to distinct modulation of their biological 
function.. This functional importance is illustrated by fibroblast growth factor 2 
(FGF-2).. whose binding to its signal-transducing receptor and consequent 
biologicall effects is critically dependent on its interaction with cell-surface HSPGs 
(Rapraegerr et al. 1991: Yayon et al, 1991.; Schlessinger et al. 1995). 
Furthermore,, a number of cell biological and genetic studies have recently 
providedd compelling evidence for an in vivo role of cell-surface HSPGs in growth 
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controll and morphogenesis in Drosophila. mice and humans (reviewed by Selleck, 
1998). . 

Thee modular structure of HGF has facilitated the identification of the 
domainss responsible for binding to Met and hcparin/HS. By using deletion mutants 
off HGF and examining their binding ability to immobilized heparin, Mizuno et al. 
(1994)) identified the hairpin loop of the amino-terininal domain and the second 
kringlcc domain as sites essential for heparin binding. The same domains, are also 
criticall for Met binding and signaling (Matsumoto et al., 1991; Hartmann et al., 
1992;; Lokker et al., 1992: Okigaki et al.. 1992). In order to dissect the binding sites 
forr Met and hcparin/HS in HGF. the groups of Gherardi and Blundell generated 
three-dimensionall models oi the individual HGF domains to help to design specific 
mutantss (Donate et al.. 1994). Based on the X-ray structures of antithrombin-
(Carrclll et al, 1994) and FGF-hcparin complexes (Faham et al., 1996), they 
predictedd the heparin-binding sites to contain clusters of positively charged 
residuess which make electrostatic contact with negatively charged groups in HS-
chains.. Indeed, three such clusters were identified on the surface of HGF. two in 
thee hairpin loop and one in the kringlc 2 domain (Donate et al., 1994). By 
introducingg specific mutations at these sites, it was confirmed that these residues 
playy a key role in heparin-binding (Hartmann et al., 1998). A study by Chirgadze et 
al.al. (1999) has recently reported the crystal structure of NK1, a natural splice 
variantt of HGF with agonistic activity, consisting of the N- and first kringlc-
domainss (see Section II.A). It was shown that NK1 assembles as an asymmetric 
homodimerr in which the N-domain of one partner interacts with the kringle domain 
off the other. Short heparin fragments (14-mer) effectively dimerized NK1 in 
solution,, suggesting that heparan sulfate chains expressed on cells or in the ECM 
mayy stabilize the NK1 dimers in viva. 

Althoughh HS-chains arc composed of a linear array of disaecharide units 
consistingg uï alternating hexuronic acid (L-iduronic acid (IdoA) or D-glucuronic 
acid)) and D-glucosamine, there is evidence that they are capable of highly specific 
proteinn binding. Variations in O-sulfation pattern, hexuronate composition, and 
lengthh of the sulfated segments determine this specificity (Lindahl et «/., 1998). 
Thee first specific binding domain identified, was a pentasaccharide which binds 
withh high affinity to antithrombin III (AT III), a serine protease inhibitor. This 
sequencee induces a conformational change in AT III and accelerates its binding to 
factorr Xa and thrombin, and in this way promotes the anticoagulant action of AT 
IIII (Lindahl et al., 1984). Lyon et al. (1994) and Ashikari et al. (1995) have 
analyzedd the structural basis of the interaction between HGF' and HSFGs. Both 
studiess indicate that high affinity HGF-binding requires oligosaccharides with a 
minimumm length of 8-12 units containing 6-O-sulfated GlcNSO.i residues, which 
mayy be flanked by IdoA(SO.0 units (Ashikari et al., 1995). Interestingly, this 

155 5 



ChapterChapter 6 

Figur ee 6. Different isoforms of CD44 can promote Met signaling by distinct mechanisms. 

CD44v3-100 promotes Met signaling by heparan sulfate-mediated presentation of HGF to 

Met.. whereas CD44 can also promote Met signaling as a consequence of adhesion to HA. 

Seee text for further details. 

structurall specificity for binding to HS differs radically from that of FGF-2 
(Maccaranaa et ai, 1993), illustrating the importance of structural diversity of the 
HS-chainn in selective growth factor binding. 

Whereass HSPGs have been shown to be crucial for FGF interaction with its 
receptor,, and thus for FGF functioning, their role in HGF/Met interaction is, as yet, 
lesss well defined. Binding to hcparin/HS does not appear to affect the affinity of 
full-lengthh HGF for the Met receptor, but it increases receptor phosphorylation and 
mitogenicityy on rat hepatocytes (Zioncheck et al, 1995; Schwall et ai, 1996). In 
contrast,, Met binding and mitogenicity of NK1 has been reported to require HSPGs 
(Schwalll et ai, 1996; Sakata et ai, 1997). Recently, we have shown that HGF 
bindss to a HSPG splice variant of CD44 (CD44-HS) expressed on B cells (van der 
Voortt et ai, 1999). This binding strongly promotes the HGF-induced tyrosine 
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phosphorylationn of Viet as well as phosphorylation of several substrates (Fig. 6) 
(seee also Section III.C). Taken together, these in vitro studies indicate that HSPGs 
mayy play an important regulatory role in HGF/Met signaling. 

Interactionn of HGF with HSPG could modulate Met-signaling via several 
mechanismss (Fig. 6). Firstly, as already mentioned, HSPGs may promote 
dimerizationn of HGF, thereby promoting receptor cross-linking and tyrosine kinase 
activityy (Chirgadze et ai, 1999). Secondly, by inducing a conformational change 
HSPGss may influence the affinity of HGF for Met, as has been demonstrated for 
thee NK1 splice variant (Sakata et ai, 1997). Thirdly. HGF may mediate co-
localizationn of HSPGs and Met. which may bring relevant intracellular signaling 
moleculess in the proximity of each other. For example, we have shown that the 
cytoplasmicc tail of CD44 interacts physically and functionally with Src-family 
proteinn tyrosine kinases (Taher et ai, 1996). which have also been implicated in 
Mett signaling (Ponzctto et ai, 1994). The above-mentioned processes may involve 
thee formation of a ternary complex between HGF. Met, and a HSPG. In case of 
tcrnary-complex-formationn between CD44-HS. HGF, and Met, Src kinases 
associatedd with the cytoplasmic tail of CD44. might be recruited into the complex 
(Taherr et ai, 1999). This may facilitate their activation by Met. Similarly, the ERM 
familyy member ezrin, which is also associated with CD44 and a downstream target 
forr Met. may also be assembled into the complex. Ezrin acts as a linker between 
thee intracellular domain of CD44 and the actin-based cytoskelcton (Tsukita et ai, 
1994),, and has been shown to be involved in HGF-induccd cell migration (Crepaldi 
etet ai, 1997). By recruiting ezrin, CD44-HS might thus contribute to the regulation 
off cell adhesion and migration. 

Thee preceding data suggest an important physiological roie for HSPG in 
thee regulation of HGF function. To directly address this issue, Hartmann et ai 
(1998)) performed in vivo studies comparing wild-type HGF with HGF mutants 
withh a strongly (50 fold) reduced affinity for heparin. Mutant HGF showed a 
delayedd clearance from the blood, and interestingly, induced a higher DNA 
synthesiss in normal mouse liver. Based on these findings, the authors suggest a role 
forr HSPGs in promoting the internalization and degradation of HGF in vivo. 
Althoughh no further in vivo data are as yet available, it is tempting speculate on 
otherr physiological roles for HSPGs. HSPGs may help to localize HGF to specific 
cellss or ECM components within the microenvironment and may be required tor 
thee establishment of a chemotactic gradient. Examples are the migration of 
myogenicc precursor cells to the limb bud during embryogenesis, which is critically 
dependentt on HGF and Met, and possibly, the migration B cells within the 
germinall center. Furthermore, membrane and matrix HSPG may also protect HGF 
fromm proteolytic degradation (Saksela et ai, 1988). Further studies arc needed to 
exploree these possible roles of HSPG. 
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L.. The HGF/Mct pathway in tumor growth, invasion and metastasis 

Inn Section II.A.2. we briefly discussed the oncogenic potential of the Tpr-Met 
chimera.. In this chimera, the intracellular domain of Met is fused to Tpr. resulting 
inn a constitutively active homodimer with transforming capacity (Cooper el ai. 
1984;; Park et ai, 1986: Gonzatti-Haccs et ai, 1988). A vast body of clinical and 
experimentall data, shows that, apart from Tpr-Mct. also the Met proto-oncogenc 
andd HGF play a pivotal role in tumongenesis. I:or instance, overexpression and 
highh levels of autophosphorylatson oï Met have been found in human tumor cell 
liness (Fig. 7) (Tempest et ai, 1988: Giordano et ai, 1989a; Pon/etto et ai, 1991; 
Kunivasuu et ai, 1992j. Often this overexpression is caused by gene iimpliticalion 
(Giordanoo et ai 1989a: Pon/etto a ai, 1991: Kunivasu et ai. 1992). Interestingly 
however,, transfection o( tumor cells with activated ras and ret oncogenes also 
causess Met overexpression and enhance HGF-dependent invasion (Ivan et ai. 
1997;; Webb et ai, 1998). Furthermore. Met overexpression can be induced by 
HGFF itself, as well as by a number of other cytokines, including F.GF. IL-1. and 
IL-66 (Chen et ai. 1997). These data indicate that both oncogenes and cytokines 
presentt in the tumor microenvironment can induce Met expression and thereby 
promotee tumorigenesis. 

Inn addition to Met overexpression, overproduction of HGF can also occur 
inn tumors. For instance, it was demonstrated that tumor cells can release factors. 
e.g.e.g. IL-1. FGF-2 or PDGF. which stimulate neighboring fibroblasts to secrete HGF 
(Fig.. 7) (Rosen et ai, 1994a. 1994b; Nakamura et ai. 1997). Alternatively, some 
tumorr cell lines were shown to express both HGF and Met. suggesting the presence 
off an autocrine loop (Fig. 7) (Naidu et ai. 1994; Moriyama et ai, 1995: Tuck el 
ai.ai. 1996; Trusolino et ai. 1998). Aberrant expression and activation of the 
HGF/Mctt pathway are not only present in tumor cell lines, but also in many native 
humann tumors. Overexpression of Met was detected in carcinomas of the stomach, 
liver,, colon, pancreas, lung, and thyroid gland (Di Rcn/.o et ai, 199L 1992. 1995a. 
1995b:: Prat et ai. 1991: Kunivasu et ai, 1992; Liu et ai, 1992; Boix et ai, 1994: 
Kurukawaa et ai 1995: L'eki et ai. 1997). For colorectal, liver, thyroid, and brain 
cancer,, it was shown to be correlated with disease progression (Di Renzo et ai, 
1995b:: Bclfiore et ai, 1997; Koochekpour et ai, 1997; Ueki et ai, 1997). 
Similarly,, overexpression of HGF was also reported in human cancer, e.g. in 
tumorss of the pancreas and in gliomas (Furukawa et ai, 1995; Koochekpour et ai, 
1997;; Lamszus et ai, 1998). Importantly, in patients with breast or non-small cell 
lungg cancer, expression of HGF" was shown to be a strong and independent 
predictorr of recurrence and tumor-related death (Yamashita et ai. 1994; Siegfried 
etui,etui, 1997). 
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Figur ee 7. The HGF/MET pathway in tumor growth, invasion and metastasis. Uncontrolled 

MET-signalingg can be caused by receptor overexpression, illegitimate autocrine or 

paracrinee stimulation, activating mutations, and translocation and fusion with Tpr. In 

addition,, uncontrolled MET-signaling may also result from overexpression of HSPG. As a 

consequencee of enhanced MET activity, tumor cells may increase their growth rate and 

becomee resistant to apoptosis. resulting in a growth and/or survival advantage. 

Furthermore,, MET activation may lead to cytoskclctal reorganization, and integrin 

activation,, as well as to activation of proteolytic systems involved in ECM degradation, 

resultingg in an increased invasive and metastatic capacity. HGF production, either by 

fibroblastss in the tumor stroma or by the tumor cells, may stimulate angiogenesis. 

Weidncrr and colleagues (1990) demonstrated that HGF induces invasion of 
carcinomaa cell lines into collagen gels. Similar effects of HGF were subsequently 
reportedd for many other tumor cell lines, including mammary, colon and squamous 
celll carcinoma, and melanoma lines (Jiang et ai, 1993; Matsumoto et ah, 1994; 
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Rosenn et al., 1994b; Hendnx er ai. 1998). In accordance with these findings. Date 
etet al. (1998) showed that a 4-kringle-containing HGF antagonist ( \K4) inhibits 
HGI ;-inducedd tumor invasion. Interestingly. Jiang et al. ( 1993) reported that, while 
colonn carcinoma cells became more motile in the presence of HGF. their growth 
wass inhibited. Similar observations were made by Giordano et al. (1993) in NIH 
3T33 fibroblasts. A recent report suggests that HGF-induced growth suppression can 
bee caused by the induction of oxidative stress (Arakaki et al.. 1999). 

Att least two mechanisms may be involved in the promotion of invasiveness 
bvv the HGF/Met pathway. First. HGF may induce invasion and metastasis by 
causingg cytoskeleial rearrangement and by activating adhesion molecules iFig. 7). 
Forr example, HGF was shown u> induce tyrosine phosphorylation ol molecules 
involvedd in the assembly oi' focal adhesions, resulting in cell spreading and 
migrationn (Matsumoto et al.. 1994) (see also Sections II.B and C). In addition, we 
andd others have shown that HGF induces activation of integrins and consequent 
adhesionn and migration (van der Voort et ai, 1997; Weimar et ai, 1997; Trusolino 
etet al.. 1998). Secondly, activation of Met may lead to an enhanced degradation o\' 
thee ECM by invasive cells (Fig. 7). Met activation by HGF" increases the 
expressionn of urokinase-type plasminogen (uPA) and its receptor (Pepper et al.. 
1992;; Rosen et al.. 1994b; Jeffcrs et al.. 1996b), molecules known to play a role in 
l:CMM proteolysis. 

Studiess using in vivo models confirm the involvement of HGF and Met in 
tumorigenesis.. Autocrine stimulation of Met transfected NIH 3T3 cells with HGF, 
enhancedd the tumorigenic and metastatic capacity of these cells in nude mice 
(Rongg et al.. 1992. 1994). Similar findings were reported for SK-LMS-1 human 
leiomyosarcomaa cells and for mouse mammary tumor cells (Rosen et al.. 1994b; 
Jeffcrss et al.. 1996b; Famszus et al.. 1997). In the leiomyosarcoma model, 
HGF/Mett signaling was shown to increase the expression of both uPA and its 
receptorr uPAR, suggesting a role for this proteolysis network in promoting 
invasivenesss and metastasis In the mouse mammary tumor model as well as in a 
gliomaa model, stimulation of angiogenesis by HGF appeared to play a key role 
(Fig.. 7) (Lamszus et al.. 1997; Laterra et al.. 1997). 

Studiess in transgenic mice corroborate the role of HGF' and Met in 
tumorigenesis.. HGF transgenic mice were shown to develop a broad array of 
primaryy tumors and metastases of mesenchymal as well as epithelial origin, 
includingg malignant melanoma, fibrosarcoma, and mammary carcinoma 
(Takavamaa et al., 1997b; Otsuka et al., 1998). Many of these tumors arose from 
abnormallyy developed tissues, suggesting a functional link between HGF 
dependentt morphogenesis and tumorigenesis. Since most neoplasms, melanomas in 
particular,, demonstrated overexpression and enhanced activation of Met. autocrine 
signalingg via Met was thought to be a major cause of tumorigenesis. 
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Recently,, Met has been implicated in the genesis of hereditary papillary 
renall carcinomas (HPRC). Schmidt exal. (1997) showed that missense mutations in 
thee Met gene arc present in the gcrmline of' affected members of HPRC families. 
Remarkably,, affected individuals often have a duplication of the chromosome 
bearingg the mutated Met allele (Fischer et ai, 1998; Zhuang et ai, 1998). Similar 
mutationss were also found in a subset of sporadic papillary renal carcinomas and of 
childhoodd hepatocellular carcinomas (Zhuang et ai, 1998; Park et ai, 1999). 
Importantly,, NIH 3T3 fibroblasts transfected with Met constructs containing the 
mutationss detected in HPRC, are transforming in vitro and tumorigenic in vivo 
(Jeffcrss el al., 1997). Taken together, these data strongly suggest that the Met 
mutantss expressed in HPRC initiate tumorigenesis. 

III .. HGF/ME T IN B CEL L DEVELOPMEN T AND NEOPLASI A 

A.. HGF/Met in antigen-specific B cell differentiation 

Interestingly,, recent studies from our laboratory have provided evidence for a role 
off the HGF/Met pathway in the immune system, i.e. in the regulation of antigen-
specificc B cell differentiation (van der Voort ex ai, 1997, 1999: Pals ex ai, 1998; 
Taherr ex ai, 1999). During this process, naive B cells develop into memory cells or 
plasmaa cells. This requires multiple interactions of B cells with other cells, such as 
TT cells and follicular dendritic cells (FDC), and with the ECM, which take place 
withinn distinct microenvironmcntal compartments of the lymphoid tissues (Fig. 8) 
(MacLennan,, 1994; Nossal, 1994; Thorbccke et ai, 1994; Liu et ai, 1996a; 
Rajewsky,, 1996; Lindhout et ai, 1997). After their initial activation in the 
extrafollicularr T cell (paracortical) area, germinal center (GC) founder cells 
migratee into B cell follicles where they initiate the formation of GCs (Liu et ai, 
1991;; Jacob et ai, 1991a). Once in the GC, the B cells first pass the dark zone 
wheree they undergo rapid clonal expansion and somatic hypcrmutation in their IgV 
geness (Berek et ai, 1991; Jacob et ai, 1991b; Kuppcrs et ai, 1993; 
McHeyzer-Williamss et ai, 1993; Pascual et ai, 1994). Mutated B cells then 
progresss to centrocytes and move to the basal light zone of the GC. Here they 
reencounterr antigen, presented as low levels of immune complexes on FDC, and 
undergoo affinity selection (Tew et ai, 1990; Hardie et ai, 1993; MacLennan. 
1994).. Whereas low affinity mutants and autoreactive mutants die by apoptosis. 
highh affinity mutants internalize antigen and process it on their migration pathway 
too the apical light and outer-zones of the GC. In these areas, the affinity selected B 
cellss present antigen to antigen-specific GC T cells (Fuller et ai, 1993; Casamayor-
Pallejaa et ai, 1995; Zheng et ai, 1996). Cognate T-B interaction results in 
expansionn and Ig-isotype switching of high affinity B cells (Kraal et ai, 1982; Liu 
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etet ai, 1996b), that mature into memory B cells or plasma cells and receive signals 
mediatingg their export from the lymphoid organ (MacLennan, 1994). 

Wee observed that stimulation of human tonsillar B cells by phorbol ester 
and,, more importantly, by concurrent CD40 and B cell receptor (BCR) ligation, 
leadss to a rapid transient Met induction (van der Voort et al., 1997). Presumably, 
BCR-- and CD40-mcdiated signals are also instrumental in the physiological 
inductionn of Met, as Met is expressed in vivo on tonsillar centroblasts 
(CD38XD77*),, which are the offspring of B cells that have recently been activated 
att extrafollicular sites by antigen plus T cells signals (MacLennan, 1994). These 
activatingg signals critically involve CD40/CD40L interactions: Patients with the 
X-linkedd hyper-IgM syndrome (due to mutated and consequently defective 
CD40L)) do not develop GC and blocking of the CD40/CD40L pathway in mice 
leadss to complete inhibition of GC reactions (Banchercau et al., 1994; Foy et ai, 
1994;; Han et ai, 1995; Kawabe et al., 1994; Facchetti et al, 1995). Our findings 
thuss link Met induction to the initiation of the B cell immune response. 

Plasmaa eel 

Differentiation Differentiation 

II so type switching 

Selection Selection 

Proliferation Proliferation 

Mutation Mutation 

B.. Activation 
T T 

Figuree 8. Schematic representation of the T cell-dependent B cell differentiation in 
secondaryy lymphoid organs. See text for further details. B. B cell: FDC, follicular dendritic 
cell;; T. T cell. 
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Adhesionn regulation, particularly regulation of lymphocyte integrin 
function,, is believed to be fundamental to the control of cell migration and 
microenvironmentall homing during B cell differentiation (Koopman and Pals, 
1992;; Butcher and Picker. 1996). In functional studies, we observed that HGF 
augmentss adhesion of Met positive B cells lines to VCAM-1 and fibronectin by 
activatingg the integrin a4fil (van der Voort et ai, 1997). Similar effects of HGF on 
integrin-mediatcdd adhesion of B cells to fibronectin were also reported by Weimar 
etet al. (1997). The physiological relevance of these findings is strongly supported by 
ourr observation that HGF is produced by stromal cells and FDC (van der Voort et 
al.,al., 1997; and our unpublished observations). During B cell differentiation the 
integrinn a4p l mediates B cell adhesion to FDC (Freedman et al., 1990: Koopman 
etet ai, 1991. 1994), an interaction that regulates the formation of the 
microenvironmentt required for the affinity selection of GC B cells. Apart from 
establishingg physical contact between B cells and FDC, a4pM presumably 
contributess directly to the B cell selection process itself, as signaling through the 
a4pVl/VCAM-ll pathway costimulates rescue of GC B cell from apoptosis 
(Koopmann et ai, 1994, 1997). Furthermore, 0t4pM also regulates cell adhesion to 
fibronectinn (Wayner et ai, 1989), an important substrate for cell migration. 
Interestingly,, Weimar et al. (1997) reported that HGF indeed stimulates B cell 
migrationn on fibronectin. 

Inn view of the plciotropic effects of HGF on many cell types, it is possible 
that,, HGF may have other, as yet unknown, roles in antigen-specific B cell 
differentiationn in addition to adhesion regulation. For example, as will be discussed 
inn Section III.B. Met signaling might promote B cell proliferation and survival. 

Preliminaryy results from in vivo studies support the involvement of the 
HGF/Mett pathway in antigen-specific B cell differentiation. We explored this role 
byy a molecular genetic approach using Met knock-out mice. Since homozygous 
MetMet knock-out mice die in utero at around day F 15.5 (Bladt et al., 1995), the 
immunee function of these mice can not be studied directly. To circumvent this 
problem,, vvc reconstituted RAG-2 !L-2gR mice with fetal liver cells from MET 
micee or control littermates. After i.v. injection, the haematopoietic stem cells 
presentt in the fetal liver migrate to the bone marrow, and regenerate B- and T-cell 
populations.. Thus far, analysis of the B and T-ecll compartments, the organization 
off the lymphoid organs, and of the baseline levels of immunoglobulin, 
demonstratedd no significant difference between MET and control mice. 
Interestingly,, however, the immune response against the T cell-dependent antigen 
TNP-KLHH was reduced in the MET' mice. Furthermore, in the spleens of 
immunizedd MET mice, we observed a reduction in the number of plasma cells, 
thee lg-secreting population of B cells. 
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B.. Met signaling in B cells 

Althoughh most data on Met-signaling have been obtained in epithelial cells, and 
hencee do not necessarily apply to B cells, we have recently been able to 
demonstratee HGF/Met-induccd phosphorylation and/or activation in B cells of at 
leastt several key signaling molecules such as Ras. MAP kinase. PI3-K. PKB and 
Gabll (Fig. 5) (our unpublished observations). Here we will outline the putative 
roless of these molecules in B cell development. 

Ass discussed above, the HGF/Met pathway is implicated in integrin 
regulationn in B cells (van der Voort et al., 1997: Weimar et ai, 1997). Several 
differentt signaling pathwavs have been implicated in inside-out signaling to 
integrins.. Key regulatory proteins in these pathways appear to be PI3-K and 
differentt Ras-like GTPases (Howe et al, 1998; Kolanus and Seed. 1997: Hughes 
andd Pfaff. 1998). PI3-K is involved in the activation of integrins in leukocytes 
(Shimizuu et al., 1995), T cells (/ell et al., 1998) and platelets (/hang et al.. 1996a). 
whereass activated R-ras increases integrin activity in myeloid cells (/hang et al.. 
1996b)) and epithelial cells (Keely et a/., 1999), Since R-ras is able to bind the same 
effectorr molecules as Ras. including PI3-K (Spaargaren et al.. 1994; Spaargaren 
andd Bischoff. 1994; Marte et al., 1997). integrin activation by R-ras may involve 
thee activation of PI3-K. 

Inn contrast to the stimulatory effect of R-ras. activated H-ras and Raf were 
foundd to inhibit activity o\ platelet integrins expressed in CHO cells (Hughes et al.. 
1997).. Interestingly. R-ras appears to function as an antagonist of Ras-suppressed 
integrinn activity in this cell system (Sethi et al., 1999). However, unlike its 
inhibitoryy effects on the activation of platelet-integrins. active Ras promotes TCR-
triggeredd integrin-mediated T cell adhesion to ICAM-1 ((TRourke et ah. 1998). 
Thesee data imply that, dependent on the specific cell system studied. Ras mav 
eitherr inhibit or promote integrin activity. In addition to Ras and R-ras, the GTPase 
Rhoo has also been implicated in integrin activation, specifically in chemoattractant-
indueedd integrin activation in lymphocytes and neutrophils (Laudanna et al., 1996). 
Sincee HGF stimulation of Met in B cells results in activation of PI3-K as well as 
thee Ras-VIAP kinase pathway (van der Voort et al., 1999) (our unpublished 
observations),, and Rho has been implicated in Met signaling in epithelial cells 
(Takaishii et al., 1994. Nishiyama<jf al., 1994). it is likely that these proteins also 
playy an important role in the regulation of integrin activity by HGF in B cells. 

Recentt studies have revealed several points of convergence between B -cell 
antigenn receptor (BCR) and HGF/Met signaling. Firstly, (he prominent Met 
substratee Gabl was recently shown to become phosphorylated. and associated with 
Grb2.. P13-K. She and SHP-2. upon BCR triggering (Ingham et al.. 1998: Nishida 
etet al.. 1999) (our unpublished observations). Secondly. PI3-K. which is activated 
uponn stimulation of B cells by HGF. has a prominent role in BCR-signaling and B 
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celll development: targeted disruption of the gene encoding the p85 subunit of PI3-
KK arrests B cell development at the pro-B cell stage, resulting in decreased 
immunoglobulinn production (Fruman et ai, 1999; Suzuki et at., 1999), similar to 
thatt in X-linked hypoglobulinemia. Thirdly, STAT3, which becomes 
phosphorylatedd and translocates to the nucleus upon stimulation by HGF 
(Boccaccioo et at., 1998), also plays a role in BCR-mediated signaling (Kairas et ai, 
1997).. Finally, we observed that HGF activates the Ras-MAPK pathway in B cells. 
Thiss presumably constitutes an important transcription regulatory and proliferative 
signall for Met expressing GC B cells, which arc in the process of undergoing rapid 
clonall expansion and selection (Lindhout et ai, 1997; Tarlinton, 1998b). Ras is 
alsoo involved in BCR-signaling and B cell development. Expression of dominant 
negativee Ras arrests development at a very early stage, prior to formation of the 
prc-BB cell receptor (Iritani et at., 1997). Furthermore, activated Ras causes 
progressionn of RAGl-dcficient pro-B cells to prc-B cells and to cells with 
characteristicss of the more mature GC B cells (Shaw et at., 1999). 

Successfull B cell selection in the GC requires tight regulation of cell 
survival.. Interestingly, several studies indicate that the HGF/Met pathway may 
generatee survival signals. HGF can rescue MDCK cells from apoptosis (Frisch and 
Francis,, 1994), and inhibits apoptosis induced by staurosporin or DNA damaging 
agentss of liver progenitor and carcinoma cells (Bardclli et ai, 1996; Fan et at.. 
1998;; Liu et at., 1998b). In addition, ovcrcxprcssion of an active Met mutant 
renderss hepatocytes resistant to anoikis and staurosporin-induccd apoptosis 
(Amiconcc et at., 1997). Given the ability of Met to interact with the anti-apoptotic 
BAG-11 upon HGF stimulation (Bardelli et at., 1996). it is interesting to note that 
BAG-11 has been reported to play a role in survival and proliferation of the IL-3-
dependentt B cell line Ba/F3 (Clevenger et a!., 1997). Furthermore, we have found 
thatt Met can activate PKB, in a PI3-K-dependent fashion, in B cells (our 
unpublishedd observation). PKB is able to phosphorylatc Bad, a Bcl-2 antagonist 
expressedd in GC B cells (Ghia et ai, 1998), and thereby may suppresses the pro-
apoptoticc activity of Bad (Datta et at., 1997: Mok et at., 1999) (Fig. 5). Taken 
together,, these data suggest that Met may play an important role in the regulation 
off apoptosis in the GC B cells, and thus in the process of affinity selection, which 
iss critical for antigen-specific B cell differentiation. 

Finally,, regulation of GC B cell migration is important for the antigen-
specificc B cell differentiation (Tarlinton, 1998a; Pals et ai, 1998). Several 
chemokincss have been shown to be involved in this process, including SDF-1 , 
whichh is produced by reticulum cells surrounding the GC and acts via the G 
protein-coupledd receptor CXCR4 (Blcul et ai, 1996. 1998). A recent study has 
reportedd the ability of the BCR to arrest SDF-la-induced migration (Blcul et at., 
1998).. Interestingly, it was shown that this arrest was caused by PKC-mediated 
CXCR44 downrceulation (Guinamard et at., 1999). Since HGF stimulation also 
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resultss in activation of PKC. this mechanism may provide a means to arrest 
migrationn of Met expressing B ceils in the GC. 

C.. Heparan sulfate proteoglycans on B cells promote Met signaling 

Wee have recently obtained evidence that HSPGs expressed on the cell-surface o\ 
specificc B cell subsets may play an important role in regulating Met signaling. 
Severall human B cell subpopulations. including plasma cells and memory B cells, 
expresss HSPGs (van der Voort et al., 2000). Interestingly, this HSPG expression 
wass greativ enhanced by activation of B cells with the phorbol ester PMA. and 
moree importantly, by ligating the co-stimulatory molecule CD40. An even stronger 
inductionn of HSPG was obtained after simultaneous ligation of CD40 and the BCR. 
signalss which also induce expression of Met (van der Voort et al.. 1997). Since 
CD400 and the BCR play key Riles during the T cell-dependent B cell 
differentiationn (see Section III.A), these data suggest that Met and HSPGs act in 
concertt during this biological process. Indeed, wc observed that, upon activation, B 
cellss acquire the capacity to bind large amounts of HGF via HS-moieties. CD44 
isoformss carrying HS-chains (CD44-HS) are the major proteoglycan core proteins 
onn these activated B cells, which did not express the core proteins of syndecan-1. 2. 
4,, or glypican. However, others have shown that human as well as murine plasma 
cellss express syndecan-1 (Sanderson et al.. 1989). whereas syndecan-4 was 
recentlyy shown to be expressed bv murine immature and mature B cells (Yamashita 
etet al.. 1999). 

Byy using Burkitt's lymphoma cells transfected with either CD44-HS or a 
CD444 isoform lacking MS <CD44s>. we demonstrated that GD44-HS strongly 
promotess signal transduction via Met. including Met phosphorylation, 
phosphorylationn of Gab-1. activation of the MAP kinases FRK1/2. and 
phosphorylationn of PKB. Taken together, our results identify HSPGs. specifically 
CD44-HS.. as functional co-receptors for HGF promotir.: signal transduction 
throughh Met (Fig. 6). Wc hypothesize that, via concentration and presentation of 
HGF.. HSPGs regulate the biological activity of the HGF/Met pathway in B cells. 

D.. The HGF/Met pathway in B cell neoplasia 

Thee HGF/Met pathway presumably is not only involved in normal B cell 
differentiation,, but also in the development and progression of B cell neoplasia. 
Mett is constitutively expressed by several Burkitt's lymphoma cell lines, including 
Raji,, BJAB, and FB4B (Jiickcr et al.. 1994: van der Voort et al., 1997. Weimar et 
al..al.. 1997), as well as by a subset of native Burkitt's lymphomas (Weimar et al.. 
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1997;; our unpublished observations). On these tumor cells, which represent the 
malignantt counterparts of GC centroblasts, HGF induces Met phosphorylation, as 
welll as activation of downstream signaling molecules including MAP kinases and 
PKBB (van der Voort et al., 1997. 1999; Taher et al., 1999; our unpublished 
observations)) (see also Section III.B). Furthermore. HGF stimulation of Met 
positivee Burkitt's lymphoma cells enhances a4[M and a5(3l-mediated adhesion to 
fibronectin,, collagen and VCAM-1. and promotes their invasion into fibroblast 
monolayerss (van der Voort et al., 1997; Weimar et al., 1997). Since HGF is 
producedd by follicular dendritic cells and lymphoid stromal cells (van der Voort et 
ai,ai, 1997) (our unpublished observation), paracrine stimulation of Burkitt's 
lymphomaa cells by HGF most likely takes place within the lymphoid 
microenvironment,, promoting tumor growth and/or survival. HGF/Met signaling 
mayy stimulate survival via at least two distinct routes. As a direct consequence of 
HGFF stimulation. Met may become associated with the anti-apoptotic protein 
BAG-11 (Bardelli et at., 1996) (see also Section III.B). At the same time, HGF 
stimulationn may down-modulate the activity of the Bel-2 antagonist Bad (Datta et 
at,at, 1997). Alternatively, activation of integrins by HGF/Met signaling may prevent 
tumorr cell death by anoikis. This scenario is supported by our previous observation 
thatt intcgrin mediated adhesion to FDC presents a strong anti-apoptotic signal for 
GCC B cells (Koopman et al, 1994. 1997). 

Althoughh precise data concerning the expression of Met and HGF in 
differentt subtypes of malignant lymphoma arc at present not available, a study by 
Weimarr and colleagues (1997) indicates that Met expression is not confined to 
Burkitt'ss lymphoma. In 8 out of 11 follicle center cell lymphomas, and in some 
casess of large B cell lymphoma, Met expression was observed. Furthermore, in 
approximatelyy half of the cases of Hodgkin's disease Met expression was found in 
Hodgkitvs// Reed-Sternberg (RS) cells, which presumably represent "crippled" GC 
BB cells (Braeuninger et ai, 1997). Interestingly, Met expression in RS cells was 
stronglyy correlated with the presence of Fpstcin-Barr virus (EBV), suggesting a 
rolee for FBV in Viet regulation (Weimar et ai, 1997). Although recent studies from 
ourr laboratory do not confirm the high percentage of Met positive cases among 
folliclee center cell lymphomas, we did find Met expression in large B cell 
lymphomass (our unpublished observations). 

HGFF has also been identified as a potential growth factor for multiple 
myelomaa (MM), a neoplasm of terminally differentiated B cell ( i.e. plasma cells). 
Byy screening myeloma supcrnatants for their ability to inhibit the activity of 
transformingg growth factor-[3 (TGF-p), Borsct and colleagues (1996c) isolated an 
antagonist.. This protein was identified as HGF, and was produced by all five 
myelomaa cell lines tested. Interestingly, in four of these cell lines Met was also 
expressed,, suggesting the existence of an autocrine HGF/Met loop. Indeed, in the 
humann myeloma cell line JJN-3, Met was found to be constitutively 
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phosphorylatcdd and could be dephosphorylated by anti-HGh antibodies (Borset et 
ai,ai, 1996b). These findings were further extended by analyzing MM cells freshly 
isolatedd from patients. In all se\en cases studied, co-expression of HGF and Met 
wass observed on MM cells isolated from the bone marrow (Borset et ai. 1996a). 
Recently,, the Nordic Myeloma Study Group reported the HGI-" serum levels of over 
4000 MM patients. In approximately half of these patients elevated HGF levels were 
present:: these patients had an unfavorable prognosis and poor response to 
melphalan/prcdnisonn treatment (Seidel et ai, 1998), 

Inn conclusion, while its precise role needs to be elucidated, the above data 
Miggesiss that deregulated HGF/Met signaling may contribute to the development 
andd progression of specific subtypes of B ceil neoplasia, including Buikitt's 
lymphoma,, large B cell lymphoma, and multiple myeloma. 

IV .. SUMMAR Y 

Thiss review summarizes the structure, signal transduction and physiological 
functionss of the HGF/Met pathway, as well as its role in tumor growth, invasion, 
andd metastasis. Moreover, it highlights recent studies indicating a role for the 
HGF/Mett pathway in antigen-specific B cell development and B cell neoplasia. 
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Koopman,, G . Keehnen, R. M. landhonr I: . Zhou. D K. de Groot. (7 ami Pah. S. "I", i 1997) Ear J Immunol 27. 

1-7 7 

Koopman,, (7. and Pah. S. T i l942i Immunol Ht\ 126,21-45 

Koopman,, G . Parrnenner. U K . . Sehuurman. II J , NYwnian. \Y . Meijer. ('. J., and Pals. S. T r I 44 h. ? kxp Ut-d 

173,, 1247-30-1. 

Koopman,, C7. keehnen, R. M.. I.indhour I:.. Xe^Tiar.. W . Sh|-n:/u. > . \'an Seventer. G \ . de Groot G am: 

Pals.. S. I" ( 1444 s. J Immunol 152. V(,n-7. 

Kops.. G J., de Ruiier. X. D.. De Ynes Smits. \ M.. Powell. I). R.. Hos. J L.. ant; Bnrizeiiny 15 M. i i494i . 

.Wituir.Wituir 39S. 630-4 

Kraal.. G.. Weissnian. I. L . and Butcher, [•.. (7 ;[^2). WUUIY 298. 377 4. 

Knni\asu,, II.. Yasm. W' . Kiladai. Y.. Yoktvak:. II. Iio. II.. and "Fahara. F i 1992 i Biachvm Biopins AY.s Commun 

189.J27-32. . 

Kappers.. R . Zhao. \\ l lansmann. M. L.. aiui i<,ae\vsk\. K. ( 1493). B.mho J 12. 495MV' 

Uims/as .. K.. Jin. I.,. I'uchs. A.. Shi. 1-2. Chu\\tl:iu:>. S.. ^'ao. >7. Pohenm. P. J . Laterra. .1 . Goldberg. I. I.) . and 

Rosenn L. M (199") hth ln\,-u 76. 33--) >3. 

U n i s / u s .. K.. Sehmidl. X ().. Jin. I... Uiterra. J.. Za^/ai;. D.. Was. I"). Wnie. M.. Weinam:. M . Goklberiv I. D.. 

Westphal.. M.. and Rust-n. F. M. ( >WS:. /fif 7 Cum f r 7?. I 9-2S. 

Uipini!.. N. J.. Olson, B. A.. IJeWuli'. R F.. Albn^siisoii. C. R.. I-'red ruk son. I.. Kinii. C'. ('hinvella. M.. Znadeh. 

I-- X . and Namhi. P. (149S). BKH lu-m Pii<irmu<  r,l 55. 227-34. 

174 4 



HGF/MelHGF/Mel signaling and function 

Laterra.. J.. Nam, M , Rn^n . L . Rao. J. S.. b m s / u v K.. Goldberg. I. D., and Johnson. P. (1997). l.ah Invest 76, 

56?-77. . 

Uudanna .. C Campbell. J. J., and Bute her. L. C (19%). \CJ<V!<V 271,981-5. 

Lee,, C. C . Ko/ak. C. A., and Yamada. K. M. i 1993). Cell Adhes Cammim 1, 101-1 1. 

Lin,, J. C . Naujokas. VL. Zhu, 11.. Nolet. S.. and Park. M. i 1998). O/icr^'c/]^ 16. 833-42. 

Lin.. J. O . Scherer. S. W.. Tougas. L . Traverso. G.. Tsui. L C . Andnilis. I. L . Jolhy, S.. and Park. VI ( 1996) 

OncogeneOncogene 13. 2001-8. 

Lindahl.. L\. Kusche-Gullbcrg. VL. and Kjelleii. L. (1998). J Biol Chem 273, 24979-82. 

Lindahl.. l \ . Thunherg. L.. Baek^rom. G . Riesenfeld. J.. Nordling. K.. and Bjnrk, I. (1984). ./ Biol Chem 259, 

12368-76. . 

Lindhout.. H.. Koopman. G., Pais. S. 'L. and de Groot, (.'. (1997). Immunol 'I odny IX. 373-7. 

Liu,, C.. Park. VI.. and T3ao. VI. S. (1992). Ointment' 7, 181-5. 

Liu,, Y. 119981. Gene 215, 159-69. 

Liu,, Y . Centracchio. J. N.. Lin. L . Sun. A. VI.. and Dworkim L D [ 1998a). lixp Cell Res 242, 174-85. 

Liu,, Y , Sun. A. VI.. and Dworkm, L. IX ( 1998b). Bioehem Biaphys Res Commun 246, 821-6. 

Liu.. Y., Tolbert, F. VI. Lin. L.. Thursby, VI. A.. Sun. A. VI.. Nakamura. T.. and Dworkin. L. D i 1999). Kidne\ Int 

55.442-53. . 

Liu.. Y. L. Grouard. G.. de Bouteillcr, O . and Banchereau. J. 11996a). hit Rev Cvroi 166, 159-79. 

Liu.. Y. J., Malisan. F.. de Bouteillcr, ()., Gurel. C., I,ehecque. S.. Banchereau. J.. Mills. F. C , .Max. L. L\. and 

Martinez-Valdez.. II. (1996b). Immunity 4, 241-50. 

Liu.. Y. J,, Zhang. J., Lane, P. J.. Chan, L. Y.. and VlacLennan. I. C. (1991). Eur J Immunol 21 , 2951-62. 

Lokker.. X. A.. Mark, VI. R., Luis. L. A.. Bennett. G. L.. Robbins, K. A., Baker, J. B , and Godowski, P. J. I 1992). 

Emho.lEmho.l 11,2503-10. 

Lyon.. M., Deakin, J. A.. Mi/uno. K.. Nakamura. T.. and Gallagher. J. T. (! 994). J Biol Chan 269, 11216-23. 

Maccarana.. VL, Casu. B.. and Lindahl, L. (1993)../ Biol Chem 26S, 23898-905. 

Vlachide.. VI.. Kamiton. K.. Nakamura. Y,, and Koh^aka. S. f 1998). ./ Seuroehem 71, 592-602. 

VlacLennan,, I. C. I 19941. Annu. Rev Immunol. 12. 1 17 139. 

Maestrini.. L.. lamagnone. L.. U.mgati, P.. Cremona. O., Guiisano, VI.. Bione. S.. iamanmi, i-'.. \ e e l , B. (.'>.. 

Toniolo.. D. .andComoglio. P. VI. (1996). I'roc Satl Acad Sa USA 93.674-8. 

Vlaina.. F.. Hilton. VI. C . Andrev R.. Wyalt, S., Klein, R.. and Davies, A. M. ( 1998). Xcumn 20, 835-46. 

Mania.. F.. Hilton. VL C . Ponzetto. C . Davies, A. M , and Klein, R. (1997). Genes Dev 11. 334!-50. 

Vlaroun.. C. R.. Hoigado-Madruga. VI.. Royal. I.. Naujokav VI A.. Founner. T. VI.. Wong. A. J., and Park. VI. 

(1999).. Mol Cell Biol 19. 1784-99, 

VIars.. W. VL. Zamegar. R., and Michalopoulos. G. K. (1993). Am J Pathol 143,949-58. 

VIarte.. B. VL, Rodriguez-Viciana, 1'.. Wennst.rom, S., Wame, P 11., and Downward, ,1. i 1997). Curr Biol 7, 63-70. 

Mason.. R. J., Leslie. C. C , McCormick-,Shannon, K., Deterdmg. R. R.. Nakamura. T . Rubin, J. S.. and Shannon. 

,1.. VI. (1994) .Am./ RespirCell Mot Bin! 11.561-7. 

Matsumoto.. K . Nakamura. T.. and Kramer. R. II. ( 1 994). ./ Btnl Chem 269.31807-15. 

Matsumoto.. K., Takehara, T.. Inouc. II.. Hagiya. VI., Shimi/u, S.. and Nakamura. T. ( 1991 !. Bioehem Biophys Re.s 

CommunCommun 181.691-9. 

Mell leyzer-Williams. VI. G . McLean, VI. J.. Lalor. P. A., and Nowil. G. J. (1993) J PAP Med 178, 295 307. 

175 5 



ChapterChapter 6 

Metca l fe .. A. M . D i xon . R M . ane, Radd. G K r ^ a V I ^ / . K l ( i l i / f n 2 5 , ^ 3 - ^ 

M icha lopon los .. G.. Houck . K. A.. Doian. M. L . and Leuiteke. N C : 19S4). C^ i r t - f A7 -v44 .44 ]4 4 

M i c h i c l vv I-" . I l abe lv G. G.. Stain. J. C . \ a n de: Kammen . R. A., and Co l la rd . J. (.;. i 199^1. . \ ' , jni /v 375. / vS 40. 

M m d e n .. A. . L i n . -\ . C a r e t . i : . X.. Abo . A. , ana K a n n . M. i 1995:. ("<•//81. I U 7 o 7 

M n a / a v m .. K.. Ka tain ura. A., and K i tamura . N i i 4 9 ] ;u . Bux lumi^irv 30, 9 ] 70-ft. 

M i>a /av .a .. K.. K t tamura . A. . Nüka. D.. and K r ^ n u r a . N i I W I ' i i . l-.ur .1 Hunhtm 197. i f - 2 2 

M i \ a / a \ \ a ,, K.. Sh imomura , T , Knanrara. A. . Konüu. J.. M o n i m n n , Y.. and k i ian iuxa. N. : 144 3 ; J iiml Chrm 

268.. 10024-S. 

M i / n n o .. K.. Tanoue. Y. . Okarm. [.. Hurano, '!" . Tak.uia. K . and Nakarnuia. 1" > ! W i Huxlu-m Hinphw AY« 

CmnmunCmnmun 198. I :<s:-4 

Mokk G. L... G i l - G o m e / . G . W i l l i ams . (J.. Coles. M . . 1 aea. S.. 1 0,01:11. M Nor ton 1.. k i o u ^ i s . D . and R:at.;\ i i 

.!! : 1444) J {-:.\;> \h-J 189. " . " - * o 

Moienaarr M.. van de Weierin.s:. VI . . Oosterv.ei:c:. M . Peterson Mt id t inv J . Godsave. S . k o m i e k . \ ' . . Roose. J.. 

Destree.. (.).. and C!e\ers. H < i94ro . G / / 86. 34] 4. 

Yloniesano.. R.. Y la ts iminto. K . Nakamara. ' I ' . , and Orc i . L ! i 941a i . C, /,' 67. 41)J -S 

V lome-ano .. R.. Scruiller. G.. and Ore], L. 1 ]99:i i . . . Cell 66. 047 i\ • 

M o r i n .. P J.. Spark-,. A. B . K o n n e k . V Barker. N.. C l e v e r . I I . . Vogels tem U . and k m / I e r . K. W G 9 9 7 l . 

V « w < -- 275. I7S7-4U. 

M o n \ a m a .. T . Ka iaoka. I I . . Tsubonc ln . I I . . ana Koono. M. i !94Yi ! h'.BS l.vn 372, 7S-h2. 

\ 1voka i .. I-.. Was hi u. N . Asahara. V.. Yamaai . '['.. Tanda. N. Nh ikawa. T.. Aoks. S.. Kunhara. H.. \ 1u ra \ama. Y , 

Satlo.. ' I ' . . atid et a'., i : 9 9 3 i . Df\ i)yn 21)2. SO-90 

Ya id tkk Y VI. . Rosen. K \ 1 . Z i i n i ck . R . Goldb<ay. I. Park. M. . Nanjokas. M . Po l \e r in i . P .! and W k o l o : ' ! ' . B .1 

[1494! .. I'nn. .Wni A( ad. Sa C.S.A 9 1 . 52Si-52SS. 

Xaka .. D.. Ishi i , " I" . , Y o s h n a m a . Y.. M i v a / a w a K.. Hara. I I . . Hishada. ' I ' , and Kida.mara. N 1 1442i. J B'wl Cht-m 

267.. 201 14-4. 

Yakamt i ra .. T.. M a M i n i o t o . K.. k i r n o s h ; . A., and 1'ano. Y. 1 i ^97 i C'.inter AY\- 57. ,v^)5 13 

Nakani t t ra.. "I Nawa. K . and lehihara. V i !4S4i Ihothem Bmpiiw AY.s ('tunmun 122, 14.^0 4. 

Nakanuna .. T . Yaw a. K.. Lh iha ra . A.. Raise. Y.. and Ni>: i ;no. T. 1 S')«7i / I' BS f.,n 224. 3 G ft 

Nakamuraa ' I ' Y :sh)Anva. !".. I I a» i \a . M . Seki. I' , Shimonsshi. M. . Sai ' i i i iura. \ . . Tasr.iro. fv . atai S!n : in / i ; . S 

(( :9K4> .\<iit<n: 342.-140-3. 

Yakamurt) .. I" . Teramoto. I ] , and lehihara, A. : l9Shi . Pmc Xmi Aau! Su I ' S A 83 , (S4S4 93. 

Ya idmt .. L . Y i t ina . Ï... keiTaetni. R.. Un i i i a t i . l Y G a n d m o . I... lYal , M. , and Comoyao . P VI. i l 4 9 1 a i . Mol Ceil 

BiolBiol 11 , 1793-S03. 

NaJdini .. L... V i g n a . (:.. Nars imhat i . R. P. Gandino. G.. Zar ioyac. R.. M icha lopoa los , G K , and ('."omoyiio. P M. 

11 ! 4 9 i b i . (hh nin'Hffi. 5(M-4. 

N a l d i n i ,, I... H'eidner. K. M.. Vis:na. I:... Gandino. G . Bardei l i . A., Pon /c t io . C Narsnnha;-;. R. !'., I Ian inarm. G., 

ZaniCiiar.. R.. VIieMaioptnilos. Ci. K. .and Birchmeie:-. \ \ ' . . dn<i Gomog l io . P. M ( 199 le i i.mhv J 10. 

2Sft7-"S S 

Na id i n i .. L . ' I 'amapnone, I... V i i i r u . LÏ.. Saehs. M . I l anmann . G.. B i rehmeiet , \V . Daikahara. Y. . '! vaboucai. 11.. 

B las i .. k. and Comoy l i o . P. M . i 1 9 4 ^ . hmho J 1 1 , 4S25-33. 

Y a / .. R. K.. Joseph. A.. U 'e. Y.. Ahmad , fv . and Bha i^ava . M . M. I 1994). \1,,( RepmJ l.h 1 3 8 , 4 3 : 4. 

176 6 

file:///1vokai
file:///1ura/ama


HGHG F/Met signaling and function 

X'guven.. L.. llolgadu-Vladruya. VF, Maroun. C . Fixman. F. F)., Kamikura. D., Foumicr, T.. Chare-1. A., 

Tremhlay.. VF F.. Wong. A. J., and Park. M. ( 1 9 9 7 ) . , / / W Chem 272, 20811-9. 

Niemann,, C Bnnkmann, V., Spitzer. F... Hanmann. G., Sachs. VF. Xaundort'. 11.. and Birchmeier. W. (1998)../ 

CellCell Hiol 143, .533-45. 

Xiranjan.. B.. Buluwela. L.. Yam. J.. Perusinghe, X.. Atherton, A.. Phippard. D . Dak'. "I".. Gaster-on, B.. and 

Kamalati.. T. (1995). Development 121. 2897-908. 

Xi-hida.. K., Yn-hida, Y., Itoh. M.. Fukada. 'I'.. Ohtani. T., Shiroganc. T., Alsumi, 'I'.. 'I akahashi-Te/uka, VI.. 

Khihara.. K.. llihi. M . and Hirano. T. ( 1999). Blood 93, 1S09-16. 

Xi-hiyama.. "I".. Sasaki . ! . . Takaishi. K., Kam. VI.. Yaku. II.. Araki. K., Vlatsuura, Y., and Takai. Y. ( 19941. Moi 

CellCell Hiol 14, 2447-56. 

Nossal.. G J. (1994). Immunol Rev 137, 173-N.V 

Nusrai.. A.. Parkos. C. A.. Bacarra. A. F., GodowskF P. J.. Delp-Archer. C . Rosen. F M., and Vladara, J L. 

(1994).. J Clin Invest 93 , 2056-65. 

ORourke.. A. VI. Shan. Il.,aiid Kaye, J. f1998). J Immunol 161.5800-3. 

Olimichi,, 11.. Kushimi/u. L'.. Matsumoto, K., and Xakarnura. T. I 1998). Development 125, 13 15-24. 

Okigaki.. VI., Komada. M.. L'ehara. Y.. Miya/awa. K , and Kitamtira. N. 11992.1. Hiodwmisny 31.9555-61. 

Olonkuski.. T.. BeaU.ie, G. \ F , Rubin. J. S.. Lope/. A. D.. Baird. A., and Hayek. A. (1994). Diabetes 43 , 947-53. 

Olunkoski.. T., Ciruiii. V., Beattie, M.. Mally, VF I., Soto, G., Rubin. J. S.. and Hayek. A. (1996). l:tidocrinolo,ay 

137,3131-9. . 

Oisuka,, T.. Takayama. H . Sharp, R.. Celli. G . LaRochellc. W. J., Bottaro, D. P.. Fllmore. X . Vicira. W , Owens. 

J.. W., An ver. VI, and Merlmo. G. f 1998). Cancer Res 58. 5157-67. 

Pals,, S. "I"., Taher. T. F... van der Voort. R., Smit. L.. and Keehnen. R. M. i 1998). Cell Adhes Commim 6, i 11-6. 

Panos,, R. J., Patel. R.. and Bak. P. VF (1996). Am ./ Respir Ceil Mol Biol 15,574-81. 

PapkotT.. J., and Aikaua. VF (1998). Biochem Biophys Res Commim 247, 851-8. 

Park.. VF. Dean. VI. Cooper. C. S., Schmidt, VF, O'Brien. S. J.. Blair, D G., arid Vande Woude. G. F. (1986) Cell 

45,, 895-904. 

Park.. VF. Dean. VF, Kaul, K , Braun, VI. ,L Gonda, VF A., and Vande Woude. G. (1987j Proc Xull Acud Sci C S 

AA 84. <->379-X3. 

Park.. VV. S.. Dong. S. VI.. Kim. S. Y.. X'a. L. Y . Shin. M. S.. Pi. J. IF, Kim. B. J„ Bae. J. IF. Hung, Y K , I^e. K 

S... Lee. S. 11.. Yoo. X. J . Jang, J. J.. Pack. S.. Zhuang, Z.. Schmidt. F.. Zhar. B.. and U e . J. Y. (I999j. 

CancerCancer Res 59. 307-10. 

Parrolt.. J. A., and Skinner. VF K (1998i. Biol Reprod 59, 553-60. 

Pascual,, V.. Lin. Y J.. VFigalski, A., de Bouteiller, ()., Banchereau. J., andCapra . J . I). (1991). J Exp Med 180, 

329-39. . 

Pehcci.. G.. Giordano, S.. /.hen. Z.. Salcini, A. F., [-aiilraneone. L.. Bardelli. A.. Panayototi. G.. Waterfiekl, VF [).. 

Pon/etto.. C , Pehcci, P. G.. andComogho, P. VF (1995). Oncogene 10, 1631-8. 

Pepper.. VI. S . Mat-umoio. K.. Nakamura. 'I".. Orci. L... and Vloniesann, R. ( 1992). ./ too! Chem 267. 20493-6. 

Pepper.. M. S.. Soriano. J V , Vlenoud. P. A . Sappino, A P.. Orci. L . and Montesano, R. ( 1995). t-Ap Cell Res 

219,, 204-10. 

Pon7Ctto,, C., Bardelli. A.. Vlaina, F., Umgaii, P., Panayotou. G.. 1'Jhand. R.. W'aierField, VF I)., and Cotnuglio. P. 

VFF i 19931. Mol Ceil Biol 13.4600-8. 

177 7 



ChapterChapter 6 

Ponzetlo.. C . Bardeih. A . Zhen, /... Mair.a. 17, e^aa /.onea. P., (Ford^rm S... Gra/:ara \ . Panayoau:. 0 . . and 

Gomogho.. P \ F : 1444.1. CV/7 77. 2G-7; . 

Pon/etto.. {.'.. Giordano. S.. IVveran. F . Delia YJle. G.. Anate. M L.. Yaula, G.. and Goraodio. 1'. M (]9 l); ;. 

('hicniit('hicniit tit- 6. 553-1) 

Pon/euo.. C . /.hen Z , Auüero. I:.. Mama. F' . [Faded:. A . Ba^ile. M. !... Giordano. S . NaiMiraian. R.. and 

0>mn.«;iii.. P. f ]996i. ./ Rial Ciu-m 271, 14] '.9-23. 

Polempa.. S.. and Ridley. V J G99K; AM rtin,-'G/;'9, 21S5 2oo. 

P:al.. NF. Xarsinvhan. R P.. Grepaid;. T.. Xienua. M. R.. Xa:ali. V (>.. ann Gomogno. P. M. G W ! . //if./ G<i,!« <7 

49,, 32- N 

Proud.. (.". Ci. i';046!. //c/.^.s Riot lit  m S, : 21. !-V ,\ 

Kaninii.. N.. I king. \\ . [remreay. h.. Saulniei. ':<  and Pdion. H. i |44M. ./ «,„/ f i;,yf 273. \- ': 4 - J ; 

Rarnnn.. X .TremoPn . 17. and FlFott B G^'>6: /ƒ)':„/ G/irm 271. 24*N )• .-

Raiev\-,k>.. K. ( 1946). ,\(jf///r 381, 7? 1 -is 

Rappolee.. U. A. her . A., and Patel. Y i 1946... G>r JVM 78, PO.S 36 

Rapraeger.. A. (7. Kralka. A . and Olwm. B. B. ; 199 , ;, \, ,, /;, , 252. ["•da .S. 

Ridley.. A. J. Gomoglio. P. M. and Hall. A G.995,. Mo! Cell Rm: 15. 11 10 22. 

Rodneues,, Ci. A.. Xaajokas. M. A., and Park. M. : I W ; : Mol Ciii  Hint 11. 2962-70. 

Rodngnes.. (i. A.. Park. NF. and Sehlessniger. J d997[ . hmbo J 16. 2634-4-. 

Rodngne/-Y]eiana.. P.. Warne. P. IF, F)ha:id. R . \ anhaesebroeek B., final, F. Fry M .'... \\ alert ie.d. NF 1).. and 

Downward.. .1. : :994> A7(f»/r 370. -2"-32 

Rodmnae// Viciana, P.. Wame. P II , Khwa.ia. \.. Mane. B. M.. Pappm, 1.)., I)av P., Waierneld. M. I).. Ridley A.. 

andd Downward. J. G997i Cell 89. 4 " - 6 7 

Rong.. S., Bodeseot. M.. Blair. FF. Dunn. J.. Xaka:v:ura. T . Mi/uno, K . Park. M.. Chan. A., \aronsnn. S.. and 

\ 'andee Woude. Ci. F. ( 1992). Mol C\-U Biol 12, ?152-S 

Rong.. S., Segal. S. Anver, M Resaa. J. I F. aid Yande Woade. Ci F < 1 994 i Pn„ Suil A< <«/ Vf G S ,1 91, 473 1 • 

ROIIMII.. (.7. Mu^-aieni. 17. Matie;. M Ci . and Rrcdinaeh. R i ;993i. G/ii^er/ic 8, 1 F ^ 202 

Rosen.. I-;. NF. (7;irlcy. VV . and Goldheiii. I I) : !WHi Cif/iav //ii (-r 8, M7- Sn 

Rosen.. 17 NT . Joseph. A.. Jm. L... Roeksveil. S.. Faas. J. A., knesel. J Wmes. .].. MeC7ella:i. J klager. M ,F. 

Guidberg.. I. I.)., and ZitnJk. R i :494LU. ./ (777 Ihoi 127. 22a 34 

Rosen.. E. Nl., knesel. J.. CFiidberg. 1. ['.).. Jm, F , Hnarga\a. NF. Joseph. A.. Zitnik. R.. Winc>. .1 . Kcllcy. VI., and 

Roekk well. S. i !944hi In:./ Cuna-rST, 706-14. 

Royal.. I.. Fourmei. 17 M.. and Park. VF i 1 997 i../ CAI Phwioi 173, 196-201 

Royal.. I., and Park. VI. i 1 995 I. ./ Hun Chvm 27(1, 2"7*() 7. 

Ranin.. J. S . Chan. A. M.. Bollam. I). P . Bnrge^. V\7 IF. laylnr. W . Ci . ( eeh. A. G . I Iirsehlieid. 1) VV.. Wong. 

J... Nliki. T., F"ineh. P. VV.. and et al F ^ l !. Hwt \n;i .\f<ut 77 i (: S A 8 8 , 4 ; , ^ ) . 

Ruhmteld.. IF. .Alben. F, Portin. F... Fioi. G . Matiernitsu. S.. and Polakis. P. i 1996i. Scum c 272. 11)23-6. 

Rubmteld.. B.. Sou/a. B., Alberl. F. Nlulier, (.).. Chamherlain. S. II . Masiatv. F R.. NlanemüM:, S . .aid 1'ojakis. I' 

11 1993). ,S-,7,vf(c 262. ! 731 4. 

Ru^e l l .. W. V... MeGowan. J. A., and Bueher. \7 F. i ll-)S4ai ./ Cfi! Pliwiol 119. 1S3-92 

RnsselFF W. F.. MeG-owan. J A. and Bneber. \ . F. ( ll>X4h! ./ C< ii  J'IIYMO/ 119. 193-7. 

178 8 

file:///aronsnn


II  IGF/Met signaling and function 

Saccone,, S.. Xarsimhan, R I'.. Gaudino. G., Dalpry, I... Coniogho, P. VI.. and Delia Yalle, G f 1992.1. Genomics 

13.912-4. . 

Sachs.. M.. Weidner, K. M., Brinkmann. V.. Wallher. I.. Oberrneier. A., l.'ltnch. A . and Birchmeicr, W. i 1996i. ./ 

CellCell Biol 133. H)9v 1107. 

.Sakaia.. 11.. Stahl. ,S. J.. Taylor. W. G.. Rosenberg, J. M.. Sakaguchi. K.. Wingt'ield. P. 7\. and Rubin. J. S. i 1997). 

JJ Biol Chi'in 272.9457-63. 

.Sakaia.. II.. Takayama. II.. Sharp, R.. Rabin. J $.. Merlino. G.. and I,aRochellc, W. .1. ( 1996). Cell Growth Differ 

7,1513-23. . 

Saksela.. O., Vloseatelli. D.. Sommer, A., and Rifkin. D. B. (1988). J Cell Biol 107, 743-51. 

Sander,, R. R., \an Delft. S.. ten Klooster, J. P , Reid. 1\, van der Kammen. R. A.. Michicl.s. F . and Coltard. J. G. 

(199S).. J Cell Biol 143, 1385-98. 

Sanderson.. R. I).. Lalor. P.. and Bemlield, NT. i 19891. Cell Reuttl 1, 27 35. 

Santos.. O. F.. Barros, E. J.. Yang, X. VI.. Vlutsumotu. K.. Nakamura, T., Park. VI.. and Xigam, S. K. i 1994). Dcv 

BiolBiol 163,525-9. 

Santos.. O. F.. Moura. L. A . Rosen. E. VI.. and Xigam, S. K. ( 1993). Dev Biol 159, 535-48 

Sato.. X.. andTakahashi, II. (1997). Respimlozy 2. 185-91 

Schaper.. F., Siewert. R.. Gomez-Leehon. VI. J.. Garsios, P , Sachs, M , Birchmeicr, W., Heinrich, P. C , and 

Casiell.. J. (1997). FLBS Lett 405, 99-103. 

Scc hies singer. J . . U \ . 1.. and Lemmon, M. (1995). Cell 83. 357-60. 

Schmidt.. C . Bladt. R.. Goedecke, S.. Brinkmann. V.. Zschieschc. W.. Sharpe. M.. Gherardi, F,, and Birchmcier. 

C.. I 1995 ). \titure 373, 699-702. 

Schmidt.. L., Duh. F. VI.. Chen. R., Ktshida. T.. Glenn, G . Choyke, P.. Scherer. S. \\'.. Zhuang. 7... Fubensky, 1.. 

Dean,, NT., Allikmets. R., Chidambaram. A.. Bergcrhcirn. V. R., Feltis, J. 1'., Casadevall. C Zaman'on. 

A.,, Bennies. VI.. Richard. S„ Lips. C. J.. Walther, VI. VI., Tsui. L. C , Ged. L., Orcutt, VI. L., 

Siackhonse.. T.. Zbar. B.. and et al. (1997). Xai Genet 16,68-75. 

Schulte.. K. M . Antoch. G.. Hllrichmann, NT.. I-'inken-Eigen, NT.. Kohrer, K,. Simon. D.. Gorei/ki. P. R.. and 

Roher,, II. D. (1998). Exp Clin Lndovrinol Diabetes 106,310-8. 

Schwall.. K. II.. (..'hang. L. Y.. Godowski. P. j . Kahn. Ü. 'W . Itiiian. K. j . . Bauer. K, ij , and Zinncbeck, T. F. 

(1996).. J Cell Biol 133,709-18. 

Seidel,, C. Borset. NT.. Turesson. I., Abddgaard. X... Sundan, A., and Waage, A. (1998). tfAW 91 , 80ft-1 2. 

Sekten,, C . Junes. M . Wade. D.. and 1 lodgson, H, (1990). I LBS Lett 270, 8 1 -4. 

Selleck.. S. i 1998). Matrix Biol 17,473-6. 

Seol.. D. W., Chen. G\. Smith. N1. L., and Zarnegar, R. ( 1 999j. ,/. Biol. Client. 274, 3565-3572. 

Sethi.. T.. Ginsberg. M. II., Downward. J., and Hughes. P. I:. (1999). Mol Biol Cell 10. 1799-809. 

Shaw,, A. C . Swat, \ \ \ . lernrn, R.. Davidson, I... and All, F. W. ( I 999) ./ Exp Med 189, 125 9. 

Shen.. B. Q.. Patios. R. J., I lanscn-Gu/man. K.. Widdicombe. J. II.. and Mrsny, R. J. ( 1997). Am .1 Plwsioilll, 

1.11 115-20. 

Shibamoto.. S.. Havakawa, M . 1'akeuchi. K., Hon, T., Oku, X.. Nliya/awa, K.. Kitamura. X., T'akeichi, VI., and 

Ilo.. F. ( 1994i. Cell Adhes Commun 1, 295-305. 

Shima.. N'.. Tsuda. R.. Goto. NT.. Vann, K.. Hayasaka, II.. L'eda. M.. and Higashio. K. ( 1994). Ilioclwm Biophw 

Re*Re* CommunlW), &)$-]*. 

179 9 

file:///titure


ChapterChapter 6 

SniT-njükd.. S.. Tsuhoi, R.. Jindo T . lmai. R . " I^amon. K.. Ruhin, I. S a m K k a w a . H i l W i . J (Vil I'ir^iol 

165.. >3;-S. 

Shima/a.. Y.. Mnhle>. J. L.. Finkelsiem. L I)., and Chan. A. S. ;1445!. ./ (Y;7 Biol 131. l!sfi7-SU. 

Shimoinara.. "I".. IX'iida. K.. Kiuimuni A.. K a u w e n ; . 7T.. Kito. \ F . Kondo. J.. kaga \a . $.. Qin. 1. . Takala. 11.. 

\ l i \ a / a \ \ a ,, K., and kr.amura, N. i : W o . ./ Hmi Ciittn 111. ft370 6 

Shirnornura.. T.. \ l i \ a / av \a . K., Komivama. Y . (Frank a. II \ aka . I.) . Mor.mnto. Y., and Ki tam ara. \ i 1 44^) 

EurEur ./ Bun hem 229, 2 . " M 

Shiota.. (i . Wang. T (.7. \ akamura . '1' . and Svh'l'.lJ!, I:. \ : ; 494 ... Hvpui,4<^\ 19. 462-72. 

Sh:ra;nn,, M.. Miehalopoulns. G . Shmn/uka. il Singh. G Og^aua r a . If and Katvd S I ' 144s,. U>; ./ AV \/>ir 

C,!lC,!l Mui Bun 12. i'-'l-Slt 

Siegtned.. J M.. Ueissield. L. A.. Singr.-Kau. :' We\;.mt. K. J lYsia. J. !< . and L,anürenea'a. K J <• \^~ < 

CumCum < >• Re\ 57. 4 77 9. 

Smgmkaw.. P.. Zamegar. k.. and Sieglned. J. M : 1 993). Am J I'hvstoi 268. 1.101 2-20 

Skeell A. ^\^hini;jrLL. 'I'.. Showalicr. S. U. Taa^ka. S.. AppcLa. 17. and U'or.ard. F J >.I94; ; / J1: v/i XIe<i 173. 

1227-34 4 

Somerset.. D. A.. 1.1 X 17. At't'nrd. S., Strain. V J. Ahmed.. A Sangha. R K.. Whittle. \ F J . and Kilh\ M I) 

ff IWKl.. l ; i i . / Z-'d^r)/ 153, 1 134-47 

Sung.. W . Yla|ka. S M.. and MeGaire. 1J. G. : I W i , I)e\ D\n 214,42 101) 

Snnnenherg.. P7. \Ie>er. I).. \Ve:dner. K. M.. and Birvhn-.eicr. ('. ( 1993J . J (Vil Bun 123. 22377Y 

Soriano.. J. V . Pepper. M. S.. Nakiimuni. T.. (')rei. L.. and Montesano. R i 1445). ./ Celt Set 108. 4i3-30. 

Spaargaren.. Yl . and BischotT J. R. ( I 444» /',-,.• Will Auni Scs t' S A Ml. i7609-13 

Spaargaren.. M . Manin. (7 A.. YlcCnrmirk. P. Fernande/ Sarabia M.J and Bisehnt'l". J R i]994i Run hem .I 

300.. 30 r ~ 

Stephens.. [... Anderson, K . Siokne. [.).. Frdiurn.-ni- Brornage. II.. Painter, G P., ilnimes. A. !J.. Gatf:ie> P R 

Reese.. (7 P. , YleGorrmek. F.. Temps; P.. Coaducli. l . and Hawkins P. T. i 194Si. Samn- 279. 7;(t-4 

Siern.. C [.) . beland. C,. W . Hemck. S 17. Ghe:a:Ji. P. . Gray .' . Perryman. M.. and Stnkei. M . 144(1] 

/>(( veiopmtnt 110, 1 27 i -S4. 

Sinker.. M.. Ghc.rardi 17. Perr>mart. \ F . and C it\->. .1. ï PJS7.; \<i!i<rc 327. 774-42 

Sinker.. \ I . . ami Pern mar. M. ilW.vi 7 G, // V. ; 77. 704-23 

Stnkoe.. I.).. Stephens. L. R , Gopeland. '17. Gal;r;e\. P. R . Reese. (7 B . Pamier. G P.. Iiohn.es, A. B.. MeC'nnmek. 

F .. and Hav\kins. P. T (14M7i. Sdnur 277. . ^ 70. 

Stteit.. A.. Stem, C'7 I.).. Theiy. (7. Irelitnd. G W. Apaneio S . Sharpe. M J., and Gherardi, i; i I W i . 

DevelopmentDevelopment 121, «13-24. 

Su/uki.. II.. 'Feranchu Y.. Fujiwara. M.. Ai/awa S.. Ya?aki. Y.. Kadowaki. '17. and Ko\asu, S. i 1944i. Scicm;-

283.. 340-2. 

Tjbaia.. M. J.. Kim. K.. Liu. J. G.. Yamashita K, Matsürii'ara. T. Kaïn. ,1. [warnolo. M . Wakisaka. S., 

Matsu[!ioln.. K. N'akatnura. T . Ktmieyawa, M.. and Kurisu. K i 1'̂ Mni. Development 122, ! 243o 1. 

Fiber,, "F. F7. Smit. 1... GnlTmen. A. \Y.. SCHIKILT Tol. F ].. Borst. ,F, aral Pals.. S. T. i 1446) ./ Hint Cium 271. 

2S633 7 

'Faher.. 'I'. E . van der Voort. R.. Sm:i. F . Keehiicn. R. YI.. Sehikier-Tnl. L. J . Spaargaren. M. and Pais. S T 

11 1 494) Curr Top XIh rohiol Immunol 2-16. 3 I -7. 

180 0 

file:///akamura
http://Iiohn.es


II IGF/Met signaling and function 

Tajj i ma. II.. MaiMimuto. K.. and Nakamura. T. (!992j. Exp Cell Ke<, 202, 423-31. 

Takahashi.. M . Ogura. K.. Macda, S.. Mori. K.. Mailing K.. Mikami. Y.. Terano. A., and Omaia. M. ( 1997>, fhliS 

/.*>r;418.. 115-S. 

Takahashi.. M.. Ola. S.. Ogura, K.. Nakamura. T.. and Omnia. M. ( 1995al. Biochem Biophys Res Comnum 216, 

298-305. . 

Takaliashi,, M , Ola, S.. Shimada. T.. Ilamada. F , Kawabe. T.. Okudaira. T.. MaHumura, VI.. Kaneko, V , Terano. 

A... Nakamura. T.. and Omaia. VI. (1995b). ./ Clin Invent 95, 1994-2003. 

Takai.. K.. Hara, J.. Vlatsumoto. K.. llosoi. G., ÜMigi. Y., Tawa. A.. Okada, S.. and Nakamura. T. (1 997 J. Blood 

89.. 1560-5. 

Takaishi,, K.. Sasaki, T.. Kalu. VI.. Yamochi. W.. Kuroda. S., Nakamura. T.. Takeiehi. VI.. and Takai, Y. ( 1994i. 

OncogeneOncogene 9, 273-9. 

Takaishi,, K.. Sasaki. T.. Kotani. H., Nishioka. H.. and Takai, Y. (\W1). J Cell Biol 139, 1047-59. 

Takavama.. H.. La Roebelle. W. J.. An ver, M„ Boekman. D E.. and Merlin, G. i 1996). Pros. Sat! Acad Set USA 

93,5866-71. . 

Takavama.. II.. URochelle , W. J.. Sabnis. S. G.. Otsuka. T.. and Morlino. G. f 1997a). Lah hives! 77, 131-8. 

Takavama.. II., ].aRochc]ie, W. J.. Sharp. R.. Otsuka, T., Knehel. P., Anver, VI., Aaronson, S. A., and Merlino. G. 

(1997b).. Broc ,\<ir! Acad Sri USA 94, 701-6. 

Takavama.. S.. Bimston, I). X., MaLsu/awa, S., Freeman. B C . Aime-Sempe, C , Xie, 7... Monmolo, R. I., and 

Reed,, J. C. (1997c I. Umbo J 16, 48X7-96. 

Takavama.. S.. Sato, T.. krajevvski, S.. Koche!. K.. Inc. S.. Millan, J. A., and Reed. J. C. (1995). Cell 80, 279-84. 

Takebayashi.. '] ' . , Iwamoto. VI.. Jikko. A., Maisumura, T.. Fnomoio-Iwamolo. VI.. Myoukai. J-'.. Koyama. F... 

Yamaai.. T.. Vlatsumoto, K.. Nakamura. T., and el al. i 1995). ./ Ceil Biol 129, i 41 1-9. 

Tanimura,, S., Chatani. Y., Iloshino, R.. Sato. VI. Watanabe. S., Kaiaoka, T.. Nakamura. T., and Kohno, VI. 

(( 1998). Oncogene 17, 57-65. 

Tarlinton.. D. 11998a). Can Opin Immunol 10, 245-51, 

Tarlinton.. D. 11998b). CurrBiolX, R753-6. 

Tatsum).. R . Anderson, J. L\. Nevoret. C. J.. Halevy. O.. and Allen, R. E. ( 199K). Dev Biol 194, 1 14-28. 

Tempest.. P. R.. Stratum. M R.. and Cooper, C. S. ( 1988). Br J Cancer 58, 3-7. 

Tew.. J. G.. Kosco. M. II.. Burton. G. F., and S/akal, A. K. (1990j. Immunol Rev 117. 185-211. 

Tilery.. C . Sharpe. VI. J.. Batley. S. J.. Stem. G. I>. and Gherardi. F. (1995). Dev Gvnei 17,90-101. 

Thewke.. D. P.. and Seeds, N. \V. ( I999i. Bram Res 821, 356-67. 

Thorbeeke,, G. J.. Amin, A. R„ and Tsiaghe. V. K. (1994). Faseh J 8, 832 40. 

Trovalo,, VI, Villari, [.).. Bartolone. [..., Spmelia, S.. Simone, A.. Violi, VI A.. Trimarchi. P.. Batolo. D.. and 

Bcnvenga.. S. (199X). IfnrotdH, 125-31. 

Trusolino.. L.. Sermi. G., Gccchmt, G., Besati. C., Ambesi-Impiomhato, !•'. S , Marehisio, P. G., and De Pilippi, R. 

(( 1998). I Cell Biol 142, 1 145-56. 

Tsariaty,, I.. Resau, .1. H . Rulong. S.. Kcydar I., Faietto. D. L . and Vande Wnude, G. F ( 1992). Science 257, 

1258-61. . 

Tsukita,, S..Oishi. K., Sato. N., Sagara. J., and Kauai, A. (1994). J Cell Biol 126.391-401. 

Tsukita.. S., and Yonemura. S. ( 1997). Can; Opin. Cell Biol. 9. 70-75. 

Tuck.. A. B., Park. M.. Sierns. F. E.. Boag. A., and Elliott. B. E. i1996). Am J Pathol 148, 225-32. 

181 1 



ChapterChapter 6 

Tuiasnc.. [.) . P^umi ;^ . R.. We;dner. K. M Yaiiaenbunder. B.. , - d Fateur. Y. i 19991. Mn/ /ƒ;>,/ d / / 1(1, ^ol-fo 

Fehara.. Y. and Kitamura. N. ( :W2i . ./ Ccii Bun 117. >.wg 44 

Fehara.. Y.. Yliiiowa. ().. Mors. C . Nhioia. K. Kano. .1.. N'oda. T.. and Kitamura. N. i 199?) Sunt re 373. 702 5 

L'eki.. T.. Fujnr.oto. J.. Su/ukL T.. Yamamolo. II.. and Okamoto. \:.. i | 4 9 7 I . llt/ntioim;', 25, M 9-23. 

II 'oki. T.. fkaneaa. Y.. l \uMii . H., Xakaradn. K . Sawa. Y.. Mon'shiia. R . MaMimoio, K.. Xakamura. '['.. 

Takahashi.. II.. Okamoto. fT... and l-'uiinmio. J •: J 999 i. Witun- Mt-d 5, 226 o(l 

\ a nn Adst, L.. and ITSoii/a-Schorey. C I 1 99" ). Cn-m-\ />v 11.2295-322. 

\ a nn Belle. F.. Wn/.cnbichler. B.. Chen. 1.).. Silwr. \ 1 . . Chant:. L.. Schv-.aH. R . and Kncr. .1 M. ( 19'JM! Ci>x;<Uith»i 

97.. '«1-9(1 

vann der Yoon. R , Taher. "I. L Keehne:i. R. M..Smsi. I. . Gmenaik. M.. and Pais. S T i I 99^ i ./ Exp Med 1S5. 

1\1\1\1\ H 

winn der Yoort. R.. 'I'ahcr' T I:.. Wie:e:it:a. V' J . Spaargaren. M . I'IVML K. SUVA. 1 .. David. G Harltnann. (r . 

Gherardi.. L.. ana P;iK S. 'I'. i ! 999.. ./ Biol Chcm 274. M W (ÓUd. 

Y]:a.. M K.. Xakamura. F . ana Kca!. F. X. < N 1^: . /.«/> /m < r̂ 73. 404- [ S 

Ynjiekk A B . and Der, C. J. i 199M. ./ Biai Chcm 273, 19925-S. 

Want:.. M. II . KoiiMn. C GCMICI M C. Cnupev. I... Skeel. A.. Leonard. F. I., and Breathn.ach. R '. F '94! Scicmr 

266.. 1 1 7-9. 

Want:.. Y . Seklen. A. C .. Morgan. N.. Stamp. C .U . . and Hodgson. II. J. i; l '94a!. Am J I'ulhol 144, <^> H2. 

Want:.. Y.. Selden. C.. l-'arnaud. S.. Cainan. I").. aad Hodgson, II. .1 i ]994h.i. J Anal 185. 543 ó l 

Wasyhk .. B.. I lawman, J., and G u u e n w I lanniaar.. A. < 1998i 1'n/uh Hi<n hem Sri 23, 213 h. 

Wavner.. I:'.. A . Garcia-I^ardo. A.. Humphries. M. .!.. McDonald. J A . and Carter. W. G. i ]9NlM ./ (\ !l Hi,:i 1(19, 

13211 30 

Webb.. C. P . Tavlor. G. A . .letters. M Fiscella. \1 . Oskarssun. \ F . Resau. J. H. and Vande Woude. G. F i l 998 i 

( ^ < O L ' < WW 17. 20:9-25. 

VVeidner.. K M.. Arakaki. N.. I lanmann. G . Yanijekerckhovc. J.. Weinman, S.. Rieder. II.. Fonalsch. ('.. 

1'suhoLiehi.. II.. Hishida. T , Daiknham. Y.. and Birchmeier. W i 1991 i Pint S'uU A, ad Su C S A NX, 

7()Oii 5 

Weidner.. K VI.. Behivtis. J.. Yaiidekeickhovc. J., and Bnvhmeier. U ; :99!li. ./ (Mi Bioi 111. 2097 :us 

Weidnerr K. M . I )i Cesarr S.. Sachs. M. Bnnk^ann. V . Bdirenv .1 . and Birchmeier. W il99(n Wuun 384, 

173-(> > 

Weidner.. K. M.. Sachs. M , and Birehmeier. \\ . i 199.3 j J Cell Biol 121. Flv.v.l. 

Weimar.. 1. S.. de Jont:. I).. Muller. F. J.. Nakani.aa. T.. van Corp. J M . de Gast. G. ('.. and Gerritsen. W. K 

ii : 99?i. lilnodm, 49(1-1000. 

Weimar.. I S.. Miranda. X.. Muller. F; J. Hekman. A.. Kerst. J M . de GaM. G. C . and Cierrnsen. W. K. i 199Sj. 

I:.\pI:.\p Ucmtitol 26, SN5-94. 

Wilson.. S. i;.. Chen. L.. Mohan. R. R.. Fiang. Q . and Fiu. J i!999i. ƒ•;,ƒ> 1-A,- Rtx 68, 377 97 

Wol!'.. II. K.. Zamegar. R.. Oh\er , I... and MichaUipouios. G K. i 1991 i. Am .1 f-'atlwi 13«. l()3>-43-

Wolthuis.. R. M.. dnó Bos. J F. i ;999i. i'urr Opw (icm-i D<-\ M, WZ-. 

Wont:.. \ ' . . Glass. I). J.. -Vnaiia. R.. \"aneopouliis. G. I').. Fmdsav. R. \ F . and Conn. G i 1997 i. ./ Hioi Chcm 111, 

?FS77 91 

182 2 

http://Schv-.aH


ff IGF/Mei signaling and function 

Wooll'.. A. S.. Knlatsi-Joannnu. VI.. 1 lardman. P.. Andermarcher, F,, Vloorby, C . Fine. L. G.. Jat. !'. S.. Noble. VI. 

D... and Gherardi. E. ( 1995). ./ Cell liiol 128. 171-84. 

Yamamoto,, Y.. Lives. J.. Pollock. R. A.. Garccs, A., Arce. V.. deLapeyricre, O.. and Henderson. C. F. < 1997.1. 

DevelopmentDevelopment 124, 2903-13. 

Yamashita.. J.. Ogavva. VI., Yamashila, S.. Nomura, K., Kuramoto. VI.. Saishoj], T., and Shin. S. i 1994). Cancer 

ResRes 54, 1630-3. 

Yamashita.. Y.. Oritani. K.. Miyushi. E. K.. Wall. R.. Bemrïeld. VI.. and Kincade, I5. W. f! 999 I. J Immunol 162, 

5940-8. . 

Yanagiia,, K.. Matsumoto. K.. Sekiguchi, K.. lshiha-.hi, H.. Niho. Y.. and Nakamura, T. (1993)../ Biol ('hem 268, 

2P12 -7 7 

Yang.. X. \ L . Toriw. J. G . Bamji. S. X,. Bclliveau. D. J.. Kohn. J.. Park. M.. and Miller. F. D. (1998). 7 Xeurosri 

18,8369-81. . 

Yang,, X. VI., Vogan. K., Gros. P.. and Park, M. (1996). Development 122, 2163-71. 

Yang.. Y., Spitser, E.. Meyer, D., Sachs. VI., Niemann. C . Hartmann, G.. Wei drier. K. VI.. Birchmeier. C . and 

Birchmeier.. \V. f 1995). J Cell Biol 131, 215-26. 

Yayon.. A., Klagshrun, VI., Esko. J. U , Leder. P.. and Omit / . IJ. M. (1991 L Cell 64, 841 -8. 

Yoshimura.. T., Yuhki, N , Wang. M. II.. Skeel. A., and Leonard, F. J. i 1993). J Biol Chem 268, 15461-8. 

Zell.. T.. Warden. C S . Chan. A. S., Cook, M. E.. Dell. C. L.. IIunL S W . 3rd, and Shimizu, Y. 11998). Citrr Biol 

8,814-22. . 

Zhang.. J.. Shattil. S. J.. Cunningham. VI. C , and Rittenhouse. S. E. (1996). J Biol Chem 271,6265-72. 

Zhang.. Z.. Vuori, K.. W;ang, FT, Reed. J. C . and Ruoslahti. E. (1996). Cell 85, 61 -9. 

Zheng,, B.. Han. S.. and Kelsoe. G. (1996)../ K.xp Med 184, 1083-91. 

Zhu.. II.. Namokas. M. A.. Fixman. F. D.. Torossian. K.. and Park, M. (1994). ./ Biol Chem 269, 29943-8 

Zhuang,, Z.. Park. W. S„ Pack. S.. Schmidt. L... Vonmcyer, A. O., Pak. E.. Pham. T., Weil, R. J.. Candidas. S.. 

Lubensky.. I. A., Linehan. W. M.. Zbar. B.. and Weinch, G. (1998). ,\'ai Genei 20, 66-9. 

Zigmond,, S. II (1996). Curr Opin Cell Biol 8, 66-73. 

Zioncheck.. T. F.. Richardson, L.. Liu. J., Chang, L.. King, K. L.. Bennett, G. L.. Fugedi, P., Chamow, S. M.. 

Schwall.. R. H., and Stack. R. J. (1995)../ Biol Chem 270, ldS7t-S. 

183 3 



184 4 



Chapterr 7 

Summaryy and conclusions 

Samenvattingg en conclusies 

185 5 



ChapterChapter 7 

Summaryy and conclusions 

Thee generation of an effective immune response depends on the capacity of 
lymphocytess to interact with other cells and with the extracellular matrix (ECM). 
Thesee interactions arc achieved through the action of adhesion molecules and their 
ligands.. Manv different adhesion molecules have now been characterized, 
however,, each type of lymphocyte expresses us own limited set of adhesion 
molecules,, thereby creating cell and tissue-specific migration pathways. 

Mostt adhesion molecules need 10 be activated before they can hind their 
ligand(s).. Others need a special chemical composition, achieved through, tor 
instance.. RNA splicing 01 glycosvlation. in order to bind their ligand. The studies 
describedd in this thesis characterize several mechanisms which regulate the binding 
o(o( two families of adhesion molecules, i.e. CD44 and the intcgrins. to their 
Hgand(s). . 

Chapterr  2 describes two mechanisms which regulate the adhesive capacity 
CD44.. CD44 represents a family of adhesion molecules encoded by one gene 
Throughh alternative RNA splicing and differential glycosylatiom many different 
CD444 isoforms exist. Several of these isoforms have been described to bind the 
extracellularr matrix carbohydrate hyaluronate (HA). We observed that the capacity 
too bind HA depends both on the presence of specific alternatively expressed CD44 
domains,, and on the cell-type which expresses the CD44 molecule. The latter is 
veryy likelv the consequence of cell-specific glycosylation. These data suggest that 
throughh differential splicing and glycosylation o\' CD44. cells can regulate their 
affinityy for HA. 

AA new signaling pathway which regulates the activation of the integrin 
familyy of adhesion molecules is described in Chapter 3. This pathway becomes 
actuatedd through the binding of hepatocyte growth factor (HGF) to its receptor 
tyrosinee kinase Met. It is shown that a specific subset of B lymphocytes, the 
terminall center ( G O cells, express Met. This exclusive expression on GC cells 
suggestss that HGF and Met have an important function during the GC reaction. 
Thiss complex J cell-dependent process generates memory lymphocytes, and 
plasmaa cells producing antibodies with a high affinity. Indeed, we observed that 
activationn of CD40 and the B cell antigen receptor (BCR). reactions which are 
importantt during the GC reaction, induced a strong transient expression of Met on 
BB lymphocytes. In addition, we demonstrate that Mel becomes activated upon 
bindingg oï HGF". which results in enhanced integrin-mediated adhesion of B cells 
too the adhesion molecule vascular adhesion molecule 1 (VCAM-lh and to the 
ECMM protein fibronectin. Since we also demonstrated that HGF" is secreted hy 
stromall cells and follicular dendritic cells, cells present in or near the GC. these 
dataa strongly suggest that the HGF - Met pathway plays an important role during 
thee GC reaction. 
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Figure.. Model for the presentation of HGF to Met. The generation of a complex of HGF, 

Mett and CD44-HS promotes the activation of several signaling pathways, including those 

whichh activate integrins. This signal transduction is thought to induce cell adhesion, 

migration,, proliferation, and/or differentiation. 

Heparann sulfate proteoglycans (HSPGs) are believed to play an important 
rolee in the regulation of the activity of many cytokines. CD44 isoforms containing 
thee domain encoded by the alternatively spliced exon v3 can be modified with 
heparann sulfate (HS), and consequently arc HSPGs. The data presented in 
Chapterss 4 and 5 show that HGF-induced signal transduction is strongly 
promotedd when B cells express CD44-HS. First, Chapter  4 demonstrates that 
CD44-HSS efficiently binds HGF via its HS-side chain. In addition, we show that, 
ass compared to a CD44 isoform without HS, CD44-HS promotes: (i) HGF-induced 
phosphorylationn of Met, and (ii) phosphorylation of several downstream proteins, 
includingg the MAP kinases ERK1 and 2. Heparitinase treatment, and the use of a 
mutantt HGF with greatly reduced affinity for HS, demonstrates that the 
enhancementt of Met signal transduction induced by CD44-HS is critically 
dependentt on HS moieties. Furthermore, Chapter  5 describes the delicately 
regulatedd expression and function of HSPGs, in particular CD44-HS, on tonsillar B 
cells.. It demonstrates that activation of the BCR and/or CD40, induces a strong 
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transientt expression of HSPGs on human tonsillar B cells. By means ot these 
HSPGs.. the activated B cells bind relatively large amounts of HGF. This 
interactionn with HGF is highly selective since the HSPGs on activated B cells do 
nott bind the ehemokine stromal cell-derived factor l a (SDF-la) . even though the 
affinitiess of HGF and SDF- la for heparin arc similar. On the activated B cells, we 
observedd induction of CD44-HS. but not of other HSPGs, Confirming the data 
presentedd in Chapter 4. the expression of CD44-HS strongly promoted HGF-
inducedd signaling, resulting in a HS-depcndent enhanced phosphorylation of Met. 
ass well as downstream signaling molecules including the Grb2 associated binder 1 
(Gabl)) and Akt/protein kinase B (PKB). These results identify HSPGs. in 
particularr CD44-HS. as functional co-receptors loi HGF which promote signaling 
throughh Met. We hypothesize that CD44-HS concentrates HGF at the cell surface 
andd presents it to Met. thereby creating a menage a trois between HGF. Met and 
CD444 (see Figure). 

Thiss interaction will promote the activation of Met. and consequently lead 
too enhanced signal transduction (sec Figure). Preliminary data suggest that next to 
extracellularr cross-talk between CD44-HS and Met, CD44-HS can also stimulate 
Mett via intracellular cross-talk between signaling molecules (see Figure). 
Presentationn of cytokines by CD44-HS (or other HSPGs) likely serves an important 
functionn for B cell biology. However, when deranged, for instance by 
overexpressionn of CD44-HS as found in a subset of malignant lymphoma, it may 
contributee to a malignant phenotype by providing a growth and/or motility 
advantage. . 

Chapterr  6 provides an overview of the structure and functions of the 
multifunctionall cytokine HGF and its receptor Met. The chapter presents and 
discussess classical and new data concerning the role of HGF and Met in 
development,, tumorigenesis. and B cell differentiation. 

Takenn together, the data presented in this thesis demonstrate that CD44-
dependentt adhesion of B cells is regulated by splicing and glycosylation of CD44. 
whilee integnn-dependent adhesion of B cells can be regulated by activation ot the 
HGFF - Met pathway. In addition, they suggest a role for HGF/Met in T cell-
dependentt immune responses. Moreover, the data show that HS-modified CD44 
isoformss promote signaling through the HGF -- Met pathway. Since several 
lymphoidd as well as non-lymphoid tumors express both Met and CD44. the data 
presentedd in this thesis suggest thai the regulation oï adhesion by the menage a 
troiss of HGF. Met. and CD44. is involved in tumor growth and metastasis as well. 
Wee have recently demonstrated that expression of CD44-HS indeed promotes 
HGF-inducedd signal transduction in colorectal cancer cells (Wielenga et ai, 2000). 
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Wielcngaa V.. R. van der Voort. TH.I Taher. I.. Smit. C, van Krimpen. H.A. Beuling. M. Spaargaren, 

andd S T . Pals. (2000) Co-expression of c-\let and heparan sulfate proteoglycan forms of CD44 in 

colorectall cancer. Am. J. Pathol., in press. 
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Samenvat t ingg en conclusies 

Hett teweegbrengen van een effectieve immuunrespons hangt af van het vermogen 
vann lymfocyten om een interactie aan te gaan met andere cellen ot met de 
extracellulairee matrix (HCM). Adhesicmoleculen en hun liganden zijn 
verantwoordelijkk voor deze interacties. Hoewel hei immuunsysteem over een groot 
aantall adhesicmoleculen beschikt, brengt elke lymfoeyt zijn eigen (beperkte) set 
adhesicmoleculenn tot expressie. Hierdoor migreren lymfocyten door het 
organismeviaa een aantal cel- en weefsel-specifieke migratieroutes. 

Dee meeste adhesiemoleeulen moeten geactiveerd worden voordat zijn hun 
ligandt-en)) kunnen binden. Andere moeten een specifieke chemische structuur 
hebben,, bijvoorbeeld door RNA-splicing of glycosylering verkregen. De studies 
beschrevenn in dit proefschrift karakteriseren verschillende mechanismen die de 
bindingg reguleren van twee families van adhesicmoleculen, te weten CD44 en de 
integrities,, aan hun ligand(en). 

Hoofdstukk 2 beschrijft twee mechanismen die de adhesiecapaciteit van 
CD444 reguleren. CD44 vertegenwoordigt een familie van adhesiemoleeulen 
gecodeerdd door één gen. Door alternatieve RNA splicing en differentiële 
glycosyleringg bestaan er veel verschillende CD44 isoformen. Beschreven is. dat 
eenn aantal van deze isoformen bindt aan de extracellulaire matrix koolhydraat 
hyaluronaatt (HA). Wij lieten zien. dat de capaciteit om HA te binden afhing van de 
aanwezigheidd van specifieke, alternatief tot expressie komende, CD44 domeinen, 
enn van het celtype welke de CD44 moleculen tot expressie bracht. Het laatste is 
zeerr waarschijnlijk het gevolg van cel-specifieke glycosylering. Deze data 
suggererenn dat. door middel van differentiële splicing en glycosylering van CD44, 
cellenn hun affiniteit voor HA reguleren. 

Henn nieuwe signaleringsroute die de activiteit van de integrine 
adhesiemoleeulenn reguleert is beschreven in Hoofdstuk 3. Deze route wordt 
geactiveerdd door binding van hepatocyte growth factor (HGF) aan zijn receptor 
tyrosinee kinase Met. Hoofdstuk 3 beschrijft, dat een specifieke subgroep van B 
lymfocyten.. de kiemcentruincellen. Met tot expressie brengen. De exclusieve 
expressiee op kiemcentrumeellen suggereert, dat HGF en Met een belangrijke 
functiee hebben tijdens de kicmcentrumrcactie. Dit complexe T cel-afhankelijke 
process genereert memory lymfocyten, en plasma cellen, cellen die antilichamen 
mett een hoge affiniteit produceren. Inderdaad observeerden wij, dat aetivatie van 
CD400 en de B cel antigen receptor (BCR), processen van groot belang tijdens de 
kicmcentrumrcactie.. een sterke tijdelijke expressie van Met op B lymfocyten 
induceerde.. Tevens demonstreerden wij, dat Met geactiveerd wordt tijdens de 
bindingg van HGF. Dit resulteert in een versterkte integrine-gemedicerde adhesie 
vann B cellen aan het adhesie molecuul vascular adhesion molecule 1 (VCAM-1) en 
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Figuur .. Model voor de presentatie van HGF aan Met. Het ontstaan van een complex tussen 

HGF,, Met en CD44-HS versterkt de activatie van verschillende signaleringsroutes, zoals 

degenee die integrines activeren. Deze signaaltransductie wordt geacht celadhcsie, migratie, 

proliferatie,, en/of differentiatie te bevorderen. 

aann het ECM-eiwit fibronectine. Aangezien wij ook aantoonden, dat HGF door 
stromalee cellen en folliculair dendritische cellen, cellen aanwezig in of nabij het 
kiemcentrum,, gesecreteerd wordt, suggereren deze data dat de HGF - Met route 
eenn belangrijke rol speelt tijdens de kiemcentrumreactie. 

Heparann sulfaat proteoglycanen (HSPG) worden geacht de activiteit van 
veell cytokines te reguleren. CD44 isoformen die het alternatieve domein v3 
bevattenn kunnen gemodificeerd zijn met heparan sulfaat (HS), en zijn dan ook 
HSPG.. De data gepresenteerd in de Hoofdstukken 4 en 5 laten zien, dat HGF-
geïnduceerdee signaaltransductie is versterkt als deze B cellen CD44-HS tot 
expressiee brengen. Ten eerste toont Hoofdstuk 4 aan, dat CD44-HS via zijn HS-
ketenn efficiënt HGF bindt. Tevens lieten wij zien dat, in vergelijking met een CD44 
isoformm zonder HS, CD44-HS: (i) HGF-geïnduceerde fosforylering van Met, en (ii) 
fosforyleringg van verscheidene andere signaleringseiwitten, inclusief de MAP 
kinasess ERK1 en -2, versterkt. Heparitinase-behandeling en het gebruik van een 
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mutantt HGF met sterk gereduceerde affiniteit voor HS. toonden aan dat de. door 
CD44-HSS geïnduceerde, versterking van de signaaitransductie door Met. 
afhankelijkk is van HS. Daarnaast beschrijft Hoofdstuk 5 de delicaat gereguleerde 
expressiee en functie van HSPG. CD44-HS in het bijzonder, op B cellen. Het laat 
zien,, dat activatie van de BCR en/of CD40 een sterke tijdelijke expressie van 
HSPGG op humane B cellen induceert. Door middel van deze HSPG binden de 
geactiveerdee B cellen relatief grote hoeveelheden HGF. Deze interactie met HGF is 
zeerr selectief, omdat de HSPG op geactiveerde B cellen niet de chemokine stromal 
cell-derivedd factor l a (SDF-loo binden, terwijl HGF en SDI-"-la een vergelijkbare 
affiniteitt voor heparine hebben. Op de geactiveerde B cellen ontdekten wij een 
verhoogdee expressie van CD44-HS, maar niet van andere HSPG. In 
overeenstemmingg met de data gepresenteerd in Hoofdstuk 4. versterkte de 
expressiee van CD44-HS de HGF-geïnduceerde signalering. Dit resulteerde in een 
HS-afhankelijkee toename in tbslbry lering van Vlet. alsmede van additionele 
signulcring.smoleculenn zoals de Grb2 associated binder (Gabl) en Akt/protein 
kinasee B (PKB). Deze resultaten tonen aan. dat HSPG, in het bijzonder CD44-HS. 
alss coreceptoren voor HGF kunnen functioneren. Volgens onze hypothese 
concentreertt CD44-HS HGF op het celoppen lak en presenteert het HGF 
vervolgenss aan Met. Daarbij ontslaat een ménage a trois tussen HGF. Met en CD44 
(ziee Figuur). Deze interactie zal de activatie van Met versterken en vervolgens 
leidenn tot een toegenomen signaaitransductie (zie Figuur). Voorlopige data 
suggererenn dat, naast extraeellulairc signalering tussen CD44-HS en Met, CD44-
HSS ook Met kan stimuleren via intracellulaire signalering (zie Figuur). Presentatie 
vann evtokinen door CD44-HS (of andere HSPG) is waarschijnlijk van groot belang 
voorr B ecl biologie. Echter, indien ontregeld, bij voorbeeld door overexpressie van 
CD44-HS.. zoals vastgesteld op een subgroep van maligne lymfomen. zou dit door 
hett verschaffen van een groei- en/of moiiliteitsvoordeel. tot een maligne fenotype 
kunnenn bijdragen. 

Hoofdstukk 6 geeft een overzicht van de structuur en functies van de 
multifunctionelee cytokine HGF en zijn receptor Mei. Het hoofdstuk presenteert en 
bediscussieertt klassieke en nieuwe data omtrent de rol van HGF en Met in 
ontwikkeling,, tumorgenese en B cel differentiatie. 

Concluderendd mogen wij vaststellen dat de data beschreven in dit 
proefschrift,, aantonen dat CD44-afhankelijke adhesie van B cellen gereguleerd 
wordtt door splicing en glycosylating van CD44. terwijl integnne-afhankelijke 
adhesiee van B cellen gereguleerd kan worden door activatie van de HGI- - Met 
route.. Tevens suggereren onze resultaten, dat HGF/Met betrokken is bij T cel-
afhankelijkee immuunresponsen. Daarnaast tonen de data aan. dat HS 
gemodificccrdd CD44 de signalering via de HGF - Met route versterkt. Omdat 
verscheidenee lymfoïde alsook niet- lymfoïde tumoren zowel Met als CD44 tot 
expressiee brengen, suggereren de in dit proefschrift beschreven data dat de 
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regulatiee van adhesie door de menage a trois tussen HGF, Met en CD44 ook 
betrokkenn is bij tumorgroei en metastasering. Wij hebben recent aangetoond, dat 
expressiee van CD44-HS inderdaad HGF-geïnduceerde signaaltransductie in 
colorccialee tumorcellen bevordert (Wielenga et al., 2000). 

Wielengaa V., R. van der Voort. T.E.I. Taher. L. Smit. C. van Krimpen. FI.A. FicuIing. VI Spaargaren. 

andd S.T. Pais. (2000) Co-expression ot' e-Met and heparan sulfate proteoglycan forms of CD44 in 

colorectall cancer. Am. J. Pathol., in press. 

193 3 



194 4 



Appendices s 

Abbreviations s 

Dankwoord d 

Curriculumm vitae 

Publicationss by the author 

195 5 



Appendices Appendices 

Abbreviations s 

Agg antigen 

BCAA B cell attracting chemokinc 

BCRR B cell antigen receptor 

BSAA bovine serum albumin 

CCRR CC chemokinc receptor 

CDD cluster of differentiation 

CO40I.. CD40 ligand 

CD44FF epithelial CD44 isofurm 

Ci')44HH hematopoietic CD44 isoform 

CD44-HSS HS-moditïed CÜ44 

CD44>> CD44 standard i so form 

CD44\\ CD44 variant isofom 

CDRR complementarity determining region 

CLAA cutaneous lymphocyte-associated antigen 

CXCRR CXC chemokinc receptor 

Lii CM extracellular matrix 

LiLAMM endothelial leukocyte adhesion molecule 

H-sclectinn endothelial seleetin 

HSLL Li-selectin ligand 

IACSS fluorescence actuated cell sorter 

F:DCC follicular dendritic cell 

FGFF fibroblast growth factor 

FGFRR fibroblast growth factor receptor 

1TLCC fluorescein isothioc>anate 

]] R framework region 

GACii glycosaminoglycan 

GCC germinal center 

GlyCAMM glveosvlation-dependent cell adhesion molecule 

GM-CSFF granulocyte-monocyte colony stimulating factor 

GMPP granule membrane protein 

HAA hyaluronic acid 

HB-liGFF heparin-binding epidermal growth factor 

HhiVV high endothelial venule 

LIGI'' hepatocyte growth factor 

HIVV immunodeficiency virus 

HSS heparan sulfate 

HSPGG heparan sulfate proteoglycan 

ICAMM intercellular cell adhesion molecule 

IFN-yy interferon y 
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ïg g 
IgH H 

IgL L 
IgSF F 

IgV V 

IL L 

LII A 

L-selectin n 

LT T 

mAb b 

MAdCAM M 

MALI' ' 

MHC C 

MIP P 

NK K 

PCLP P 

PADGEM M 

PE E 

PKC C 

PMM A 

FNN Ad 
P-seleetin n 

PSGL L 

RANTLS S 

RR PI-

SAC C 

SDF F 

SF F 

SLC C 

TCR R 

TNT T 

slg g 

sLcX X 

VAP P 

VCAM M 

VEGF F 

VLA A 

immunoglobulin n 

Igg heavy chain 

Igg light chain 

immunoglobulinn superfamily 

immunoglobulinn variable region 

intcrlcukin n 

lymphocytee function-associated antigen 

leukocytee selectin 

lymphotoxin n 

monoclonall antibody 

mucosall addressin cell adhesion molecule 

mucosal-associatedd lymphoid tissue 

majorr histocompatibility complex 

macrophagee inflammatory protein 

naturall killer 

podocalyxin-likee protein 

platelett activation-granule external membrane protein 

phycoerythrin n 

proteinn kinase C 

phorboll 12-myristate 13-acetate 

peripherall lymph node addressin 

platelett selectin 

P-selectinn glycoprotein ligand 

regulatedd upon activation, normally T cell expressed and 

R-- phycoerythrin 

StaphylococcusStaphylococcus aureus strain Cowan I 

stromall cell-derived factor 

scatterr factor 

secondaryy lymphoid tissue chemokine 

TT cell antigen receptor 

tumorr necrosis factor 

surfacee immunoglobulin 

sialyll Lewis X 

vascularr adhesion protein 

vascularr cell adhesion molecule 

vascularr endothelial growth factor 

vcrvv late antitien 

secreted d 
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