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Abstract

The closely-related CC chemokine receptors 2B and 5 are seven-transmembrane domain
receptors coupled to heterotrimeric G proteins. The two receptors bind inflammatory
chemokines and play important complementary roles in the recruitment of specific
leukocyte sub-populations to sites of infection. To enable fine-tuning of cellular
responses to chemokines, CCR2B and CCRS5, like other GPCRs, can be desensitised in
response to agonist stimulation or cross-talk with other receptors. This involves down-
modulation of cell surface active receptor through two essential transportation events,
endocytosis and recycling. The CCR5 endocytic and recycling pathways are well
established and several mechanisms involved have been clearly defined. Conversely,

less is known about the route followed by CCR2B upon stimulation.

This study investigated the regulation, trafficking and fate of CCR2B in the context of
THP-1 cells endogenously expressing the receptor and HEK?293 transfectants.
Comparison with CCR5 highlighted marked differences in the behavious of the two
receptors. However, my initial findings indicate that certain aspects of the regulation of
CCRS5 as well as CCR2B may be cell type-dependent.

Flow cytometry, immunofluorescence and biochemical analyses showed that unlike
CCRS5, internalised CCR2B can be both degraded and recycled following agonist
stimulation. In HEK293, CCR2B follows an EGF receptor-like pathway, transiting
through early endosomes containing EEA1, transferrin and Rab4, reaching CD63 and

Lampl positive late endosomes/lysosomes before being degraded.

Importantly, 1 showed that CCR2B cell surface molecules are N- and O-glycosylated,
and only this glycosylated form of the receptor is targeted for agonist-induced

degradation.

This thesis also presents findings from proteomics approaches developed in an attempt

to identify interacting proteins implicated in the trafficking of each receptor.

This study brings new insights to the endocytic regulation of agonist-treated CC
chemokine receptors, revealing receptor- and cell type-specific behaviours, which add

complexity to a relatively conserved process.
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1 Introduction

1.1 Chemokine receptors
1.1.1 Definition and nomenclature

Chemokine receptors belong to the G protein coupled receptor (GPCR) superfamily and
are divided into classes based upon the type of chemokine with which they interact
(IUIS/WHO 2003). The four classes of chemokines are named according to the motif
displayed by their first two or single conserved N-terminal cysteines (CC, CXC and
CX3C or XC respectively) that form disulfide bridges with other downstream conserved
cysteine residues to stabilise the tertiary structure (Rossi and Zlotnik, 2000). Since the
cloning of the interleukin-8 (CXCLB8) receptor (Murphy and Tiffany, 1991), a total of
ten CC, seven CXC, one CX3C and one XC classical chemokine receptors have been
identified (IUIS/WHO 2003; Schall and Proudfoot, 2011). In addition there are at least
four atypical scavenger chemokine receptors (Ulvmar et al., 2011). CCR2B and CCR5

belong to the CC chemokine receptor subfamily.

1.1.2 Roles

Chemokine receptors are predominantly expressed in the immune system on a wide
range of leukocytes, with some expression on other cell types including epithelial and
stromal cells (Le et al., 2004). Individual cell types display a specific chemokine
receptor expression profile that can be further modified during development and
according to the local microenvironment experienced by the cell (Rossi and Zlotnik,
2000). Chemokine receptors have a wide range of biological functions and can be
grouped as constitutive or inflammatory receptors depending on the nature of the
functional response induced by their chemokine ligands (Johnson et al., 2005).
Homeostatic chemokines and their receptors regulate the basal trafficking of leukocytes,
which influences lymphocyte development and immune surveillance as well as the
development and organization of secondary lymphoid organs. In contrast, binding of
inflammatory chemokines to their receptors is involved in the host response to
inflammation and infection via the recruitment of specific leukocyte sub-populations to
sites of injury. CCR2B and CCRS5 are both inflammatory chemokine receptors and their

main function is the recruitment of monocytes/macrophages, to sites of inflammation
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(Boring et al., 1997; Weber et al., 2001). In addition, they have both been shown to be
upregulated on murine neutrophils under certain inflammatory conditions, where they
play an important role in the adherence and transmigration processes involved in
neutrophil recruitment (Johnston et al., 1999; Maus et al., 2002; Reichel et al., 2006;
Souto et al., 2011). Chemokine receptor functions are dependent on the ability of the
receptor to induce chemotaxis in response to chemokine binding enabling directed
migration of the cell towards the source of chemokine gradient. An additional group of
atypical chemokine receptors can bind, internalise and either degrade or transcytose
chemokines, whilst displaying an apparent inability to independently activate the

classical signalling pathways that lead to chemotaxis (Ulvmar et al., 2011).

1.1.3 Structure

Chemokine receptors are seven-transmembrane receptors with an extracellular N-
terminus and an intracellular C-terminus (Figure 1.1). Until recently, no crystal
structures for any chemokine receptors were available. However, despite low sequence
homology, the high structural similarity observed between GPCRs for which crystal
structures have been solved, has enabled homology modelling to be carried out for
several chemokine receptors including CCR2 (Berkhout et al., 2003; Carter and Tebben,
2009; Kim et al., 2011; Kimura et al., 2008; Mirzadegan et al., 2000; Shi et al., 2002)
and CCR5 (Carter and Tebben, 2009; Castonguay et al., 2003; Fano et al., 2006; Garcia-
Perez et al., 2011; Kondru et al., 2008; Li et al., 2009; Maeda et al., 2006; Manikandan
and Malik, 2008; Seibert et al., 2006; Shahlaei et al., 2011; Xu et al., 2004).
Traditionally the high resolution bovine rhodopsin crystal structure (Palczewski et al.,
2000) or more recently the human 2 adrenergic receptor crystal structure (Cherezov et
al., 2007), was used as a template. Then biochemical data, such as the effects of
mutations on ligand binding, were typically used to improve the models (Carter and
Tebben, 2009). Several crystal structures have now been solved for CXCR4 and they
show important differences in the localisation and shape of the ligand binding sites
compared to those observed for other typical GPCRs (Wu et al., 2010). The existence of
an actual chemokine receptor crystal structure should provide a better base for
homology mapping of other chemokine receptors. Indeed it was recently used for
homology modelling of CCR2 and CCRS5 to enable investigation of antagonist binding
interactions (Kothandan et al., 2012).
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Figure 1.1 Chemokine receptor topology, post-translational modifications and important
residues.

Chemokine receptors have seven transmembrane regions (TM) linked by three intracellular (ICL) and
three extracellular (ECL) loops. The N-terminus is located extracellularly and the C-terminus is
intracellular. The four conserved extracellular cysteines that form disulfide bonds in CC, CXC and CX;C
chemokine receptors are highlighted in black and the bonds are represented by dashed lines. Green
asterisks (*) mark the locations of glycosylation and sulphation sites: CCR2 N-glycosylation site (Ny4),
CCR2 sulphation site (Y,s), major CCR5 O-glycosylation site (S¢/S7) and CCRS5 sulphation sites (Y3, Yo,
Y14 and Yi5). The DRY sequence, which is conserved as part of a larger motif in almost all chemokine
receptors, is highlighted in the second intracellular loop. The cytoplasmic tail amino acid sequences of
CCR2B and CCR5 are shown for comparison. The three cysteines that are palmitoylated in CCR5 are
highlighted in blue. Phosphorylation sites are highlighted in red. The CCR5 PDZ domain and dileucine
motif are underlined in purple and green respectively.

The chemokine receptor tertiary structure provides different binding sites for orthosteric

chemokine ligands, small molecule ligands, and in the case of CCR5 and CXCR4, the

human immunodeficiency virus (HIV). The chemokine binding site is located on the

extracellular side of the receptor and involves the N-terminus plus certain extracellular
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loops (ECLs) and transmembrane domains. On receptors that bind multiple chemokines,
the precise binding sites are usually distinct but overlapping (Blanpain et al., 2003;
Jensen et al., 2008; Xanthou et al., 2003). It has been suggested that chemokine binding
is a two-step process where the first step is important for ligand binding and the second
step is more important for activation of the receptor and signalling (Allen et al., 2007).
Firstly, the N-loop and the core domain of the chemokine bind to the chemokine
recognition site 1, which consists of the N-terminus and extracellular loops of the
receptor. Secondly, the chemokine N-terminus is inserted into chemokine recognition
site 2, which is located within the transmembrane helical bundle/transmembrane domain
of the receptor and may also involve some extracellular loops. In contrast, small
molecule antagonists do not typically use the receptor N-terminus for binding. Instead
they often have binding sites located deeper within the TM helix bundle, involving
either TM1, 2, 3, 7 (minor binding pocket) or TM3, 4, 5, 6 (major binding pocket) or
both (Scholten et al., 2012). Therefore, they can modulate their effect on chemokine
binding not by competitive binding but by allosteric modulation of the receptor
conformation. HIV gp120 binds sequentially to its primary receptor CD4 and then to a
CCR5 or CXCR4 co-receptor using binding sites involving the N-terminus and second
extracellular loop of the co-receptor (Brelot et al., 1997; Doranz et al., 1999; Wu et al.,
1997).

Chemokine receptors can be subject to different types of post-translational modification
that can impact both on the overall structure and on the various binding sites. CCR5,
like many other GPCRs (Qanbar and Bouvier, 2003), has been shown to be
palmitoylated on C-terminal tail cysteines, residues 321, 323 and 324, which is thought
to enable interactions with plasma membrane lipids and lead to the formation of an extra
fourth intracellular loop, thus reducing the flexibility of the tail (Figure 1.1; Blanpain et
al., 2001; Kraft et al., 2001; Percherancier et al., 2001). Despite the presence of C-
terminal cysteines as potential palmitoylation sites in most but not all chemokine
receptors, so far no other receptors have actually been demonstrated to be palmitoylated
(Neel et al., 2005).

Chemokine receptors can be N-glycosylated on asparagine residues or O-glycosylated
on hydroxyl groups of serine/threonine residues located on their N-terminus or

extracellular loops. The extent and type of glycosylation varies between receptors.
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CCR2 (Figure 1.1, Preobrazhensky et al., 2000), CXCR2 (Ludwig et al., 2000), CXCR4
(Berson et al., 1996; Chabot et al., 2000), the Duffy antigen receptor for chemokines
(DARC) (Tournamille et al., 2003) and D6 (Blackburn et al., 2004) have been shown to
undergo N-linked glycosylation. In contrast, despite the presence of potential sites in its
third ECL, CCR5 is not N-glycosylated but does undergo O-linked glycosylation at
serines 6 or 7 (Figure 1.1; Bannert et al., 2001; Farzan et al., 1999).

The majority of chemokine receptors contain predicted N-terminal tyrosine sulphation
sites (Liu et al., 2008) and sulphation has been demonstrated experimentally for human
CCR2 (Figure 1.1; Preobrazhensky et al., 2000), CCR5 (Figure 1.1; Bannert et al., 2001;
Farzan et al., 1999), CXCR3 (Colvin et al., 2006; Gao et al., 2009), CXCR4 (Farzan et
al., 2002; Farzan et al., 1999), CX3CR1 (Fong et al., 2002), D6 (Blackburn et al., 2004)
and DARC (Choe et al., 2005), and murine CCR8 (Gutierrez et al., 2004). In addition,
chemokine receptors can also be modified by the attachment of sugar chains containing
sulphate groups to the hydroxyl group of serine residues as has been shown for CXCR4
(Farzan et al., 2002).

Glycosylation has been reported to play an important role in cell surface expression of
certain GPCRs (Dong et al., 2007; Duvernay et al., 2005). In contrast, despite being a
common post-translational modification of secreted and transmembrane proteins
(Moore, 2003), tyrosine sulphation appears to play no major role in the cell surface
expression of most GPCRs, including chemokine receptors, studied to date (Choe et al.,
2005; Colvin et al., 2006; Costagliola et al., 2002; Farzan et al., 1999; Farzan et al.,
2001; Fieger et al., 2005; Fong et al., 2002; Preobrazhensky et al., 2000). However,
tyrosine sulphation and glycosylation have both been shown to be important for
chemokine binding to many chemokine receptors including CXCR4 and CCR5 (Neel et
al., 2005). Additionally, tyrosine sulphation appears to have a positive impact on HIV
gp120 binding to CCR5 (Farzan et al., 1999) and to a lesser extent to CXCR4 (Farzan et
al., 2002). In contrast the impact of receptor glycosylation on HIV gp120 binding is less
clear. No significant influence on HIV infection has been described for O-linked
glycosylation of CCR5 (Bannert et al., 2001). However, N-linked glycosylation of
CXCR4 has been differentially reported to have either no (Brelot et al., 2000; Picard et
al., 1997) or a negative (Wang et al., 2004b) impact on HIV binding, or alternatively to
be important for HIV X4 strain specificity (Chabot et al., 2000; Thordsen et al., 2002).
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To be functionally active, in addition to being expressed at the cell surface with the
correct post-translational modifications, chemokine receptors have to be presented in a
conformation that is compatible with agonist binding and be coupled to a heterotrimeric
G protein, so that they are ready to transmit intracellular signals (reviewed in Bennett et
al., 2011, see Appendix). Other GPCRs are thought to reside in the plasma membrane in
equilibrium between multiple active and inactive states (Vauquelin and Van Liefde,
2005). This equilibrium is thought to depend on complex allosteric interactions and
conformational changes affected by ligands, as well as cell-specific parameters such as
receptor expression level, G protein and accessory protein availability, and local
membrane environment (Gilchrist, 2007; Nelson and Challiss, 2007; Vauquelin and Van
Liefde, 2005; Wess et al., 2008).This is still relatively uncharted territory for chemokine
receptors but experimental findings suggest that they may be subject to similar
regulation. Indeed, there is evidence for conformational heterogeneity in cell surface
CCR2 (Berchiche et al., 2011), CCR5 (Berro et al., 2011; Lee et al., 1999a) and CXCR4
(Baribaud et al., 2001; Sloane et al., 2005) receptor populations under either ligand-

stimulated or non-stimulated conditions.

It is now accepted that GPCRs not only operate as single entities (monomers), but can
also function as multimers regulated by allosteric mechanisms (Fuxe et al., 2010; Smith
and Milligan, 2010). Chemokine receptors have been shown to form homomers as well
as heteromers with other chemokine receptors, GPCRs or distinct types of cell surface
receptors (Tables 1.1 and 1.2). Early work indicated that chemokine receptor
dimerisation was ligand-induced, as described for CCR2 (Mellado et al., 2001,
Rodriguez-Frade et al., 1999a), CCR5 (Rodriguez-Frade et al., 1999b; Vila-Coro et al.,
2000) and CXCR4 (Toth et al., 2004; Vila-Coro et al., 1999b) homodimers, and
CCR2/CCR5 heterodimers (Mellado et al., 2001). However, the current view is that
chemokine receptor dimers are constitutively formed (Tables 1.1 and 1.2), and that
ligand binding stabilizes or reorganizes pre-existing complexes (Salanga et al., 2009;
Thelen et al., 2010; Wang and Norcross, 2008). CXCR1 and CXCR2 exemplify this: a
recent study revealed that CXCL8 binding stabilizes homodimers but alters
heterodimers (Martinez Munoz et al., 2009). In fact, dimers are thought to assemble
during biosynthesis prior to arriving at the cell surface, as shown for CCR5 homomers
(Issafras et al., 2002) or CXCR1/CXCR2 heterodimers (Wilson et al., 2005). For
oligomerisation with non-chemokine receptors, other factors, such as the type of
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molecules complexed with the chemokine receptor or the cellular background, could
affect where and how dimers form. For CCRS5, there are reports of constitutive
intracellular interactions with CD4 in a monocytic cell line (Achour et al., 2009) and
stable cell surface CCR5/CD4 heteromers complexed with or without CXCR4 on
transfected cells (Baker et al., 2007; Wang et al., 2004a) or blood-derived dendritic cells
(Xiao et al., 2000). Other studies described CCR5 and CD4 as being co-localised but
independent monomeric molecules (Steffens and Hope, 2003) and interacting upon
binding of HIV-gp120 at the surface of transfected cells (Yi et al., 2006).

Table 1.1 Identified chemokine receptor homomers.
Modified from Bennett et al. (2011).

Receptor  Formation Methods Cells Ref

Overexp. Endog.

CCR2 Constitutive ~ BRET HEK293 (El-Asmar et al., 2005;
Percherancier et al., 2005)
Inducible IP HEK?293 MM-1 (Mellado et al., 2001;
Rodriguez-Frade et al.,
1999a)
CCR5 Constitutive  IP HelLa (Benkirane et al., 1997; EI-
Y2H HEK293 Asmar et al., 2005; Hernanz-
BRET RBLs Falcon et al., 2004;
FRET Huttenrauch et al., 2005;
FLIM Issafras et al., 2002)
Inducible IP HEK293 (Hernanz-Falcon et al., 2004;
L1.2 Rodriguez-Frade et al.,
1999b; Vila-Coro et al., 2000)
CXCR1  Constitutive CO-IP HEK?293 (Wilson et al., 2005)
FRET
BRET
CXCR2  Constitutive IP HEK293 (Wilson et al., 2005)
FRET
BRET
Constitutive 1P HEK?293 Neurons (Trettel et al., 2003)
WB
CXCR4  Constitutive IP HEK?293 (Babcock et al., 2003;
FRET HEK- Percherancier et al., 2005;
BRET tsA201 Toth et al., 2004; Wang et al.,
2006)
Inducible IP MOLT4 (Vila-Coro et al., 1999b)
DARC Constitutive ~ BRET HEK?293 (Chakera et al., 2008)

BRET, bioluminescence resonance energy transfer; CO-1P, co-immunoprecipitation; DARC, duffy
antigen receptor for chemokines; FLIM, fluorescence lifetime imaging; FRET, fluorescence
resonance energy transfer; IP, immunoprecipitation; Y2H, yeast-2-hybrid.
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Table 1.2 Identified chemokine receptor heteromers and their functional outcomes.
Modified from Bennett et al. (2011).

CHEMOKINE RECEPTORS

Receptors Formation ~ Methods Cells Cooperativity — Ref
(Assays)
Overexp. Endog.
CXCR1/ Constitutive CO-IP, HEK293 No (Martinez
CXCR2 FRET Munoz et al.,
BRET 2009; Wilson
et al., 2005)
CXCR3/CCR5 Constitutive FRET Activated Negative (O'Boyle et al.,
T cells (chemotaxis) 2012)
CXCR4/ Constitutive CO-IP, HEK293 IM-9 Positive (Sierro et al.,
CXCR7 FRET (Ca2+ flux) 2007)
CXCR4/ CCR2 Constitutive BRET  CHO-K1 Negative (Sohy et al.,
HEK293 (binding, 2007)
chemotaxis)
CXCR4/ CCR5 Constitutive CO-IP NIH 3T3 Positive (Gouwy et al.,
(chemotaxis) 2011; Wang et
al., 2004a)
CXCR4/CCR2/ Constitutive BRET  HEK?293 Negative (Sohy et al.,
CCR5 (binding, 2009)
CCR2/CCR5 Inducible CO-IP  HEK293 PBMCs Positive (Mellado et al.,
(Ca2+ flux) 2001)
Constitutive CO-IP, CHO-K1 CD4'T Negative (El-Asmar et
BRET  HEK293 cells (binding) al., 2005)
DARC/ CCR5  Constitutive CO-IP, HEK293 Negative (Chakera et al.,
BRET (chemotaxis, 2008)
Ca2+ flux)
GPCRs
Receptors Formation ~ Methods Cells Cooperativity  Ref
(Assays)
Overexp. Endog.
CCR5/ C5aR Constitutive CO-IP, RBLs Negative (Huttenrauch
BRET HEK293 (co- et al., 2005)
internalisation)
CXCR2/DOP  Constitutive CO-IP, HEK293 Positive (Parenty et al.,
FRET (G protein 2008)
BRET activation)
CXCR4/DOP Constitutive CO-IP, HEK293 MM-1 Negative (Pello et al.,
FRET Monocytes  (chemotaxis, 2008)
adhesion, Ca2+
flux)
CCR5/ opioid ~ Constitutive CO-IP  CHO CEMx174  Negative (Chen et al.,
receptors (chemotaxis) 2004; Suzuki
et al., 2002)
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Table 1.2 Identified chemokine receptor heteromers and their functional outcomes.

OTHERS
Receptors Formation ~ Methods Cells Cooperativity ~ Ref
(Assays)
Overexp. Endog.
CXCR2/ AMPA Constitutive CO-IP  HEK293 Neurons Negative (Limatola et
GluR1 (chemotaxis) al., 2003)
CXCR4/ CD4 Inducible CO-IP PBMCs N.D. (Lapham et al.,
(HIV) 1996; Lee et
al., 2000)
CXCR4/ TCR  Inducible CO-IP, Jurkat T PBMCs Positive (Kumar et al.,
FRET T cells (Ca2+ flux) 2006)
CXCR4/IGF-R1 Constitutive CO-IP MCF-7 Positive (Akekawatchai
MDA-MB- (chemotaxis) et al., 2005)
231
CXCR4/CD63  Inducible CO-IP  HEK293 N.D. (Yoshida et al.,
2008)
CCR5/ CD4 Constitutive FRET HEK?293 N.D. (Achour et al.,
BRET, CHOK1 2009; Baker et
CO-IP al., 2007;
Gaibelet et al.,
Inducible FRET HEK293 DCs N.D. 2006)
(HIV) (Yietal.,
2006)

AMPA GluR1, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-type glutamate receptor 1;
BRET, bioluminescence resonance energy transfer;