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Chapterr 1
Generall introduction
Théé chemoattractant cytokines (chemokines) are small (8-14 kDa) proteins, which are structurally
relatedd because of four conserved cysteine residues linked by disulfide bonds.112 Four different
patternss occur. In the CXC chemokines, the two N-terminal cysteines are separated by a single
aminoo acid to form a CXC motif, whereas in the CC chemokines they are adjacent, and form a CC
motif.33 Later two other classes have been described, the C-chemokines, which lack the second
cysteine,, and the CX3C chemokines, with 3 amino acids between the first two cysteines.
Chemokiness bind to seven-transmembrane G-protein-coupled receptors, the chemokine receptors.
Eachh of these chemokine receptors has a distinct chemokine and leukocyte specificity. However,
thee specificities can overlap considerably, because some chemokines can bind multiple
chemokinee receptors and some chemokine receptors can bind multiple chemokines.
Chemokiness and their receptors are important for several physiological functions, but also
playy a role in major diseases, such as cancer. The research described in this thesis was focused
onn the role of CXCR4 and CXCR5 in cancer. Furthermore, the signal transduction pathways
underlyingg migration and invasion were studied. In this introduction, I will briefly discuss the history
andd evolution of chemokines and their receptors. Thereafter, I will present an overview of the
chemokinee receptors with emphasis on CXCR4 and CXCR5. Since signal transduction is an
importantt issue in this thesis, I will discuss the different pathways induced by chemokines. After an
overvieww of thé physiological functions of the chemokines, I will describe their role in diseases. I
willl start this part by discussing the major role that chemokines and their receptors play in cancer,
againn emphasizing the roles of CXCR4 and CXCR5.
History y
Thee existence of chemoattractant proteins had been suspected for a long time. Already in the late
19thh century Metchnikov predicted the necessity of cell-specific attractant signals.1 A hundred
yearss later, in 1977, the first chemokine was described, platelet factor 4 (PF4, CXCL4).4;5
However,, PF4 (CXCL4) was not identified as a chemokine, but as a procoagulant and angiostatic
factorr that is stored in the a-granules of platelets. In the next ten years, cDNAs for structurally
relatedd proteins were cloned, establishing a new gene family before their function was identified.
AA landmark in immunology was the identification of the first prototypical chemokine,
interleukin-88 (IL-8/CXCL8).6 CXCL8 was the first chemoattractant found to attract only a subset of
leukocytes,, namely neutrophils. Later a specific chemoattractant was found for monocytes and Tcells,, monocyte chemotactic protein-1 (MCP-1/CCL-2).7 Initially, most of these proteins were
discoveredd by purification of chemoattractant activity. Later, the search was facilitated by many
neww methods. Particularly, expressed sequence tag (EST) databases were useful, because the
codingg sequence of chemokines is sufficiently small to be captured by a single EST. Advances in
molecularr cloning techniques and availability of bioinformatics-based analyses of nucleotide
databasess led to an explosive growth of this new family. As the number of family members
expanded,, a new nomenclature became necessary. In 1992, at the Third International Symposium
onn Chemotactic Cytokines, the term chemokine, short for "cnemotactic cytokine*, was accepted.8
Thee chemotaxis towards chemokines was sensitive to pertussis toxin, an inhibitor of Gproteins.. This led to the discovery that chemokines bind to seven-transmembrane G-proteincouptedd receptors. In 1995, the International Union of the Pharmacology (NC-1UPHAR)
establishedd a chemokine receptor nomenclature, based on the subclassification described above
inn the general introduction.2 Later, the NC-IUPHAR established a nomenclature for chemokines
thatt paralleled that of the chemokine receptors (table 1 ).3;9 9
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Tablee 1
Name Name
CCC receptor
CCR1 1

CCR2 2

CCR3 3

CCR4 4
CCR5 5
CCR6 6
CCR7 7
CCR8 8
CCR9 9
CCR10 0
CXCC receptor
CXCR1 1
CXCR2 2

GXCR3 3
CXCR4 4
CXGR5 5
CXCR6 6
XCC receptor
XCR1 1
CX3CC receptor
GX3CRI I

Ligand d

Oldd name ligand

Knockoutt phenotype

Defectt in neutrophil-meolated immune
CCL3 3
MIP-1o/LD78 8
CCL5 5
response e
RANTES S
CCL7 7
MCP-3 3
CCL14 4 HCC-1 1
CCL15 5 HCC-2/Lkn-1 1
CCL16 6 HCC^/LEC C
CCL23 3 MPIF-1/CK88 8
Beneficiall effect in atherosclerosis
MCP-1/JE* *
CCL2 2
MCP-3 3
CCL7 7
CCL12* CCL12*
MCP-S* MCP-S*
CCL13 3 MCP-4 4
Resistancee to airway hyperresponsiveness
RANTES S
CCL5 5
CCL7 7
MCP-3 3
GCL8 8
MCP-2 2
GCL11 1 eotaxin n
ecuu 3 MCP-4 4
CCL15 5 HCC-2/Lkn-1 1
CCL24 4 Eotaxln-2/MPIF-2 2
CCL26 6 Eotaxin-3 3
Resistancee to airway hyperrespon-siveness
ecuu 7 TARCMBCD-22 *
andd* LPS-induced shock
CCL22 2 MDC/ABCD-1MDC/ABCD-1
Humans:: resistant to HIV infection
MIP-1a/LD78 8
GCL3 3
Mice:: no obvious defects
CCL4 4
MIP-lp p
RANTES S
CCL5 5
Impairedd humoral immune response
CCL20 0 MIP-3a/LARC C
Defectss in all secondary lymphoid organs
CCL19 9 ELC/MIP-3p p
CCL21 1 SLC/eCkine e
I-309/TC4-33 *
Defectss in allergic airway Inflammation?
CCL1 1
CCL16 6 LEC/HCC-4 4
Mildd defects in development and migration Of
CCL25 5 TECK K
TT cells
N.A. .
CCL27 7 CTACK/ILC/ESWne e
CCL28 8 MEC C
GCP-2 2
IL-8 8
groo/MGSA-o/KCC *?
grop7MGSA-p7KCC *?
groyMGSA-tfKCC *?
ENA-78 8
GCP-2 2
NAP-2 2
IL-8 8
Mig g
IP-10 0
l-TAC C
SDF-t/PBSFF *
BCA-1/BLCC *

noo murine CXCR1 exists

XCL1 1
XCL2 2

Lymphotactin/SCM-11 a
SCM-13 3

N.A. .

CX3CLI I

FractaJkine/Ateu/ütectfnn * Delayedd allograft rejection, beneficial effect
inn atherosclerosis

CXCL6 6
CXCL8 8
CXCL1 1
CXCL2 2
CXCL3 3
CXCL5 5
CXCL6 6
CXCL7 7
CXCL8 8
CXCL9 9
CXCL10 0
CXCL11 1
CXCL12 2
CXCL13 3
CXCL16 6

name** = name for murine chemokine
N.A.. = not available

Massivee expansion of neutrophils and B celts
andd impaired recruitment of neutrophils to
acutee inflammation

Delayedd allograft rejection and onset of
diabetes. .
Lethal,, multiple defects
Noo inguinal lymph nodes, only a few Payer's
patches s
Healthy,, no obvious defects
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Evolution n
AA targe number of chemokines and receptors exists with overlapping specificities. Some
chemokiness can bind multiple chemokine receptors and some chemokine receptors can bind
multiplee chemokines. The sequences of these promiscuous chemokines differ markedly between
species,, whereas the monogamous chemokine-receptor pairs have been conserved evolutionary.
Thee reason friese chemokines evolved so rapidly is likely a response to novel micro-organisms
thatt had developed strategies to impede chemokine function in the immune response.
Most,, if not all, chemokines probably arose by gene duplication from a single ancestral
gene.. Most chemokines are clustered in three chromosomal locations, the CC chemokines on
17q111 and the CXC chemokines on 4q21 and 4q12-13.2 However, some are located elsewhere.
Thesee chemokines have highly specific functions and it has been suggested that they are older in
evolutionaryy terms. They also do not share receptors as extensively as the chemokines in the
largee clusters do. Therefore, the major cluster chemokines are likely generated more recently in
evolution.. Also the high redundancy in the chemokine family is a very recent phenomenon that is
exclusivee to higher vertebrates.10 This is probably necessary for the highly organized adaptive
immunee system, which is only present in these higher vertebrates.11
Thee division into subclasses is an ancient phenomenon since both CC and CXC
chemokiness have been found in fish.1*13 The chemokine receptor CXCR4 is evolutionary the most
conservedd of all CXCRs. It has been found in mammals, amphibians, birds and fish, and even in
onee of the earliest vertebrates, the sea lamprey.12 Apart from its role in the immune system it is
alsoo important in the early development of the central nervous system.14115 The central nervous
systemm is older than the adaptive immune system, and the CXC chemokines and their receptors
pre-datee the vertebrate immune system. It has therefore been suggested tiiat CXC chemokines
weree initially involved in processes related to central nervous system development.

Chemokinee receptors
Chemokinee receptors are seven-transmembrane G-protein coupled receptors. In this thesis we
focuss on the role of two chemokine receptors, CXCR4 and CXCR5, in metastasis. However, many
otherr chemokine receptors have been implicated in cancer. To understand all possible roles in a
complexx process as tumor metastasis, it is relevant to consider all aspects of the functions of
chemokinee receptors. Therefore, I will give an overview of all chemokine receptors. The chemokiness and their receptors can be divided into four groups. In addition, chemokine binding proteins
exist,, which do not signal and are called "silent" receptors. The chemokine receptor nomenclature
wass created in 1995, and only recently a similar nomenclature for the chemokines was
established.2133 The receptors and their tlgands with their old and new names are listed in table 1.
CCCC chemokine receptors
Thee CC-chemokines generally activate monocytes and not neutrophils. Up to date, 27 CCchemokiness have been discovered and a few splice variants.16 These CC-chemokines bind to 10
CC-chemokinee receptors (CCRs), According to the new chemokine nomenclature, all CC
chemokiness are named CCL#.9
CCR11 was the first CC chemokine receptor identified,17 It is expressed on monocytes,
CD34++ stem cells, dendritic cells, certain peripheral blood lymphocytes and osteoclasts, but not on
restingg neutrophils.18"20 CCR1 binds with high affinity to the inflammatory chemokines CCL3 (MIP1a),, CCL5 (RANTES), CCL7 (MCP-3), murine CCL9 (MIP-1y), CCL14 (HCC-1), CCL15 (HCC-2),
CCL166 (HCC-4) and CCL23 (MPIF-1 ).2;9 CCR2, CCR3 and CCR5 share chemokines with CCR1,
butt their specificity is different. Since most ligands also bind to other chemokine receptors, CCR1
knockoutt mice were expected to be viable and to reproduce normally.21 However, a variety of
defectss were observed in the innate and acquired immunity. CCR1 appeared to be especially
importantt for the neutrophil-mediated host response. This could be quite different in humans, since
thee ligands for CCR1 do not have much effect on human neutrophils.
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CCR22 binds to CCL2 (MCP-1), CCL7 (MCP-3) and CCL13 (MCP-4) and the mouse CCL12
(MCP-5).3:99 It is expressed on monocytes, activated T cells and B cells. CCR2 can homodimerize
andd heterodimerize with CCR5 and activate different signaling pathways.22123 CCR2 knockout mice
aree viable and develop normally.24"26 The recruitment of monocytes/macrophages to sites of
inflammationn is impaired in these mice. Furthermore, the absence of CGR2 has a beneficial role
andd results in 50% reduction in atherosclerotic lesions.27 CCR2 was also found to be an HIV-1 coreceptorr in vitro and the presence of a variant allele in human AIDS patients results in a 2- to 4yearr delay in disease progression.28
CCR33 was found as a chemokine receptor expressed on eosinophils.2^30 The chemokines
CCL111 (eotaxin), CCL24 (eotaxin-2) and CCL26 (eotaxin-3) are the most potent and selective
ligandss of CCR3.a CCL5, GCL7, CCL8 (MCP-2), CCL13 and GCL15 also bind to CCR3, but to a
lesserr extent and share the receptor with other CO chemokine receptors. Except for eosinophils,
CCR33 is also expressed on basophils, mast cellss and Th2 lymphocytes, which are all essential for
thee development of an allergic response.31"33 The CXCR3 ligands, CXCL9, CXCL10 and CXCL11,
cann act as antagonists on CCR3. Normally, these chemokines attract T helper type 1 (Th1) cells,
whichh express CXCR3. By blocking CCR3 they can inhibit T helper type 2 (Th2) influx and thereby
changee the Th1/Th2 ratio. CCR3 knockout mice are viable, reproduce normally and are healthy
underr pathogen-free conditions.35 The recruitment of eosinophils to the king and skin is severely
impairedd in the knockouts, but they migrate normally to the draining lymph nodes.36 As expected,
thee animals fail to develop airway hyper-responsiveness. Therefore, blocking CCR3 may offer a
potentiall therapy for allergic asthma.
CCR44 is predominantly expressed on Th2 lymphocytes and is upregulated upon
activation.321333 CCL17 (TARC) and CCL22 (MDG) are the only specific and high affinity ligands.3*38
CCR44 knockout mice develop normally and show no overt morphological or behavioral defects in
thee unstressed state.39 The splenocytes of the knockout mice did not migrate towards CCL17 and
CCL222 as expected, but surprisingly they also failed to move towards CCL3. No explanation has
beenn found for this yet. CCR4 deletion had no effect on Th2-dependent airway inflammation.
However,, CCR4 knockout mice showed an unexpected resistance to the lethal effects of the
endotoxinn LPS in two models of LPS-induced shock. Furthermore, airway hyper-respohsiveness
wass markedly diminished in CCR4 knockout mice during chronic allergy.40
CCR55 was originally identified as a receptor for CCL3, CCL4 (MlP-1p) and CCL5.41 Two
monthss later, five groups simultaneously identified this receptor as a co-receptor for macrophagetropicc human immunodeficiency virus-1 (HIV-1 J.42"*8 Shortly thereafter, a 32 base pair deletion was
identifiedd in CCR5.47S0 This 32-base-pair deletion within the coding region results in a frame shift,
andd consequently in a severely truncated receptor. This receptor does not reach the cell surface
andd does not support membrane fusion or infection by macrophage- and dual-tropic HIV-1 strains.
Normally,, CCR5 is expressed on monocytes and macrophages, but also on certain T cells,
dendriticc cells and hematopoietic progenitor cells.1*51_53 Since the 32-base-pair deletion in GCR5
didd not have any effect in humans, CCR5 knockout mice were also expected to be healthy. **
However,, subtle defects have been found in stressed mice.2 They have a partial defect in
macrophagee function and down-modulation of thé T cell-dependent immune response was
somewhatt impaired.
CCR66 is the only known receptor for CCL20 (MIPSot/LARC).55^8 Furthermore, betadefensinss appeared to be functional ligands for CCR6.59 Defensins are anti-microbial factors that
contributee to host defense by disrupting the cytoplasmic membrane of microorganisms. Their
chemotacticc role might be to recruit dendritic and T cells to the site of microbial invasion, linking
thee innate and adaptive immunity. Similar to defensins some chemokines, including the specific
ligandd for CCR6, CCL2Q, have been reported to have anti-microbial effects.60 CCR6 is expressed
onn certain dendritic cells and memory T cells and B cells, but not on NK cells, monocytes or
granulocytes.565*611:fi2 The Langerhans-type dendritic cell only reacts to CCL20 and CCR6 has
thereforee a specific role in the homing of these cells to the skin. CCR6 knockout mice have an
impairedd humoral immune response to orally administered antigen and to certain viruses.63164
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Thee cDNA of CCR7 was already cloned at the time that the IL8 receptors, the first
chemokinee receptors, were identified.65 However, it took almost five years, before its two highly
specificc ligands, CCL19 (ELC/M1P-3S) and CCL21 (SLC/6-C-kine), were identified.66^8 GCL19 and
CCL211 are similar in their effects on CCR7, but CCL21 does not induce receptor internalization,
whereass CGL19 does.69 CCR7 has a major role in the homing of B lymphocytes, T lymphocytes
andd dendritic cells.7071 Naive and Th1 cells express CCR7 and home to the T cell area, whereas
activatedd Tn2 cells lack CCR7 expression and form rings at the periphery of these areas. CCR7negativee effector memory T cells circulate in the periphery. The CCR7-posrtive central memory T
cellss express lymph-node homing receptors and tack immediate effector function, but differentiate
intoo CCR7~negative effector cells upon secondary stimulation.751 On dendritic cells CCR7 is
upregulatedd upon maturation and supports the emigration from the peripheral tissues to T cell
areass of the lymph nodes.7374 These important physiological roles of CCR7 are also apparent in
thee CCR7 knockout mice.75 The mice have profound alterations in all secondary lymphoid organs
andd a delayed immune response. CCR7 is also found on several carcinomas and melanomas and
seemss to play a role in lymph node metastasis.76"78
CCR88 binds to human chemokines CCL1 (I-309) and CCL16 (LEC/HCC-4).79"81 The murine
homologuee of CCL1, TCA-3, was discovered even earlier than CCL2, which is regarded as the first
discoveredd CC^chemokine.8*83 However, it took ten years to identify its receptor, which has 7 1 %
identityy to human CCR8.94 Thé chemokines CCL4 and CCL17 have also been described as
ligandss for CCR8, but this was denied by others.85*6 Furthermore, CCR8 binds to some viral
chemokines.. Viral macrophage inflammatory protein-l (vMIP-l) appeared to be a strong agonist,
whereass viral macrophage inflammatory protein-ll (vMIP-ll) and viral MCV-encoded chemokine-l
(vMCC-l),, also known as MC148, act as strong antagonists.87*69 CCR8 is mainly expressed on Th2
cellss and a role for CCR8 in allergic inflammation had been suggested.90 One group indeed
reportedd that CCR8-deficient mice have an impaired Th2 response with a decrease in eosinophil
recruitmentt in models of allergic airway inflammation.91 However, two other groups also generated
CCR88 knockout mice and did not see the increase in Th2 cytokines and eosinophil recruitment92'93
Thee administration of anti-CCL1 antibodies also failed to inhibit allergic inflammation suggesting
thatt CCR8 does not participate in allergic diseases.93
AA specific agonist for CCR9, previously known as the orphan receptor GPR-9-6, is CCL25
(TECK).34"966 Confusingly, the chemokine binding protein D6 has also been described as CCR9, but
thiss receptor does not signal upon ligand binding.97 Two splice variants of CCR9 exist. CCR9A
containss 12 additional amino acids at its N terminus compared with CCR9B. Most strikingly,
CCL255 acts with higher potency on CCR9A than on CCR9B. CCR9 is mainly expressed on small
intestinall intraepithelial lymphocytes, pre-pro-B cells and the majority Of thymocytes, but not on
cutaneouss lymphocytes, more mature B cells, natural killer cells, monocytes, eosinophils,
basophilss and neutrophils.9*99 CCR9 knockout mice have normal B cell development, intrathymic
T-celll development and thymocyte selection. However, the number of
+ cells was
decreasedd in small intestine but increased in large intestine.991100 CCR9 appeared to have a major
rolee in the localization of T cells to the small intestinal epithelium during an immune response to
orall antigen.101:102 Furthermore, only dendritic cells from Peyer*s patches can target those
activatedd T celts that express a4p7 and CCR9 to the small intestine.
CCR100 is the specific receptor for CCL27 (CTACK/Eskine/ILC), and CCL28 (MEC).103"105
CCR100 is expressed on circulating and tissue plasmablasts and plasma cells that secrete the
immunoglobulinn IgA.108 The presence of CCL28 in gastrointestinal tissues, the salivary gland,
mammaryy gland and trachea may provide a mechanism for the localization of the IgA antibody
secretingg cells to the organs of the secretory IgA immune system. CCR10 is also expressed on a
subsett of blood-derived skin-homing memory T cells, which are CCR7-negattve and therefore
calledd "effector" memory T cells.107*110 These cells are specifically attracted by CCL27, which
supportss entry into cutaneous sites and is upregulated upon inflammation. Antibodies against
CCL277 causes impaired lymphocyte recruitment to the skin leading to suppression of allergeninducedd skin inflammation. Furthermore, the expression of CCR10 on malignant melanoma cells
couldd account for the high incidence of skin metastases.78
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CXCCXC chemokSne receptors
Inn the CXC-chemokines the two N-terminal cysteines are separated by a single amino acid
too form a CXC motif. The CXC chemokines can be further subdassifted based on the presence of
aa glutamic acid-leucine-arginine (ELR) motif, N-terminal to the first cysteine. The ELR+
chemokiness act primarily on neutrophils and not on monocytes and are angiogenic. Up to date, 16
CXC-chemokiness have been discovered, which bind to 6 CXCRs. According to the new
chemokinee nomenclature, all CXC chemokines are named CXCL#.9
CXCR11 cDNA was isolated in 1991 as the receptor for interleukin-8 (1L-8/CXCL8).111
CXCR11 and CXCR2 are the only receptors that bind to the chemokines with the ELR motif. In
additionn to CXCL8, also CXCL6 (GCP-2) binds to CXCR1.112 Both CXCL6 and CXCL8 have a
basicc residue at the sixth position after the second cysteine. This cysteine is required for their
bindingg to CXCR1, but not to CXCR2. CXCR1 was first detected on neutrophils, but is also
expressedd by monocytes, T lymphocytes, natural killer cells, and dendritic cells. 1 1 1 ; m m Despite
abundantt evidence that CXCL8 is important in acute inflammation115, the different functions of
CXCR11 and CXCR2 are still not clear. The main reason is that this can not be studied in rodents,
sincee a mouse homologue of CXCR1 has not been found and the rat CXCR1 is not expressed in
neutrophils,, but in macrophages.116
CXCR22 is the second receptor for CXCL8 and was therefore called lL8Rb. m This receptor
bindss to CXCL8 and all other CXC chemokines with the ELR motif, that is CXCL1 (MGSA-ot/Groc0,, CXCL2 (MGSA-p7Gro-P), CXCL3 (MGSA-j/Gro-Y), CXCL5 (ENA-78), CXCL6 and CXCL7
(NAP-2).118"1** CXCR2 is expressed on neutrophils, but also on monocytes, T lymphocytes, natural
killerr cells, mast cells and dendritic C ells. 19;111;113;1M:m CXCR2 knockout mice appear healthy.
However,, a massive expansion of neutrophils and B-cells throughout the hematopoietic system
wass observed in these mice, when kept under normal conditions, but not in a germ-free
environment.11 tS;122;123 Probably, these mice have problems with the elimination of microorganisms
andd react by producing more of the cytokines that increase neutrophil production. Furthermore,
CXCR22 knockout mice show impaired recruitment of neutrophils to sites of acute inflammation,
wheree a rapid and early recruitment is necessary.115;124 It should be noted, however, that mice are
poorr models for CXCL8 function, since no mouse homologues for human CXCL8 and the other
CXCL88 receptor, CXCR1, have been found.
CXCR33 is expressed on the majority of memory and activated T cells, primarily on ThO and
Th11 cells 32:33;125 CXCR3 is also expressed on B cells and natural killer cells. The receptor binds to
threee ELR-negative chemokines, CXCL9 (Mig), CXCL10 (IP-10) and CXCL11 (l-TAC). iaM28
Exceptionally,, the CC-chemokines CCL11 and CCL13 also bind to CXCR3, but with lower affinity
andd without activating the receptor. As described above, these chemokines are ligands for CCR3,
whichh is expressed on Th2 cells.128 By blocking CXCR3 they can inhibit Th1 influx and thereby
enhancee the polarization of T cell recruitment, i.e. the ratio between Th1 and Th2 cells.
Furthermore,, the mouse chemokine CCL21 is a ligand for CXCR3, whereas the human CCL21 is
not 1 2 * 1 »» Thj S shows again that there are differences between the human and mouse chemokine
system.. Deletion of CXCR3 in mice leads to a marked decrease in the speed and severity of
allograftt rejection in vivo and a substantial delay in the onset of type 1 diabetes.1317132

CXCR44 was first identified using a monocyte library as a leukocyte-derived seventransmembranetransmembrane domain receptor (LESTR).133 Two years later, the same orphan receptor
discoveredd to be an essential co-receptor for T-tropic HIV entry into CD4-expressing cells. ' It
wass called fusln, because it facilitated fusion of the AIDS virus with the membrane. In 1993 its only
ligandd CXCL12 (SDF-1) was already Cloned from a cDNA library from a bone marrow stromal cell
line.1355 It was found to support the proliferation of bone marrow B-cell progenitors in the presence
off interieukin-7.13e The CXCL12 gene is alternatively spliced to form two variants which differ by 4
aminoo acids at the C-terminus, but their function is indistinguishable. CXCL12 appeared to be a
highlyy efficacious lymphocyte and monocyte chemoattractant, which unlike other chemokines is
expressedd constjtutively in a broad range of tissues.135"137 In 1996, this chemokine was found to
blockk the T-tropic HIV entry by binding to fusin/LESTR, which was now renamed CXCR4.
At
thatt time its importance in physiological processes was still unknown. CXCR4 is unusually widely
17 7
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expressed,, namely on T cells, B cells, monocytes, macrophages, dendritic cells, several neuronal
cells** endothelial cells, hematopoietic progenitors, platelets and even on some epithelial
cells.14:19;13iM45 5
Disruptionn of the genes of either CXCR4 or its ligand CXCL12 is embryontcally
lethal.H;1S:146:1477 The mice die in uterus and display profound defects in many organs. At embryonic
dayy 11 CXCR4-deficient embryos were still indistinguishable from wild-type littertnates, but at day
188 half of the CXCR4-deficient mice had died. The mice exhibited dysplasia of the ventricular
septumm of the heart. Furthermore, profound defects were visible in cerebellar development. Cells
fromm the external granule layer (EGL) of the cerebellum prematurely migrated into the internal
granulee layer (IGL).14;15 CXCL12 not only retains granule cells in the EGL, but promotes the
proliferationn of the granule precursor cells in the EGL together with Sonic hedgehog.148 The
CXCR44 receptor is also involved in vascular development in the gastrointestinal tract, but not the
vasculaturee of other organs, such as the brain and the heart' uf The initial capillary network is
formedd normally in CXCR4- and CXCL12-deficient mice, but remodeling is impaired. Therefore,
thee larger branches of the vessels are missing. This has, however, no consequences for the
developmentt of the gastrointestinal organs.
CXCR44 and its ligand CXCL12 have been implicated in the homing of hematopoietic
precursorss to the bone marrow. However, CXCR4- and CXCL12-deficient mice have only defects
inn B cell lymphopoiesis and myelopoiesis and not in T cell lymphopoiesis.1*15714*147 B-cell
lymphopoiesiss is blocked in the pro-B-cell stage. This is not due to a defect in homing to specific
growth-supportivee B cell niches, but due to a deficiency in commitment or proliferation. Cells of the
myeloidd lineage develop normally in the fetal liver, but fail to colonize the bone marrow. Normally
CXCR44 is also highly expressed in the thymus, particularly by immature CD4+ CD8+ T cells.
However,, no defect was observed in T cell lymphopoiesis. When thymuses from CXCR4^
embryoss were implanted into T cell-deficient mice, the knockout thymocytes developed normally
andd efficiently populated the peripheral lymphoid organs of the recipient, showing that CXCR4 is
nott necessary for their maturation and emigration.
Thee colonization of the gonads by primordial germ cells, the progenitors of sperm and
oocytes,, is also impaired in CXCL12 knockout mice, but the initial migration through tissues is
unaltered.H9;1S00 The authors suggest that proliferation of the primordial germ cells in the gonads is
againn normal. In zebrafish CXCR4b knockouts are healthy, probably because the other CXCR4,
CXCR4a,, can take over. However, CXCL12 has an essential role in the guiding of the primordial
germm cells1511152
Sincee no viable knockout mice are available, the function of CXCR4 in the adult is hard to
establish.. However, it is suggested that CXCR4 is necessary for human stem cell engraftment.153
Furthermore,, CXCL12 is important for the activation of CD4+ T ceils,154 CXCL12 costimulates
CD4++ T cells in the presence of anti-CD3 antibody or antigen, resulting in upregulation of the
expressionn of activation markers, proliferation, and cytokine production. In this thesis we focus on
thee role of CXCR4 in cancer. The receptor is expressed by many lymphomas and carcinomas and
appearss to be essential for metastasis (see also Chemokines in disease: Cancer and chapter 2
andd 6 of this thesis).7*155"160 Because CXCR4 is also a co-receptor for HIV-1 several peptide and
non-peptidee inhibitors, such as AMD3100, ALX40-4C and T22, have been developed for the
treatmentt of AIDS.161*163 Possibly, these CXCR4 inhibitors can also be used for the treatment of
cancer. .
Inn 1992, CXCR5 was discovered as a G-protein coupled receptor expressed in Burkitt's
lymphomaa cells.164 CXCR5 is mainly expressed on peripheral blood B cells, but only on a fraction
off cord blood and bone marrow B ceils.165;166 A small subset of peripheral blood memory T cells
alsoo expresses CXCR5. In secondary lymphoid organs the majority of T-helper cells are CXCR5positivee in order to localize them to the B cell area where they can provide B-cell help. Moreover,
CXCR55 is expressed in the granule and Purkin}e cell layer of the cerebellum. CXCL13 (BCA1/BLC)) is the only known ligand for CXCR5 and is constitutively expressed in secondary lymphoid
organss and liver.67:1$a In the spleen, CXCL13 is present in B-cell rich areas in the outer regions of
thee white pulp. In lymph nodes CXCL13 is also expressed in the B-cell follicles. This chemokine is
expressedd by resident stromal cells, the follicular dendritic cells, which are localized in these
follicles.. In Peyer's patches CXCL13 is most strongly expressed in germinal centers, where B cells
undergoo somatic mutation and affinity maturation. Due to the expression of this chemokine naive B
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lymphocytess localize efficiently to the B-cell areas of secondary lymphoid organs. Once a B cell
hass bound enough antigen, it is redirected to the boundary of the B cell and T cell areas. The B
celll expresses more chemokines, which attract specific T-helper cells. Furthermore, after antigen
encounter,, helper T cells downregulate CCR7 and upregulate CXCR5, also allowing them to enter
thee boundary of the B cell and T cell areas.70'169 At this boundary the antigen-presenting B cells
cann encounterr the antigen-specific T celts.
Ass expected, mice lacking CXCR5 have a severe defect in normal B celt migration and
localization.11** This impaired migration causes a rise in the number of B cells in peripheral blood.
Thee mice have no inguinal lymph nodes and they lack germinal centers in the spleen. However,
transferredd CXCR5*'" B cells are found in inguinal lymph nodes of the wifd-type recipient. This
suggestss that the lack of these lymph nodes is not only due to impaired migration, but that CXCR5
playss a role in their development. Furthermore, the CXCR5 knockout mice only have a few Peyefs
patches,, whereas the lamina propria of the intestinal mucosa was not altered. Surprisingly, after
antigenn challenge the immunoglobulin levels in these mice are normal. In CXGR5^ CCR7"7' double
knockoutt mice all peripheral lymph nodes are lacking, suggesting that CXCR5 and CGR7 are both
necessaryy for lymphoid organ formation and organization.1 1
Treatmentt of B cells with pertussis toxin, which blocks Gi proteins, inhibits the chemotaxis
towardss CXCL13.188 However, chemotaxis and Ca2+ signaling of CXCRS-transfected HEK293 cells
appearss to be pertussis toxin insensitive, whereas Erk activation is Gi protein-dependent.172
Indeed,, in the CXCRS-transfected colon carcinoma cell line CT-26, migration towards CXCL13 is
alsoo pertussis toxin-insensitive (chapter 7 of this thesis). Probably, the specificity of G-protein
couplingg can differ between cell types. In addition to the Burkitt's lymphomas, in which it was
originallyy identified, CXCR5 is also expressed in other lymphomas.16*17^175 In chapter 7, results
aree described that suggest a role for CXCR5 in proliferation and metastasis of carcinomas.
CXCR66 is the receptor for CXCL16, which is its only ligand.176:177 (n addition to the
chemokinee domain, CXCL16 also has a mucin-like stalk, as previously found only in the CXaC
chemokinee fractalkine (CX3CL1). CXCL16 is expressed by antigen-presenting cells, whereas
CXCR66 is expressed by specific subsets of T lymphocytes, but not B cells, monocytes or dendritic
cells.176*1799 This expression pattern suggests a role in promoting interactions between dendritic
cellss and T cells, and thus in supporting antigen presentation. Mice in which the gene for CXCR6
wass replaced by EGFP were healthy and fertile.17* It has been suggested that CXCR6 plays a role
inn the recruiting T lymphocytes to sites of inflammation. Moreover, its ligand CXCL16 may play an
additionall role in the clearing of bacteria since it can support binding and phagocytosis of Gramnegativee and Gram-positive bacteria.180
XC-chemokineXC-chemokine receptor
Inn the XC-chemokines the first and third cysteines are missing and therefore only one
disulfidee bridge is formed. These chemokines also have a longer C-terminal tail compared to the
otherr chemokines. Up to date, 2 XC-chemokines have been discovered. According to the new
chemokinee nomenclature, the two XC chemokines are named XCL#.9
XCR11 is the only known chemokine receptor of the XC class.181 It binds to both XC
chemokines,, XCL1 (SCM-1ct/lymphotactin) and XCL2 (SCM-1p>,82;1fl3 XCR1 is expressed on T
cells,, B cells and neutrophils.18* XCR1 has a role in the regulation of T cell proliferation. XCL1 acts
ass a negative regulator of proliferation of helper T cells and even induces apoptosis of these cells,
whereass it positively regulates the proliferation of cytotoxic T cells.1851'86 It has been suggested to
usee XCL-1 in combination with interieukin-2 (IL-2) for cancer therapy.187:t88 A vaccine with
allogeneicc tumor cells, which express XCL1 and IL-2, can induce an anti-tumor immune response.
CXsC-chemokineCXsC-chemokine receptor
Inn the CXaC-chemokine the two N-terminal cysteines are separated by three amino acids to
formm a CX$C motif. Up to date, only one CX3C-chemokine has been discovered, which binds to
CX3CRI.. According to the new chemokine nomenclature, this chemokine is called CX3CLI . 9
CX3CLII (fractalkinetoeurotactin), the ligand of CX3CRI, is one of the two known
chemokiness that is membrane-bound, 19 As discussed above, the other membrane-bound
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chemokinee with a mucin-like stalk is CXCL16.177 CX3CLI is expressed on activated endothelial
cells,, dendritic cells, mast cells and neurons.190"192 In contrast to other chemokines that can induce
celll adhesion by activating integrins, CX3CLI can induce firm adhesion to the membrane-bound
chemokinee itself, independent of integrins.18*193 CX3CR1 requires pertussis toxin-sensitive G
proteinss for the induction of migration, but not for the induction of adhesion. CX3CR1 is expressed
onn monocytes, neutrophils, natural killer cells, T lymphocytes and in several organs, including the
brain.. CX3CRI can also act as a co-receptor for HIV-1. CX3CRI knockout mice showed no overt
developmentall or morphological abnormalities.194 The absence of CX3CR1 confers protection from
cardiacc transplant rejection and has a beneficial effect on atherosclerotic plaque formation.19*195
Consistently,, patients with a common polymorphism in CX3CRI have a decreased incidence of
coronaryy artery disease.196 In contrast, HIV-infected patients with the same polymorphism
progressedd to AIDS more rapidly.197 The exact role of CX3CR1 in the pathology of AIDS is still
unclear. .
"Silent""Silent" chemokine receptors
Thee "silent" chemokine receptors lack the important DRY sequence in the third intracellular
loop,, which is required for signaling. Binding to chemokines therefore does not elicit signals. The
functionn of the "silent* receptors is mostly unknown. They have been suggested to function as
decoyy receptors or as transporters or presenters of chemokines.
DARCC {Duffy antigen receptor for chemokines) has become of particular interest, because
off its role in malaria.196 Plasmodium parasites use DARC to enter the red blood ceil. Most West
Africanss and African Americans lack DARC on their erythrocytes and appear to be resistant to
malaria.. DARC binds to basic CC chemokines as well as CXC chemokines with the ELR motif.2 In
additionn to erythrocytes, DARC is also expressed by endothelial cells of post-capillary venules and
byy Purkinje ceils of the cerebellum.198 DARC was thought to be an intravascular "sink" for
chemokines.. However, in DARC knockout mice chemokines disappear more rapidly from the
plasmaa than in wild-type mice.199 Furthermore, the knockout mice show an exaggerated
inflammatoryy response with increased granulocyte accumulation in lung and liver.200 The exact
functionn of DARC expression on endothelial cells and its role in the inflammatory immune
responsee stilll needs further investigation.
Thee chemokine binding protein D6 had previously been renamed CCR9 and CCR10.&7;201
However,, so far no signaling was demonstrated after ligand binding. Therefore, D6 is not included
inn the CCR# nomenclature. High affinity ligands for D6 are murine CCL2, CCL3, CCL4 and
CCL8,877 With lower affinity also the CC chemokines CCL5, CCL7, CCL11, CCL13 and CCL14 bind
too D6. Binding of a chemokine to D6 does not lead to calcium response and chemotaxis, but it
leadss to efficient internalization and degradation of the ligand.202 D6 might act as a scavenger
receptorr in lymphatic vessels, to prevent excessive diffusion of inflammatory chemokines.
CCX-CKR,, the human homologue of the bovine orphan receptor PPR1 was designated
CCR111 by Schweickart et a!.203 However, the effects they saw upon binding of CCL2, CCL8 and
CCL133 were not due to the orphan receptor PPR1. It appeared that the chemokine receptor CCR2
wass upregulated in the transfected cells.204 Another group found that the same orphan receptor
bindss to CCL19, CCL21 and CCL25, but no signaling function was identified.205 Therefore, this
receptorr does not qualify for a CCR# designation and also belongs to the "silent" receptors.2"6
Noo ligands for human chemokine receptor (HCR) have been reported, but it was suggested
too belong to the "silent" receptors.2071208 HCR is expressed on neutrophils, macrophages,
monocytes,, T cells and on dendritic cells during a very small window in their maturation process.
Knockoutt mice for HCR have a defect in contact hypersensitivity (A. Mantovani, chemokine
conference,, Paris, 2003).
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Signall transduction
Chemokinee receptors are seven-transmembrane G-protein-coupled receptors. They have long
beenn known to signal via pertussis toxin-sensitive G-proteins. However, this is not the only
importantt signal. In this thesis I primarily focus on the function of the G-proteins. We investigated
thee role of Gey, and the small G-proteins in lymphoma migration and invasion (chapter 3). We also
investigatedd the necessary signals for the activation of the p2 integrin LFA-1. In chapter 4 the role
off the Gpy dimer in the migration and invasion of a T cell hybridoma is described. The role of Go)
inn carcinoma metastasis is described in chapter 6. In chapter 5 we show that a special effector of
calcium,, synaptotagmin, is involved in the migration and invasion of the T cell hybridoma. The
differentt roles of the many involved signal transducers, which can be activated by chemokine
receptors,, are discussed below. An overview of signal transduction molecules activated by
chemokinee receptors is depicted in Fig. 1.

p-arrestin n

AKT/PKB B

Fig.. 1. Schematic overview of the complex signaling pathways involved in chemokine receptor stimulation. Dotted lines
aree drawn to depict the activation of other effector molecules, which are not discussed in the text.
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G-proteins G-proteins
Thee classical view of chemokine receptor signaling requires the activation of heterotrimeric
guanine-nucleotide-bindingg regulatory proteins (G-proteins). G-proteins consist of a-, p- and ysubunits,, the tatter two forming a non-dissociable complex.209 All subunits belong to families of
differentt gene products. The a-subunits can be divided into four classes: G,, Ga, Gq and G12/Gi3Pertussiss toxin catalyzes the ADP-ribosylation of C-terminal cysteine residues of the Ga subunits
off the Gi class.210 This modification prevents the interaction between Ga subunits and the receptor,
therebyy blocking activation of the G-protein. Only CXCR5-induced migration has been described to
bee insensitive to pertussis toxin.172 Some studies have shown that chemokine receptors can also
couplee to other classes of G-proteins.211"213 Furthermore, chemokine receptor/G-protein pairing
maymay be cell-specific. In chapter 3, we demonstrate a crucial role for Gq proteins in the invasion and
inn vivo migration of a T cell hybridoma, dependent on signaling by the CXCR4 chemokine
receptor.214 4
Thee Ga subunits contain a single guanine-nucleotide binding site and possess an intrinsic
GTPasee activity. G-proteins are inactive in the GDP-bound stage. Binding of a chemokine to its
receptorr changes the receptor conformation unmasking previously hidden G-protein binding
sites.2155 The interaction with the activated receptor drives the guanine-nucleotide exchange
resultingg in GTP binding to the a-subunit. This leads to a conformational change in the Ga subunit
andd therefore a lower affinity for the Gpy dimer. The complex dissociates and both the Ga and the
Gpyy subunits can bind to several second messengers. The conformation of the free Gpy dimer is
identicall to that in the trimer, suggesting that in the intact trimer the Ga subunit inhibits the
interactionn of Gpy with its effectors. The Ga subunits of the four classes have different functions.203
Adenylyll cyclase is inhibited by Gia, but activated by G s a Gqa directly stimulates phospholipase
Cpp (PLCp) and activates RhoA.209*16 The G1s/G13a subunits can also activate RhoA and it is
suggestedd that they regulate Na+/H+ exchange.209'21^218
Thee Gpy dimer can interact with many effectors.218 Most importantly for migration towards
chemokiness is its interaction with PLCp and phosphatidylinositol-3 kinase y (PI3Ky). However, Gpy
hass also been reported to bind to certain positive ion channels and a number of kinases. In yeast,
Gpyy has been shown to bind to members of the small G proteins of the Rho family. Furthermore,
ann important function of Gpy together with phosphatidylinositol 4,5-bisphosphates (P1P2) is the
recruitmentt of G-protein-coupted receptor kinases (GRKs) to the membrane (see below).220 This
leadss to desensitization and internalization of the chemokine receptors. The overall function of the
Gpyy dimers in migration is not clear. On the one hand, they stimulate migration, because of their
couplingg to second messengers such as PLCp and P13Ky, but on the other hand they inhibit
migration,, by coupling to GRKs and inducing desensitization. For two chemokine receptors, CCR2
andd CXCR2, it has been shown that inhibition of Gpy activity results in reduced migration.2211222 In
chapterr 4 we show that inhibition of Gpy promoted CXCL12-induced migration of a T celt
lymphomaa and resulted in sustained CXCL12-dependent invasion. This was due to a block in
desensitization.. Moreover, the T cell migration towards CXCL12 was dependent on PI3Ky, but
afterr blocking the Gpy subunits, the cells migrated independently of PI3Ky.
PhospholipasePhospholipase C (PLC)
Chemokiness induce a rapid rise in intracellular Ca2+ concentration. This is mainly due to the
activationn of phospholipase C (PLC).223 The PLC isozymes can be divided into three types, PLCp,
PLCyy and PLCS.224 Both the a-subunit of G„ and the Gpy dimer can interact with phospholipase Cp
(PLCp),, but in a different region. PLCy is activated by protein tyrosine kinases and it has been
suggestedd that the small GTPase RhoA can activate PLCS. Furthermore, a raise in Ca2+ can
activatee all PLCs, but PLCS is more sensitive to Ca2+ than the others. Upon chemokine activation,
PLCpp is activated via Gpy dimers and/or Gqa, but PLCs from the other classes might also be
activatedd via indirect pathways. Contradictory results have been published on the requirement of
PLCC for cell migration and the isozyme involved.211;225"2as It probably depends on the cell type and
onn the chemokine receptor. PLC catalyzes the hydrolysis of phosphatidylinositol 4,5bisphosphatess (PIP2) to inositol trisphosphate (IP3) and diacylglycerol (DAG).229 DAG induces
translocationn of protein kinase C (PKC) to the membrane, where it is activated. The other product
off PIP2 hydrolysis, IP3, binds to receptors located on the endoplasmic reticulum, which stores Ca2+.
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Fourr IP3 receptors form a Ca2+ channel, which opens upon binding of IP3. This leads to a rapid
increasee in the concentration of cytosolic Ca2+. Ca2+ influences many molecules and processes. In
thiss thesis the role is described of one special Ca2+ effector, synaptotagmin, in CXCL12-induced
migrationn (chapter 5).
Synaptotagmin Synaptotagmin
SNAREss (soluble N-ethyl maleimide-sensitive factor (NSF) attachment protein receptors)
aree located on the membranes of both vesicles (v-SNARE) and the target membrane (t-SNARE)
andd mediate vesicle fusion with the target membrane.230 SNAREs bind to each other to form a very
stablee four-stranded coiled-coil core complex, which docks the vesicle to the membrane. More
thann a hundred SNARE proteins from diverse organisms have been discovered. In neurons,
vesicless loaded with neurotransmitter are docked to the membrane and remain quiescent until an
actionn potential arrives.231 Through voltage-activated channels the influx of Ca2+ is triggered, which
activatess the calcium-sensor synaptotagmin resulting in fusion of the vesicle. Synaptotagmins are
655 kDa transmembrane proteins with a short extracellular domain. The cytoplasmic part consists
off two calcium binding domains, C2A and C2B. Synaptotagmins undergo Ca+-dependent
oligomerization,, but the structure of these oligomers is still unclear. Thirteen isoforms of
synaptotagminn have been identified.231 The neuron-specific synaptotagmin 1 and 2 have a low
affinityy for Ca2+. Other synaptotagmins are more ubiquitously expressed and can be activated by
lowerr concentrations of Ca2+, in the micromolar range.232
Threee models have been proposed for how synaptotagmin operates as a Ca2+ sensor to
inducee fusion. The first model is depicted in Fig. 2. In the absence of Ca2+, SNAREs,
synaptotagminn and phosphatidylinositol(4,5)bisphosphate (PIP2) pre-assemble in a ring-like
structuree between the membranes that have to fuse. When the concentration of Ca2+ rises,
synaptotagminss oligomerize and the Ca2+-binding loops of the C2 domains penetrate into PIP2
raftss in the plasma membrane. Together with other factors this leads to dilation of the neck of a
fusionn pore, resulting in secretion.231,233 Synaptotagmin can bind to SNAREs in the absence of
Ca2+.. Another possibility is that synaptotagmin inhibits the disassembly of the SNAREs and, in
responsee to Ca2+, changes its interaction with the SNAREs and thereby facilitates fusion. In the
thirdd model, synaptotagmin binds to the SNARE complex after Ca2+ binding. It might twist the
complexx and thereby pull the two membranes closer together so that they can fuse. The models
aree not mutually exclusive and a combination of elements of the three models may occur.

Fig.. 2. A model for synaptotagmin function during exocytosis. A schematic view of docked vesicle fusion regulated by
synaptotagmin.. The v-SNARE, synaptobrevin, associates with the t-SNAREs, SNAP25 and syntaxin. The C2B-domain
off synaptotagmin weakly binds to phosphatidylinositol 4,5-bisphosphate (Ptdlns(4,5)P2) in the target membrane. When
thee concentration of Ca rises, synaptotagmins oligomerize and the Ca +-binding loops of the C2 domains penetrate
intoo PIP2 rafts in the plasma membrane. Together with other factors this leads to dilation of the neck of a fusion pore,
resultingg in secretion. Other factors clearly have roles in exocytosis but are not considered here. From: Nat.Rev.Mol.Cell
Bbl.Bbl. 3:498-508 (2002)231
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Inn addition to its role in regulated exocytosis, which leads to neurotransmitter release,
synaptotagminn is also involved in endocytosis. Synaptotagmin binds to P1P2 and both can bind
too the adaptor protein complex AP-2. AP-2 mediates the assembly of clathrin coats onto the fused
membrane,, which deform the membrane into a vesicle. This vesicle is pinched off the membrane
andd endocytosed.
Synaptotagminn homologues have also been found in plants and worms and arose early in
evolutionn before nerve cells existed.235 Therefore, in early eukaryotes their function can not have
beenn the regulation of neurotransmitter release in the central nervous system, and they must have
hadd a different and probably more general function. Indeed, synaptotagmin-3 and -7 have been
implicatedd in regulated insulin secretion in pancreatic cells.236*37 Synaptotagmin-6 is involved in
thee release of degradative enzymes from the acrosome of sperm cells necessary to penetrate the
oocyte.2388 Furthermore, the repair of membrane defects by exocytosis of lysosomes is mediated by
synaptotagmin-?.239^400 In chapter 5 of this thesis we show that synaptotagmin also plays a role in
chemotaxis. .
Phosphatidylinosltot-3Phosphatidylinosltot-3 kinase (PI3K)
Thee phosphatidylinositol-3 kinase (PI3K) family can be divided into four classes.241 *** The
classclass lA enzymes consist of a p85 regulatory subunit and a p110 catalytic sub-unit. The p110a and
pp catalytic subunits are expressed ubiquitously, but p1106 mainly in leukocytes. PI3K enzymes are
constitutivelyy active, but normally located in the cytoplasm and not at the membranes that contain
itss lipid substrate PIP2. PI3K activity is induced in cells by translocation of the enzyme to these
membranes.. The class U PI3Ks are translocated after tyrosine phosphorylation of the p85 subunit,
sincee the phosphorylated p85 binds to SH2 domains in membrane proteins. The class lB PI3K
catalyticc subunit pHO? lacks the binding site for p85, but instead binds to a p101 regulatory
subunit.. Free GBy dimers that are released from Ga after activation of G-protein coupled
receptors,, but are still attached to the membrane, bind to p101 and thus bring the p110y close to
thee membrane and induce PI3Ky activity. The function and activation of the class II and III PI3K
familiess is largely unknown. However, the class II PI3K-C2o can be activated by the chemokine
receptorr CCR2, and this is inhibited by pertussis toxin.243
Phosphatidylinositol-33 kinases (PI3Ks) phosphorylate the third position of the inositol ring
off phosphoinositides. The products are phosphatidylinositol(3)monophosphate (PI(3)P),
phosphatidylinosrtol(3,4)bisphosphatee (Pl(3,4)p2) and phosphatidylinositol(3,4,5)trisphosphate
(PI(3,4,5)P3).. Two phosphatases, PTEN and SHIP, can dephosphorylate 3' phosphoinositides and
thuss counteract the PI3Ks. PI3Ky is considered to be the most important PI3K necessary for
migrationn in response to chemokines. However, chemotaxis of PI3KY-/- cells is never completely
abrogated,, but is inhibited by 50 to 90%, depending on the chemokine and cell type, suggesting
thatt other PI3Ks are also important.244 In chapter 4 we show that in some cases cells can even
migratee independently of PI3K, P110qc and p110p are essential for development, since knockout
micee are embryonic lethal.245t24B The pHOyand p1106 knockout mice are viable.2251247'249 Antigen
receptorr signaling in B and T cells was impaired in the p110S knockout mice, whereas the
inflammatoryy response was impaired in the p110y knockouts.
Cellss can respond to very shallow chemoattractant gradients. The small difference in
chemokinee concentration between the front and the rear of the cell is amplified intracellular^ into a
veryvery steep gradient of signaling molecules.250 PI3Ks and its products are key players in this
processs and accumulate rapidly at the front of the cell, whereas the phosphatases PTEN and
SHIPP accumulate at the lateral sides and the rear of the cell. This has been shown for the
amoebaee Dietyostelium and for neutrophils.251"253
Thee products of the PI3Ks interact with different effectors.2411244 Protein kinase B
(PKB/AKT)) and phosphoinositide-dependent protein kinase 1 (PDK1) are key serineAhreonine
kinasess which bind to PI(3,4)P2 and PI(3,4,5)P3. PDK1 can phosphorylate PKB/AKT and PKC,
whereass PKB activates several transcription factors. Via the Rho GTPases Rac and Cdc42, PI3K
cann also coordinate the organization of the cytoskeleton, which is important for movement. A third
groupp of effectors is the Tec family of tyrosine kinases, which are activated upon phosphorylation
byy Src kinases. Their binding to PI(3,4t5)P3 results in recruitment to the membrane and therefore
bringss them in closer vicinity to the Src kinases. The Pl(3,4,5)P3-activated Tec kinases, such as
Btkk and Itk, then phosphorylate PLCy, leading to enhanced PLC activity and Ca2+ mobilization.254
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TheThe JAK/STAT pathway
Cytokinee and growth receptors are known to dimerize, or even form oligomers, upon
bindingg of ligand.255 This receptor aggregation leads to the activation Of associated tyrosine
kinases,, the Janus kinases (JAK). By co-immunoprecipitation it was demonstrated that the
chemokinee receptors CCR2, CCR5, CXCR2 and CXCR4 can also dimerize.22*3*56*57 To show that
dimerss exist in intact living cells, fluorescence or bioluminescence resonance energy transfer
(FRETT or BRET) analysis has been used. Thus, oligomers of G-protein-coupted receptors have
beenn demonstrated in yeast and oligomers of CXCR4 and CCR5 in transfected HEK cells.258"260
Chemokinee receptors have been shown to induce JAK signaling.257*61*62 However, further
researchh is necessary to find out whether dimerization of the receptor is necessary and whether Gi
proteinss are involved. Four members of the JAK family are known, JAK1, JAK2, JAK3 and Tyk2,
whichh are activated in response to different cytokines.283 After ligand binding, the activated JAKs
phosphoryiatee tyrosine residues of the receptor. This provides docking sites for STAT (signaling
transducerr and activator of transcription) transcription factors, but also for PLCs. The STATs are
phosphorylatedd by JAK and form dimers by SH2-phosphotyrosine interactions. These dimers
becomee activated after the recruitment to the receptor and translocate to the nucleus where they
actt as transcription factors. The JAK-STAT pathway is mainly implicated in regulating cellular
growthh and differentiation, but is also important for chemotaxis.
^
MitogenMitogen activated protein kinase (MAPK)
Thee family of mitogen-activated protein kinases (MAPKs) consists of four members.261 The
extracellularr signal-regulated kinases 1 and 2 (Erk-1 and Erk-2) have a molecular weight of 42 and
444 kDa. The stress activated protein kinases (SAPK) consist of a 38 kDa protein, p38 and the cJunn N-terminal kinase (JNK). All MAPKs can be activated via the Gp? dfimer and Go,,.266 JNKs can
alsoo be activated via Ga 12 and Ga^The MAPK family is activated by the phosphorylation of
tyrosinee or threonine residues. They activate transcription factors, but also protein kinases, which
phosphoryiatee heat shock proteins. All four members of the MAPK family can be activated by
chemokinee receptors, but the pathways may differ between cell types and chemokine
receptors.267*688 CCL2, CXCL8 and CX3CLI induce phosphorylation of all MAPK family
members.267"2722 They are all necessary for CX3CU-mediated adhesion, whereas only Erk is
necessaryy for CCL2-mediated adhesion and only p38 MAPK for GCL2-induced migration. Binding
off CCL11 to CCR3 can activate Erk, and this is dependent on p38 MAPK.273*7* Both members of
thee MAPK family are necessary for migration. Many contradictory results have been published
regardingg MAPK phosphorylation after CXCR4 stimulation .275~27a Sometimes only Erk activation
wass observed, whereas in other cases also p38 was phosphorytated. Erk and p38 have been
impliedd in migration, based on effects of inhibitors, but in other cases these inhibitors had no
effect.276*2799 CXCR3 and CXCR5 have only been shown to activate Erk and this is probably not
essentiall for migration.1721280*81 Furthermore, Erk activation after stimulation with CXCL13 is Gidependentt in contrast to migration towards CXCL13, which is independent of G) proteins.
RhoRho GTPases
Thee small GTPases of the Rho family coordinate the dynamic organization of the actin
cytoskeletonn that is crucial for cell polarization and motility.282*83 Many members of the Rho
GTPasess have been identified, and of these RhoA, Cde42 and R a d have been studied most
extensively.. Activation of Cdc42 leads to the formation of filopodia. These are thin extensions that
makee contact with the area in front Of the moving ceil. In migrating cells, a tamellipodium is formed
att the leading edge and this requires R a d . Movement also involves contraction of the tail and this
requiress RhoA.28* The Rho GTPases cycle between an active GTP-bound state and an inactive
GDP-boundd state. They can exchange nucleotides and hydrolyze GTP at a slow rate, but this is
greatlyy enhanced when catalyzed by Guanine exchange factors (GEFs) and GTPase-activating
proteinss (GAPs).
Activee GTP-bound Rho GTPases interact with multiple downstream effectors. For example,
R a dd and Cdc42 can activate PAK kinases and stimulate actin polymerization via the Arp2/3
complex.. RhoA can activate Rock, Dia kinases and PI(4)P-5 kinase. Chemokines can activate
Rho,, Rac and Cdc42, but their effect on migration and adhesion differs between cell types and
chemokinee receptors.284 RhoA is involved in adhesion and therefore also in migration of adherent
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cells.273:2855 In a T cell lymphoma, we showed that for migration towards high concentrations of
CXCL12,, which is independent of the adhesion molecule LFA-1, RhoA is not necessary. In
contrast,, RhoA is required for LFA-1 -dependent migration towards a low concentration of CXCL12,
ass well as for CXCR4- and LFA-1-dependent invasion of these cells in vitro and their metastasis in
vivoo (Chapter 3 óf this thesis).214 The Rho GTPase Cdc42 is essential for migration towards CCchemqkiness as well as CXC-chemokines.214;2SR2S7 In a T cell lymphoma, expression of an activator
(GEF)) of Rac, Tiam-1, induced invasion.288 Furthermore, T cells Of Rac2-deficient mice do not
migrate,, underscoring the importance of the Rac GTPases.289
GG protein-coupled receptor kinases (GRK) and p-arrestin
Chemokinee receptors are rapidly desensitized and internalized. This process is mediated
byy G-protein coupled receptor kinases (GRKs) and p-arrestins. Seven members of the GRK family
havee been identified. Two rhodopsin kinases are known, GRK1 and GRK7, two p-adrenergic
receptorr kinases (GRK2 and GRK3) and three members of the GRK4 subfamily (GRK4, GRK5
andd GRKO).2201290 The arrestin family consists of four members, p-arrestin-1, p-arrestin^2 and two
visuall arrestins. After receptor stimulation G-proteins are activated, resulting in free Gpy
e
dinners.221*8911 The free
ther with PIP2, which are both in the membrane, bind GRKs which
aree thus translocated to the plasma membrane. The GRK phosphorylates the receptor, which
increasess the affinity for p-arrestin. The binding of p-arrestin to the receptor leads to
desensitizationn because it prevents interaction with G-proteins. p-Arrestin also acts as an adaptor
proteinn that targets the receptors to clathrin-coated pits for internalization .Z91;29Z However,
internalizationn can also take place independent of p-arrestins. Furthermore, p-arrestin can also
initiatee signals by acting as a scaffold protein to recruit Src family tyrosine kinases, MAPKs and
otherr proteins.291;293 Actually, overexpressiön of p-arrestin enhances the migration towards
CXCL122 and CCL5 and the migration of p-arrestin-deficient lymphocytes towards CXCL12 is
impaired.27612944 In contrast, G-protein activation is attenuated after overexpressiön of p-arrestin,
whereass it is enhanced in p-arrestin-deficient celts.276129*293 Further studies are required to solve
thiss apparent contradiction. The coupling to different GRKs can be important, since GRK6~deficient
lymphocytess are impaired in migration, whereas GRKS-defictent lymphocytes are not.28* In chapter
44 of this thesis we show that blocking the function of the Gpy dimer results in increased migration
andd sustained invasion, which is due to a block in desensitization. Indeed, less GRK2 is recruited
too the chemokine receptor CXCR4. In this case less GRK2 does not lead to reduced migration,
suggestingg that GRK2 is not essential for migration.
integrinintegrin activation
Ceill adhesion molecules of the integrin superfamily are transmembrane proteins that consist of an
a-- and a p-subunit, which form a stable dimer.296 Most integrins bind to extracellular matrix
components,, but others can also bind counterreceptors on other cells mediating cell-cell adhesion.
Theyy mediate signal transduction through the cell membrane in two directions. Binding of ligands
too the extracellular domain of the heterodimer leads to the activation of certain signaling molecules
insidee the cell, such as ILK, FAK and ZAP-70. This is called outside-in signaling. Inside-out
signalingg changes the avidity or affinity of the integrin and leads to cell adhesion. Mainly
chemokines,, but also growth factors or cytokines can activate signal transduction pathways that
leadd to inside-out signaling.2371298 By a change of the three-dimensional conformation of the
integrinss the affinity is increased. Higher avidity is due to the clustering of integrins. Together this
leadss to firm adhesion. Chemokines can activate several signal transduction pathways that lead to
thee activation of p i , P2 and p7 integrins.297 In chapter 3 we show that Gi and G q proteins, myosin
andd the small GTPases RhoA and Cdc42 are required for the CXCL12-induced activation of the P2
integrinn LFA-1,214 Other signaling molecules have atso been shown to be involved in the activation
off integrins by chemokines. PI3K can be activated directly by the Gpy dimer of G-proteins or via HRas.. The PI3K product PIP3 activates cytohesin-1, which is an important activator of LFA-1.299;300
Anotherr potent signaling molecule, capable of mediating chemokine-induced activation of
integrins,, is the small GTPase Rapl.3011302 Rapt stimulates association of the protein RAPL with
LFA-1,, which leads to modulation of both the avidity and affinity of the integrin.
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Physiologicall functions of chemokines
Chemokiness play a major role in many diseases, including cancer and AIDS. In this thesis I focus
onn the role of chemokines in cancer. A thorough understanding of this role is only possible with a
profoundd knowledge of the normal physiological function of the chemokines. Below these functions
aree briefly discussed.
Migration Migration
Ann important role of chemokines is the induction of movement of cells. They attract leukocytes to
sitess of inflammation, but also direct movement of cells to and within lymphoid organs.303
Furthermore,, as described in the previous section, chemokine-induced signals activate cell
adhesionn molecules, in particular integrins, which are necessary for movement into tissues. The
emigrationn of a leukocyte through the endothelial wail involves multiple steps. An inactive
leukocytee circulates in the blood and may roH on the endothelial wall via interactions with selectins,
butt will not stop. When a cell encounters a chemokine it will activate p1 and/or p2 integrins, which
cann then bind to their ligands on the endothelial cell surface.297 This response fs extremely fast,
andd is achieved by rapid induction of a high-affinity integrin conformation, but also by clustering of
thee integrins. The adherent cell starts crawling along the vessel wall and finally through the
endotheliall barrier.
Thiss directional migration depends on the polarization of the cell, Induced by the
chemokine.25**30** The response of a cell to a chemotactic stimulus is the extension of protrusions
inn the direction of migration. Actin filaments push the cell membrane in an outward direction, which
resultss in the formation of large broad lamellipodia or spike-like filopodla. As mentioned before,
PI3KK and its products are localized at the front of the cell, the so-called leading edge. They can
bindd to and activate GEFs that regulate the activity of the Rho GTPases Rac and Cdc42. Rac
stimulatess the formation of lamellipodia by activating WAVE proteins. Cdc42 activation leads to the
formationn of filopodia, but Cdc42 also affects the polarity of the cell by localization of the
microtubule-organizingg center. The Rho GTPase RhoA is active at the rear and the sides of the
celll and suppresses Rac activity, thereby preventing protrusions at sites other than at the front.
Integrinss on the cell bind to the extracellular matrix, and the binding sites can serve as traction
sitess for migration as the cell moves forward over them. The cytoplasmic tail of the integrins
interactss with several proteins, such as a-actinin, tal in, focal adhesion kinase and other proteins.
Certainn cells use proteases to cleave extracellular matrix components for easier access. However,
iff these proteases are inhibited, cancer cells can change their morphology and move in an
amoeboidd way independent of these proteases.365 The next step in movement is the contraction of
thee cell by actinomyosin, which is primarily regulated by activated RhoA. Finally, the integrins at
thee rear of the cell detach from the substrate so that the cell can move forward. These contraction
andd detachment steps are most obvious in slow-moving fibroblasts and less clear in fast-moving
cells,, such as lymphocytes. Furthermore, the migratory behavior of a cell depends highly on the
environment. .
immuneimmune response
Chemokiness riot only attract cells and induce their movement, but they are also regulators
off the immune response. They link the innate immune response, the first line of defense, to the
adaptivee immune response, which is characterized by specificity and memory.306 When a
microorganismm enters the body, it encounters macrophages and dendritic cells that capture it.
Lipopolisaccharidess (LPS) on the surface of bacteria bind to toll-like receptors (TLRs) on the
macrophagess and dendritic cells. This triggers the release of chemokines such as CCL3, CCL4,
CCL5,, CXCL8 and CXCL10.307 These chemokines attract immature dendritic cells which express
CCR1,, CCR5, CCR6 and TLRs. Bacteria, LPS and inflammatory cytokines induce the maturation
andd differentiation of the dendritic cells.30*309 This results in the down-regulation of their original
chemokinee receptors and the upregulation of CCR?.7*308 The cells synthesize large amounts of
inflammatoryy chemokines that attract other cells including additional immature dendritic cells. The
ligandd for CCR7, CCL21, is expressed on the endothelium of the afferent lymphatic vessels and
attractss the antigen-loaded matured dendritic ceils. They migrate to the T cell area in the lymph
nodee in response to CCL21, but also CCL19. They produce CCL18 and CCL19, to attract naive T
27 7

Chapterr 1
cells.. Dendritic cells interact rapidly with many T cells, which scan for the presented antigen.
Activatedd T cells downregulate CCR7 and upregulate CXCR3 and therefore are attracted into the
inflamedd tissues.310 Other attracted T cells upregulate CXCR5. The stromal cells in the B cell area
expresss CXCL13 that attracts the CXCR5-expressing T cells to thé edge of the B cell area, where
theyy provide help to antigen-primed B cells. Some T cells get only partially activated and keep their
CCR77 expression. Therefore, they stay in the lymph nodes and are temporarily arrested in their
development.. During a secondary response these central memory cells can complete
differentiationn into effector cells.
Naivee T cells migrate to lymphoid tissues, and memory and effector T cells to non-lymphoid
tissues.. The activated T cell preferentially migrates to the place where the antigen was first
encountered.. If a T cell is primed by a dendritic cell derived from Peyer*s patches, rt upregulates
CCR99 and the integrin o4p7.102 Therefore the T cells will be directed to the small intestine, which
containss targe amounts of CCL25, In contrast, skin-homing cells express CCR4.107 CCL17 is
indeedd upregutated in inflamed skin and attracts these cells. A small group of skin-homing helper T
cellss also expresses CCR10.107:108 These so called "effector" memory T cells migrate to the skin,
becausee skin keratinocytes are the only cells mat express CCL27. They reside in the skin until
theyy encounter antigen during a secondary response. Thus, chemokines together with adhesion
moleculess direct the homing of T cells in a tissue-selective manner.
Alll CCR5 ligands, but also CXCL12, costimulate T cells in the presence of anti-CD3
antibodyy or antigen.1S4:311 Moreover, micromolar doses of CCL5 induce T cell proliferation and
cytokinee production even in the absence of antigen. The physiological relevance of this is
doubtful.33 However, if chemokines bind to proteoglycans, the local chemokine levels presented to
thee receptor are increased.313 Micromolar levels of soluble chemokines might be comparable to
surface-boundd aggregates of chemokines. This antigen-independent activation of T cells has
importantt implications for autoimmunity, because high CCL5 levels are present in the attacked
tissues.3144 This leads to enhanced proliferation and cytokine production by bystander T cells.
Heriiatopoiesls Heriiatopoiesls
Exceptt for the direction of leukocytes to the right location during the immune response,
chemokiness are also important for their development.315 Hematopoiesis originates In the early yolk
sac.. As embryogenesis proceeds, this function is taken over by the fetal liver and after birth by the
bonee marrow. The hematopoietic stem cell is muftipotent and differentiates first to a myeloid or a
lymphoidd progenitor. Myeloid progenitors differentiate further to granulocytes, monocytes,
macrophages,, platelets and erythrocytes. Lymphoid progenitors are the precursors of B and T
cells. .
Differentiationn requires homing of progenitors to specialized environments. CXCR4 and its
ligandd CXCL12 have been implicated in the homing of hematopoietic precursors to the bone
marrow.. However, CXCR4- and CXCL12-deficient mice have only defects in B cell lymphopoiesis
andd myelopoiesis and not in T cell lymphopoiesis.15 The precursors appear in increased numbers
inn the blood, indicating that the retention in fetal liver and bone marrow is defective. Normally, B
cellss leave the bone marrow if they gain immunoglobulins on their surface. In this stage they are
lesss responsive to CXCL12 despite relatively high levels of CXCR4.316 For the migration towards
thee highly specialized B cell areas in secondary lymphoid organs thé surface expression of
CXCR55 becomes important.170 CXCL12 is also expressed in the thymus, but T cell lymphopoiesis
iss not impaired in the CXCR4 and CXCL12 knockout mice.15 The early progenitor T cells are
probablyy attracted to the thymus by another chemokine, CCL25.317 In the next stage, T cells move
too the remainder of the cortex, where they undergo positive selection. In this stage, CCR9, the
receptorr for CCL25, is even more highly expressed. Selected thymocytes move to the medulla,
fromm where mature T cells migrate to the peripheral blood. Many chemokines are expressed in the
medulla,, including CCL17, CCL19, CCL21, CCL22 and CXCL16.315 The maturated thymocytes
firstt upregulate CCR4 and encounter self-antigens for negative regulation. Only cytotoxic T cells
alsoo express CXCR6, suggesting a more specific role for CXCR6. However, CXCR6-deficient mice
aree not defective in T cell lymphopoiesis.179 Finally, the mature T cells loose CCR9 and CCR4
expression,, upregulate CCR7 and leave the thymus.31S;319 Although all these chemokine receptors
seemm very important, CCR4-, CCR7- and CCR9-deficiency does not severely affect T cell
development.3*755"" Studies with the G-protein inhibitor pertussis toxin, however, suggest that T
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celll development does dependent on chemokines. ft seems likely that the multiple chemokines
havee redundant functions, so that effects can only be expected in double- or tripte- knockout mice.
Proliferation Proliferation
CXCL122 was originally isolated from a bone marrow stromal cell line and was found to support the
proliferationn of B-cell progenitors in the presence of IL-7.135:13S Clearly, CXCL12 Is an proliferationenhancingg factor for CD34* progenitors and myeloid progenitors.320 CXCL12 is also highly
expressedd in tumors. In ovarian and lung cancer a proliferation-enhancing effect of CXCL12 was
seenn under suboptimal conditions.32*322^ By producing their own CXCL12 and upregulating its
receptorr CXCR4, the tumor cells may be able to grow in distant and less favorable sites. CXCL12
triggerss proliferation probably via the Erk and Akt pathways, as shown for glioblastoma cells.323
However,, CXCL12 did not influence proliferation of several B and T cell lymphoma cell lines.324
CXCL122 even induced apoptosis in T cells after 3 days exposure.325 This was dependent on Fas
andd Fas ligand expression. The cleavage of CXCL12 by metalloproteases might explain this.
CXCL12,, cleaved at tfie fourth serine residue, has lower affinity for CXCR4, cannot attract
CXCFU-positivee cells, but does induce neuronal cell death.326
Threee CXC chemokines, CXCL1, CXCL2 and CXCL3, were identified originally as
melanomaa growth stimulatory activity protein or as growth related protein.327 Indeed, CXCL1 and
CXCL88 can induce growth of melanoma and pancreatic tumor cells.32* The tumor cells express the
tigandss and their receptor, CXCR2, and enhance their proliferation in an autocrine manner. On the
contrary,, these same chemokines inhibit the proliferation of myeloid progenitors.329 Many other
chemokiness can be myelosuppressfve, such as CCL1 -3, CCL9-13, CCL15-16, CCL18-21, CCL2325,, CXCL4-6, CXCL9-10 and XCL1.330 The reason for this is not clear. The balance between
proliferation-promotingg and -suppressing cytokines and chemokines is important to keep the
inflammatoryy process under control In tumors and chronic inflammation the balance is shifted
towardss proliferation.
Development Development
CXCL122 is the only chemokine essential for life, at least in mjce.u:15:146:147 The mice die in uterus
andd display profound defecte in gastric vasculogenesis, cerebellar and cardiac development.
Furthermore,, the mice have defects in bone marrow myelopoiesis, B-cell lymphopoiesis, but not T
celll lymphopoiesis, In brain development, CCR1 and CXCR2 also play a role. CXCR2 directs the
developmentt of oligodendrocytes and myeiination in the spinal cord.331 CCR1 has been suggested
too play a rote in the maturation of neurites and synapse formation in the postnatal period?32 As
describedd above, CCR7 and CXCR5 are required for the development of secondary lymphoid
organs.7*170 0
Anglogenesls Anglogenesls
Thee formation of new blood vessels can be divided into three stages: vasculogenesis, which
involvess the maturation of mesodermal precursor cells in to haemangioblasts; angiogenesis, in
whichh these cells develop into an initial capillary network; and, finally, pruning and remodeling to
formm a functional circulatory network. The latter process is impaired in CXCR4-knockout mice.
SeveralSeveral physiological processes such as embryonic development and wound heating
dependd on angiogenesis, the formation of new blood vessels. In chronic inflammation and in
tumors,, angiogenesis is aberrantly upregulated. The formation of blood vessels depends on a
balancee between angiogenic factors and angiostatic factors, which promote and Inhibit
neovascularization,, respectively.333 Normally, the turnover of endothelial cells is very stow, but
duringg wound healing it should be rapid, strictly controlled and transient. Quiescent endothelial
celtss are activated and the basement membrane and proximal extracellular tissues are degraded.
Thee activated endothelial cells migrate, divide and form new capillaries. As soon as the wound has
beenn repaired, the new vessels virtually disappear. CXC chemokines containing the Glu-Leu-Arg
(ELR)) motif are potent angiogenic factors. In contrast, EtR-negative CXC chemokines are potent
angiostaticc factors.334 Cytokines can regulate the balance between angiogenic and angiostatic
chemokines.. For example, IL-12 and IL-18 induce the angiostatic cytokine \FU-y, which induces
expressionn of non-ELR chemokines and suppress ELR+ chemokines.336 An exception is CXCL12,
whichh does not contain the ELR-motif, but does play a role in vasculogenesis. Formation of the
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largee vessels towards the stomach and intestines was defective in knockout embryos. CXCR4 is
stronglyy expressed by gastrointestinal endothelium in the embryo. CXCL12 is a chemoattractant
forr endothelial ceils and acts as an angiogenic factor.336 Vascular endothelial growth factor (VEGF)
andd basic fibroblast growth factor (bFGF), important mediators of angiogenesis, increase
expressionn of CXCR4 and CXCL12 in endothelial cells.3361337 On its turn, CXGL12 can induce
expressionn of VEGF by endothelial cells amplifying the angiogenic process.324 The CC
chemokiness CCL1 and CCL11 can also induce angiogenesis in vivo. ;339 However, it is not clear
whetherr the effects of these chemokines are direct or indirect.

Chemokiness in disease
Chemokiness are required for a well-regulated immune response. However, in certain diseases the
immunee reaction is out of control, leading to aberrant recruitment of leukocytes, triggered by
chemokines.. A few years ago some chemokine receptors were discovered to act as co-receptors
forr HIV. More recently, we and others have described the role of the chemokine receptor CXCR4
inn cancer metastasis.
Cancer Cancer
Itt has been known for more than a decade that tumor cells produce certain chemokines and it is
noww clear that cancer cells also express chemokine receptors.3281340 They control the infiltration of
leukocytes,, but are also involved in tumor growth and survival, angiogenesis and the promotion of
metastasis. .
Inhibitionn of CXCR4 function results in reduced metastasis of breast carcinoma, colon
carcinomaa and T cell lymphoma, as described for the latter two tumor types in chapters 2 and 6 of
thiss thesis.78:155:15fi Overexpression of CXCR4 enhances metastasis of melanomas to the lung, and
CCR77 overexpression promotes metastasis to lymph nodes.771157 CXCR4 has also been implicated
inn the metastasis of neuroblastomas, ovarian cancer, prostate cancer, multiple myeloma,
melanomass and B cell lymphomas.7*15*1601341"343 CCR7 is involved in the dissemination to lymph
nodes,, not only of melanomas, but also of lung cancer, esophageal cancer, gastric cancer, breast
cancerr and Hodgkin disease.76:78;173:344;345 Other chemokine receptors have been found to be
expressedd on malignancies, but their role is not established, yet. CCR1 is expressed in ovarian
carcinomas,, multiple myeloma and hepatomas.3423461347 CCR2 is expressed in follicular
lymphomass and myelomas.348:349 CCR3 and CCR4 are expressed in T-cell lymphomas.3501351
AIDS-patientss heterozygous for the 32-deletion in CCR5 as described above, have a lower risk of
developingg non-Hodgkin lymphomas.352 Furthermore, a prolonged disease-free survival in breast
cancerr was observed in individuals bearing this allele.353 CCR6 is expressed in multiple myeloma,
pancreaticc cancer and B-cell non-Hodgkin lymphomas.34213545355 CCR9 is expressed in T-cell acute
lymphocyticc leukemia and is associated with metastasis to the gut.3561357 Malignant melanomas
expresss high levels of CCR10.78 CXCR1 and CXCR2 are expressed in gastric, colon and
pancreaticc carcinomas.358"380 CXCR3 is expressed on malignant B cells, multiple myeloma and
melanomas.342136113622 CXCR5 has been implicated in several lymphomas, such as Burkitt's
lymphoma,, cutaneous B cell lymphoma, gastric lymphoma and classical Hodgkin disease,164;173*175
Inn the first publication describing the role of CXCR4 in breast carcinoma metastasis, it was
suggestedd to be involved in the invasion of tissues from the blood.363 For the T cell lymphoma we
studied,, we in fact demonstrated that CXCR4 is required for invasion, as described in chapter 2.364
However,, for the CT-26 colon carcinoma cell line we studied, CXCR4 can not play a role in
invasionn (see chapter 6).155 Firstly, metastasis of the colon carcinoma is not blocked by pertussis
toxin,, an inhibitor of CXCR4-induced migration. Secondly, CXCR4 levels were low in vitro, but
stronglyy up regulated in vivo and only several days after lung colonization. Finally, we showed that
thee CXCR4-dóficient ceils did colonize the lungs, but did not grow out, suggesting a role in growth
andd survival. CXCR5 has only been implicated in several lymphomas, which is expected since
CXCR55 is primarily expressed on B cells and T helper ceils from which these malignancies
originate.1641173"1755 Strikingly, in the CT-26 colon carcinoma we found that CXCR5 levels were also
loww in vitro, but strongly upregulated in vivo (chapter 7 of this thesis). The role of this chemokine
receptorr in metastasis remains to be established, but we found that CXCL13 can promote
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proliferationn of CXCR5-expressing colon carcinoma cells, and that CXCL13 is abundantly present
inn the metastases.
CXCL122 has been shown to stimulate growth of ovarian and small cell lung cancer.321;322 In
pancreaticc tumor cells and melanomas CXCL1 and CXCL8 are overexpressed compared to
normall tissue and enhance tumor cell proliferation.328 Moreover, the chemokines CXCL1-3 were
firstt discovered as promoters of melanoma growth.327 These ELR-mottf containing chemokines can
alsoo promote angiogenesis, another feature important in the development of a tumor.
Overexpressionn or administration of angiostatic chemokines, such as CXCL9 and CXCL10,
inhibitedd the growth of tumors.3651366 The secretion of chemokines by tumor cells might create an
environmentt that allows them to grow. This may be relevant in the primary tumor but in particular
forr single metastasized tumor ceils that invade a tissue that is quite distinct from the tissue of
origin. .
Thee expression of chemokines at the site of the tumor also attracts certain leukocytes,
mainlymainly macrophages and T cells. Whether the recruitment of leukocytes is favorable for the tumor
remainss to be seen. Activated macrophages are capable of killing tumor cells and destroy the
tumorr vasculature.367 However, macrophages can also produce growth and angiogenic factors and
promotee the proliferation of the tumor. Chemokines involved in the attraction of macrophages are
mainlyy CCL2 and CCL5 and their expression by tumor cells correlates with clinical
aggressiveness.36*3699 Cytotoxic T lymphocytes can kill tumor cells and are the target of many
immunotherapyy strategies. However, the tumor-associated macrophages produce mainly Th2 type
cytokiness and chemokines, such as CCL22.367 This causes an influx of Th2 cells and eosinophils
thatt suppress the Th1 cell-mediated cellular immune response, which could kill the tumor. By
manipulatingg the balance between Th1 and Th2 cytokines, the tumor can thus impede the immune
response. .
AcquiredAcquired immunodeficiency syndrome (AIDS)
Acquiredd immunodeficiency syndrome (AIDS) is caused by infection with a retrovirus, human
immunodeficiencyy virus type 1 or 2 (HIV-1 or -2).370 HIV-2 is the major cause of AIDS in West
Africaa and is now spreading in India. Elsewhere, however, it is HIV-1 that causes AIDS. It has long
beenn known that HIV binds to CD4 on helper T cells, but it took a long time before it was
discoveredd that HIV also binds to chemokine receptors and that this is required for entry of the
virus. .
HIV-11 isolates can be divided into two groups: macrophage-tropic (M-tropic) and T celltropicc (T-tropic) viruses.371 CXCR4 was the first chemokine receptor identified as a co-receptor
thatt is required for fusion of the T-tropic virus with the target cell membrane.13* The T-tropic
viruses,, which replicate in lymphocytes, normally emerge later in infection and are associated with
thee progression to AIDS and accelerated immune destruction. Next, CCR5 was identified as a coreceptorr for M-tropic viruses.42"*6 This is the prevalent virus shortly after infection and during the
asymptomaticc period. It replicates in primary macrophages and lymphocytes. Later, CCR2, CCR3,
CCR8,, CXCR6 and CX3CR1 were also found to act as co-receptors for HIV-1. Furthermore,
CCR1,, CCR2, CCR3, CCR4. CCRS, CXCR4 and CXCR5 are co-receptors for HIV-2.37*374 This
hass been shown in vitro, but in vivo they do not play a major role. In vivo the main co-receptor is
CCR55 and in later phases the virus may use other receptors, but primarily CXCR4.371:373
Somee individuals remain uninfected with HIV-1 despite multiple high-risk sexual exposures
duee to the 32-nucleotkJe deletion in CCR5 as described above.46*50 Heterozygotes progress more
slowlyy towards AIDS. CCR2 is also a co-receptor for HIV-1. In individuals with a variant allele of
CCR22 .disease progression is delayed by two to four years.26
Allergy Allergy
Inn allergic reactions, macrophages and dendritic cells, that encounter the allergen, produce
cytokines,, such as TNF-aand IL-1. 375 These cytokines trigger epithelial cells to produce CCL11,
whichh attracts eosinophils. The mature macrophages and dendritic cells move to the lymph nodes
wheree they activate antigen-specific T helper 2 (Th2) cells. The Th2 cells express CCR3, CCR4
andd CCR8 and move to the site of the allergic reaction due to the presence of CCL17, CCL22 and
probablyy also CCL1. Upon contact with the antigen, they produce more cytokines that trigger more
chemokinee production by the epithelial cells, which leads to more Th2 cell and eosinophil
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infiltrates.. In atopic dermatitis the fibroblasts surrounding the allergic area also produce CCL5,
whichh leads to the influx of Th1 ceils.
CCL111 was the first chemokine discovered to be important in allergy and it was expected
thatt CCL11 knockout mice could not develop an allergic reaction.376 However, the allergic
responsee was only partially reduced, possibly due to compensation by other CCR3 ligands such
ass CCL24 and CCL26.377 Indeed, allergic reactions were less severe in CCR3 knockout mice, due
too impaired eosinophil recruitment.35136
AutoimmuneAutoimmune diseases
Autoimmunityy is due to an immune response to a self-antigen.314 This leads to leukocyte activation
andd their accumulation at the target site. Since chemokines are involved in these processes, they
alsoo play a role in autoimmune diseases.
Inn multiple sclerosis (MS) the myelin sheath of the oligodendrocytes in the central nervous
systemm is damaged by T cells reactive to e.g. myelin basic protein.378 The T cells produce IFN^y
(interferon-y)) and TNF-oc that stimulate astrocytes and leukocytes to produce chemokines that
attractt more macrophages, monocytes and T cells. The auto-reactive Th1 cells express CXGB3
andd CCR5. Inhibition of the interaction of CXCR3 with its ligand CXCL10, led to reduced
experimentall autoimmune encephalomyelitis (EAE), a model for MS in mice.379 However, CCR5
knockoutt mice are not resistant to EAE.380 Surprisingly, mice deficient for either CCR1 or CCR2
aree resistant to EAE, suggesting a major role for these chemokine receptors.314
Inn rheumatoid arthritis (RAK myeloid and lymphoid cells infiltrate and eventually destroy
cartilagee and bone in the joints.3 Also in this autoimmune disease, chemokines recruiting Th1
cellss are elevated at the reactive site.381 Furthermore, angiogenesis is required for the
developmentt of the inflammatory synovial tissue. The angiogenic CXCL5, CXCL8 and CXCL12
aree overexpressed in the rheumatoid joint.3821383 In addition, CXCL12 promotes the survival of the
auto-reactivee T cells by protection of apoptosis, probably via enhanced IL-2 production.384
Inn type I diabetes the insulin-producing pancreatic beta cells are destroyed by auto-reactive
TT cells.379 However, the role of chemokines is not as clear as in MS or arthritis. CXCL10, CCL4
andd CCL5 are expressed in the islet tissue, but also in non-autoimmune tissue. In contrast to the
otherr autoimmune diseases, a specific role was found for CCR4 on the autoimmune T cells.385
Blockingg a ligand for CCR4, CCL22, delayed the development of diabetes, whereas
overexpressionn of CCL22 accelerated it.
Atherosclerosis Atherosclerosis
Atherosclerosiss is a chronic inflammatory process of the major arteries and is the underlying
causee of heart attacks.386 It starts with the upregulation of vascular cell adhesion molecule-1
(VCAM-1)) on the endothelium by inflammatory stimuli. Monocytes and T cells adhere to VCAM-1
andd migrate through the endothelial wall into the arterial intima. The monocytes acquire
macrophagee characteristics, express scavenger receptors that bind lipoprotein particles and
becomee foam cells. The foam cells and T cells express inflammatory cytokines and amplify the
inflammation,, which will ultimately lead to the formation of an atherosclerotic plaque. Growth of the
lesion,, as a result of continued monocyte recruitment, can lead to plaque rupture or thrombotic
vessell occlusion. Three chemokine receptors: CCR2, CXCR2 and CX3CRI, appear to be involved.
CCR2-- and CXCR2-knockout mice develop smaller lesions than wild-type mice in an
atherosclerosis-susceptiblee background.271387 CXCR2 has been suggested to promote the
adhesionn of monocytes to the vessel wall, and CCR2 to be necessary for the subsequent
migration.3888 The membrane-bound chemokine CX3CL1 not only acts as a chemoattractant, but it
cann also induce firm adhesion, independent of integrins.v89;193 Deletion of CX3CR1 led to reduced
monocytee recruitment and consequently to reduced development of atherosclerotic lesions.196
Deletionn of individual chemokine receptors only provided a 50% decrease in atherosclerosis,
suggestingg that all three are important.
AllograftAllograft rejection
Inn the absence of immunosuppression, organ transplants are often rejected by T cell alloreactivity.
Thee recruitment of natural killer cells and later Th1 celts to the transplant is crucial for the
rejection.3899 GXCR3 is expressed on both cell types, and inhibition of CXGR3 or its ligand CXCL10
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resultss in prolonged allograft survival. In CXCR3-deficient mice the allograft rejection ts much
delayed1311 A transplant from a CXCL10 knockout mouse showed prolonged survival.390 CCR5,
expressedd on Th1 cells, is also important for allograft rejection, since in CCR5 knockout mice, the
survivall rate was prolonged.391 Indeed, humans homozygous for the 32-base pair deletion in
CCR55 showed prolonged graft survival.382 GGR1 and CX3CR1 have also been implicated in
allograftt rejection.389 Inhibition of ligand interactions with these receptors, however, resulted only in
profoundd effects when an immunosuppressor was administered simultaneously.
Scopee of this thesis
Att the start of this research project, it was not known that chemokine receptors play a major role in
metastasis.. The Gi protein inhibitor, pertussis toxin, had been found to inhibit the dissemination
andd invasion of the T cell lymphoma we study. CXCR4 is expressed on the T cell lymphoma and
GXCL122 is expressed in the major dissemination sites. Therefore, we suspected that CXCR4
playedd a role in the process of dissemination. Since disruption of the genes of either CXCR4 or its
ligandd CXCL12 leads to embryonic death, CXCR4-knockout cells were not available. We therefore
usedd a different approach. As described in chapter 2, we expressed CXCL12 fused to an
endoplasmicc reticulum (ER) retention signal, KDEL, In the T cell lymphoma. This CXCL12-KDEL is
retainedd in the ER by the KDEL receptor. The CXCL12-KDEL also binds to CXCR4, which is
consequentlyy also sequestered in the ER, so that the cells have no CXCR4 on their surface.
Thesee cells did not migrate towards CXCL12 and did not invade into fibroblast monolayers.
Moreover,, in mice injected with these cells no metastases were formed. This showed that CXCR4
playss an essential role in metastasis of these cells. The roles of different signaling pathways
underlyingg migration and invasion are described in chapter 3 and 4. In these chapters we focused
mainlyy on the roles of the different subunits of G-proteins and the Rho GTPases. in chapter 3 we
describee the role of the Gq protein and the Rho GTPases Cdc42 and RhoA in CXCL12-induced
migration,, invasion and metastasis, in chapter 4 we focus on the rote of the Gp> dlmer of Gproteins.. Blocking the function of this dlmer resulted in increased migration and sustained
invasion,, which was due to a block in desensttization. Moreover the cells became insensitive to
inhibitorss of P13K. The response to chemokines is extremely rapid. We hypothesized that this
involvess rapid fusion of vesicles with the membrane. Such rapid fusion is only possible if the
vesicless are already docked, similarly as synaptic vesicles in neurons. In neuronal cells
synaptotagminn is the calcium sensor that controls fusion of docked vesicles. In chapter 5 we show
thatt migration and invasion of the T cell lymphoma in response to CXCL12 is inhibited when
synaptotagminn function is blocked. This suggests that docked vesicle fusion, regulated by
synaptotagmin,, is required for migration and invasion induced by CXCL12. In chapters 6 and 7 we
focuss on the metastasis of a colon carcinoma cell line. CXCR4 is not present on the cells in vitro,
butt is upregulated in vivo. Using the same method as described above for the T cell lymphoma, we
showw that CXCR4 is essential for the metastasis of me colon carcinoma. However, in contrast to
thee T cell lymphoma, we show that CXCR4 does not play a role in invasion, but in the outgrowth of
micrometastases.. In chapter 7 we show that CXCR5 is also upregulated in the colon carcinoma
celll line in vivo. Since this receptor is hardly expressed on the surface of the colon carcinoma in
vitro,, we transfectéd CXCR5 and determined its function in growth and migration. The role of this
chemokinee receptor in metastasis remains to be established, but we found that CXCL13 can
promotee proliferation of CXCRS-expressing colon carcinoma cells, and that CXCL13 is abundantly
presentt in the metastases.
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