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Heterotrimeric G-protein-coupled receptors (GPCRs) are key mediators of intracellular signalling, control numerous physiological
processes, and are one of the largest class of proteins to be pharmacologically targeted. Chemokine-induced macrophage
recruitment into the vascular wall is an early pathological event in the progression of atherosclerosis. Leukocyte activation and
chemotaxis during cell recruitment are mediated by chemokine ligation of multiple GPCRs. Regulation of GPCR signalling is
critical in limiting vascular inflammation and involves interaction with downstream proteins such as GPCR kinases (GRKs),
arrestin proteins and regulator of G-protein signalling (RGS) proteins. These have emerged as new mediators of atherogenesis
by functioning in internalisation, desensitisation, and signal termination of chemokine receptors. Targeting chemokine signalling
through these proteins may provide new strategies to alter atherosclerotic plaque formation and plaque biology.

1. Introduction

GPCRs are a diverse family of seven transmembrane-
spanning receptors that activate intracellular signalling path-
ways by coupling to heterotrimeric G-proteins. They repre-
sent one of the largest families of cell-surface receptors with
~1000 encoded by the mammalian genome and are targets for
alarge number of current therapeutic drugs [1, 2]. GPCRs are
activated by a variety of ligands including neurotransmitters,
chemokines, hormones, calcium ions, and sensory stimuli.
Consequently, they control many physiological processes
such as sensory perception, neurotransmission, proliferation,
cell survival, and chemotaxis. Given that GPCR signalling is
so widespread, and various GPCR subtypes can control dif-
ferent responses; this system requires regulation by processes
such as receptor desensitisation, internalisation, and signal
termination. In this review, we will give an overview of GPCR
activation with the main focus being on the mechanisms
of chemokine-mediated GPCR signalling in atherosclerosis.
GPCR regulation, and GPCR interacting proteins will be

highlighted with examples from experimental models of
inflammation providing insights into atherosclerosis.

2. Atherosclerosis and Plaque Development

Atherosclerosis is a chronic inflammatory disease of medium
to large arteries that is characterised by the accumulation of
oxidised low-density lipoprotein (oxLDL) within the arterial
wall and a progressive inflammatory cell infiltrate [3, 4].
Monocytes enter at sites of endothelial inflammation and
differentiate into macrophages, which accumulate cholesterol
to form foam cells [5, 6]. Consequently, fatty streak lesions
develop and growth continues into fibrofatty plaques through
continued recruitment and differentiation of monocytes and
macrophages [5, 6]. T-lymphocytes and vascular smooth
muscle cells (VSMCs) migrate to form an intima and a fibrous
cap, encasing a core of lipid deposits and a cellular infiltrate
of foam cells [7]. A buildup of necrotic cells leads to the
formation of an acellular necrotic core which is stabilised
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by the fibrous cap [8]. Advanced atherosclerotic lesions are
further complicated with calcification and degradation of
the cap by matrix metalloproteinases (MMPs) which make
the plaque vulnerable to rupture [8, 9]. Unstable plaques
that rupture release the highly thrombogenic content of
the lesion to the circulation and trigger platelet activation
and the blood coagulation cascade, which causes thrombus
formation at the plaque site [10, 11]. This can lead to vessel
occlusion, restriction of blood flow, and subsequently trigger
catastrophic clinical events such as myocardial infarction.
The key role of leukocyte recruitment and its regulation
by chemokines has been elegantly demonstrated in experi-
mental models of atherosclerosis. To study the progression
of atherosclerosis, gene targeting techniques have created
murine models of hyperlipidaemia which have allowed the
assessment of disease progression in a time-dependant man-
ner [12]. The apolipoprotein E (ApoE) and LDL receptor
(Ldlr) knockout mouse models of atherosclerosis have ele-
vated plasma cholesterol levels when fed a high-fat diet (and
on a chow diet in the case of ApoE™/") due to impaired
lipoprotein clearance as a result of ligand (ApoE) or recep-
tor (LDLR) deletion [13]. These well-characterised mouse
models are predisposed to develop lesions at specific sites
throughout the arterial system [14]. As observed in humans,
these sites are localised to curved and branched regions
of low shear stress at the vessel wall [15, 16], such as the
aortic root, the brachiocephalic artery, and the aortic arch.
Studies in the ApoE™/~ and Ldlr~'~ mouse models have given
us an insight into the critical cellular processes in plaque
formation and progression and identified key molecules in
leukocyte recruitment, especially in the chemokine family,
using genetic targeting or antagonists of these molecules and
their receptors. Increasingly, genetic interventions targeting
the pathways downstream of chemokine receptors are also
being explored in these and other models of inflammation.

3. Chemokines in Atherosclerosis

The recruitment of inflammatory cells is triggered by the
production of chemokines within the plaque microenviron-
ment [3]. Chemokines are a family of small molecular weight
proteins of ~8-12kDa that are divided into four subfamilies
based on the position of conserved cysteine residues in their
structure (C, CC, CXC, and CX3C) [17, 18]. The major CC
and CXC chemokine classes have a highly conserved tertiary
structure, characterised by a flexible N-terminus, followed
by a cysteine motif, three f3-sheets, and a C-terminal a-helix
[19]. The N-terminus, containing a region known as the N-
loop, is important in forming chemokine-receptor binding
interactions and subsequent activation [20]. Chemokines
signal through their G-protein-coupled receptors (GPCRs),
and, to date, there are 50 known chemokines and 19
known chemokine receptors, indicating functional redun-
dancy within the chemokine family [21]. Chemokines are able
to bind multiple receptors in the same way that an individual
chemokine receptor is able to bind multiple chemokines. This
compensatory mechanism which results in similar functional
responses through different chemokine-receptor pairings
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underlies the myriad of chemokine-signalling pathways in
both homeostasis and inflammation.

Chemokines are released from endothelial cells, mast
cells, platelets, macrophages, and lymphocytes. They are sol-
uble proteins that are produced with a signal peptide which is
cleaved before secretion from the cell [17]. Chemokines bind
to glycosaminoglycans (GAGs) on the cell surface or in the
extracellular matrix (ECM) which serve to immobilise them
and promote the formation of a chemokine gradient [22]. In
the vasculature, under shear flow conditions, this is necessary
for the local concentration of chemokines that are presented
on endothelial cells. Chemokines form interactions with
corresponding receptors that are highly expressed on leuko-
cytes and are able to direct sequential events in leukocyte
trafficking: from bone marrow mobilisation to extravasation
from the blood, through to migration into tissues. Dur-
ing inflammation, proinflammatory cytokines (e.g., TNF-
a, interleukins (IL)-a/f), bacterial (lipopolysaccharide) and
viral (dsRNA) products induce the production of chemokines
that then attract leukocytes to the site of inflammation [23].
Controlled leukocyte recruitment is crucial for the generation
of an immune response, but inappropriate trafficking can lead
to the development of chronic inflammatory diseases.

Chemokines and chemokine receptors have been impli-
cated in atherosclerosis; at the initiation phase of plaque
formation during leukocyte adhesion and chemotaxis, during
progression and regression. Both CC and CXC chemokines
are known to be expressed in murine and human atheroscle-
rotic plaques, and progression correlates with an increased
expression of pro-inflammatory chemokines and their recep-
tors within aortas of hyperlipidaemic mice [3]. Studies in
mice deficient in a chemokine or chemokine receptor on the
ApoE or LDLr knockout background have highlighted the
functional role of many chemokines in the recruitment of
leukocytes in lesions. For example, mice with deficiency of
either CCL2 or CCR2 or with leukocyte CCR2-deficiency on
an atherosclerotic background all showed decreased lesion
formation in the aortic root [24-27]. In the two former
mouse models, this attenuation was accompanied by reduced
macrophage numbers in the aortic root. In addition to
regulating macrophage migration into plaque, chemokines
also control lymphocyte function in atherosclerosis.

Lymphocyte activation occurs during lesion progres-
sion, with T-lymphocyte infiltration generally observed in
advanced lesions [28]. CD4 and CD8 T-lymphocytes regulate
the adaptive immune response through the secretion of
TNF-a and IFN-y following reactivation by presentation of
oxLDL peptide by antigen presenting cells, macrophages,
and dendritic cells [29, 30]. Ccrl deficiency on the ApoE ™/~
background has proatherogenic effects, causing an increase
in aortic root lesion development and T-lymphocyte infil-
tration, indicative of a shift to a pro-inflammatory Thl (T-
helper) type response [31]. In contrast, Ccr5 deficiency on
the ApoE™'~ background protects mice against diet-induced
atherosclerotic lesion formation which is accompanied by the
reduced monocyte and T-lymphocyte infiltration in Ccr5 ™/~
aortic roots [31]. The many chemokines and their receptors



Mediators of Inflammation

have been highlighted in experimental models of atheroscle-
rosis which have been extensively reviewed elsewhere [3, 32—
34].

In addition to well-defined roles in plaque development,
through the regulation of leukocyte recruitment, new roles
for chemokines in cell retention and even plaque regression
are becoming apparent. The molecules and signals that cause
retention of cells within plaque are poorly understood, but
there is emerging evidence that chemokines, for example,
CX;CLL, which serves as a chemoattractant and adhesion
molecule for monocytes, and T-lymphocytes is upregulated
with human monocyte differentiation into macrophages in
response to oxLDL and is required for macrophage/foam cell
adhesion to coronary artery smooth muscle cells (SMCs) [35,
36]. This indicates a potential role in macrophage retention
in atherosclerotic plaques.

Recent models of atherosclerosis regression when plaque
regression is initiated by the normalisation of hyperlipi-
daemia with surgical transfer of plaque to wild type animals
or by genetic intervention, chemokines may control the
efflux of lipid laden macrophages [37]. In the regression
environment, macrophages have been shown to exhibit a
dendritic like state and emigrate to draining lymph nodes in
a CCR7-dependent manner [37].

From these studies, it is clear that chemokine signalling
plays an important function in leukocyte trafficking in the
pathogenesis of atherosclerosis. Despite greater than 20
years of research on chemokines and chemokine recep-
tors in atherosclerosis, no drugs have yet been licenced.
Although compounds such as MLN-120, an anti-CCR2 mon-
oclonal antibody are in development, there are comparatively
few chemokine inhibitors given the vast number multiple
chemokine-chemokine receptor pairings [38]. Identifying
the mechanisms that regulate the downstream chemokine
receptor-signalling pathways would reveal potential thera-
peutic targets in atherosclerosis.

4. GPCR Activation and Signal Transduction

The general paradigm for GPCR activation is that binding
of agonists to extracellular domains of the receptor induces
conformational changes in the seven transmembrane span-
ning domain. This facilitates interactions with intracellular
heterotrimeric G-proteins and enables transmission of the
signal. Heterotrimeric G-proteins are composed of «, 3, and
y subunits.

Upon activation, GPCRs act as guanine nucleotide
exchange factors (GEFs) for the Ga subunit which results
in guanosine diphosphate (GDP) to guanosine triphosphate
(GTP) exchange [1]. This leads to the dissociation of the GTP-
bound Ga subunit from the Gy heterodimers, thus allowing
both subunits to propagate downstream signal transduction
pathways (Figure 1). There are 23 known mammalian G«
proteins divided into four broad subfamilies: Gas, Gai/o,
Gaq/11, and Gal2/13. The majority of chemokines mediate
their signals via Gai proteins, although several have been
postulated to interact with alternative G proteins such as
Gaq [39, 40].

5. Chemokine-Mediated GPCR Signalling

Chemokine-stimulated GPCRs can initiate several down-
stream effectors that ultimately lead to actin polarisation,
shape change, and directed cell movement. Stimulation of
Gai subunits can result in the activation of calcium chan-
nels and inhibition of adenyl cyclases and cyclic adenosine
monophosphate (cAMP) production [41]. However, it is
the Gy subunits, which are required for chemotaxis [42].
The activation of these subunits can trigger a number of
signalling effectors such as GPCR kinases (GRKs), ion chan-
nels, and phospholipase C-f (PLC-f3) [41]. PLC-f catalyses
phosphatidylinositol (3,4,5)-trisphosphate (PIP;) to inositol
trisphosphate (IP;) and diacylglycerol (DAG). IP; causes a
release in calcium from endoplasmic reticulum (ER) stores,
and DAG can activate protein kinase C (PKC), which is
involved in receptor regulation through phosphorylation
and desensitisation. Moreover, both Ga and Gfy subunits
can activate phosphoinositide 3-kinase (PI3K) independently
that results in the activation of the kinases, Akt and the
mitogen-activated proteins kinases (MAPKs) [43].

PI3K phosphorylates phosphatidylinositol (4,5)-bisphos-
phate (PIP,) to PIP; at the cell membrane [44, 45]. An
increase in PIP; results in the localised recruitment of sig-
nalling proteins containing PIP3-pleckstrin homology (PH)
domains [44]. These proteins then drive actin polymeri-
sation and morphological changes at the leading edge of
the cell, causing it to polarise and move forward towards
the highest concentration of chemokine [44, 46]. Given
the widespread action of GPCRes, it is crucial that GPCR
expression, activation, and signalling are tightly controlled by
cellular regulatory mechanisms.

6. Regulation of GPCRs

6.1. Regulation of GPCRs: Internalisation. GPCR signalling
can be regulated at the level of receptor expression by the
process of internalisation which aims to reduce the amount
of available GPCRs on the cell surface (downregulation), thus
attenuating receptor-mediated signalling. Following ligand
activation, intracellular domains of receptors are phospho-
rylated by kinases such as the second messenger kinases
and GRKs. This targets them for internalisation into the cell
via endosomes for lysosomal degradation [47]. In addition
to degradation, in some cases, endocytosed receptors are
dephosphorylated by endosomal-associated phosphorylases
(resensitisation) and recycled back to the cell surface [1, 48].

Chemokines are able to influence chemokine receptor
internalisation and recycling. CCR?7 is efficiently internalised
when engaged by CCL19 in comparison to its other ligand
CCL21, as CCL19 induces greater phosphorylation of the
receptor [49, 50]. For the recruitment of arrestin proteins
which are described later, phosphorylation is a prerequisite
[49]. Internalisation of CCR7/CCLI9 is arrestin-dependent
mechanism but not for CCR7/CCL21 [49]. However, inter-
nalisation of a receptor is not required for the migration of
a cell, as reported in studies by Hsu et al. on wild type, and
phosphorylation deficient N-formyl peptide receptors that
fail to be internalised in U937 myeloid cells have no defects
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FIGURE L: Schematic summary of chemokine-mediated GPCR signalling. Chemokine binding to the receptor induces conformational changes
in its transmembrane domain to allow it to couple to a heterotrimeric G-protein. Chemokine receptors predominantly couple to Gai proteins
(green) but also Garq proteins (purple). Chemokines also interact with their receptors to induce the formation of receptor dimers or oligomers.
This induces GDP to GTP exchange at the nucleotide binding site of the G subunit. This causes the dissociation of the GTP-bound Ge subunit
from the Gy heterodimers and the activation of downstream signalling effectors. This leads to the production of second messengers which
further propagate signal transduction pathways that cause a cellular response. Inactivation of the G-protein occurs through hydrolysis of

GTP, allowing the Ga-GDP to recombine with the fy dimers.

in chemotaxis to formyl-methionyl leucyl phenylalanine
[49, 51]. Differential effects on receptor recycling can also
modulate GPCR signalling and the magnitude of the cellular
response through one or more selective chemokine receptors.
CCL5 causes CCRI, CCR3, and CCR5 internalisation but
through different pathways, such that CCR3 is partially
degraded and recycled whereas CCRS5 is completely recycled
in eosinophils [52, 53]. The implications for in vivo trafficking
are unclear but as well as causing chemotaxis, chemokines
may induce retention through hyporesponsiveness. If cells
migrate to an inflammatory site and become localised, they
may not be responsive to other chemokines that signal
through the same receptor and stop movement until they
encounter another chemokine signal [52].

Intriguingly, some receptors have the ability to continue
to signal or initiate other signal transduction pathways
during endosomal trafficking [48]. This can have con-
founding effects through excessive signalling and promote
inflammatory disease. Truncated CXCR4 variants impli-
cated in the immunodeficiency WHIM (Warts, Hypogam-
maglobulinemia, Infections, and Myelokathexis) syndrome,
are able to mediate chemotactic responses but unable to

be desensitised and internalised [54]. This mechanism is
believed to alter the function of leukocytes in WHIM, since
the receptors activate G-proteins effectively that result in
enhanced CXCLI2-induced chemotaxis [54, 55]. This appears
to result in the abnormal retention of neutrophils in the
bone marrow. Additionally, CXCR4 is a good example of how
regulation of GPCR signalling can be influenced by receptor
dimerisation. The formation of heterodimers between wild-
type and truncated CXCR4 is thought to account for the
increased signalling to CXCLI2 activation and their inabil-
ity to be endocytosed [54]. In addition to internalisation,
receptor dimerisation/oligomerisation can influence agonist
affinity, potency, and receptor phosphorylation and may
therefore regulate functional responses of the GPCR [56,
57]. Chemokine receptor dimers and oligomers have been
identified in both the CC and CXC subfamilies [58]. Many
of these studies have been performed in cell lines expressing
CCR2 and/or CCR5 and assessed ligand binding in cells
expressing CCR2/5 heterodimers [59]. Chemokine recep-
tor homodimerisation results in Gai-mediated signalling
(Figure 1), whereas chemokine receptor heterodimerisation
is induced by the presence of two different chemokines and
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activates Gaq signalling [60]. This can cause downstream
activation of different G-protein effectors.

The rapid process of endocytosis and downregulation of
GPCRs is closely related to the process of desensitisation
which regulates GPCRs at the functional level, since they
are both augmented by the interactions between intracellular
domains of the GPCR and heterotrimeric G-protein and
cytoplasmic proteins, such as GRKs, arrestins, and RGS
proteins. The processes behind chemokine-mediated GPCR
internalisation, desensitisation, and termination are high-
lighted in Figures 2 and 3.

6.2. Arrestins. Arrestin proteins act as adapters at GPCRs
following receptor activation and phosphorylation, and func-
tion in desensitisation through two processes. Firstly, binding
of arrestins to the phosphorylated receptor sterically blocks
receptor and G-protein interaction [61]. Secondly, arrestin
binding targets the GPCR to clathrin coated pits at the cell
surface resulting in subsequent receptor internalisation to
endosomes for degradation, dephosphorylation, and recy-
cling back to the membrane [62, 63] (Figure 2). -arrestin
1 gene expression is upregulated in splenocytes and mesen-
teric lymph nodes following induction of the inflammatory
disease, adjuvant arthritis in rats [64]. In knockout studies,
p-arrestin 2-deficient neutrophils exhibit increased calcium
signalling and GTPase activity, accompanied by reduced
CXCR2 receptor internalisation in response to CXCL1 [65].
The recruitment of neutrophils was increased in response to
CXCLLI in the air pouch model to assess in vivo chemotaxis
[65]. B-arrestin 2-deficient T-lymphocytes have decreased
CXCR4/CXCLI12 mediated migration in vitro; confirming
that T-lymphocyte chemotaxis has a critical role in lung
inflammation in vivo [66]. In vivo studies have demonstrated
that B-arrestin 2 is involved in allergic asthma, since allergen-
treated knockout mice have no accumulation of Th2 cells in
lungs that is characteristic of inflammation in asthma [66].

Arrestins have functions independent of receptor desen-
sitisation. Arrestins are multifunctional proteins that connect
different signalling effectors in cells, in particular, the MAPK
system. [3-arrestin 2 overexpression in human embryonic
kidney (HEK)-293 and HeLa cells enhances in vitro migra-
tion to CXCLI2 by augmenting p38 MAPK activation [67].
This mechanism behind p38 MAPK function in chemo-
taxis remains unclear but is likely to occur through the
phosphorylation of an F-actin cap binding protein [67].
Together, these studies imply a more complex role of arrestins
in different aspects of chemokine signalling and leukocyte
recruitment and both protective and nonprotective roles in
disease. In cardiovascular inflammation, f-arrestin 2 levels
are increased in human atherosclerotic arteries in compar-
ison to non-atherosclerotic arteries [68]. Animal studies in
the LDLr knockout model have shown that S-arrestin 2 is
proatherogenic [69]. B-arrestin 27/~ Ldlr~'~ mice develop less
atherosclerosis in the aorta after 12 weeks on a western type
diet that is linked to a reduced SMC content in aortic root
lesions. SMC proliferation and migration into the arterial
intima is linked to the development of atherosclerosis sug-
gesting that arrestins regulate this process.

6.3. Regulation of GPCRs: Desensitisation. Desensitisation
is a regulatory mechanism in controlling receptor activity,
attenuating signalling to prolonged or repeated stimulation
[70]. Two types of desensitisation exist: homologous and
heterologous. Homologous desensitisation occurs when an
agonist that is specific for a receptor causes loss of a response
and is a result of phosphorylation of the receptor by GRKs
and subsequent f-arrestin action. Much evidence comes
from in vitro systems, where high concentrations of ligand
are required for homologous desensitisation and whether
this occurs in vivo remains to be determined. In contrast,
heterologous desensitisation refers to the activation of one
receptor in causing desensitisation of multiple receptors in
their active or inactive forms by kinases such as protein kinase
A (PKA) and protein kinase C (PKC) that are stimulated by
second messengers [62, 71]. PKA and PKC directly uncouple
GPCRs from G-proteins by phosphorylation of intracellular
serine and threonine residues in the intracellular loop and the
carboxy terminus of the GPCR [47]. The importance of GRKs
and B-arrestins in chemokine mediated responses have been
demonstrated in knockout and overexpressing mice where
GPCR phosphorylation, desensitisation, and internalisation
are affected. The regulatory proteins discussed in this review
are summarised in Table 1 in the context of atherosclerosis.
Receptor desensitisation is an important feedback mecha-
nism preventing acute or chronic receptor overstimulation
that could lead to abnormal cellular signalling.

6.4. GRKs. GRKs phosphorylate agonist occupied GPCRs,
which increases the affinity of the receptor for arrestin-
dependent binding [61] (Figure 2). This results in recep-
tor and G-protein uncoupling and receptor internalisation
[62]. In contrast to second messenger-dependent protein
kinases, much higher concentrations of agonist are required
to phosphorylate and desensitise receptors by this pathway
[62]. Several GRKs show high expression in immune cells
(GRK2, -3, -5, -6) and their expression levels are regulated
in inflammation [2]. In vitro studies with proinflammatory
cytokines IL-6 and IFN-y induce GRK2 protein downregula-
tion in human peripheral blood mononuclear cells (PBMCs)
and GRK2 and GRKG6 levels are reduced in PBMCs from
patients with rheumatoid arthritis (RA) and in splenocytes
from experimental mouse models of multiple sclerosis (MS)
[2]. GRK2*/~ T-lymphocytes have increased migration to
the chemokines CCL3 and CCL4 [77]. This suggests that
during inflammation when there is an increase in pro-
inflammatory mediators; this is likely to cause an downreg-
ulation of GRK2/5/6 activity in vivo [61]. In non-pathological
inflammation, this is required for a controlled response to
chemokine stimulation, but in chronic inflammation, this
may lead to enhanced chemokine signalling and increased
cell infiltration to an inflammatory site.

In contrast, enhanced GRK activity has been associated
with cardiovascular disorders including hypertension and
cardiac hypertrophy. An upregulation of GRK2 in non-
myocyte cardiac cells is linked to enhanced fl-adrenergic
receptor signalling and is associated with heart failure [78].

GRK6 '~ neutrophils show enhanced calcium signalling and
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downstream signalling pathways are activated (2). Ligand-activated GPCRs are phosphorylated by GRKs (3), resulting in the recruitment
of arrestins (4). This uncouples the receptor from its G-protein, thereby attenuating further receptor signalling. The binding of arrestins to
the receptor promotes internalisation of the receptor (5) that can result in the down-regulation of receptor, but can also contribute to a second
round of signalling such as activation of the MAPK cascade (6).

TaBLE 1: GPCR signalling regulatory proteins in atherosclerosis.

Regulatory protein Experimental evidence in atherosclerosis Reference

(i) B-arrestin 27/~ Ldlr™'~ mice have reduced aortic atherosclerosis

B-arrestin 2 M - e . .
(ii) B-arrestin 27~ Ldlr™'~ mice have reduced SMC content in the aortic root

(69]

(i) GRK2*""Ldlr™'~ chimeric mice have reduced atherosclerosis and necrotic core in the
aortic root
GRK2 (ii) GRK2*"Ldlr~/~ chimeric mice have increased macrophage and VSMC content in aortic [72]
root lesions
(iii) CCL5-induced in vivo migration of leukocytes is increased GRK2*/~Ldlr ™/~ chimeras

i 0 mice have increased atherosclerosis in aorta than Apo mice
(i) GRK5™~ApoE™"~ mice have i d atherosclerosis i han ApoE '~ mi
GRK5 (ii) GRK5~/ “ApoE ~/~ mice have increased macrophage and VSMC proliferation in aortic

root lesions (73]
(iii) GRK5 '~ monocytes have increased migration to atherogenic stimuli in vitro
(i) Rgsl .expression is _L}}jregulated in thoracic aortas fr.om ApoE™™ mice at.16 weeks of age in Unpublished data,
comparison to ApoE™'" mice at 8 weeks of age and wild-type C57BL/6] mice

RGS1 = . . Channon laboratory
(ii) RgsI was found to be upregulated in unstable segments of plaque from human carotid (74]
endarterectomy specimens over stable segments from the same patient (68]
(iii) RgsI upregulated in human atherosclerotic coronary arteries
(i) Genetic polymorphisms in Rgs2 have been associated with intima-media thickening of

RGS2 . . . . . (75]
the carotid artery in patients with hypertension

RGS5 (i) Rgs5 expression is downregulated in SMCs of atherosclerotic plaques from nonhuman [76]

primates
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chemotactic responses to leukotriene B4 (LTB4) and CXCLI12
in vitro [79, 80]. GRK2 I~ mice develop acute onset of
experimental autoimmune encephalomyelitis (EAE) that is
accompanied by significantly increased cellular infiltration
in the spinal cord [81]. Homozygous GRK2 ™/~ mice are
embryonically lethal [78]. GRK2*/~ T-lymphocytes display
increased calcium mobilisation, migration, and downstream
Akt and extracellular signal-regulated kinase (Erk1/2) sig-
nalling to CCRS5 ligands [77].

Based on these findings, it might be expected that tar-
geted GRK2"/~ deletion would lead to enhanced chemokine
signalling which would propagate inflammatory cell recruit-
ment in vivo and augment atherosclerotic lesion forma-
tion in GRK2*/~ mice with hyperlipidaemia. Contrary to
these findings, atherosclerosis is attenuated in mice with a
haemopoietic deficiency in GRK2"/~, that is accompanied
by a 79% decrease in necrotic core size [72]. Interestingly,
macrophage content in the lesions from GRK2"/~ mice was

significantly greater than control mice as indicated by %
MOMA-2 positive staining. However, a conditional GRK2
deficiency in a macrophage/granulocyte specific transgenic
model (LysM-Cre GRK2 1°/1°%) did not display any differ-
ences in atherosclerosis indicating that macrophages were not
solely responsible for the phenotype observed in GRK2"/~
bone marrow chimeras [72]. Furthermore, circulating mono-
cytes were reduced in GRK2*/~ mice, highlighting a potential
role for GRK2 in monocyte mobilisation and may account
for the increased plaque macrophage content observed in
GRK2*'™ mice.

In contrast to GRK2, GRK5 activity is antiatherogenic,
since GRK5/~ ApoE™'~ mice have an increase in lesion area
in comparison to ApoE ™/~ mice through two different cell-
type regulatory mechanisms in monocyte/macrophages and
SMCs [73]. In SMCs, GRKS5 is able to promote the degra-
dation of the non-GPCR proatherogenic receptor, platelet-
derived growth factor receptor-f (PDGFRp) in lysosomes



which is thought to reduce PDGF-mediated SMC pro-
liferation and migration [73]. GRK5 regulates monocyte
chemotaxis; in vitro GRK5 /= monocytes have increased
migration to CCL2, a ligand for the GPCR, CCR2 and colony
stimulating factor-1, a ligand for the CSFR-1, a receptor
tyrosine kinase [73]. CCL2-mediated leukocyte migration
is instrumental in atherosclerotic lesion progression and
responsible for the increased macrophage content in lesions
from GRK5™/~ApoE™'~ mice. These findings highlight the
potential mechanisms in both monocyte retention and emi-
gration after their migration across the endothelium and
present new strategies to limit atherosclerotic lesion progres-
sion.

6.5. Regulation of GPCRs: Signal Termination. GPCR sig-
nalling can be terminated by desensitisation followed by
internalisation. However, further regulation leading to signal
termination can be achieved through G-protein interaction
with RGS proteins. In the last ten years, there has been
growing evidence indicating the importance of RGS proteins
in contributing to signal termination, without interacting
with the receptor itself, but by action at the Ga-subunit
coupled to the receptor. Chemokine receptors couple to
Gai subunits that are present in leukocytes, with Geri2 and
Gai3 being principally expressed in murine lymphocytes and
macrophages [2, 82]. Regulation of Gai-signalling pathways
in vivo is required for proper functioning of the immune
system, for correct homing of cells to lymphoid organs and
for cell trafficking to sites of inflammation [83]. Inactivation
of Ga-subunits is driven by a number of processes such
as the intrinsic GTPase activity of the Ga protein that
hydrolyses GTP to GDP, enabling the heterotrimer to reform
[41]. This process can be accelerated by RGS proteins that
act as GTPase activating proteins (GAPs) and thus promote
G-protein inactivation by downregulating the intracellular
response to repeated ligand stimulation [84] (Figure 3).
Currently, there are 30 known mammalian RGS protein
family members, divided into eight subfamilies that are based
on sequence homologies [85]. Subfamily proteins contain
a conserved ~120 amino acid residue RGS domain or an
RGS-like domain; however, homologous regions outside this
domain are thought to be shared within each subfamily.
RGS proteins exert GTPase activation via binding of the
RGS domain to the GTP-binding domain of the G« protein.
The Ga active site is composed of three switch regions
that undergo conformational changes during activation and
deactivation from GTP to GDP bound states [84]. The RGS
domain stabilises the transition state of these switch regions
of the Gar subunit upon binding but does not make contact
with bound GTP and therefore is not directly involved in
catalysis [84, 86]. By altering the conformation of the active
Ga-GTP complex, RGS proteins are able to accelerate the rate
of GTP hydrolysis by the GTPase, by as much as >2000 fold in
vitro [84]. Given the widespread expression of RGS proteins
in several tissues and the numerous cellular functions medi-
ated by GPCRs, RGS proteins have been identified to have a
critical role in signalling pathways involved in cardiovascular,
phototransduction and CNS functions. Given the potency of
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RGS proteins in modulating GPCR function, dysregulation
of RGS proteins may lead to pathological disorders such as
atherosclerosis. Currently, there is limited published work on
the role of RGS proteins in inflammatory disease, but we will
discuss emerging data on RGS control of leukocyte function
that provide insights for atherosclerosis.

In the cardiovascular system, RGS2 and RGS5 control
physiological regulatory responses to blood pressure and
cardiac rhythmicity, whereas changes in the expression of
Rgs3 and Rgs4 have been associated with heart failure in
humans [87]. RGSI has been linked to cardiovascular disor-
ders and in particular chemokine signalling in inflammation.
RgsI mRNA has been reported to be expressed in the left
ventricular myocardium of patients with dilated and ischemic
cardiomyopathy [88], and mRNA transcripts are also present
in the heart and aorta of septic animals [89].

Emerging evidence for a role for RGS1 specifically in
atherosclerosis is provided by several human studies that
have measured Rgsl gene expression in vascular disease.
During inflammation, increased chemokine signalling can
contribute to disease progression through overactivation and
recruitment of monocyte-macrophages.

Anger et al. found RgsI mRNA upregulation in advanced
calcified aortic valve stenosis [90]. In a gene array study
to investigate plaque rupture, stable and unstable human
carotid artery atherosclerotic plaques were examined. Rgsl
mRNA was found to be upregulated 12-fold with plaque
instability [74]. Likewise, gene expression profiling of human
atherosclerotic and nonatherosclerotic coronary arteries, also
measured an increased Rgsl expression in atherosclerotic
coronary arteries [76]. Studies from our laboratory have
identified RgsI as one of the differentially expressed genes in
the thoracic aortas of 16-week-old atherosclerotic ApoE™/~
mice, compared with 8-week-old ApoE™~ mice (unpub-
lished data). Rgsl expression is associated with atherosclerotic
plaque progression, and furthermore these results correlated
with the expression of the macrophage marker, CD68 indi-
cating a role for RgsI in macrophage function.

The role of RGSI in the regulation of in vivo chemotactic
responses has been highlighted in studies of RgsI /= mice.
These studies have been limited to lymphocytes and the
control of B-lymphocyte homing to lymph nodes, since
RGSL1 is highly expressed in germinal centres [91]. However
this provides an insight into its potential role in leukocyte
function. The migration of activated B-lymphocytes to these
centres is regulated by their expression of distinct chemokine
receptors such as CXCR4 and CXCR5 [92]. Additionally in
vitro, RgsT”"~ B-lymphocytes show increased chemotaxis and
calcium mobilisation to CXCLI2 and CXCL13 [91]. Following
chemokine pre-exposure, they still retain this exaggerated
response to these chemokines due to impaired desensitisation
[82, 91]. These differences support altered in vivo function
as Rgs1”/~ mice exhibit excessive germinal centre forma-
tion following immunisation and abnormal trafficking of
antibody-secreting cells, implying inappropriate recruitment
of B-lymphocytes into germinal centres during the humoral
immune response [91]. Collectively, these studies present
evidence that RGSI is key regulator of leukocyte trafficking
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and is critical in downregulating the response to sustained
chemokine signalling.

Further recent evidence for a role for RGSI in leukocyte
chemotaxis is more complex. In assessing in vivo migration,
Agenes et al. used parabiotic mice to investigate naive and
regulatory T-lymphocyte (Treg) migration [93]. Naive T-
lymphocytes migrated more readily than Tregs. Chemotaxis
of naive T-lymphocytes was correlated with a downregulation
of RGSI, whereas Tregs were characterised by an elevated
expression of RGS1. This suggested that an increase in RGSI
may increase desensitisation and reduce the capacity of T-
lymphocytes to migrate [93]. A recent study has shown
that RGSI expression is higher in human gut T-lymphocytes
in comparison to peripheral blood T-lymphocytes and that
it reduces intestinal T-lymphocyte migration to lymphoid
homing chemokines [94]. Furthermore, when RgsI /= and
wild type T-lymphocytes were transferred in the colitis model
in Rag2 deficient mice which lack mature lymphocytes, RgsI
deficiency showed a protective phenotype indicating RGS1 in
having a potential role in T-lymphocyte retention in the gut
[94]. A proatherogenic role exists for T-lymphocytes, since
a deficiency in this cell type inhibits atherosclerotic lesion
development [95]. These studies in lymphocytes would give
us an insight into the role of RGS1in atherosclerosis. Targeted
RgsI deletion may lead to enhanced chemokine signalling
in macrophages due to a lack of desensitisation resulting in
increased chemotaxis. This may propagate inflammatory cell
recruitment in vivo which will augment atherosclerotic lesion
formation in RgsI~/~ mice on an atherosclerotic background.

7. Conclusions

Many of the in vivo studies highlighted here have demon-
strated the importance of regulatory proteins in chemokine
biology and that dysregulation of GPCR signalling can lead
to both pro- and antiatherogenic responses. This underlines
that enhanced or impaired desensitisation and that signal
termination of GPCRs can lead to altered leukocyte traf-
ficking in inflammation. Their roles in controlling leukocyte
recruitment may yield insight into the mechanism of patho-
logical recruitment and retention of leukocytes at sites of
atherosclerotic plaque. Understanding this additional layer
of control and specificity to our understanding of disease
biology may help us both further understand the specificity
that is achieved by this widely expressed system and allow us
to target this system with therapeutics.

To target these downstream regulatory pathways, we need
to understand when inhibition or enhancement of activity is
required, given the opposing roles of the regulatory proteins
in atherosclerotic mice. Heterozygotic GRK2"/~ mice on the
LDLr background have reduced atherosclerosis [72], and
overexpression of GRK2 is linked to heart failure [96], imply-
ing that inhibiting GRK2 would be beneficial. Currently, the
GRK2/3 family have been targeted for inhibition, but this has
proven ineffective due to inhibitors lacking selectivity [96].
In contrast, in neurological disorders, gene therapy has been
raised as a potential tool for enhancing GRK6 activity by
overexpression [96]. GRK5 would be an ideal target to be

therapeutically activated since GRK5 '~ ApoE~/~ mice have
increased atherosclerosis [73]. However, enhancing activity
of GRK5/6 requires further elucidation on the mechanism
behind their cellular concentrations, degradation and tran-
scription, and is currently speculative.

Modulating chemokine signalling by targeting RGS pro-
teins is still in early development and requires much more
understanding on their physiological regulation. Current
research has focussed on altering RGS protein interactions
with Ga protein subunits or by changing the localisation or
expression of a particular RGS protein in a cell type [97].
Given the regulation of RGS protein expression in different
cells and that they act at different G proteins, it may be
possible to achieve a high degree of target specificity. For
example, suppressing RGSI in inflammatory tissue by an
inhibitor which might result in enhanced Gai signalling
might prevent the retention of cells which would normally
progress inflammation. Different RGS proteins would require
either inhibitors or potentiators to attenuate or enhance G-
protein action, and the possibilities have been discussed
in detail by Zhong and Neubig [98]. In comparison to
chemokine biology, the role of GPCR regulatory proteins in
atherosclerosis is still limited, but with the development of
new experimental mouse models in the last 5 years, this field
will expand and enable the discovery of novel therapeutic
strategies in cardiovascular inflammation.

Acknowledgments

This work was supported by the British Heart Founda-
tion (RG/10/15/28578), (RG/07/003/23133) and the Wellcome
Trust (091504/Z/10/Z), (090532/7/09/Z), and the National
Institute for Health Reseach (NIHR) and Oxford Biomedical
Research Centre.

References

[1] S. L. Ritter and R. A. Hall, “Fine-tuning of GPCR activity by
receptor-interacting proteins,” Nature Reviews Molecular Cell
Biology, vol. 10, no. 12, pp. 819-830, 2009.

[2] J. Lattin, D. A. Zidar, K. Schroder, S. Kellie, D. A. Hume, and M.
J. Sweet, “G-protein-coupled receptor expression, function, and
signaling in macrophages,” Journal of Leukocyte Biology, vol. 82,
no. 1, pp. 16-32, 2007.

[3] V. Braunersreuther, F. Mach, and S. Steffens, “The specific role
of chemokines in atherosclerosis,” Thrombosis and Haemostasis,
vol. 97, no. 5, pp. 714-721, 2007.

[4] R. Ross, “Atherosclerosis—an inflammatory disease,” The New
England Journal of Medicine, vol. 340, no. 2, pp. 115-126, 1999.

[5] I. . Charo and R. M. Ransohoff, “Mechanisms of disease:
the many roles of chemokines and chemokine receptors in
inflammation,” The New England Journal of Medicine, vol. 354,
no. 6, pp. 610-621, 2006.

[6] G. K. Hansson, “Mechanisms of disease: inflammation,
atherosclerosis, and coronary artery disease,” The New England
Journal of Medicine, vol. 352, no. 16, pp. 1685-1695, 2005.

[7] H. C. Stary, A. B. Chandler, S. Glagov et al., “A definition of
initial, fatty streak, and intermediate lesions of atherosclerosis: a
report from the committee on vascular lesions of the council on



10

arteriosclerosis, American heart association,” Circulation, vol.

89, 10. 5, pp. 24622478, 1994,

H. C. Stary, A. B. Chandler, R. E. Dinsmore et al., “A definition

of advanced types of atherosclerotic lesions and a histological

classification of atherosclerosis: a report from the committee
on vascular lesions of the council on arteriosclerosis, American

heart association,” Circulation, vol. 92, no. 5, pp. 1355-1374,1995.

[9] C. B. Jones, D. C. Sane, and D. M. Herrington, “Matrix
metalloproteinases: a review of their structure and role in acute
coronary syndrome,” Cardiovascular Research, vol. 59, no. 4, pp.
812-823, 2003.

[10] K. Croce and P. Libby, “Intertwining of thrombosis and inflam-
mation in atherosclerosis,” Current Opinion in Hematology, vol.
14, no. 1, pp. 55-61, 2007.

[11] P. K. Shah, “Role of inflammation and metalloproteinases in
plaque disruption and thrombosis,” Vascular Medicine, vol. 3,
no. 3, pp. 199-206, 1998.

[12] S. H. Zhang, R. L. Reddick, J. A. Piedrahita, and N. Maeda,
“Spontaneous hypercholesterolemia and arterial lesions in mice
lacking apolipoprotein E,” Science, vol. 258, no. 5081, pp. 468—
471,1992.

[13] A.Daugherty, “Mouse models of atherosclerosis,” The American
Journal of the Medical Sciences, vol. 323, no. 1, pp. 3-10, 2002.

[14] Y. Nakashima, A. S. Plump, E. W. Raines, J. L. Breslow, and
R. Ross, “ApoE-deficient mice develop lesions of all phases of
atherosclerosis throughout the arterial tree;” Arteriosclerosis and
Thrombosis, vol. 14, no. 1, pp. 133-140, 1994.

[15] C. Cheng, D. Tempel, R. Van Haperen et al., “Atherosclerotic
lesion size and vulnerability are determined by patterns of fluid
shear stress,” Circulation, vol. 113, no. 23, pp. 2744-2753, 2006.

[16] P. A.VanderLaan, C. A. Reardon, and G. S. Getz, “Site specificity
of atherosclerosis: site-selective responses to atherosclerotic
modulators,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 24, no. 1, pp. 12-22, 2004.

[17] M. Baggiolini, “Chemokines in pathology and medicine,” Jour-

nal of Internal Medicine, vol. 250, no. 2, pp. 91-104, 2001.

A. Zlotnik and O. Yoshie, “Chemokines: a new classification

system and their role in immunity,” Immunity, vol. 12, no. 2, pp.

121-127, 2000.

[19] E.J.Fernandez and E. Lolis, “Structure, function, and inhibition
of chemokines,” Annual Review of Pharmacology and Toxicol-
ogy, vol. 42, pp. 469-499, 2002.

[20] I. Clark-Lewis, K. S. Kim, K. Rajarathnam et al., “Structure-
activity relationships of chemokines;” Journal of Leukocyte
Biology, vol. 57, no. 5, pp. 703-711, 1995.

[21] T.Jin, X. Xu, and D. Hereld, “Chemotaxis, chemokine receptors
and human disease,” Cytokine, vol. 44, no. 1, pp. 1-8, 2008.

[22] J. Middleton, A. M. Patterson, L. Gardner, C. Schmutz, and B.
A. Ashton, “Leukocyte extravasation: chemokine transport and
presentation by the endothelium,” Blood, vol. 100, no. 12, pp.
3853-3860, 2002.

[23] B. Moser, M. Wolf, A. Walz, and P. Loetscher, “Chemokines:
multiple levels of leukocyte migration control,” Trends in
Immunology, vol. 25, no. 2, pp. 75-84, 2004.

[24] L. Boring, J. Gosling, M. Cleary, and I. E Charo, “Decreased
lesion formation in CCR2(-/-) mice reveals a role for
chemokines in the initiation of atherosclerosis,” Nature,
vol. 394, no. 6696, pp. 894-897, 1998.

[25] T. C. Dawson, W. A. Kuziel, T. A. Osahar, and N. Maeda,
“Absence of CC chemokine receptor-2 reduces atherosclerosis
in apolipoprotein E-deficient mice,” Atherosclerosis, vol. 143, no.
1, pp. 205-211, 1999

[8

[18

Mediators of Inflammation

[26] L. Gu, Y. Okada, S. K. Clinton et al., “Absence of monocyte
chemoattractant protein-1 reduces atherosclerosis in low den-
sity lipoprotein receptor-deficient mice,” Molecular Cell, vol. 2,
no. 2, pp. 275-281, 1998.

[27] J. Guo, M. van Eck, J. Twisk et al., “Transplantation of monocyte
CC-chemokine receptor 2-deficient bone marrow into ApoE3-
Leiden mice inhibits atherogenesis,” Arteriosclerosis, Thrombo-
sis, and Vascular Biology, vol. 23, no. 3, pp. 447-453, 2003.

[28] J. Khallou-Laschet, A. Varthaman, G. Fornasa et al,
“Macrophage plasticity in experimental atherosclerosis;’
PloS One, vol. 5, no. 1, article 8852, 2010.

[29] A.K.L.Robertsonand G. K. Hansson, “T cells in atherogenesis:
for better or for worse?” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 26, no. 11, pp. 2421-2432, 2006.

[30] X.Zhou, A. Nicoletti, R. Elhage, and G. K. Hansson, “Transfer
of CD4" T cells aggravates atherosclerosis in immunodeficient
apolipoprotein E knockout mice,” Circulation, vol. 102, no. 24,
pp- 2919-2922, 2000.

[31] V. Braunersreuther, A. Zernecke, C. Arnaud et al, “Ccr5
but not Ccrl deficiency reduces development of diet-induced
atherosclerosis in mice,” Arteriosclerosis, Thrombosis, and Vas-
cular Biology, vol. 27, no. 2, pp. 373-379, 2007.

[32] E. McNeill, K. M. Channon, and D. R. Greaves, “Inflammatory
cell recruitment in cardiovascular disease: murine models and
potential clinical applications,” Clinical Science, vol. 118, no. 11,
pp. 641-655, 2010.

[33] W. Wan and P. M. Murphy, “Regulation of atherogenesis by
chemokines and chemokine receptors,” Archivum Immunolo-
giae et Therapia Experimentalis (Warsz), vol. 61, no. 1, pp. 1-14,
2013.

[34] G. E. White, A. J. Igbal, and D. R. Greaves, “CC chemokine
receptors and chronic inflammation—therapeutic opportuni-
ties and pharmacological challenges,” Pharmacological Reviews,
vol. 65, no. 1, pp. 47-89, 2013.

J. Barlic, Y. Zhang, J. F. Foley, and P. M. Murphy, “Oxidized lipid-
driven chemokine receptor switch, CCR2 to CX3CRI, mediates
adhesion of human macrophages to coronary artery smooth
muscle cells through a peroxisome proliferator-activated recep-
tor y-dependent pathway,” Circulation, vol. 114, no. 8, pp. 807-
819, 2006.

[36] J. Barlic and P. M. Murphy, “An oxidized lipid-peroxisome
proliferator-activated receptor y-chemokine pathway in the
regulation of macrophage-vascular smooth muscle cell adhe-
sion,” Trends in Cardiovascular Medicine, vol. 17, no. 8, pp. 269-
274, 2007.

[37] E. Trogan, J. E. Feig, S. Dogan et al., “Gene expression changes
in foam cells and the role of chemokine receptor CCR7 during
atherosclerosis regression in ApoE-deficient mice,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 103, no. 10, pp- 3781-3786, 2006.

[38] M. Allegretti, M. C. Cesta, A. Garin, and A. E. I. Proudfoot,
“Current status of chemokine receptor inhibitors in develop-
ment,” Immunology Letters, vol. 145, no. 1-2, pp. 68-78, 2012.

[39] A. Al-Aoukaty, B. Rolstad, A. Giaid, and A. A. Maghaz-
achi, “MIP-3«a, MIP-33 and fractalkine induce the locomotion
and the mobilization of intracellular calcium, and activate
the heterotrimeric G proteins in human natural killer cells,”
Immunology, vol. 95, no. 4, pp. 618-624, 1998.

[40] H. Arai and I. E Charo, “Differential regulation of G-protein-
mediated signaling by chemokine receptors,” Journal of Biolog-
ical Chemistry, vol. 271, no. 36, pp. 21814-21819, 1996.

)
)



Mediators of Inflammation

(41]

(42]

[43]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

J. H. Kehrl, “Heterotrimeric G protein signaling: roles in
immune function and fine-tuning by RGS proteins,” Immunity,
vol. 8, no. 1, pp. 1-10, 1998.

C. Moratz, K. Harrison, and J. H. Kehrl, “Regulation of
chemokine-induced lymphocyte migration by RGS proteins,
Methods in Enzymology, vol. 389, pp. 15-32, 2004.

G. Servant, O. D. Weiner, P. Herzmark, T. Balla, J. W. Sedat,
and H. R. Bourne, “Polarization of chemoattractant receptor
signaling during neutrophil chemotaxis,” Science, vol. 287, no.
5455, pp. 1037-1040, 2000.

T. Jin and D. Hereld, “Moving toward understanding eukaryotic
chemotaxis,” The European Journal of Cell Biology, vol. 85, no. 9-
10, pp. 905-913, 2006.

E. R. Neptune and H. R. Bourne, “Receptors induce chemotaxis
by releasing the By subunit of Gi, not by activating Gq or Gs,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 94, no. 26, pp. 14489-14494, 1997.

P. Devreotes and C. Janetopoulos, “Eukaryotic chemotaxis: dis-
tinctions between directional sensing and polarization,” Journal
of Biological Chemistry, vol. 278, no. 23, pp. 20445-20448, 2003.
S. S. G. Ferguson, “Evolving concepts in G protein-coupled
receptor endocytosis: the role in receptor desensitization and
signaling,” Pharmacological Reviews, vol. 53, no. 1, pp. 1-24,
2001.

A. Sorkin and M. von Zastrow, “Signal transduction and
endocytosis: close encounters of many kinds,” Nature Reviews
Molecular Cell Biology, vol. 3, no. 8, pp. 600-614, 2002.

M. A. Byers, P. A. Calloway, L. Shannon et al.,, “Arrestin 3
mediates endocytosis of CCR?7 following ligation of CCL19 but
not CCL21,” Journal of Immunology, vol. 181, no. 7, pp. 4723
4732, 2008.

T. A. Kohout, S. L. Nicholas, S. J. Perry, G. Reinhart, S. Junger,
and R. S. Struthers, “Differential desensitization, receptor phos-
phorylation, f-arrestin recruitment, and ERK1/2 activation by
the two endogenous ligands for the CC chemokine receptor
7, Journal of Biological Chemistry, vol. 279, no. 22, pp. 23214-
23222,2004.

M. H. Hsu, S. C. Chiang, R. D. Ye, and E. R. Prossnitz,
“Phosphorylation of the N-formyl peptide receptor is required
for receptor internalization but not chemotaxis,” Journal of
Biological Chemistry, vol. 272, no. 47, pp. 29426-29429, 1997.
N. Zimmermann, J. J. Conkright, and M. E. Rothenberg, “CC
chemokine receptor-3 undergoes prolonged ligand-induced
internalization,” Journal of Biological Chemistry, vol. 274, no. 18,
pp- 12611-12618, 1999.

E. M. Borroni, A. Mantovani, M. Locati, and R. Bonecchi,
“Chemokine receptors intracellular trafficking,” Pharmacology
and Therapeutics, vol. 127, no. 1, pp. 1-8, 2010.

B. Lagane, K. Y. C. Chow, K. Balabanian et al, “CXCR4
dimerization and 2-arrestin mediated signaling account for the
enhanced chemotaxis to CXCLI2 in WHIM syndrome,” Blood,
vol. 112, no. 1, pp. 34-44, 2008.

Q. Liu, H. Chen, T. Ojode et al., “WHIM syndrome caused by a
single amino acid substitution in the carboxy-tail of chemokine
receptor CXCR4,” Blood, vol. 120, no. 1, pp. 181-189, 2012.

C. D. Rios, B. A. Jordan, I. Gomes, and L. A. Devi, “G-
protein-coupled receptor dimerization: modulation of receptor
function,” Pharmacology and Therapeutics, vol. 92, no. 2-3, pp.
71-87, 2001.

J. Y. Springael, E. Urizar, and M. Parmentier, “Dimerization of
chemokine receptors and its functional consequences,” Cytokine
and Growth Factor Reviews, vol. 16, no. 6, pp. 611-623, 2005.

(58]

(59]

(63]

[64]

[65]

(68

[69]

(72]

1

B. K. Kramp, A. Sarabi, R. R. Koenen, and C. Weber, “Het-
erophilic chemokine receptor interactions in chemokine signal-
ing and biology;,” Experimental Cell Research, vol. 317, no. 5, pp.
655-663, 2011.

L. El-Asmar, J. Y. Springael, S. Ballet, E. U. Andrieu, G.
Vassart, and M. Parmentier, “Evidence for negative binding
cooperativity within CCR5-CCR2b heterodimers,” Molecular
Pharmacology, vol. 67, no. 2, pp. 460-469, 2005.

J. M. Rodriguez-Frade, M. Mellado, and A. C. Martinez,
“Chemokine receptor dimerization: two are better than one;
Trends in Immunology, vol. 22, no. 11, pp. 612-617, 2001.

A. Vroon, C.]. Heijnen, and A. Kavelaars, “GRKs and arrestins:
regulators of migration and inflammation,” Journal of Leukocyte
Biology, vol. 80, no. 6, pp. 1214-1221, 2006.

E. Kelly, C. P. Bailey, and G. Henderson, “Agonist-selective
mechanisms of GPCR desensitization,” The British Journal of
Pharmacology, vol. 153, no. SI, pp. S379-5388, 2008.

B. L. Wolfe and J. Trejo, “Clathrin-dependent mechanisms of G
protein-coupled receptor endocytosis,” Traffic, vol. 8, no. 5, pp.
462-470, 2007.

M. S. Lombardi, A. Kavelaars, P. M. Cobelens, R. E. Schmidt,
M. Schedlowski, and C. J. Heijnen, “Adjuvant arthritis induces
down-regulation of G protein-coupled receptor kinases in the
immune system,” Journal of Immunology, vol. 166, no. 3, pp.
1635-1640, 2001.

Y. Su, S. K. Raghuwanshi, Y. Yu, L. B. Nanney, R. M. Richardson,
and A. Richmond, “Altered CXCR?2 signaling in f-arrestin-2-
deficient mouse models;” Journal of Immunology, vol. 175, no. 8,
pp- 5396-5402, 2005.

J. K. L. Walker, A. M. Fong, B. L. Lawson et al., “f-Arrestin-2
regulates the development of allergic asthma,” Journal of Clinical
Investigation, vol. 112, no. 4, pp. 566-574, 2003.

Y. Sun, Z. Cheng, L. Ma, and G. Pei, “fB-arrestin2 is critically
involved in CXCR4-mediated chemotaxis, and this is mediated
by its enhancement of p38 MAPK activation,” Journal of
Biological Chemistry, vol. 277, no. 51, pp. 49212-49219, 2002.

S. R. Archacki, G. Angheloiu, X. L. Tian et al., “Identification of
new genes differentially expressed in coronary artery disease by
expression profiling,” Physiological Genomics, vol. 15, pp. 65-74,
2003.

J. Kim, L. Zhang, K. Peppel et al., “B-arrestins regulate
atherosclerosis and neointimal hyperplasia by controlling
smooth muscle cell proliferation and migration,” Circulation
Research, vol. 103, no. 1, pp. 70-79, 2008.

W. P. Hausdorff, M. G. Caron, and R. J. Lefkowitz, “Turning off
the signal: desensitization of 3-adrenergic receptor function,”
FASEB Journal, vol. 4, no. 11, pp. 2881-2889, 1990.

R. M. Richardson, H. Alj, E. D. Tomhave, B. Haribabu, and R.
Snyderman, “Cross-desensitization of chemoattractant recep-
tors occurs at multiple levels: evidence for a role for inhibition
of phospholipase C activity,” Journal of Biological Chemistry, vol.
270, no. 46, pp. 27829-27833, 1995.

J. J. Otten, S. C. de Jager, A. Kavelaars et al., “Hematopoi-
etic G-protein-coupled receptor kinase 2 deficiency decreases
atherosclerotic lesion formation in LDL receptor-knockout
mice,” FASEB Journal, vol. 27, no. 1, pp. 265-276, 2013.

J. H. Wu, L. Zhang, A. C. Fanaroff et al, “G protein-
coupled receptor kinase-5 attenuates atherosclerosis by regulat-
ing receptor tyrosine kinases and 7-transmembrane receptors,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 32, no. 2,
pp. 308-316, 2012.



12

[74] M. Papaspyridonos, A. Smith, K. G. Burnand et al., “Novel
candidate genes in unstable areas of human atherosclerotic
plaques,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol.
26, no. 8, pp. 1837-1844, 2006.

K. Kamide, Y. Kokubo, J. Yang et al., “Association of intima-
media thickening of carotid artery with genetic polymorphisms
of the regulator of G-protein signaling 2 gene in patients
with hypertension and in the general population,” Hypertension
Research, vol. 34, no. 6, pp. 740-746, 2011.

J. Li, L. D. Adams, X. Wang et al., “Regulator of G protein
signaling 5 marks peripheral arterial smooth muscle cells and
is downregulated in atherosclerotic plaque,” Journal of Vascular
Surgery, vol. 40, no. 3, pp. 519-528, 2004.

A. Vroon, C.J. Heijnen, M. S. Lombardi et al., “Reduced GRK2
level in T cells potentiates chemotaxis and signaling in response
to CCL4,” Journal of Leukocyte Biology, vol. 75, no. 5, pp. 901-
909, 2004.

P. Penela, C. Murga, C. Ribas, A. S. Tutor, S. Peregrin, and E
Mayor, “Mechanisms of regulation of G protein-coupled recep-
tor kinases (GRKs) and cardiovascular disease,” Cardiovascular
Research, vol. 69, no. 1, pp. 46-56, 2006.

A. Kavelaars, A. Vroon, R. P. Raatgever et al., “Increased
acute inflammation, leukotriene B4-induced chemotaxis, and
signaling in mice deficient for G protein-coupled receptor
kinase 6, Journal of Immunology, vol. 171, no. 11, pp. 6128-6134,
2003.

A. Vroon, C.J. Heijnen, R. Raatgever et al., “GRK6 deficiency is
associated with enhanced CXCR4-mediated neutrophil chemo-
taxis in vitro and impaired responsiveness to G-CSF in vivo,”
Journal of Leukocyte Biology, vol. 75, no. 4, pp. 698-704, 2004.

A. Vroon, A. Kavelaars, V. Limmroth et al., “G protein-
coupled receptor kinase 2 in multiple sclerosis and experimental
autoimmune encephalomyelitis,” Journal of Immunology, vol.
174, no. 7, pp. 4400-4406, 2005.

S. B. Han, C. Moratz, N. N. Huang et al., “Rgsl and Gnai2
regulate the entrance of B lymphocytes into lymph nodes and

B cell motility within lymph node follicles,” Immunity, vol. 22,
no. 3, pp. 343-354, 2005.

J. H. Kehrl, “Chemoattractant receptor signaling and the control
of lymphocyte migration,” Immunologic Research, vol. 34, no. 3,
pp. 211-227, 2006.

E. M. Ross and T. M. Wilkie, “GTPase-activating proteins for
heterotrimeric G proteins: regulators of G Protein Signaling
(RGS) and RGS-like proteins,” Annual Review of Biochemistry,
vol. 69, pp. 795-827, 2000.

[85] G. Bansal, K. M. Druey, and Z. Xie, “R4 RGS proteins:
regulation of G-protein signaling and beyond,” Pharmacology
and Therapeutics, vol. 116, no. 3, pp. 473-495, 2007.

[86] L.de Vries, B. Zheng, T. Fischer, E. Elenko, and M. G. Farquhar,
“The regulator of G protein signaling family,” Annual Review of
Pharmacology and Toxicology, vol. 40, pp. 235-271, 2000.

(75]

(76]

[77

(78

(79]

=)
A=)

(81]

(82]

(84]

[87] G.B. Willars, “Mammalian RGS proteins: multifunctional regu-
lators of cellular signalling,” Seminars in Cell and Developmental
Biology, vol. 17, no. 3, pp. 363-376, 2006.

[88] C. Mittmann, C. H. Chung, G. Hoppner et al., “Expression
of ten RGS proteins in human myocardium: functional char-
acterization of an upregulation of RGS4 in heart failure,
Cardiovascular Research, vol. 55, no. 4, pp. 778-786, 2002.

[89] R. Panetta, Y. Guo, S. Magder, and M. T. Greenwood, “Reg-
ulators of G-protein signaling (RGS) 1 and 16 are induced

[90

[91

(95]

(96]

(98]

Mediators of Inflammation

in response to bacterial lipopolysaccharide and stimulate c-
fos promoter expression,” Biochemical and Biophysical Research
Communications, vol. 259, no. 3, pp- 550-556, 1999.

T. Anger, J. El-Chafchak, A. Habib et al., “Statins stimulate RGS-
regulated ERK 1/2 activation in human calcified and stenotic
aortic valves,” Experimental and Molecular Pathology, vol. 85,
no. 2, pp. 101-111, 2008.

C. Moratz, J. R. Hayman, H. Gu, and J. H. Kehrl, “Abnormal B-
cell responses to chemokines, disturbed plasma cell localization,
and distorted immune tissue architecture in Rgsl-/- mice;
Molecular and Cellular Biology, vol. 24, no. 13, pp. 5767-5775,
2004.

D. Gatto and R. Brink, “The germinal center reaction,” Journal
of Allergy and Clinical Immunology, vol. 126, no. 5, pp. 898-909,
2010.

E Agenes, N. Bosco, L. Mascarell, S. Fritah, and R. Ceredig,
“Differential expression of regulator of G-protein signalling
transcripts and in vivo migration of CD4" naive and regulatory
T cells,” Immunology, vol. 115, no. 2, pp. 179-188, 2005.

D. L. Gibbons, D. Abeler-irner L, T. Raine et al., “Cutting edge:
regulator of G protein signaling-1 selectively regulates gut T cell
trafficking and colitic potential,” The Journal of Immunology, vol.
187, no. 5, pp. 2067-2071, 2011.

Z. Mallat, S. Taleb, H. Ait-Oufella, and A. Tedgui, “The role of
adaptive T cell immunity in atherosclerosis,” Journal of Lipid
Research, vol. 50, supplement, pp. $364-369, 2009.

E. V. Gurevich, J. J. Tesmer, A. Mushegian, and V. V. Gurevich,
“G protein-coupled receptor kinases: more than just kinases and
not only for GPCRs,” Pharmacology & Therapeutics, vol. 133, no.
1, pp. 40-69, 2012.

D. L. Roman and J. R. Traynor, “Regulators of G protein
signaling (RGS) proteins as drug targets: modulating G-
protein-coupled receptor (GPCR) signal transduction,” Journal
of Medicinal Chemistry, vol. 54, no. 21, pp. 7433-7440, 2011.

H. Zhong and R. R. Neubig, “Regulator of G protein signaling
proteins: novel multifunctional drug targets,” Journal of Phar-
macology and Experimental Therapeutics, vol. 297, no. 3, pp. 837-
845, 2001.



