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Chemokine receptors. Chemokine receptors are a large subfamily of G protein-

coupled receptors (GPCRs) that direct immune cell migration. GPCRs are 

membrane-spanning proteins characterized by seven transmembrane domains 

(TMs) connected by alternating intracellular and extracellular loops (ILs and ELs, 

respectively), an extracellular amino terminus and a cytosolic carboxyl terminus. 

The TMs are arranged approximately perpendicular to the cell membrane to form a 

cavity in the lipid bilayer.1 Receptor activation occurs on binding of an agonist to 

the receptor, which induces conformational changes revealing specific structural 

features in the cytosolic domains of the receptor that are recognized by 

heterotrimeric guanine nucleotide-binding proteins (G proteins).2 Heterotrimeric G 

proteins consist of Gα, Gβ and Gγ subunits, of which the latter two proteins are 

tightly bound.3 The Gα subunit harbours a GTP hydrolase catalytic site that is 

occupied by GDP when the G protein is in the inactive state. On binding of a G 

protein to an activated receptor, GDP dissociates from the G protein and is 

replaced by GTP. Subsequently, the G protein dissociates from the receptor and 

the Gα-GTP and Gβγ complexes may each go on to initiate signal transduction 

cascades through influencing the production of second messengers.3,4 Four families 

of Gα proteins are known: Gαs and Gαi stimulate and inhibit the formation of cyclic 

AMP (cAMP) by adenylate cyclases (ACs), respectively; Gαq/11 stimulates 

phospholipase C-β (PLC-β) mediated cleavage of phosphatidylinositol-4,5-

bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP3) and diacylglycerol; the 

Gα12 family mediates the activation of the small G proteins through activation of 

guanine nucleotide exchange factors.5-7 The Gβγ complex may activate PLC-β, ion 

channels, phosphoinositide-3 kinase-γ (PI3Kγ), ACs and small G proteins.8 Due to 

their diverse physiological functions, extracellular accessibility and amenability to 

both activation and inhibition by small compounds, GPCRs make up a quarter of 

the targets of FDA-approved drugs.9 

Chemokine receptors mediate chemotaxis through activation of G proteins from 

the Gαi subfamily. Indeed, Gi-coupled receptors not known to mediate chemotaxis 

under physiological conditions can mediate chemoattraction when heterologously 
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expressed in migratory-competent cells.10 The implication of Gi proteins in 

chemotaxis was soon followed by the discovery that Gβγ subunits released from 

the Gi protein, rather than the Gαi subunit, are responsible for the migratory 

response of chemokine receptors.10 Gβγ subunits released from Gi proteins activate 

PLCβ and PI3Kγ through direct interaction with the enzymes.11,13 The importance 

of PLCβ and PI3Kγ and downstream activation of small G proteins for chemotaxis 

mediated by chemokine receptors is clear. However, the specific small G proteins 

and upstream effectors activated by individual chemokine receptors in different 

leukocyte populations is far from completely understood.11 Certain chemokine 

receptors have also been reported to activate Gq and G12/13 proteins. Whereas 

activation of the small G protein Rho downstream of G12/13 proteins is involved in 

chemotaxis induced by certain chemokines, Gq activation by chemokine receptors 

is associated with a loss of chemotactic response to chemokines.11,14 An exception 

is the hematopoietic cell-specific Gq isoform G16, which is activated by various 

chemokine receptors, and appears to regulate chemokine-induced chemotaxis in a 

monocytic cell line.15 

Chemokines and their receptors form a complex system in which some receptors 

bind exclusively to a single chemokine and others may bind multiple chemokines 

(Fig. 1). Additionally, certain chemokines are known to bind to one receptor, 

whereas other chemokines have affinity for multiple receptors. To date, 18 

chemokine receptors and 48 chemokines have been identified in humans.16,17 

Chemokine receptor nomenclature is based on the class of chemokine that is 

bound by the receptor. Chemokine nomenclature has been standardized to reflect 

the relative position of two conserved cysteine residues in the chemokine N-

terminus. In the CC chemokine subfamily (28), the two conserved cysteines are 

adjacent to each other. These cysteines are separated by a single amino acid or by 

three amino acids in the CXC (17) and CX3CL (1) chemokine subfamilies, 

respectively. Additionally, two chemokines are known with a single N-terminal 

conserved cysteine, which are grouped in the XCL subfamily.16,18,19  Chemokines 

are classified as homeostatic or inflammatory, according to their expression cues.17 



12

 

Homeostatic chemokines are expressed constitutively in specific tissues and are 
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Like chemokines, expression of chemokine receptors is also dependent on 

inflammatory status.24 Chemokine receptors are best known for their role in 

immune cell migration. Accordingly, specific chemokine receptor subsets are 

expressed by cells of the innate and adaptive immune systems. However, 

chemokine receptors are expressed by many other cell types, including endothelial 

cells, fibroblasts, smooth muscle cells, neurons and astrocytes.25-27 The subset of 

chemokine receptors that is expressed and their expression levels depend on cell 

type and differentiation state.28-30 Besides their role in leukocyte chemotaxis, 

chemokine receptors also play a role in proliferation, angiogenesis, wound healing 

and neurotransmission.31,32 CCR5 and CXCR4 are the most intensively studied 

chemokine receptors, due to their role as co-receptor for monocyte-tropic and T 

cell-tropic HIV-1 strains, respectively.33 Currently, CCR5 and CXCR4 are the only 

chemokine receptors to be targeted by marketed drugs. The CXCR4 antagonist 

AMD3100 (Mozobil®), originally intended for the treatment of HIV infection, has 

been approved for the mobilization of hematopoietic stem cells from bone marrow 

for transplantation.34 The CCR5 antagonist maraviroc (Selzentry®) has been 

approved for the treatment of patients infected with a CCR5-tropic strain of HIV-

1.33 Chemokine receptors are also involved in auto-immune diseases35, neuropathic 

pain31, allergy36, and cancer proliferation and metastasis23,37. A number of drug 

candidates targeting chemokine receptors or chemokines have been investigated in 

clinical trials, but have not resulted in significant amelioration of disease.35,38 The 

importance of chemokine receptors in the pathophysiology of inflammatory 

diseases is clear. However, multiple chemokine receptor subtypes and classes of 

immune cells are often involved in these diseases. Targeting a single chemokine 

receptor may not be sufficient to elicit an effect on disease state and multi-target 

strategies may be a more suitable approach to achieve effective treatments.35 

Regulation of chemokine receptor signaling occurs at multiple levels. Post-

translational modifications of chemokines affect affinity and/or efficacy for 

chemokine receptors.39.40 Chemokine dimerization and chemokine receptor 

dimerization may both influence chemokine binding and signaling properties.41-43 
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GPCR dimerization, including chemokine receptor dimerization, will be reviewed in 

chapter 2. As mentioned above, chemokine and chemokine receptor expression 

may be enhanced or decreased in response to inflammatory stimuli. Chemokine 

availability may also be regulated by atypical chemokine receptors. Atypical 

chemokine receptors are chemokine-binding receptors that structurally resemble 

GPCRs, but for which no classical GPCR intracellular signaling is known.39 Binding 

of chemokine to the atypical chemokine receptor prevents chemokine interaction 

with its cognate receptor and, therefore, these receptors are also referred to as 

‘decoy’ receptors. To date, five atypical chemokine receptors have been identified: 

D6, Duffy antigen receptor for chemokines (DARC), Chemocentryx chemokine 

receptor (CCX-CKR), CCRL2 and CXCR7.44 Each of the atypical chemokine 

receptors binds multiple chemokines, though the fate of the chemokine after 

binding differs between receptors. Chemokines may be internalized followed by 

degradation (D6, CCX-CKR, CXCR7), sequestered followed by release into blood 

(DARC on platelets) or presentation to adjacent cells (CCRL2 on B cells), or 

transcytosed across endothelial cells (DARC).45-47 CXCR7 has been shown to recruit 

β-arrestin in response to chemokine binding.48 D6 is constitutively internalized and 

recruits β-arrestin to the cell surface in a ligand-independent manner. However, β-

arrestin is not required for internalization of D6.49-51 Similarly, ligand-induced 

internalization of CCX-CKR was also shown to be independent of β-arrestins.53 Like 

D6, CCRL2 is constitutively internalized and recruits β-arrestin in the absence of 

ligand.54,55 As McCulloch et al. (2008) have demonstrated for D6, β-arrestin 

recruitment to a receptor does not exclude the possibility that receptor 

internalization occurs through a β-arrestin-independent mechanism.51 Therefore, 

despite constitutive β-arrestin recruitment by CCRL2, the role of β-arrestin in 

CCRL2 internalization is not yet clear. 

 

Arrestin recruitment and signaling. GPCR signaling, localization and trafficking 

are intricately linked and are regulated by a wide range of GPCR-interacting 

proteins.56,57 The best studied regulators of GPCR signaling and trafficking are the 
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β-arrestins. Initially characterized as terminators of GPCR signaling, the 

ubiquitously expressed β-arrestins also play an important role in GPCR-mediated 

signaling. GPCR activation by an agonist leads to phosphorylation of the 

intracellular receptor domains by GPCR kinases (GRKs) or signaling effectors such 

as protein kinase A (PKA) and PKC.58 Agonist-induced conformational changes of 

the receptor and receptor phosphorylation act in synergy to recruit β-arrestins 

from the cytosol to interact with the receptor at the cell membrane.59,60 The 

receptor-bound β-arrestin sterically hinders receptor-G protein interactions, 

thereby terminating G protein-dependent signaling of the receptor. Binding to the 

GPCR induces a conformational change of β-arrestin, freeing the β-arrestin C-

terminus for interaction with clathrin and recruiting the receptor-β-arrestin complex 

to clathrin-coated pits (CCPs) followed by endocytosis (Fig. 2A). The stability of the 

GPCR-β-arrestin interaction determines the fate of the receptor. Receptors in a 

transient complex with β-arrestin will be recycled to the cell surface, whereas a 

more stable interaction with β-arrestin destines the receptor for lysosomal 

degradation. The stability of the receptor-β-arrestin complex is dependent on the 

receptor phosphorylation pattern, as well as ubiquitination of both receptor and β-

arrestin.61 GPCRs may also be internalized through endocytic routes that are β-

arrestin and CCP-independent (e.g. through caveolae), even when β-arrestin is 

recruited to the activated receptor.51,62 

It has become clear that β-arrestins serve not only to regulate receptor activity and 

trafficking, but are also involved in the activation of numerous GPCR-mediated 

signaling pathways. β-arrestin-dependent GPCR signaling has been the subject of 

intensive research since the publications demonstrating that β-arrestins may play a 

role in mitogen-activated protein kinase (MAPK) activation by GPCRs.63 β-arrestins 

function as scaffolds for GPCRs and effector molecules and have the potential to 

interact with many more proteins than can be accommodated all at the same time. 

Accordingly, complexes with varying compositions of interacting partners 

scaffolded by β-arrestins have been identified. These scaffolds may promote 

nuclear translocation or cytosolic retention of ERK1/2, activation of JNK, activation 
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or inhibition of PI3K (Fig. 2B). Additionally, phosphodiesterase and diacylglycerol 

kinase interaction with β-arrestins may attenuate second messenger signaling 

downstream of Gs and Gq-coupled GPCRs, respectively.59,61 β-arrestin complex 

composition may be dependent on the β-arrestin isoform (1 or 2), GPCR subtype 

and phosphorylation pattern, G protein activation, steric volume of or positive 

binding co-operativity with other interacting proteins and ubiquitination of β-

arrestin.59,61
 

 

 

 

Figure 2. β-Arrestins can induce GPCR internalization and signaling. (A) Agonist (A) binding to 

the GPCR promotes phosphorylation of GPCR intracellular domains by GRKs. β-Arrestins target the 

phosphorylated GPCR for endocytosis by clathrin-coated pits by recruiting the adaptor protein 2 (AP-

2)/clathrin adaptor complex. (B) GPCRs may activate various intracellular signaling pathways through 

effector molecules that are scaffolded by β-arrestin. Image was adapted from 52. 

A 

B 
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The role of β-arrestins in desensitization, internalization and signaling has not yet 

been investigated for the majority of the chemokine receptor family members. β-

Arrestins have been shown to be required for internalization of CCR2b62, CCR564,65, 

CCR766,67, CXCR168, CXCR369, CXCR470 and CXCR771 as well as for MAPK activation 

downstream of CCR2b62, CCR766,67, CXCR470 and CXCR771,72. In contrast, CXCR2 

did not require β-arrestin for internalization or MAPK signaling.73 β-Arrestins can 

promote chemotaxis through interaction with proteins involved in actin 

cytoskeleton reorganization and activation of PI3K and ERK1/2.59 However, the role 

of β-arrestins in chemotaxis appears to be receptor-specific. β-arrestin2-dependent 

activation of ERK1/2 and p38 is essential for CXCR4-mediated chemotaxis, whereas 

CCR5-mediated chemotaxis does not require β-arrestin.64,65,74.75 Interestingly, 

CCL19-induced chemotaxis mediated by CCR7 is dependent on β-arrestin, whereas 

CCR7-mediated chemotaxis towards CCL21 is not.67 

 

Biased agonism. Many GPCRs activate multiple signaling pathways, e.g. 

activating multiple subtypes of heterotrimeric G proteins or mediating both G 

protein-dependent and β-arrestin-dependent intracellular signals.60,76 G protein and 

β-arrestin subtype specificity is determined by the primary structure of the 

intracellular receptor domains, receptor conformation and phosphorylation. GPCRs 

may adopt multiple conformations and different ligands can stabilize different 

conformations of the same receptor.60 As a consequence, different ligands of the 

same receptor may activate or inhibit different intracellular signaling pathways, a 

phenomenon known as biased agonism.77 Depending on the ligand, activation of 

one G protein subtype may be preferred over another, G protein signaling may be 

preferred over β-arrestin signaling or vice versa, or selective β-arrestin isoform 

recruitment.60,78 Another level of ligand-induced selectivity is added by the ability 

of β-arrestins to adopt different conformations in response to different GPCR 

conformations.60,79 This allows for ligand selectivity for specific β-arrestin scaffolds 

involved in various signaling pathways or receptor internalization. In analogy, G 
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proteins have been hypothesized to adopt different conformations, potentially 

affecting functionality of both Gβγ and Gα subunits. However, little direct evidence 

is available at the present time to support the existence of ligand-specific G protein 

conformations.80-82  

The potential of biased agonism in drug development is evident. Side effects of 

drugs as the result of activating or inhibiting a specific signaling pathway of a 

receptor that is distinct from the pathway required for the therapeutic effect, may 

be prevented by developing biased ligands specifically targeting the therapeutically 

relevant pathway.83 Biased ligands have been described for many different GPCRs, 

and the significance of biased signaling for current and future drugs targeting β-

adrenergic, angiotensin II and nicotinic acid receptors are well understood.83-85 

Biased agonism has also been observed at chemokine receptors for both 

endogenous and synthetic ligands. The two endogenous ligands of CCR7, CCL19 

and CCL21, are equipotent in activating G protein signaling and both induce β-

arrestin-mediated ERK1/2 phosphorylation. However, CCL19 induces GRK3 and 

GRK6-mediated CCR7 phosphorylation, whereas CCL21 induces GRK6 activity only. 

As a result, CCL19, but not CCL21, induces CCR7 internalization and 

desensitization.66,86 The chemokine receptor CCR2b binds seven CCL chemokines in 

human with approximately equal affinity and the chemokines have similar 

potencies for Gi activation. In contrast, β-arrestin recruitment to CCR2b, CCR2b 

internalization and stability of the CCR2b-β-arrestin interaction differed between 

ligands.87 Scholten et al. (2012) have shown that a low molecular weight CXCR3 

agonist is more efficacious than CXCL11 in recruiting β-arrestin1 and β-arrestin2, 

whereas CXCL11 has a higher efficacy than the small agonist in chemotaxis 

experiments.88 The atypical chemokine receptor CXCR7 is not known to signal 

through G proteins. However, CXCR7 has been demonstrated to induce β-arrestin-

dependent ERK1/2 phosphorylation in response to both its chemokine ligands, 

CXCL11 and CXCL12, in certain cell types but not others.89 
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CXCL10 has high affinity only for the active, G protein-bound conformation of 

CXCR3, whereas CXCL11 has high affinity for both active and inactive CXCR3 

conformations.96,97 CXCR3 has been shown to activate Gi proteins in T cells and G12 

proteins specifically in myofibroblasts.98,100 The CXCR3 signaling pathways 

delineated in literature are summarized schematically in Fig. 3. Scholten et al. have 

shown that CXCR3 recruits β-arrestins in response to agonist treatment, though it 

remains to be investigated whether CXCR3 mediates arrestin-dependent 

downstream signaling.88 

 

CCX-CKR. The CCX-CKR is a high affinity receptor for the chemokines CCL19, 

CCL21 and CCL25.101 These chemokines are important for the development of 

acquired immunity by activating CCR7 and CCR9. CCL19 and CCL21 recruit CCR7-

expressing dendritic and T cells into the T cell compartments of secondary 

lymphoid organs. CCL25 recruits antigen-experienced lymphocytes to the small 

intestine by activating CCR9.53 CCX-CKR scavenges CCL19 and CCL21 both in vitro 

and in vivo, thereby decreasing the free concentration of these chemokines.102 

CCX-CKR is expressed in many tissues, including heart, lung, intestine as well as by 

stromal cells of skin-draining lymph nodes and thymic epithelial cells. CCX-CKR 

expression has also been detected in a number of hematopoietic cell types.101,103-

107 Overexpression of CCX-CKR decreased hematopoietic precursor cell numbers in 

the thymic anlage at embryonic stages, whereas cell numbers returned to normal 

levels in newborn and adult mice.106 On the other hand, mouse CCX-CKR knockout 

models demonstrated that CCX-CKR is important for steady-state homing of 

dendritic cells to skin-draining lymph nodes, T cell differentiation and immune 

response kinetics in an experimental auto-immune encephalomyelitis model, by 

regulating local chemokine levels.102 These results suggest that CCX-CKR 

chemokine scavenging may not only serve to inhibit CCR7 and CCR9 chemotaxis, 

but rather may enhance signaling by decreasing receptor internalization and 

desensitization. Low CCX-CKR expression levels in breast cancer tumor cells were 

correlated with an increase in lymph node metastasis and consequently poor 
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survival rate of patients, which may be explained by the chemokine scavenging 

function of CCX-CKR.108 

The atypical chemokine receptor DARC dimerizes with CCR5, thereby inhibiting 

CCR5-mediated chemotaxis but not internalization of CCR5.109 In light of these 

results, it is possible that other atypical chemokine receptors also regulate 

chemokine receptor signaling by dimerization, in addition to their chemokine 

scavenging function. 

 

Aim and outline of this thesis 

The aim of the work presented in this thesis was to gain more knowledge on the 

regulation of CXCR3 function through GPCR dimerization.  

A review of the recent literature on GPCR dimerization is given in chapter 2. It 

highlights the effects of dimerization for numerous dimers, as well as addressing 

the – often difficult – distinction of receptor dimerization from other forms of 

crosstalk among GPCRs. 

At the time of starting the research for this thesis, a series of articles was 

published showing that heterodimers of the chemokine receptors CXCR4, CCR2 

and CCR5 display negative chemokine co-operativity.41,110,111 In chapter 3, we 

demonstrate that the chemokine receptors CXCR3 and CXCR4 - which are both 

expressed by T cells, endothelial cells and cancer cells - form heterodimers. Both 

negative binding co-operativity as well as cross-recruitment of β-arrestins was 

detected at CXCR3-CXCR4 dimers. However, some difficulty remains for the 

interpretation of the observed ligand binding behavior. 

In chapter 4, we describe the dimerization of CXCR3 with the atypical chemokine 

receptor CCX-CKR and its consequences for CXCR3-mediated chemotaxis of 

primary T cells. Later work revealed that CCX-CKR recruits β-arrestin and also 

interacts with Gi proteins. Chapter 5 describes the hitherto unknown interaction of 

CCX-CKR with these signaling molecules and provides a potential mechanism for 

the inhibition of CXCR3-mediated chemotaxis by CCX-CKR. 



22 

 

In chapter 6, we describe the characterization of CXCR3 signaling using impedance 

measurements. The use of a label-free technique allowed the detection of CXCR3-

independent signaling of the endogenous CXCR3 agonist CXCL9 as well as the 

synthetic CXCR3 agonist VUF10661. In this chapter, we also demonstrate that 

CXCL9 is completely biased towards Gi activation and does not induce β-arrestin 

recruitment to CXCR3. 
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