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Abstract	

The	 chemokine	 receptors	 CCR3	 and	 CCR4	 play	 key	 roles	 in	 leukocyte	

recruitment	in	allergy.	Consequently,	both	receptors	are	the	focus	of	efforts	to	block	

receptor	 function	 with	 potential	 for	 the	 treatment	 of	 diseases	 such	 as	 asthma.	

Responses	 to	 chemokines	 are	 tightly	 regulated	 by	 the	 processes	 of	 receptor	

endocytosis	and	recycling.	This	thesis	set	out	to	examine	the	mechanisms	by	which	the	

expression	of	both	receptors	are	regulated.	

	

CCR3	is	a	key	mediator	of	eosinophil	migration	and	binds	the	eotaxin	family	of	

chemokines.	 Using	 a	 variety	 of	 assays	 with	 CCR3	 transfectants	 and	 eosinophils,	 I	

observed	that	CCL11	and	CCL24	were	more	potent	ligands	than	CCL26,	pointing	to	a	

role	for	ligand	bias	in	CCR3	activation.		

	

Mutation	of	the	C-terminus	was	found	to	negatively	affect	CCR3	expression.	This	

could	 be	 rescued	 by	 the	 use	 of	 a	 small	 molecule	 antagonist,	 UCB	 35625	 as	 a	

pharmacoperone,	 presumed	 to	 help	 the	 refolding	 of	 misfolded	 CCR3.	 Given	 the	

importance	of	the	CCR3	C-terminus,	the	identification	of	novel	binding	partners	for	the	

CCR3	C-terminus	was	investigated	using	a	yeast-two	hybrid	(Y2H)	approach.	This	was	

inconclusive.	

	

CCR4	 is	 expressed	by	Th2	cells	 and	binds	 the	 chemokines	CCL17	and	CCL22.	

Using	 a	 transfectant	 system,	 I	 observed	 that	 both	 ligands	 induced	 rapid	 CCR4	

endocytosis,	 resulting	 in	proteasomal	degradation.	This	was	 sensitive	 to	C-terminal	

truncation.	Constitutive	 internalisation	of	CCR4	and	degradation	was	also	observed	

with	cell	surface	replenishment	wholly	dependent	upon	de	novo	synthesis	of	CCR4.	A	

Y2H	screen	identified	a	novel	binding	partner,	FBXL5,	that	interacted	with	the	CCR4	C-

terminus.	This	interaction	was	verified	by	confocal	microscopy,	with	colocalisation	of	

CCR4	and	FBXL5	observed	following	CCL22	treatment.		

	

I	conclude	that	the	C-termini	of	both	chemokine	receptors	plays	an	important	

role	in	modulating	receptor	trafficking	and	function.	This	domain	may	prove	to	be	a	

molecular	“hot-spot”	for	receptor	blockade	by	antagonists.	
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1.1 The	immune	system	

The	immune	system	functions	to	detect	and	defend	the	body	against	pathogens,	

such	as	viruses	and	bacteria.	This	complex	system	is	tightly	regulated	and	comprises	

of	a	network	of	various	cells,	tissues,	and	organs	that	act	in	concert	to	elicit	an	immune	

response	(Chaplin,	2010).	Central	to	the	immune	response	are	leukocytes,	commonly	

known	 as	 white	 blood	 cells.	 Leukocytes	 are	 broadly	 categorised	 based	 on	 their	

appearance	or	the	roles	that	they	play	in	the	two	branches	of	the	immune	system:	the	

innate	 or	 adaptive	 immune	 response.	 Leukocytes	 are	 divided	 into	 three	 main	 cell	

types:	granulocytes,	lymphocytes,	and	monocytes	(Luster,	2002;	Chaplin,	2010).	Figure	

1-1	illustrates	the	genesis	of	all	leukocytes	from	haematopoietic	stem	cells	(HSC)	in	the	

bone	marrow	(Figure	1-1A)	and	highlights	the	composition	and	features	of	the	various	

subtypes	(Figure	1-1B)	that	form	the	immune	network.	

	

The	 innate	 immune	response	elicits	a	rapid,	non-specific	 response	 to	 invading	

pathogens	and	is	directed	by	granulocytes,	so-called	because	they	contain	granules	in	

their	 cytoplasm.	 Basophils,	 eosinophils	 neutrophils	 and	 mast	 cells	 make	 up	 the	

granulocyte	 sub-types.	 Basophils	 constitute	 the	 lowest	 proportion	 of	 circulating	

granulocytes	and	modulate	the	inflammatory	response	by	releasing	histamine	(which	

induces	vasodilation)	and	heparin	(which	aids	anticoagulation)	(Siracusa	et	al.,	2013).	

Basophils	are	implicated	in	hypersensitivity	responses	to	allergen	exposure	aided	by	

the	release	of	leukotrienes	that	induce	broncho-	and	vaso-	constriction	through	IgG-

mediated	 activation	 and	 are	 consequently	 implicated	 in	 the	 pathophysiology	 of	

anaphylaxis	(Karasuyama	et	al.,	2010;	Korosec	et	al.,	2017).	Representing	the	highest	

proportion	of	circulating	 leukocytes,	neutrophils	are	short-lived	but	essential	 initial	

responders	of	the	immune	response	(Pillay	et	al.,	2010).	They	are	able	to	phagocytose	

and	eliminate	bacteria	and	infected	cells	by	releasing	granules	containing	lysosomal	

and	other	 enzymes.	 In	 contrast,	 eosinophils	 are	 found	 in	 relatively	 low	numbers	 in	

circulation	and	are	chiefly	recognised	for	releasing	granules	rich	in	potent	chemicals	

and	proteins	to	combat	 infections	 from	helminths	and	play	key	roles	 in	asthma	and	

allergic	 inflammation.	 Their	 destructive	 granules	 are	 composed	 of	 a	 collection	 of	

cytotoxic	proteins,	such	as	major	basic	protein,	eosinophil	peroxidase,	and	hydrolytic	

enzymes	that	trigger	cell	membrane	damage	(Neves	et	al.,	2008).		
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Figure	1-1	 Haematopoiesis	of	leukocytes	and	their	cellular	characteristics		

A)	 Illustration	of	 the	origin	of	 leukocyte	cells	 from	haematopoietic	stem	cells	 (HSC)	

produced	 in	 the	 bone	marrow	and	 circulating	 in	 the	 blood	or	 tissue	 in	 the	 form	of	

matured	cells.	Mediated	by	various	cytokines,	HSCs	differentiate	into	common	myeloid	

or	 common	 lymphoid	 progenitor	 cells,	 giving	 rise	 to	 granulocytes,	 monocytes,	 and	

lymphocytes.	 B)	 Table	 summarising	 various	 features	 of	 leukocyte	 subsets.	 Image	

adapted	from	Chaplin,	2010.	CFC:	colony	forming	cell.	
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Also	derived	from	a	myeloid	lineage,	monocytes	develop	in	the	bone	marrow	

and	circulate	in	the	bloodstream,	with	the	ability	to	differentiate	into	macrophages	and	

dendritic	 cells	 (DC)	 in	 tissues.	 Monocytes	 were	 primarily	 assumed	 of	 as	 the	 main	

source	 of	 tissue	macrophages,	 however	more	 recently	 tissue-resident	macrophages	

are	thought	to	largely	originate	during	embryogenesis	and	that	these	cells	proliferate	

to	maintain	their	populations	(Sheng	et	al.,	2015;	Jakubzick	et	al.,	2017).	These	cells	

also	 play	 key	 roles	 in	 mediating	 an	 innate	 immune	 response.	 Macrophages,	 like	

neutrophils,	are	phagocytic	cells,	however,	 they	are	 larger	 in	size	and	have	a	 longer	

lifespan.	Found	in	most	tissues	they	exist	as	various	subtypes,	for	instance,	those	from	

the	liver	are	known	as	Kupffer	cells	and	those	from	the	brain	microglia.	In	addition,	

they	 participate	 in	 adaptive	 immunity	 by	 processing	 phagocytosed	 antigens	 and	

presenting	 them	 to	 lymphocytes.	 The	 DC	 primary	 function	 is	 to	 act	 as	 antigen	

presenting	 cells,	 identifying	 and	marking	 pathogens	 and	 presenting	 antigens	 to	 T-

lymphocytes	 (T-cells),	 thereby	 bridging	 together	 the	 innate	 and	 adaptive	 immune	

response	(Clark	et	al.,	2000).	

		

In	contrast,	to	the	innate	immune	response,	the	adaptive	immune	response	is	a	

highly	 specific,	 slower	 response	 coordinated	 over	 hours	 and	 days	 involving	

lymphocytes	 of	 which	 T-cells	 and	 B-lymphocytes	 (B-cells)	 are	 sub-types	 that	 may	

trigger	 either	 a	 cell-mediated	 or	 humoral	 immune	 response,	 respectively	 (Luster,	

2002).	Essential	to	the	activation	of	an	adaptive	immune	response	is	the	presentation	

of	antigen,	from	antigen	presenting	cells	(APCs)	such	as	DC,	macrophages	and	B-cells	

to	T-cells,	leading	to	an	enhanced,	more	focused	attack	on	pathogens	(Luster,	2002).	

	

During	a	humoral	immune	response,	B-cells	activated	by	antigen	migrate	to	the	

lymph	 nodes,	 where	 they	 process	 and	 present	 antigens	 to	 T-cells	 and	 ultimately	

mature	 into	 highly-specific	 antibody-secreting	 plasma	 cells.	 Antibodies	 chiefly	

function	to	recognise	and	neutralise	antigens,	leading	to	activation	of	the	complement	

system	 and	 phagocytosis	 by	 binding	 their	 Fc	 region	 to	 specific	 Fc	 receptors	 on	

leukocytes	 (Forthal,	 2014).	 In	 addition,	 B-cells	 facilitate	 activation	 of	 other	 defence	

processes	such	as	phagocytosis	and	activation	of	the	complement	system	(Heesters	et	

al.,	2016).		

	



 

   24	

T-cells	patrol	the	tissues	and	are	uniquely	geared	to	distinguish	infected	host	

cells	 from	 healthy	 ones	 through	 recognising	 variations	 in	major	 histocompatibility	

complexes	 (MHC)	 at	 the	 cell	 surface	 –	 a	 process	 known	 as	 antigen	 discrimination	

(Lever	et	al.,	2014).	During	a	cell-mediated	immune	response,	naïve	T-cells	encounter	

professional	APCs	that	have	internalised	and	processed	antigen	which	is	displayed	in	

complex	with	MHC	class	I	or	II	proteins,	 that	may	facilitate	their	differentiation	and	

maturation	into	various	T-cell	subtypes	in	thymus.	For	example,	DC	can	stimulate	the	

maturation	of	naïve	T-cells	 into	CD4+	T	helper	cells	(TH	 cells).	They	also	 function	to	

activate	 naïve	 B-cells	 through	 T-cell	 dependent	 B-cell	 activation	 via	 interaction	

between	 various	 molecules,	 such	 as	 the	 MHC	 II	 proteins	 stimulating	 antibody	

production.	Cytotoxic	T-cells	(CD8+	T-cells)	target	and	kill	infected	cells	by	releasing	

cytotoxins	 and	 triggering	 processes	 that	 lead	 to	 apoptosis.	 In	 addition,	 these	 cells	

release	cytokines	to	further	stimulate	the	recruitment	of	immune	cells	and	enhance	the	

immune	response	(Chaplin,	2010).		

	

Various	 other	 cells	 types	 are	 involved	 in	 mounting	 an	 effective	 immune	

response.	For	example,	natural	killer	cells,	a	lymphocyte	sub-type	plays	a	major	part	in	

the	innate	immune	response	having	the	ability	to	kill	virally	infected	cells	and	various	

tumour	cells.	Other	cells	types	such	as	mast	cells,	a	type	of	granulocyte,	can	be	activated	

by	IgE	crosslinking	and	release	a	host	of	mediators	such	as	histamine,	leukotrienes,	and	

granulocyte-macrophage	 colony-stimulating	 factor	 (GM-CSF)	 that	modulates	part	of	

the	inflammatory	response	(Amin,	2012).	

	

Crucial	 to	 the	establishment	of	various	stages	of	 the	 immune	response	 is	 the	

direction	of	multiple	 leukocyte	 types	 to	 sites	of	 injury	or	 infection,	which	 is	 in	part	

governed	 by	 a	 highly	 specialised	 and	 tightly	 regulated	 network	 of	 chemokines	 and	

their	cell-surface	receptors.		
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1.2 The	allergic	immune	response	and	asthma	

During	an	allergic	reaction	the	immune	system	mounts	an	undesirable	response	

against	non-infectious,	overwise	harmless	antigens	(allergens)	such	as	pollen,	animal	

dander,	 house-dust-mite	 faeces	 and	 various	 food	 types,	 with	 patients	 developing	

diseases	such	as	allergic	rhinitis	(AR),	atopic	dermatitis,	sinusitis,	 food	allergies	and	

asthma	(Holgate	and	Polosa,	2008).	The	global	impact	of	asthma	is	significant,	affecting	

around	 334	 million	 people	 worldwide	 with	 its	 prevalence	 increasing	 in	 many	

developing	 countries	 adopting	 a	Western	 lifestyle	 (Papi	 et	 al.,	 2018).	 Considerable	

efforts	 are	 being	made	 to	 understand	 this	 heterogeneous	 disease	 to	 provide	 better	

treatment	options	 in	both	children	and	adults.	Allergic	asthma	 is	 the	most	common	

form	 of	 asthma,	 which	 is	 characterised	 by	 airway	 hyperresponsiveness	 (AHR),	

eosinophilic	 inflammation,	 increased	mucus	production,	 elevated	 IgE	 levels	 and	 IgE	

allergen	sensitisation	and	chronic	airway	inflammation	coupled	with	symptoms	such	

as	wheezing,	coughing	and	breathlessness.	

Figure	 1-2	 illustrates	 the	 allergic	 immune	 response.	 Following	 allergen	

challenge	the	 initial	early-phase	response	(within	minutes)	 is	mediated	by	allergen-

specific	 IgE	 cross-linking	 the	 high-affinity	 IgE	 receptor	 (FceRI)	 on	 mast	 cells	 (Wu,	

2011).	The	subsequent	activation	of	these	cells	causes	the	immediate	release	of	various	

mediators	 (histamine,	 platelet-activating	 factor,	 prostaglandin	 D2,	 leukotriene	 C4)	

leading	to	paracrine	effects.	For	example,	 the	constriction	of	airway	smooth	muscle,	

induction	 of	 IgE	 production	 by	 B-cells,	 mucus	 secretion	 and	 increased	 vascular	

permeability	 (Pease,	 2011).	 The	 late-phase	 response	 occurs	 hours	 later	 when	 the	

allergen	is	processed	by	DCs	and	presented	to	TH2	lymphocytes,	promoting	the	further	

release	 of	 mediators	 and	 cytokines	 notably,	 interleukin	 (IL)	 -4	 (promotes	 further	

activation	of	TH2	and	B-cell	IgE	production),	IL-5	(activates	eosinophil	and	promotes	

survival)	and	IL-13	(stimulates	B-cell	IgE	production).	These	TH2-associated	cytokines	

then	induce	the	release	of	chemokines	that	facilitate	a	marked	influx	of	granulocytes,	

notably	eosinophils	to	the	site	of	inflammation.	Other	T	cells	subsets	along	with	other	

chemokines	play	an	important	role	in	fine-tuning	the	immune	response	(Pease,	2011).	
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Figure	1-2	 Mechanisms	and	features	of	the	allergic	immune	response	

Repeat	allergen	exposure	of	sensitised	individuals	leads	to	the	recruitment,	activation	

and/or	release	of	a	cascade	of	inflammatory	mediators	by	leukocytes	(e.g.	eosinophils	

and	 mast	 cells)	 and	 structural	 cells	 (e.g.	 epithelial	 cells).	 During	 the	 early-phase	

response,	allergen	recognised	by	allergen-specific	IgE	bound	by	FceRI	on	mast	cells	is	

cross-linked	stimulating	activation	of	the	cell	and	degranulation	of	various	mediators	

with	 paracrine	 effects.	 Mast	 cells	 further	 participate	 in	 the	 late-phase	 response.	 A	

hallmark	 of	 the	 late-phase	 response	 is	 allergen	 presentation	 to	 DC	 and	 resulting	

activation	 of	 TH2	 cells	 and	 associated	 mediators.	 Immune	 cells	 recruited	 from	

circulation	and	tissue-resident	cells	exacerbate	the	allergic	immune	response.	Features	

of	 airway	 remodelling	 occurring	 during	 late	 and	 chronic	 stages	 of	 the	 immune	

response:	a)	smooth	muscle	contraction	and	hyperplasia;	b)	increased	mucus	secretion	

and	 goblet	 cell	 hyperplasia;	 c)	 epithelial	 cell	 damage	 and	 thickening	 of	 reticular	

basement	membrane;	d)	vasodilation;	e)	bronchoconstriction	and	f)	further	leukocyte	

recruitment	and	increased	(myo)	fibroblasts	(not	shown).	Image	adapted	from	Galli	et	

al.,	2008	and	Pease,	2011.	IgE:	immunoglobulin	type	E;	MHC:	major	histocompatibility	

complex;	 IFNg:	 interferon-g;	PAF:	platelet-activating	 factor;	PGD2:	prostaglandin	D2;	

TNF:	tumour	necrosis	factor;	TGF:	transforming	growth	factor;	TReg:	T-regulatory	cell.	
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1.3 Chemokines:	mediators	of	chemotaxis		

First	 observed	 over	 one	 hundred	 years	 ago,	 chemotaxis	 describes	 the	

directional	 movement	 of	 cells	 in	 response	 to	 chemical	 stimuli.	 Chemotaxis	 is	 an	

important	 biological	 process	 utilised	 by	 the	 immune	 system,	 whereby	 circulating	

leukocyte	cells,	such	as	monocytes,	neutrophils,	and	eosinophils	 leave	blood	vessels	

and	 migrate	 into	 specific	 tissue	 locations,	 through	 a	 process	 known	 as	 leukocyte	

extravasation	(Muller,	2013).	This	process	has	evolved	to	ensure	leukocytes	leave	the	

bloodstream	at	the	relevant	areas	and	migrate	towards	the	site	of	injury	or	infection,	

chiefly	 governed	 by	 the	 release	 of	 chemokines	 that	 form	 a	 concentration	 gradient	

emanating	at	the	site	of	injury.	Though,	other	important	chemoattractants	groups,	such	

as	lipid	mediators	(e.g.	PAF),	complement	factors	(e.g.	C5a),	eicosanoids	(e.g.	PGD2)	and	

some	 peptides	 (e.g.	 fMLP)	 are	 also	 employed	 by	 the	 immune	 system	 to	 attract	

leukocytes	(Serhan	et	al.,	2008;	Muller,	2013).	The	specificity	of	this	system	relies	on	

the	ability	of	cells	to	detect	specific	chemokines	via	cell-surface	receptors.	

	

Along	with	chemotaxis,	various	other	mediators	and	elements	act	in	concert	to	

ensure	 successful	 leukocyte	 extravasation	 and	 accumulation	 at	 the	 site	 of	 injury.	

Originally	proposed	by	Springer	(1990),	this	migration	paradigm	is	illustrated	in	figure	

1-3.	This	process	has	several	distinct	stages:	capture,	rolling,	activation,	arrest,	binding,	

intravascular	 crawling	 followed	 by	 para-	 or	 trans-	 cellular	 migration.	 A	 freely	

circulating	 leukocyte	 in	 the	 bloodstream	 is	 captured	 by	 a	 family	 of	 proteins	 called	

selectins,	expressed	on	endothelial	cells	that	become	activated	during	an	inflammatory	

response.	Following	the	initial	capture	of	the	leukocyte	through	L,	E	and	P	selectins,	

the	 cell	 then	 rolls	 along	 the	 endothelium	 under	 the	 shear	 flow	 of	 the	 blood	 flow.	

Through	the	process	of	‘slow	rolling',	induced	largely	by	E	selectins,	the	leukocyte	is	

able	 to	 enhance	 its	 contact	 with	 the	 endothelium.	 In	 addition,	 molecules	 such	 as	

glycosaminoglycans	 (GAG)	 expressed	 on	 endothelial	 cells	 play	 an	 important	 role	 in	

binding	 and	 anchoring	 chemokines	 on	 the	 endothelium,	 creating	 a	 haptotactic	

chemokine	gradient	facilitating	the	activation	of	leukocytes	(Thompson	et	al.,	2017).	

Signalling	via	chemokines	leads	to	the	activation	of	leukocyte	adhesion	molecules	e.g.	

LFA-1	 and	VLA-4	which	bind	 ligands	 known	as	 integrins	 e.g.	 intercellular	 adhesion	

molecules	1	and	2	(ICAM-1	and	ICAM-2).	Integrins	are	expressed	on	the	endothelial	
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cell	and	their	binding	by	adhesion	molecules	leads	to	firm	adhesion	and	arrest	of	the	

leukocyte	 on	 the	 endothelium	 (Hynes,	 2002;	 Muller,	 2013).	 Transendothelial	

migration	can	be	either	directly	through	an	endothelial	cell	(transcellular	migration)	

or	 between	 endothelial	 cell	 borders	 (paracellular	 migration),	 facilitated	 through	

PECAM	and	JAM	proteins	(Woddfin	et	al.,	2007;	Muller,	2013).		

	

Once	 the	 leukocytes	 have	 crossed	 the	 endothelium	 into	 the	 tissue,	 they	 are	

directed	by	chemotaxis	towards	the	site	of	injury,	where	they	are	able	to	carry	out	their	

effector	 roles.	 For	 example,	 during	 neutrophil	 transmigration,	 an	 initial	 wave	 of	

chemotactic	 gradient	 established	 by	 the	 endothelium	 utilises	 ‘intermediate'	

chemokines	such	as	CXCL8.	Once	migrated,	the	neutrophil	cell	must	move	away	from	

the	endothelium	and	travel	along	a	secondary	chemotactic	gradient	created	by	‘end-

target'	chemoattractants,	such	as	fMLP	and	C5a,	released	at	the	site	of	injury	by	cells	

such	 as	 macrophages,	 mast	 cells	 and	 platelets	 (Phillipson	 and	 Kubes,	 2011;	

Kolaczkowska	and	Kubes,	2013).		

	

Activation	of	the	chemokine	system	allows	the	coordinated	movement	of	cells	

to	 their	 target	destination	and	 is	 facilitated	by	a	diverse	array	of	 chemoattractants.	

Hence,	chemokines	and	their	receptors	are	an	essential	feature	of	the	immune	system	

as	they	are	critical	for	immune	cells	to	perform	their	respective	functions.		
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Figure	1-3	 Leukocyte	transmigration	cascade		

Illustration	summarising	the	major	steps	involved	in	the	migration	of	a	leukocyte	from	

the	blood	vessel	 into	the	tissue	and	site	of	 injury.	Selectins	mediate	the	capture	and	

rolling	 of	 the	 leukocyte	 cell.	 The	 cell	 is	 activated	 through	 chemokines.	 Integrins	

mediate	 arrest,	 binding,	 and	 crawling.	 Transmigration	 through	 the	 endothelium	

happens	via	para-	or	trans-	cellular	migration	where	the	cell	migrates	via	the	process	

of	chemotaxis.	Additional	immune	cells	can	facilitate	the	release	of	various	chemokines	

and	cytokines	as	part	of	the	immune	response	attracting	further	cells	to	the	area.	Key	

mediators	 expressed	 on	 leukocyte	 (blue)	 or	 endothelium	 (orange)	 of	 each	 step	 are	

indicated.	 ESL-1	 –	 E-selectin	 ligand;	 ESAM	 -	 endothelial	 cell-selective	 adhesion	

molecule;	 ICAM-1	 -	 intercellular	 adhesion	 molecule	 1;	 JAM1	 -	 junctional	 adhesion	

molecule;	 LFA-1	 -	 lymphocyte	 function-associated	 antigen	 1;	 Mac-1	 -	 macrophage	

antigen	1;	MadCAM1	–	mucosal	vascular	addressin	 cell-adhesion	molecule	1;	PAF	–	

platelet	activating	factor;	PAF-R	–	PAF	receptor;	PSGL1	-	P-selectin	glycoprotein	ligand	

1;	PECAM-1	-	platelet/endothelial	cell	adhesion	molecule	1;	VAV	–	guanine	nucleotide	

exchange	 factors;	 VCAM-1	 -	 vascular	 cell-adhesion	 molecule	 1;	 VLA-4	 -	 very	 late	

antigen	4.	Image	adapted	from	Springer,	1990;	Ley	et	al.,	2007;	Muller,	2013;	Iijima	and	

Iwasaki,	2015	.		
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1.4 The	chemokine	family	

Chemokines,	(chemotactic	cytokines),	function	as	essential	architects	of	cellular	

migration,	operating	through	their	cognate	chemokine	receptors,	serving	crucial	roles	

in	 various	 biological	 processes,	 particularly	 in	 the	 immune	 system	 (Mackay,	 2001).	

This	superfamily	of	around	50	low	molecular	weight	proteins,	typically	8	-	14	kDa,	are	

classified	into	four	subfamilies	(C,	CC,	CXC,	and	CX3C).	This	classification	is	based	on	

the	configuration	and	number	of	N-terminal	cysteine	residues,	which	also	serves	their	

systematic	 nomenclature.	 The	 CC	 (cysteine-cysteine)	 subfamily	 have	 adjacent	

cysteines	pairs,	while	CXC	(cysteine-X-cysteine)	and	CX3C	members	cysteine	pairs	are	

separated	by	one	or	three	amino	acids,	respectively	(Zlotnik,	2006;	Bachelerie	et	al.,	

2013).	Figure	1-4A	illustrates	the	placing	of	these	cysteine	pairs	in	each	subfamily.	The	

CC	and	CXC	are	the	two	largest	subfamilies	having	27	and	17	members,	respectively.	In	

addition,	the	C	subfamily	features	only	one	N-terminal	cysteine	and	only	two	members	

have	been	described	to	date:	XCL1	(lymphotactin)	and	XCL2	(single	C	motif	chemokine	

1b)	(Kelner	et	al.,	1994;	Yoshida	et	al.,	1998;	Bachelerie	et	al.,	2013).	Furthermore,	only	

one	member	of	the	CX3C	has	been	described	to	date	–	CX3CL1	(fractalkine)	(Bazan	et	

al.,	1997).	In	contrast	to	all	other	chemokines	that	are	secreted	from	the	cell,	CX3CL1	

and	CXCL16	are	produced	as	a	type	I	membrane	protein	tethered	to	the	cell	surface	via	

a	mucin	stalk	which	allows	them	to	act	as	effective	adhesion	molecules	(Bazan	et	al.,	

1997;	Matloubian	et	al.,	2000).	Cleavage	of	the	stalk	by	metalloproteinases	releases	a	

soluble	 chemokine	 domain	 which	 can	 act	 as	 a	 regular	 chemokine	 in	 attracting	

leukocytes		

	

Chemokines	 share	 some	 common	 characteristics	 that	 form	 their	 tertiary	

structure;	an	N-terminal	domain	of	6-10	amino	acids,	an	N-loop	a	310	helix,	a	“Greek	

key”	motif,	comprising	of	three	antiparallel	b-sheets	followed	by	a	C-terminal	a-helix,	

and	two	disulphide	bonds	formed	between	the	four	conserved	cysteine	residues	that	

function	to	stabilise	the	tertiary	structure	(White	et	al.,	2013).	Figure	1-4B	displays	the	

tertiary	structure	of	a	typical	chemokine,	exemplified	here	by	CXCL8	(IL-8):	the	first	

chemokine	to	be	described	with	neutrophilic	chemoattractant	activity,	over	30	years	

ago	(Yoshimura	et	al.,	1987;	Clore	et	al.,	1990).		
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Figure	1-4	 Chemokine	structure	and	subfamily	classification		

A)	 The	 four	 subfamilies	 of	 chemokines	 (C,	 CC,	 CXC	 and	 CX3C)	 divided	 based	 on	

conserved	 cysteine	 residues	 and	 the	 formation	 of	 disulphide	 bridges.	 B)	 Solution	

structure	 of	 CXCL8	 (IL-8),	 representing	 the	 key	 structural	 features	 shared	 among	

chemokines.	Image	adapted	from	PDB	ID:	4XDX	(Ostrov	et	al.,	2014),	created	with	NGL	

(Rose	 et	 al.,	 2018	 NGL	 viewer:	web-based	molecular	 graphics	 for	 large	 complexes.	

Bioinformatics	34:	3755-3758).	
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Initially	 named	 according	 to	 their	 function,	 chemokines	 can	 also	 be	 broadly	

grouped	as	having	homeostatic	or	inflammatory	roles.	Homeostatic	chemokines,	such	

as	 CCL19,	 CCL21,	 and	 CXCL12	 are	 constitutively	 expressed	 mediating	 the	 basal	

migration	 of	 cells	 during	 processes	 such	 as	 organ	 development,	 stem	 cell	 homing,	

immune	 system	 development	 and	 surveillance	 (Anders	 et	 al.,	 2014).	 In	 contrast,	

inflammatory	chemokines,	such	as	CCL1,	CCL2,	and	CCL3	are	those	that	are	secreted	as	

required	 in	 response	 to	 an	 inflammatory	 stimulus,	 which	 in	 turn	 coordinates	 the	

migration	of	cells	to	areas	of	injury	during	an	immune	response.	Unsurprisingly,	there	

are	chemokines	that	display	dual	functions,	having	both	homeostatic	and	inflammatory	

roles,	 for	example,	CCL17,	CCL20	and	CCL21	(Moser,	2004).	Table	1	summaries	 the	

chemokines	 and	 chemokine	 receptors	 they	 bind,	 grouped	 together	 based	 on	 their	

structure.	The	systematic	nomenclature	for	chemokines	will	be	employed	in	this	thesis.		

	

	Alternatively,	 chemokines	 can	 also	 be	 grouped	 according	 to	 their	 genomic	

organisation:	major	 clusters	 -	where	many	genes	cluster	 in	 certain	 locations	on	 the	

chromosome	 and	 mini-	 or	 non-	 clusters	 -	 where	 genes	 are	 located	 at	 unique	

chromosomal	 regions	 (Zlotnik	 et	 al.,	 2006).	 In	 humans,	 the	 CC	 and	 CXC	 chemokine	

genes	have	two	major	clusters	that	are	located	on	chromosome	17	and	4,	respectively	

(Zlotnik	 et	 al.,	 2006).	 The	 CC	 cluster	 is	 grouped	 into	 the	 MIP	 (Macrophage	

inflammatory	 protein)	 and	MCP	 (Monocyte	 chemoattractant	 protein)	 regions,	 with	

genes	sharing	between	28	to	45%	sequence	homology	(Zlotnik	et	al.,	2006;	Nomiyama	

et	al.,	2011).	Similarly,	 the	CXC	cluster	 is	grouped	 into	GRO	and	 IP-10	regions,	with	

genes	sharing	between	20	to	50%	sequence	homology	(Strieter,	2002).	This	clustering	

broadly	 correlates	 with	 the	 inflammatory	 or	 homeostatic	 functional	 designation	 of	

chemokines.	 Table	 1	 highlights	 the	 chemokines	 that	 are	 encoded	 on	 the	 same	

chromosomal	 location	 (depicted	 by	 the	 same	 colour)	 tend	 to	 activate	 the	 same	

receptor.	Mini-clusters	exist	for	example,	on	chromosome	16	where	dual-function	CC	

chemokines,	CCL22	and	CCL17	are	located	along	with	CX3CL1.	In	addition,	non-cluster	

chemokines	such	as	CXCL12	or	CCL28	are	found	isolated	on	chromosomes	10	and	5,	

respectively	(Zlotnik	et	al.,	2006).		
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Table	1	 Human	chemokine	receptors	and	their	chemokines	

The	systematic	chemokine	names	grouped	based	on	a	pattern	of	cysteine	residues	(C,	

CC,	CXC,	and	CX3C),	along	with	their	chemokine	receptors	and	their	cellular	expression	

are	 shown.	 Chemokines	 that	 display	 antagonist	 activity	 are	 shown	 in	 parentheses.	

Chemokines	encoded	on	the	same	chromosomal	location	are	shown	in	the	same	colour.	

Abbreviations:	B,	B-lymphocyte;	Bo,	basophil;	DC,	dendritic	cells;	Eo,	eosinophil;	Mc,	

mast	 cell;	 Mo,	 monocytes;	 NK,	 natural	 killer	 cell;	 No,	 neutrophil;	 T,	 T-lymphocyte.	

Adapted	from	Olson	and	Ley	2002;	Zlotnik	et	al.,	2006;	Zweemer	et	al.,	2014a;	Solari	

and	Pease,	2015.	

Subfamily Receptor Chemokine Receptor cellular 
expression

C XCR1 XCL- 1, 2 T, NK

CC

CCR1 CCL- 3, 3L1, (4), 5, 7, 8, 13, 
14, 15, 16, 23, (26)

T, NK, Mo, Eo, Dc, Bo

CCR2 CCL- 2, 5, 7, 8, (11), 13, 16, 
(24), (26)

T, NK, Dc, Mo, Bo

CCR3 CCL- 3L1, 4, 5, 7, 8, 11, 13, 
15, (18), 24, 26, 28

T, Mc, Eo, Bo

CCR4 CCL- 17, 22 T, NK, Mc, Dc, Bo, Eo
CCR5 CCL- 3, 3L1, 4, 4L1, 5, (7), 8, 

11, 13, 14, 15, 16, (26)
T, Dc, Mo

CCR6 CCL20 T, Dc
CCR7 CCL- 19, 21 T, B, NK, Dc,
CCR8 CCL- 1, 16 T, NK, Mo
CCR9 CCL25 T, Dc, Mo

CCR10 CCL- 27, 28 T

CXC

CXCR1 CXCL- 5, 6, 7, 8 Mc, Mo, No
CXCR2 CXCL- 1, 2, 3, 5, 6, 7, 8 Mc, Mo, No
CXCR3 CXCL- 4, 4L1, 9, 10, 11 T, B, NK
CXCR4 CXCL12 T, B, Dc, Mo
CXCR5 CXCL13 T, B
CXCR6 CXCL16 T
CXCR7 CXCL- 11, 12 -

CX3C CX3CR1 CX3CL1, CCL26 T, NK, Dc, Mo
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1.5 G-protein-coupled	receptors	-	GPCRs	

G-protein-coupled	receptors	(GPCRs)	are	seven-transmembrane	(TM)	domain	

proteins	that	couple	to	heterotrimeric	G-proteins.	They	represent	the	largest	and	most	

diverse	superfamily	of	cell-surface	receptors	 in	eukaryotes,	accounting	for	over	800	

genes	in	humans.	They	exert	their	function	by	binding	an	astounding	array	of	ligands	

ranging	 from	 neurotransmitters,	 pheromones,	 small	 molecules,	 photons	 and	

hormones	(Lattin	et	al.,	2007).	Consequently,	in	concert	with	the	ligands	they	bind,	they	

initiate	 cascades	 of	 intracellular	 signalling	 and	 facilitate	 a	 wide	 range	 of	 biological	

processes	from	the	taste,	smell,	growth,	metabolism,	pain,	hormone	responses	to	being	

key	regulators	of	the	innate	and	adaptive	immune	response.	The	significance	of	GPCRs	

in	biology	is	reflected	by	the	magnitude	of	research	dedicated	to	understanding	their	

function	-	 in	fact	 in	2012	the	Noble	prize	in	chemistry	was	awarded	jointly	to	Brian	

Kobilka	and	Robert	Lefkowitz	for	their	research	on	GPCRs.		

	

1.5.1 GPCR	structural	properties	

Since	 the	 determination	 of	 the	 first	 GPCR	 crystal	 structure,	 that	 of	 bacterial	

Rhodopsin	(Palczewski	et	al.,	2000)	recent	advances	in	technology	have	resulted	in	an	

increase	 in	 GPCR	 crystal	 structures,	 that	 have	 provided	 further	 insight	 into	 the	

dynamic	nature	of	receptor	activation	and	ligand	interactions.	There	are	now	almost	

50	distinct	 structures	crystallised,	of	which,	eleven	are	 in	 their	active	state	 (Pandy-

Szekeres	et	al.,	2018).	

	

GPCRs	 share	 some	 common	 structural	 topology	 having	 seven	 a-helical	

hydrophobic	TM	segments	that	span	the	cell	membrane,	along	with	an	extracellular	

amino	 terminus	 (N-terminus)	 and	 intracellular	 carboxyl	 terminus	 (C-terminus)	

(Kobilka,	2007).	The	TM	segments	are	linked	by	three	extracellular	loops	(ECLs)	and	

three	intracellular	loops	(ICLs)	(Kobilka,	2007).	A	further	typical	short	helical	structure	

-	Helix	VIII	located	at	the	proximal	end	of	the	C-terminus	and	being	amphipathic,	lies	

parallel	to	the	plasma	membrane	and	has	important	roles	in	GPCR	stabilisation	and	G-

protein	activation	(Tao	and	Conn,	2014;	van	den	Hoogen	et	al.,	2018).	Conversely,	the	

greatest	structural	diversity	occurs	in	the	N-terminus,	with	sequence	lengths	ranging	

from	10	–	600	amino	acids.	In	addition,	the	C-terminus	and	intracellular	loops	between	
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the	TM5	and	TM6	segments	exhibit	high	variability	(Kobilka,	2007).	In	addition	to	their	

structural	diversity,	they	display	diversity	through	the	various	ligands,	modulators	and	

downstream	signalling	proteins	the	receptor	interacts	with	(Katritch	et	al.,	2013).		

	

1.5.2 GPCR	classification	

Several	classification	systems	have	been	used	to	group	these	proteins	based	on	

either	their	sequence	and	functional	similarity	or	the	ligands	they	bind.	More	recently	

these	receptors	have	been	organised	based	on	phylogenetic	analysis	into	five	families:	

glutamate	 (G),	 rhodopsin	 (R),	 adhesion	 (A),	 frizzled/taste2	 (F),	 and	 secretin	 (S)	

forming	 the	 GRAFS	 grouping	 system	 (Fredriksson	 et	 al.,	 2003).	 Using	 the	 A-F	

classification	 system	 the	 R,	 S	 and	 G	 families	 would	 correspond	 to	 A,	 B,	 and	 C,	

respectively	(Attwood	and	Findlay,	1994;	Kochman,	1994).		

	

Representing	 the	 largest	 family,	 with	 approximately	 80%	 of	 all	 GPCRs,	 the	

rhodopsin-like	(A)	family	is	highly	diverse,	with	their	receptors	being	further	divided	

into	 four	main	 subgroups,	 depending	 on	 the	 type	 of	 ligand	 they	bind:	a,	b,	 g	 and	d	

(Fredriksson	 et	 al.,	 2003).	 Receptors	 of	 this	 family	 are	 recognised	 by	 several	

characteristics	 that	 include:	 a	 shorter	 N-termini;	 E/DRY	 or	 DRY	 motif	 conserved	

between	TM3	and	ICL2;	NSxxNPxxY	motif	in	TM7	(Fredriksson	et	al.,	2003;	Rovati	et	

al.,	 2007).	 The	 a-group	 includes	 prostaglandin,	 serotonin,	 adrenergic,	 melatonin,	

cannabinoid	and	opsins	receptors.	The	b-subgroup	consists	of	over	30	receptors	with	

all	binding	to	peptide	ligands	(Fredriksson	et	al.,	2003).	The	chemokine,	MHC	and	SOG	

(somatostatin,	opioid	and	galanin)	receptor	clusters	all	make	up	the	g-group.	Finally,	

the	d-group	includes	purin,	thrombin,	and	olfactory	receptor	clusters.	

	

1.5.3 GPCR	synthesis	and	trafficking	to	the	cell	surface	

The	successful	synthesis	and	trafficking	of	correctly	folded	receptors	to	the	cell	

surface	 is	 critical	 to	 allow	 the	 intended	 cellular	 signalling	pathways	 to	be	 activated	

through	 ligand	 binding.	 Figure	 1-5	 illustrates	 the	major	 steps	 for	 nascent	 receptor	

protein	synthesis,	proper	folding	and	trafficking	to	the	cell	surface.	In	summary,	once	

transcribed	the	mRNA	encoding	the	receptor	enters	the	endoplasmic	reticulum	(ER)		
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Figure	1-5	 Protein	biosynthesis	and	transportation	to	the	cell	membrane	

Illustration	of	the	main	processes	that	occur	for	GPCR	synthesis	and	export	to	the	cell	

surface.	 Following	 transcription	 (1)	 in	 the	 nucleus	 proteins	 are	 translated	 (2)	 and	

synthesised	 in	 the	ER.	Molecular	 chaperones	 guide	proper	protein	 folding,	 that	 can	

then	be	transported	in	vesicles	through	anterograde	transport	(3)	to	the	ERGIC	(4)	and	

through	to	the	Golgi	apparatus.	The	receptor	can	be	processed	and	further	modified	

through	the	Golgi	(5).	Matured	receptors	are	packaged	(6)	in	vesicles	and	delivered	(7)	

and	 inserted	 (8)	 into	 the	cell	membrane.	Misfolded	receptors	can	be	diverted	 to	be	

degraded	 via	 the	 proteasome	 (9a),	 lysosome	 (9b)	 or	 retained	 (9c)	 in	 intracellular	

compartments.	Alternatively,	misfolded	receptors	can	be	transported	and	held	in	the	

Golgi	 or	 transported	 to	 the	 ER	 via	 retrograde	 transport	 (10).	 ER:	 endoplasmic	

reticulum;	ERGIC:	ER-Golgi	intermediate	compartment.	Image	adapted	from	Conn	et	

al.,	2007	and	Achour	et	al.,	2008.	 	
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and	is	translated,	producing	the	receptor	protein.	Protein	folding	is	assisted	by	the	use	

of	molecular	chaperones	which,	along	with	adhering	to	stringent	quality	control	checks	

by	the	quality	control	system	(QCS),	leads	to	precise	receptor	conformation	allowing	

export	 from	 the	 ER	 (Conn	 et	 al.,	 2007;	 Achour	 et	 al.,	 2008;	 Cooray	 et	 al.,	 2009).	

Typically,	correctly	assembled	and	folded	proteins	translocate	from	the	ER	to	the	Golgi	

secretory	 pathway.	 The	 ER-Golgi	 intermediate	 compartment	 (ERGIC)	 facilitates	

protein	 transport	 between	 the	 ER	 and	 Golgi,	 sorting	 proteins	 to	 the	 Golgi	 through	

anterograde	transport	or	 from	the	Golgi	 to	 the	ER	through	retrograde	transport	via	

coat	protein	(COPI)	–	coated	vesicles.	ER	exit	of	most	GPCRs	is	thought	to	be	dependent	

on	the	binding	of	the	C-terminal	regions	of	the	cargo	proteins	to	coat	protein	(COPII)	-

coated	vesicles	(Achour	et	al.,	2008).	Proteins	are	processed	through	the	Golgi	complex,	

which	 comprises	of	 the	cis-,	mid-	 and	 trans	 –	Golgi	 compartments,	where	 the	 cargo	

protein	may	be	modified,	sorted	and	packaged	into	vesicles.	Correctly	manufactured	

proteins	are	delivered	to	their	final	destination	on	the	cell	surface	in	these	vesicles.		

	

The	 QCS	 comprises	 of	 complex	 mechanisms	 appointing	 various	 proteins,	

including	molecular	chaperones,	essentially	governing	the	fate	of	proteins	within	the	

cell.	Crucially,	molecular	chaperones	serve	to	identify	misfolded	proteins	(Dong	et	al.,	

2007),	attempt	to	aid	their	correct	folding	and	prevent	protein	aggregation	(Hartl	and	

Hayer-Hartle,	2002).	During	protein	synthesis,	various	checkpoints	exist	preventing	

misfolded	and	misassembled	proteins	 from	being	exported.	 Initially,	 the	ER	utilises	

chaperone	molecules	to	attempt	re-folding,	failing	this,	defective	proteins	are	diverted	

for	 proteasomal	 degradation	 (Tsai	 et	 al.,	 2002).	 However,	 some	 improperly	 folded	

proteins	 may	 be	 transported	 to	 the	 Golgi,	 diverted	 back	 to	 the	 ER	 via	 retrograde	

transport,	to	attempt	re-folding	again.	Alternatively,	if	they	fail	further	folding	attempts	

the	 GPCR	 may	 be	 pushed	 to	 lysosomal	 or	 proteasomal	 degradation	 or	 retained	

intracellularly	 (Conn	 et	 al.,	 2007).	 Eventually,	 the	 correctly	 folded	 and	 assembled	

mature	GPCR	is	able	to	be	delivered	to	its	final	destination	–	the	plasma	membrane.		

	

In	addition	to	general	ER	chaperones	involved	in	GPCR	folding,	the	literature	

describes	 almost	 a	 dozen	 specific	 non-classical	 chaperones	 and	 escort	 proteins	

(receptor-specific	molecular	 chaperones)	 thought	 to	 be	 involved	 in	 assisting	 GPCR	

translocation	to	the	cell	surface	(Achour	et	al.,	2008;	Tao	and	Conn,	2014).	Molecular	
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chaperones	 are	 endogenous	 and	 typically	 non-specific.	 Conversely,	 chemical	 and	

pharmacological	 chaperones	 are	 exogenous,	 aiding	 protein	 folding	 non-specifically	

and	 specifically,	 respectively	 (Tao	 and	 Conn	 et	 al.,	 2014).	 A	 pharmacoperone	

(pharmacological	 chaperone)	 has	 been	 described	 as	 a	 small	 molecule,	 capable	 of	

binding	 to	misfolded	proteins,	 stabilising	 their	 conformation	 to	promote	 its	 correct	

trafficking	within	the	cell	(Lester	et	al.,	2012;	Tao	and	Conn,	2014).		
	

Rising	levels	of	defective	proteins	often	result	in	protein	degradation	in	order	

to	 prevent	 aggregation	 and	 maintain	 cellular	 homeostasis	 (Schubert	 et	 al.,	 2000;	

Guerriero	 and	 Brodsky,	 2012).	 Rescuing	 misfolded	 proteins,	 confined	 within	 the	

protein	 biosynthesis	 machinery,	 through	 the	 use	 of	 pharmacoperones,	 may	 be	

therapeutically	 important	 for	 the	 treatment	 of	 various	 diseases	 associated	 with	

misfolded	proteins.	Examples	of	diseases	of	incorrectly	folded	and	aggregated	proteins	

include	 amyloid,	 alpha-synuclein,	 mutant	 huntingtin,	 and	 ataxin,	 associated	 with	

Alzheimer's,	 Parkinson's,	 Huntington's	 and	 spinocerebellar	 ataxias,	 respectively	

(Muchowski	and	Wacker,	2005;	Tao	and	Conn,	2014).	Furthermore,	pharmacoperone	

recuse	of	mutant	GPCRs	has	been	described	as	a	credible	therapy	and	an	alternative	to	

gene	 therapy.	 In	 some	 cases,	 the	 same	 pharmacoperone	 is	 able	 to	 rescue	 several	

mutants	 of	 the	 same	 protein,	 such	 as	 mutations	 in	 the	 gonadotropin-releasing	

hormone	 receptor,	 that	 can	 cause	 hypogonadotropic	 hypogonadism	 and	 that	 are	

involved	in	an	array	of	cancer	diseases	(Janovick	et	al.,	2003;	Tao	and	Conn,	2014).		

	

Mutations	 in	GPCRs:	gain-of-function,	 loss-of-function,	 inactivating	mutations	

and	 single	 nucleotide	 polymorphisms	 (SNPs)	 that	 lead	 to	 misfolded	 receptors,	

defective	 trafficking,	 binding	 or	 signalling	 have	 been	 associated	 with	 a	 number	 of	

diseases	(Castro-Fernandez	et	al.,	2005;	Insel	et	al.,	2007;	Tao	and	Conn,	2014).	In	the	

context	of	chemokine	receptors,	polymorphisms	in	CCR2	and	CCR5	have	been	reported	

to	influence	the	progression	of	AIDS	(Puissant	et	al.,	2006).	Additionally,	mutations	in	

the	 C-terminal	 of	 CXCR4	 have	 been	 associated	 with	 WHIM	 (Warts,	

Hypogammaglobulinemia,	 Immunodeficiency,	 and	 Myelokathexis)	 syndrome	

(Hernandez	et	al.,	2003).	More	recently,	mutations	in	CCR4,	that	resulted	in	truncated	

regions	 of	 the	 C-terminus	 were	 implicated	 in	 the	 pathogenesis	 of	 Adult	 T-cell	

leukaemia/lymphoma	(ATLL)	(Nakagawa	et	al.,	2014).		
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1.5.4 GPCR	dimerisation	

It	 is	 widely	 accepted	 that	 GPCRs	 form	 both	 homodimers	 and	 heterodimers,	

which	 can	 influence	 the	 receptor	 life	 cycle	 from	 synthesis,	 maturation	 through	 to	

function	 (Bulenger	 et	 al.,	 2005).	 In	 particular,	 several	 studies	 provide	 evidence	 to	

support	the	role	of	GPCR	dimerisation	as	a	requirement	during	transport	through	the	

ER,	to	clear	quality	control	checkpoints	and	transport	to	the	cell	surface	(Anchour	et	

al.,	2008).	For	example,	heterodimerisation	of	the	GABA	receptor	-	B1	and	B2,	which	

resulted	 in	masking	 of	 an	 ER	 retention	 signal	 at	 the	 C-terminus,	 was	 shown	 to	 be	

necessary	for	subsequent	delivery	of	the	receptor	to	the	cell	surface	(Kaupmann	et	al.,	

1998;	 Marshall	 et	 al.,	 1999;	 Margeta-Mitrovic	 et	 al.,	 2000;	 Bulenger	 et	 al.,	 2005).	

Various	data	from	studies	on	vasopressin	V1a,	V2	and	oxytocin	receptors	(Terrillon	et	

al.,	 2003);	 CCR5	 oligomerisation	 (Issafras	 et	 al.,	 2002);	 CXCR2	 ligand-independent	

dimerisation	(Trettel	et	al.,	2003);	CXCR1	homodimerisation	and	heterodimerisation	

with	 CXCR2	 (Wilson	 et	 al.,	 2005;	 Milligan	 et	 al.,	 2005);	 alpha(1b)-adrenoceptor	

oligomerisation	 (Lopez-Gimenez	 et	 al.,	 2007)	 support	 the	 concept	 that	 GPCR	

dimerisation	 occurs	 during	 or	 early	 after	 biosynthesis,	 and	 can	 be	 a	 ligand-

independent	 and	 constitutive	 process	 (Angers	 et	 al.,	 2002;	 Bulenger	 et	 al.,	 2005;	

Achour	et	al.,	2008;	Milligan,	2009).		

	

1.5.5 GPCR	signalling	

	 The	ECLs		and	N-terminal	regions	are	important	determinants	of	ligand	binding	

and	receptor	activation.	However,	the	ligand	binding	locations	are	diverse	across	the	

various	GPCR	sub-families	(Oldman	and	Hamm,	2008),	with	the	size	of	the	ligand	also	

playing	a	factor	in	determining	the	ligand	binding	location.	Typically,	 ligand	binding	

results	in	alterations	of	the	receptor	conformation,	that	subsequently	permits	coupling	

of	 G-proteins	 that	 facilitates	 downstream	 intracellular	 signalling	 pathways.	 These	

heterotrimeric	 G-proteins	 function	 as	 molecular	 switches,	 converting	 signals	 from	

ligand-activated	GPCRs	to	intracellular	signalling	pathways,	through	shifting	from	an	

inactive	 GDP	 (guanosine	 diphosphate)	 -	 bound	 state	 to	 an	 active	 GTP	 (guanosine	

triphosphate)-	bound	state.	
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	 The	G-proteins	 are	 composed	of	 three	 subunits	 –	a,	b,	 and	 g.	 The	Ga	 unit	 is	

bound	to	GDP	 in	 the	 inactive	 form	and	upon	activation,	 is	replaced	by	GTP,	causing	

dissociation	 of	 the	 active	 Ga	 from	 the	 Gbg	 complex.	 This	 allows	 the	 subunits	 to	

subsequently	mediate	downstream	signalling	pathways	(Milligan	and	Kostenis,	2006).	

The	 Ga	 proteins	 are	 further	 divided	 into	 four	 sub-classes	 -	 Gas,	 Gai/o,	 Gaq/11,	 and	

Ga12/13	–	that	mediate	different	downstream	signalling	pathways,	through	stimulating	

or	 inhibiting	 different	 signalling	 and	 secondary	messengers.	 For	 example,	 adenylyl	

cyclase	stimulation,	through	binding	Gas	catalyses	the	production	of	cyclic	adenosine	

monophosphate	(cAMP)	resulting	in	activation	of	secondary	effector	partners,	such	as	

protein	 kinase	 A,	 which	 phosphorylates	 various	 proteins	 and	 ultimately	 leads	 to	

downstream	physiological	 functions	 (van	 den	Hoogen	 et	 al.,	 2018).	 Conversely,	 the	

Gai/o	sub-type	can	inhibit	the	catalysation	of	cAMP	by	adenylyl	cyclase	.	

	

	 Ligand	 binding	 produces	 a	 variety	 of	 different	 signalling	 outcomes,	 through	

creating	 complex	 receptor	 conformational	 changes	 that	 can	 influence	 the	affinity	of	

specific	receptor-G-protein	coupling.	For	instance,	thrombin	bound	protease-activated	

receptor-1	Gaq	activation	was	favoured	compared	to	Ga12/13	activation	when	using	an	

agonist	peptide,	which	leads	to	stimulation	of	different	pathways	(Oldman	and	Hamm,	

2008).		

	

	 GPCRs	 can	 be	 modulated	 and	 signal	 in	 numerous	 ways	 independent	 of	 G-

proteins.	For	instance,	originally	known	for	their	ability	to	terminate	GPCR	activity	and	

facilitate	receptor	internalisation	for	degradation,	b-arrestins	are	emerging	as	multi-

functional	adaptor	proteins	for	G-protein-independent	signalling	(Hilger	et	al.,	2018).	

	

	 b-arrestins	 were	 originally	 thought	 to	 solely	 function	 by	 binding	 to	 the	

cytoplasmic	 face	 of	 GPCRs,	 governed	 by	 the	 phosphorylation	 of	 serine	 (Ser)	 and	

threonine	(Thr)	residues	by	GPCR	kinases	(GRKs),	thereby	shielding	the	coupling	of	G-

proteins	to	the	receptor,	effectively	desensitising	the	receptor	(Lefkowitz	and	Shenoy,	

2005).	Alternatively,	b-arrestins	can	act	as	a	scaffold	or	adapter	for	proteins	involved	

in	receptor	internalisation	and	subsequent	degradation	or	recycling.	For	instance,	b-

arrestin	serves	as	a	scaffold	for	proteins,	such	as	AP2	and	clathrin	required	for	clathrin-
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mediated	 endocytosis	 (Moore	 et	 al.,	 2007).	 In	 addition,	b-arrestins	 are	 now	widely	

accepted	 to	 also	 transduce	 a	 vast	 array	 of	 signalling	 responses,	 through	 recruiting	

members	involved	in	promoting	G-protein-independent	pathways.	A	well-documented	

example	 is	 the	 activation	 of	 the	 extracellular	 signal-regulated	 kinase	 (ERK1/2)	

mitogen-activated	 protein	 kinase	 (MAPK)	 pathway	 through	 b-arrestin-dependent	

signalling	(Smith	and	Rajagopal,	2016).		

	
1.5.6 Biased	agonism	

Analogous	to	the	C-terminus	of	the	receptor,	the	extracellular	facing	N-terminus	

can	 have	 significant	 roles	 in	 determining	 ligand	 kinetics	 and	 facilitating	 structural	

conformational	changes	that	promote	receptor	downstream	signalling	and	functions.	

Typically,	the	binding	of	a	ligand	to	the	N-terminal	alters	the	receptor	conformation,	

facilitating	 recruitment	 of	 proteins	 to	 the	 C-terminal	 region,	 primarily	 permitting	

coupling	of	G-proteins.	However,	increasing	evidence	in	the	literature	also	describes	

receptors	 signalling	 through	 G-protein-independent	 pathways.	 Biased	 agonism	

(functional	selectivity)	–	a	phenomenon	that	describes	the	ability	of	ligands	to	activate	

several	 distinct	 pathways,	 through	 binding	 a	 single	 receptor	 and	 has	 consequently	

become	an	increasingly	important	area	for	drug	discovery	(Kenakin,	1995;	Steen	et	al.,	

2014).		

	

Biased	agonism	can	be	divided	into	three	types:	ligand,	receptor	and	tissue	bias,	

illustrated	 in	 figure	 1-6.	 The	 principle	 behind	 this	 ‘ligand	 bias’	 activation	 of	 one	

pathway	 over	 others,	 stems	 from	 different	 ligands	 binding	 to	 the	 same	 receptor,	

influencing	 the	architecture	of	 the	 receptor,	which	 leads	 to	 recruitment	of	different	

downstream	effector	proteins	that	can	activate	different	cellular	pathways.	

	 	

The	literature	describes	a	variety	of	GPCRs	that	demonstrate	biased	agonism	

(Kenakin,	1995).	For	instance,	angiotensin	receptor-type	I	involved	in	regulating	blood	

pressure	via	effecting	vasoconstriction,	has	been	revealed	to	signal	in	a	biased	manner.	

Binding	of	 endogenous	 ligand	 angiotensin	 II	 leads	 to	G-protein-dependent	 receptor	

activation	 and	 downstream	 stimulation	 of	 protein	 kinase	 C	 activation	 and	 calcium	

pathways	(Bologna	et	al.,	2017).	In	contrast,	binding	of	ligand	SII	(Sar1,	Ile4,	Ile8-AngII)		
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Figure	1-6	 Types	of	biased	agonism	signalling	

GPCRs	display	balanced	and	biased	signalling.	A)	Balanced	signalling:	activation	of	the	

receptor	through	ligand	binding	leading	to	activation	by	both	G-protein	and	b-arrestin	

pathways.	B)	Ligand	biased	agonism:	two	different	ligands	binding	the	same	unbiased	

receptor,	 showing	 bias	 towards	 one	 pathway	 over	 the	 other.	 C)	 Receptor	 biased	

agonism:	unbiased	ligand	binding	two	different	receptors	producing	a	biased	response.	

The	blue	receptor	signalling	via	G-protein	and	orange	receptor	via	b-arrestin.	D)	Tissue	

(cell)	 agonism:	 the	 same	 receptor/ligand	 activation	 results	 in	 one	 pathway	 being	

preferred	over	the	other.	Image	adapted	from	Rajagopal	et	al.,	2010	and	Steen	et	al.,	

2014.		
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displayed	b-arrestin-2-biased	 signalling	 in	 rat	 vascular	 smooth	muscle	 cells,	 which	

stimulated	 ERK1/2	 signalling.	 Interestingly,	b-arrestin-mediated	 ERK1/2	 activation	

displayed	 different	 temporal	 and	 spatial	 patterns	 when	 compared	 to	 G-protein-

dependant	 ERK1/2	 activation	 (Ahn	 et	 al.,	 2009).	 Findings	 from	 studies	 on	 biased	

ligands	for	this	receptor	has	led	to	the	development	of	novel	drugs,	based	on	the	SII	

ligand,	which	activates	the	receptor	via	b-arrestin	and	not	G-protein	coupling	for	the	

treatment	of	acute	heart	failure	(Bologna	et	al.,	2017).	Other	examples	of	GPCRs	that	

confer	 bias	 towards	 arrestin-mediated	 signalling	 include	 β1-adrenergic	 receptors	

(Noma	et	al.,	2007;	Kahsai	et	al.,	2011),	angiotensin	II-type	1A	receptors	(Ahn	et	al.,	

2009),	 M3-muscarinic	 receptors	 (Poulin	 et	 al.,	 2010)	 and	 vasopressin	 receptors	

(Rahmeh	et	al.,	2012).	
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1.6 Chemokine	receptors	

Chemokine	receptors	are	a	superfamily	of	GPCRs	that	stem	from	the	g-subgroup	

of	the	rhodopsin	(class	A)	family.	To	date,	they	consist	of	18	receptors	that	bind	over	

40	chemokine	ligands	(Bachelerie	et	al.,	2013)	and	make	up	the	chemokine	network	

that	 governs	 chemotactic	 responses	 of	 the	 immune	 response.	 Furthermore,	 five	

atypical	receptors	exist,	that	bind	chemokine	but	show	no	signs	of	inducing	chemotaxis	

or	 typical	 signalling	and	are	considered	as	 ‘decoy'	or	 ‘scavenger'	 receptors	 that	 can	

influence	 the	 chemoattractant	 gradient	 by	 removing	 chemokines	 (Mantovani	 et	 al.,	

2006).		

	

As	 illustrated	 in	 table	 1,	 chemokine	 receptors	 are	 expressed	 on	 a	 variety	 of	

immune	 cells	 each	 responding	 to	 select	 chemokines,	 typically	 of	 the	 same	 class:	

meaning	CC	chemokines	bind	chiefly	to	CC	chemokine	receptors.	However,	there	are	

exceptions	to	this,	for	example,	ACKR1	(also	known	as	DARC),	binds	both	CC	and	CXC	

classes	of	chemokines	(Pease	and	Williams,	2006).	Chemokine	receptors	are	classified	

as	CCR,	CXCR,	CX3CR,	and	XCR	according	to	the	chemokines	they	bind.	They	can	also	

be	 broadly	 categorised	 into	 three	 groups,	 based	 on	 their	 functional	 impact:	

homeostatic,	 inflammatory	 or	 dual	 function	 (i.e.	 homeostatic/inflammatory)	

subgroups	(Bachelerie	et	al.,	2013).		

	

1.6.1 Chemokine	receptor	structural	characteristics		

Chemokine	 receptors	 are	 typically	 350	 amino	 acids	 in	 length,	 sharing	 the	

classical	 topology	 of	 other	 GPCRs:	 a	 single-polypeptide	 chain	 arranged	 into	 a	

membrane	protein	with	seven-TM	a-helices,	an	extracellular	N-terminus,	three	ECLs,	

three	ICLs	and	a	C-terminus,	with	a	typical	helix	VIII	region	(White	et	al.,	2013).	These	

are	illustrated	in	figure	1-7,	along	with	some	conserved	key	features	of	CC	chemokine	

receptors.		

	

Mutational	studies	have	played	an	important	role	in	dissecting	the	molecular	

mechanisms	and	interactions	that	govern	chemokine/chemokine	receptor	binding	and	

activation.	 The	 receptor	 N-terminus	 plays	 important	 roles	 in	 receptor	 function	

containing	critical	regions	for	binding	the	chemokine	“core	domain”	(Kufareva	et	al.,		
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Figure	1-7	 Key	characteristics	of	a	typical	chemokine	receptor		

Illustration	 of	 a	 typical	 CC	 chemokine	 receptor	 and	 conserved	 motif	 essential	 for	

signalling.	Like	other	GPCRs,	the	common	primary	seven-transmembrane	helices	(TM	

I-VII),	are	connected	by	three	intracellular	(ICL)	and	extracellular	(ECL)	loops.	The	N-

terminus	 features	 sites	 for	 glycosylation	 and	 sulphation.	 Conserved	 cysteine	 (C)	

residues	 (green)	 form	 disulphide	 bridges	 connecting	 the	 TMs	 together.	 Regions	

important	for	receptor	activation	(TXP	region)	and	G-protein	binding	(DRY	motif	and	

ICL2-3)	 are	 highlighted.	 The	 C-terminal	 showing	 the	 helix	 VIII	 domain	 and	 contain	

serine	(S)	and	threonine	(T)	residues	that	are	sites	for	phosphorylation	(orange)	and	

is	a	region	for	receptor	regulation.	Image	adapted	from	White	et	al.,	2013.		

NH2

COOH

Extracellular

Intracellular

Plasma
membrane

C

C

G-protein 
binding sites

ICL1
ICL2

ICL3

ECL1

ECL2
ECL3

Ligand   
binding sites

C C

VIIV VIIVIIIIII

b-arrestin interaction, 
deactivation and

internalisation

D
R
Y

S/T

N-glycosylation and 
tyrosine sulphation sites

Receptor 
activation 

T
X

P

S/T

S/T

VIII



 

   48	

2015).	 Chimeric	 studies	whereby	 the	 N-termini	 and	 ECLs	 of	 CCR2	 and	 CCR5	were	

swapped	revealed	the	need	for	the	N-terminus	for	high-affinity	binding	(Monteclaro	

and	Charo,	1996).	Similarly,	CCR1	and	CCR3	N-terminus	chimeric	studies	showed	the	

N-termini	are	important	determinants	of	CCL3	and	CCL11	ligand	binding	(Pease	et	al.,	

1998).	 In	 addition,	 the	 N-terminus	 commonly	 contains	 glycosylation	 sites	 and	

sulphated	tyrosine	residues	(Farzan	et	al.,	1999;	Bannert	et	al.,	2001).		

	
The	 ECLs	 contain	 conserved	 cysteine	 residues	 that	 form	 disulphide	 bridges,	

connecting	 the	 ECLs	 and	 N-terminus,	 which	 support	 stable	 receptor	 conformation	

(Perlman	et	al.,	1995;	Baggiolini	et	al.,	1997).	Mutational	studies	of	CCR5	revealed	these	

cysteine	residues	were	important	for	chemokine	binding	and	alanine	substitutions	of	

any	 of	 these	 cysteine	 residues,	 led	 to	 a	 reduction	 in	 CCR5	 cell	 surface	 expression	

(Blanpain	et	al.,	1999).		

	

Similarly,	the	ICLs	contain	regions	that	are	key	to	proper	receptor	function.	For	

instance,	 a	 highly	 conserved	 feature	 of	 CC	 chemokine	 receptors	 a	 DRY	 (aspartate,	

arginine	and	tyrosine)	motif	positioned	at	the	end	of	TM3	and	in	the	ICL2.	This	motif	

acts	as	an	‘ionic	lock’:	forming	a	salt	bridge	between	the	arginine	of	the	DRY	motif	and	

either	an	aspartate	or	glutamate	located	at	the	third	ICL,	which	places	the	receptor	in	

an	 inactive	 state.	 Following	 ligand	 binding,	 the	 resulting	 conformational	 change	

disrupts	 the	 ionic	 lock	and	consequently	 frees	 the	 ICLs,	 allowing	 the	 coupling	of	G-

protein	 and	 subsequent	 downstream	 signalling	 (Lodowski	 and	 Palczewski,	 2009).	

Mutational	studies	of	this	DRY	motif	in	CCR3	highlighted	its	importance	with	regards	

to	 receptor	 structure	 and	 function.	 Non-conserved	 point	 mutations	 of	 this	 motif	

resulted	in	CCL11	being	unable	to	induce	chemotaxis	and	thus	caused	a	significant	loss	

of	 receptor	 function	 (Auger	 et	 al.,	 2002).	 Further	 studies	 supported	 these	 findings	

indicating	 the	arginine	 from	 the	DRY	motif	 also	acts	as	a	micro-switch	 for	 receptor	

activation,	 therefore	 mutations	 in	 this	 motif	 disrupts	 conformational	 changes	

necessary	to	convert	ligand	binding	to	successful	receptor	activation	(Valentin-Hansen	

et	al.,	2012).	Atypical	chemokine	receptors	ACKR1	(DARC)	and	ACKR2	(D6)	are	able	to	

bind	 chemokines	 however,	 they	 cannot	 couple	 to	 G-proteins	 and	 induce	 signalling	

thought	to	be	due	in	part	to	the	absence	of	the	DRY	motif	(Montovani	et	al.,	2006).		
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The	 receptor	 C-terminus	 has	 many	 features	 that	 play	 important	 roles	 in	

receptor	function	and	is	considered	the	key	region	for	inducing	receptor	deactivation	

and	 internalisation.	 For	 instance,	 the	 C-terminal	 region	 of	 the	 chemokine	 receptor	

commonly	 contains	 Ser	 and	 Thr	 residues,	 which	 following	 ligand	 binding	 are	

phosphorylated	by	protein	kinases,	leading	to	the	uncoupling	of	G-proteins	from	the	

receptor	 (Pease	 and	 Williams,	 2006).	 Subsequently,	 receptor	 phosphorylation	

facilitates	 β-arrestin	 recruitment,	 leading	 to	 receptor	 desensitisation	 and	

internalisation,	 typically	 via	 clathrin-coated-pits	 and	 ultimately	 a	 cessation	 of	

signalling.	Furthermore,	studies	of	CCR5	have	shown	the	importance	of	palmitoylation	

–	the	addition	of	a	fatty	acid	primarily	onto	cysteine	residues	–	within	the	C-terminus,	

whereby	the	lack	of	this	modification	on	mutant	CCR5	(devoid	of	cysteine	residues)	

resulted	in	dampened	receptor	trafficking	to	the	cell	surface	and	inefficient	activation	

of	 downstream	 signalling	 pathways	 (Blanpain	 et	 al.,	 2001).	 Considering	 most	

chemokine	 receptors	 contain	 cysteine	 residues	 at	 the	 C-terminus,	 palmitoylation	

probably	serves	important	roles	in	receptor	function	(Escriba	et	al.,	2007).		

	

As	 previously	 described	 in	 section	 1.5.1,	 another	 typical	 feature	 of	 the	 C-

terminus	is	an	intracellular	short	amphipathic	eighth	a-helix	–	helix	VIII.	This	domain	

lies	 downstream	 of	 helix	 VII	 and	 is	 parallel	 to	 the	 cell	 membrane.	 Furthermore,	

palmitoylation	of	the	receptor	is	thought	to	anchor	parts	of	the	receptor	C-terminus	to	

the	 inner	 face	 of	 the	 cell	 membrane,	 implying	 it	 contributes	 to	 the	 formation	 and	

orientation	of	this	helix	VIII	region	(Adams	et	al.,	2011).	Moreover,	this	domain	may	

contain	key	phosphorylation	sites	and	has	important	roles	for	receptor	stabilisation	

and	G-protein	activation	(Borroni	et	al.,	2010;	Tao	and	Conn,	2014).	Since	it	was	first	

identified	in	B2-adrenergic	receptor	(Cherezov	et	al.,	2007),	several	structural	studies	

have	confirmed	the	presence	of	the	helix	VIII	region	in	chemokine	receptors.	Namely,	

for	CCR5	(Tan	et	al.,	2013),	CCR2	(Zheng	et	al.,	2016),	CCR9	(Oswald	et	al.,	2016)	and	

more	 recently	 CCR7	 (Jaeger	 et	 al.,	 2019).	 Though	 the	 CXCR4	 crystallised	 structure	

revealed	a	lack	of	this	typical	domain	(Wu	et	al.,	2010).	This	is	not	surprising,	given	the	

lack	of	cysteine	residues	at	the	C-terminus	of	CXCR4,	resulting	in	no	palmitoylation	to	

aid	 anchoring	 of	 the	 receptor	 to	 the	membrane	 (Borroni	 et	 	 al.,	 2010;	 Pawig	 et	 al.,	

2015).		
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At	the	structural	level,	like	other	GPCRs,	activation	of	the	chemokine	receptor	

induces	 ligand-specific	 conformational	 changes;	 through	 the	 precise	 and	 complex	

breaking	 and	 forming	 of	molecular	 interactions	 resulting	 in	movements	 of	 various	

motifs,	which	in	turn	allow	the	recruitment	of	proteins	at	the	intracellular	face	of	the	

receptor,	primarily	the	coupling	of	G-proteins.	For	 instance,	a	highly	conserved	TXP	

motif	located	in	the	TM2	dictates	helical	structural	flexibility	and	subsequently	governs	

chemokine-induced	 activation	 (Govaerts	 et	 al.,	 2001).	 Furthermore,	 global	 shifts	 in	

receptor	architecture	 is	 also	attributed	 to	 receptor	activation,	proposed	by	a	global	

toggle-switch	activation	model:	whereby	ligand	binding	results	in	the	movements	of	

TM6	 and	 TM7	 extracellular	 domains	 tilting	 inwards	 towards	 TM3,	 whilst	 the	

intracellular	domains	tilt	outwards,	thereby	allowing	coupling	of	signalling	molecules,	

such	as	G-proteins	to	previously	inaccessible	motifs	(Schwartz	et	al.,	2006;	Karlshoj	et	

al.,	2016).		
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1.6.2 Chemokine	receptor	signalling		

As	 previously	 described	 in	 section	 1.5.5,	 structural	 changes	 in	 the	 receptor	

architecture	 shift	 the	 receptor	 from	 an	 inactive	 to	 an	 active	 state	 (Milligan	 and	

Kostenis,	 2003).	 Although	 there	 has	 been	 significant	 progress	 in	 deciphering	 the	

receptor:	 ligand	activation	process,	the	precise	mechanisms	surrounding	chemokine	

receptor	activation	are	still	unclear,	in	part	due	to	the	lack	of	crystal	structures;	since	

the	first	human	chemokine	receptor	crystal	structure	of	CXCR4	(Wu	et	al.,	2010)	was	

solved	only	another	four	have	been	solved	-	CCR5	(Tan	et	al.,	2013),	CCR2	(Zheng	et	al.,	

2016),	 CCR9	 (Oswald	 et	 al.,	 2016)	 and	 more	 recently	 CCR7	 (Jaeger	 et	 al.,	 2019).	

Although	representing	inactive	conformational	states,	thus	crystal	structures	of	other	

chemokine	receptors	are	still	needed	to	better	understand	these	dynamic	membrane	

proteins.		

	

Chemokine	receptor	activation	is	initiated	through	the	binding	of	a	ligand	to	the	

receptor,	described	by	a	classical	two-step	model.	Initially,	the	N-terminus	region	of	

the	receptor	is	proposed	to	tether	the	chemokine	with	high-affinity	binding,	triggering	

a	second	lower	affinity	binding	of	the	chemokine	to	the	ECLs	of	the	receptor,	ultimately	

leading	to	activation	of	downstream	signalling	pathways	(Monteclaro	and	Charo,	1996;	

Pease	et	al.,	1998).		

	

At	 the	molecular	 level,	 this	 binding	 is	 facilitated	 by	 the	 acidic	 nature	 of	 the	

receptor	N-terminus	interacting	with	the	basic	composition	of	the	chemokine	and	can	

be	further	influenced	by	the	length	and	composition	of	these	interacting	domains.	In	

addition,	 post-translational	 modifications	 at	 the	 receptor	 N-terminus,	 such	 as	

glycosylation	and	tyrosine	sulphation	are	thought	to	contribute	to	this	binding	(Pease	

and	Williams,	2006).		

	

As	previously	described,	following	ligand	binding	the	coupling	of	heterotrimeric	

G-proteins	 to	 activated	 GPCRs	 is	 critical	 for	 transducing	 downstream	 signalling	

pathways.	 Of	 the	 four	 Ga	 subfamilies,	 chemokine	 receptors	 chiefly	 couple	 the	 Gai	

subunit,	which	inhibits	adenylyl	cyclase	activity	and	in	turn	limits	the	production	of	

cAMP	 from	 ATP	 in	 the	 cell.	 Studies	 exploring	 cell	 migration	 found	 using	 bacterial	
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endotoxin	Bordetella	 pertussis	 toxin	 (PTX)	 blocked	 the	 Gai	 protein	 coupling	 to	 the	

receptor,	 through	 catalysing	 the	 ADP-ribosylation	 of	 a	 cysteine	 residue	 in	 the	 Gai	

protein,	 hence	 pre-treatment	 of	 cells	 with	 PTX	 reduced	 the	 chemotactic	 response	

(Backlund	et	al.,	1985).		

		

1.6.3 	Biased	agonism	at	chemokine	receptors	

Chemokine	receptors	are	 likely	prone	 to	 ligand-biased	signalling	considering	

they	are	typically	promiscuous	(i.e.	most	chemokine	receptors	are	typically	activated	

by	different	chemokines	with	different	affinities),	leading	to	activation	of	distinct,	non-

redundant	signalling	responses	(Rajagopal	et	al,	2013;	Zweemer	et	al.,	2014b).		

	
	 For	instance,	chemokines	CCL19	and	CCL21	have	been	described	as	conferring	

ligand	bias	when	binding	to	their	receptor	CCR7,	which	is	expressed	by	dendritic,	T	and	

B	 cells	 (White	 et	 al.,	 2013;	 Steen	 et	 al.,	 2014).	 Both	 ligands	 share	 32%	 sequence	

homology	and	are	considered	to	share	comparable	efficacy	for	G-protein	stimulation	

and	 chemotactic	 activity	 (Zidar	 et	 al.,	 2009).	 Nevertheless,	 differences	 in	 ligand	

structure	are	thought	to	induce	different	receptor	conformation	that	in	turn	supports	

recruitment	 of	 distinct	 proteins,	 which	 mediate	 activation	 of	 specific	 downstream	

pathways	(Steen	et	al.,	2014).	This	is	highlighted	through	the	preferred	recruitment	of	

specific	 GRKs	 following	 ligand-induced	 receptor	 activation:	 CCL19	 couples	 to	 both	

GRK3	and	GRK6,	resulting	in	CCR7	desensitisation,	internalisation,	and	degradation	via	

b-arrestin-2	 dependent	 stimulation	 of	 MAPK.	 In	 contrast,	 CCL21	 does	 not	 induce	

receptor	internalisation	and	couples	to	GRK6	alone,	resulting	in	activation	of	b-arrestin	

dependent	ERK	1/2	phosphorylation	pathway.	Thus,	ligand	bias	was	attributed	to	the	

variations	 in	 receptor	 phosphorylation	 levels	 and	 patterns	 and	 subsequent	 GRK	

specificity	observed	by	CCL19	and	CCL21	(Zidar	et	al.,	2009;	Steen	et	al.,	2014).		

	

	 Receptor	 bias,	 where	 the	 same	 ligand	 binds	 different	 receptors	 and	 elicits	

distinct	responses,	presents	a	further	layer	of	complexity	in	the	chemokine	system.	For	

instance,	the	chemokine	CXCL12	formerly	thought	to	only	bind	CXCR4,	inducing	both	

G-protein	 and	 b-arrestin	 signalling	 was	 later	 shown	 to	 also	 bind	 CXCR7	 (ACKR3),	

stimulating	b-arrestin	induced	signalling	(Steen	et	al.,	2014).	Furthermore,	CXCR4	and	
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CXCR7	can	heterodimerise,	resulting	in	b-arrestin	signalling	and	impaired	G-protein	

signalling,	leading	to	enhanced	cell	migration,	adding	another	dimension	to	the	biased	

agonism	phenomenon	(Decaillot	et	al.,	2011).	Evidence	 for	 tissue	or	 cell	bias	 in	 the	

chemokine	 system	 is	 emerging,	 whereby	 a	 chemokine	 binding	 to	 its	 receptor	

stimulates	 distinct	 pathways	 in	 a	 cell/tissue-dependent	 manner.	 For	 example,	

chemokine	 CCL19	 through	 binding	 its	 receptor,	 CCR7	 on	 DC	 simulates	 chemotaxis	

(Ricart	et	al.,	2010).	In	contrast,	binding	of	CCL19	to	CCR7	on	T-cells	were	unable	to	

direct	migration	(Nandagopal	et	al.,	2011).		

	

	 Understanding	the	complexities	of	biased	agonism	at	the	molecular,	cellular	and	

system	 level	 could	 in	 theory	 facilitate	advancements	 in	drug	discovery.	By	allowing	

biased	activation	of	a	therapeutically	beneficial	pathway	over	another	pathway,	thus	

fine-tuning	 the	 chemokine	network,	which	 form	a	powerful	 and	 intricate	 biological	

network	that	influences	all	aspects	of	the	immune	system.	I	have	chosen	to	focus	my	

research	on	CCR3	and	CCR4,	both	of	which	are	implicated	in	allergic	disease	and	have	

previously	been	studied	by	members	of	our	group.	
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1.7 CCR3	biology	

Originally	 named	 CC	 CKR3,	 CCR3	 (CC	 chemokine	 receptor	 3)	 was	 initially	

revealed	as	an	eotaxin	receptor	(CCL11)	expressed	on	human	eosinophils	(Ponath	et	

al.,	1996b;	Kitaura	et	al.,	1996)	and	in	acute	myelogenous	leukaemia	cells	(Daugherty	

et	al.,	1996).	This	355-amino	acid	chemokine	receptor	(see	figure	4-1),	is	encoded	in	

humans	on	chromosome	3p21,	along	with	receptors	CCR	-1,	-2,	-4	and	-5	forming	a	CCR	

gene	cluster.	These	receptors	are	thought	to	share	a	common	ancestral	gene	(Lio	and	

Vannucci,	 2003)	 and	 share	 similar	 gene	 structures	 (Vazquez-Salat	 et	 al.,	 2007).	 In	

addition,	 several	 receptors	 from	 this	 gene	 cluster	 (CCR2,	 -3	 and	 -5)	 are	 known	 co-

receptors	 for	 human	 immunodeficiency	 virus	 (HIV)	 cell	 entry	 (Kalinkovich	 et	 al.,	

1999).	CCR3	has	a	 typical	 chemokine	 receptor	 structure	and	conserved	 features,	 as	

described	previously,	with	the	exception	of	N-linked	glycosylation	sites	(Ponath	et	al.,	

1996b)	 and	 a	 typically	 conserved	 proline	 residue	 at	 the	 N-terminus	 (White	 et	 al.,	

2013).		

	

CCR3	is	expressed	by	a	diverse	range	of	immune	cells.	Being	highly	expressed	

on	eosinophils,	basophils	(Uguccioni	et	al.,	1997),	mast	cells	(Romagnani	et	al.,	1999),	

and	 also	 detected	 in	 Th2	 lymphocytes	 (Sallusto	 et	 al.,	 1997).	 Along	 with	 being	

expressed	 on	 airway	 epithelial	 cells	 (Stellato	 et	 al.,	 2001),	 DC	 (Sato	 et	 al.,	 1999;	

Beaulieu	 et	 al.,	 2002),	 vascular	 smooth	muscle	 cells	 (Kodali	 et	 al.,	 2004)	 and	more	

recently	on	 fibroblast-like	synoviocyte	cells	 (Liu	et	al.,	2017).	Primarily	 found	 to	be	

expressed	on	haematopoietic	cells,	CCR3	expression	has	also	been	shown	on	non-HSC,	

such	as	epidermal	keratinocytes	(Petering	et	al.,	2001)	and	dermal	fibroblasts	(Gaspar	

et	 al.,	 2013).	CCR3	has	predominantly	been	 located	on	 the	 cell	 surface,	however,	 in	

contrast,	Price	and	colleagues	(2003)	have	described	intracellular	stores	of	CCR3	in	the	

secretory	 granules	of	mast	 cells,	which	mobilise	 release	of	CCR3	 to	 the	 cell	 surface	

following	IgE-dependent	activation	(Price	et	al.,	2003).		

	

CCR3	acts	in	concert	with	a	variety	of	chemotactic	ligands,	binding	with	varying	

potencies	 and	 efficacies,	 that	 lead	 to	 receptor	 activation,	 the	 stimulation	 of	

downstream	signalling	pathways	and	ultimately	lead	to	chemotaxis	of	various	immune	

cells.	To	date,	of	the	27	described	CC	chemokines,	CCR3	being	highly	promiscuous	has	
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been	 reported	 to	 bind	 over	 a	 third	 of	 them.	 The	 principle	 CCR3	 ligands	 is	 CCL11	

(eotaxin-1)	 which	 was	 isolated	 from	 the	 BAL	 (bronchoalveolar	 lavage)	 fluid	 of	

sensitised,	 allergen-challenged	 Guinea-pigs	 (Jose	 et	 al.,	 1994).	 CCL11	 binds	 and	

activates	CCR3	on	human	eosinophils	 (Ponath	et	al.,	 1996a;	Daugherty	et	al.,	 1996)	

with	higher	affinity	to	CCR3	than	other	ligands	(White	et	al.,	2013).	In	addition,	other	

chemokines	that	bind	to	CCR3	include:	CCL4	(MIP-1b),	CCL5	(RANTES),	CCL7	(MCP-3),	

CCL8	(MCP-2),	CCL13	(MCP-4),	CCL15	(MIP-5),	CCL24	(eotaxin-2),	CCL26	(eotaxin-3)	

and	CCL28	(MEC).		

	

1.7.1 	The	eotaxin	ligands:	CCL11,	CCL24,	and	CCL26	

The	gene	encoding	human	CCL11,	like	most	CC	chemokine	genes,	is	clustered	

on	chromosome	17,	located	at	q21.1-2.2.	Strikingly,	human	CCL24	and	CCL26,	are	non-

cluster	chemokines	uniquely	located	on	chromosome	7q11.23,	indicating	evolutionary	

links	(Noniyane	et	al.,	1998;	Shinkai	et	al.,	1999).	The	functional	significance	of	cluster	

and	non-cluster	genes	was	highlighted	by	Zlotnik	and	colleagues	(2006),	when	they	

proposed	that	major-clustered	genes,	such	as	CCL11,	usually	bind	multiple	receptors	

and	share	common	primary	functions	that	could	provide	evolutionary	advantages	to	a	

species.	 Exemplified	 by	 the	 primary	 function	 of	 other	 CC	 chemokines	 encoded	 on	

chromosome	17,	such	as	CCL	1	-	8,	having	roles	in	the	inflammatory	process	binding.	

They	suggest	non-cluster	genes	are	typically	“under	evolutionary	pressure”	displaying	

critical	roles	and	usually	act	via	single	receptors.		

	

The	eotaxins	are	generated	by	a	number	of	varied	cell	types.	CCL11	is	produced	

by	eosinophils,	endothelial	cells,	lung	fibroblasts	and	lymphocytes	(Wenzel	et	al.,	2002;	

Coleman	 et	 al.,	 2012);	 CCL24	 by	 nasal	 epithelial	 cells	 and	 activated	 monocytes	

(Watanabe	et	al.,	2002);	CCL26	by	IL-4	stimulated	vascular	endothelial	cells	(Shinkai	

et	al.,	1999),	IL-4	and	IL-13	stimulated	epidermal	keratinocytes	(Kagami	et	al.,	2005),	

intestinal	 epithelial	 cells	 (Blanchard	 et	 al.,	 2005)	 and	 airway	 smooth	 muscle	 cells	

(Zuyderduyn	et	al.,	2004).	In	addition,	bronchial	epithelial	cells	also	generate	all	three	

eotaxins	 and	 elevated	 expression	 levels	 were	 associated	 with	 the	 pathogenesis	 of	

bronchial	asthma	(Komiya	et	al.,	2003).	
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The	eotaxin	family	are	high-affinity,	efficacious	selective	chemokines	of	CCR3,	

predominately	mediating	the	chemotaxis	of	eosinophils,	basophils,	mast	and	Th2	cells	

from	the	vasculature	to	site	of	inflammation.	Binding	of	CCL11	to	the	highly	expressed	

CCR3	 on	 eosinophils	 stimulates	 multiple	 signalling	 pathways	 mediated	 via	 PTX	

sensitive	GaI	proteins,	that	are	responsible	for	eosinophil	rolling,	degranulation	and	

chemotaxis	(White	et	al.,	2013).	For	instance,	eotaxin	elicits	calcium	influx,	MAPK/ERK	

activation,	actin	polymerisation,	reactive	oxygen	species	production	(Daugherty	et	al.,	

1996;	Adachi	et	al.,	2001;	Pease	and	Williams,	2001).	

	

1.7.2 CCR3	and	its	role	in	allergic	diseases		

Being	a	highly	promiscuous	chemokine	receptor	binding	to	upward	of	a	dozen	

ligands,	 coupled	 with	 expression	 by	 a	 variety	 of	 cells	 at	 varying	 degrees,	 CCR3	

influences	a	variety	of	biological	functions	and	has	consequently	been	intimately	linked	

with	 various	 diseases.	 In	 particular,	 the	 eotaxin	 ligands	 have	 been	 implicated	 in	

contributing	 to	 the	pathology	of	allergic	diseases,	 such	as	eosinophilic	oesophagitis,	

asthma,	and	atopic	dermatitis	(Pease	and	Williams,	2001;	Ahmadi	et	al.,	2016).	

	

Since	its	identification	as	a	potent	eosinophil	chemokine	from	the	BAL	fluid	of	

allergen-challenged	 sensitized	 guinea	 pigs	 (Jose	 et	 al.,	 1994),	 and	 subsequent	

identification	of	CCL24	and	CCL26,	several	studies	have	shown	a	correlation	between	

eotaxins	levels	and	eosinophilia	in	various	allergic	models.	For	instance,	elevated	levels	

of	 CCL11	 and	 CCL24	 have	 been	 reported	 in	 the	 lungs	 and	 in	 sputum	of	 asthmatics	

(Mattoli	et	al.,	1997;	Ying	et	al.,	1999;	Yamada	et	al.,	2000).	In	collaboration	with	other	

cytokines,	notably	 IL-5,	 the	eotaxins	are	 thought	 to	 facilitate	 the	 induction	of	 tissue	

eosinophilia	 and	 mobilisation	 of	 bone	 marrow	 eosinophils	 (Collins	 et	 al.,	 1995;	

Palframan	 et	 al.,	 1998;	 Pope	 et	 al.,	 2005).	 CCL11	 deficient	 mice	 display	 reduced	

eosinophil	migration	to	 the	gut,	affecting	the	primary	 immune	response	 in	parasitic	

clearance	(Mathews	et	al.,	1998;	Simons	et	al.,	2005).	More	recently,	CCL26	has	been	

implicated	in	the	chronic	eosinophilia	seen	in	patients	with	severe	asthma.	The	authors	

showed	 a	 correlation	 between	 CCL26	 generation	 by	 bronchial	 epithelial	 cells	 and	

asthma	severity	(Larose	et	al.,	2015).	Moreover,	CCL24	and	CCL26	protein	levels	from	

airway	epithelial	brushings	were	elevated	in	patients	with	asthma	and	CCL24	increases	
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were	reported	to	correlate	with	late-onset	asthma	severity	and	luminal	eosinophilia	

(Coleman	et	al.,	2012).	Other	cell	types	that	contribute	to	the	pathogenesis	of	asthma	

have	also	been	shown	to	be	recruited	in-part	by	the	eotaxins.	A	recent	study	described	

CCL11	and	CCL24,	along	with	CCL5	having	a	role	in	inducing	migration	of	fibrocytes	in	

circulation	to	the	airway	in	patients	with	severe/treatment-refractory	asthma	(Isgro	

et	al.,	2013).		

	

CCR3	deficient	mice	showed	reduced	eosinophil	migration	to	the	lung	(Humbles	

et	al.,	2002)	and	skin	(Ma	et	al.,	2002)	following	allergen	challenge	in	a	model	of	AHR.	

Similarly,	CCL11	and	CCL24	deficient	mice	(CCL26	is	a	pseudogene	in	mice)	displayed	

defective	eosinophil	migration	following	allergen	challenge	(Pope	et	al.,	2005).	

	

In	addition	to	eosinophils,	other	CCR3-expressing	cells	are	known	to	contribute	

to	 the	 pathophysiologic	 features	 of	 asthma.	 For	 instance,	 CCR3-expressing	 airway	

epithelial	 cells	 play	 a	 role	 in	 amplifying	 profibrogenic	 and	 chemokine-mediated	

responses	and	subsequent	tissue	remodelling	in	diseased	airways	(Beck	et	al.,	2006).	

Similarly,	 increased	 CCL11	 in	 the	 asthmatic	 lung	 may	 be	 contributing	 to	 the	

characteristic	 increase	 in	 airway	 smooth	muscle	 (ASM)	mass	 through	 CCR3/CCL11	

induced	ASM	cell	proliferation	and	survival	(Joubert	et	al.,	2005).	Moreover,	CCL11	was	

shown	to	contribute	to	airway	remodelling	 in	asthma,	through	enhancing	migration	

and	proliferation	of	lung	fibroblasts	(Puxeddu	et	al.,	2006).	 	
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1.8 CCR4	biology	

CCR4	was	identified	by	the	isolation	of	a	cDNA	clone	from	a	human	basophil	cell	

line	KU-182	following	cDNA	library	screening	(Power	et	al.,	1995).	This	receptor	is	360	

amino	acid	 in	 length,	approximately	41	kDa	and	 is	encoded	on	chromosome	3p22.3	

and	was	shown	to	be	expressed	 in	 the	thymus	by	CD4+	T-cells	(Power	et	al.,	1995).	

Similarly,	the	CCR4	murine	homologue	was	shown	to	be	expressed	in	the	thymus,	T-

cell	 lines	 and	 peripheral	 blood	 T-cells	 (Hoogewerf	 et	 al.,	 1996).	 Subsequently,	

predominant	CCR4	expression	has	been	shown	on	various	T-cell	subtypes	including	

CD4+	TH2	cells,	activated	T-cells,	T-regulatory	cells	(TReg),	Th17,	Th22	and	skin-homing	

T	cells.	In	addition,	basophils,	eosinophils,	macrophages,	mast	cells,	NK	cells,	DCs,	and	

platelets	 express	 CCR4	 (Scheu	 et	 al.,	 2017).	 CCR4	 has	 fundamental	 roles	 in	 T-cell	

maturation,	education,	and	migration	to	the	thymus	and	areas	of	inflammation.		

	

CCR4	shares	a	typical	CC	chemokine	structure,	with	seven	TM	helices	three	ICLs	

and	three	ECLs.	This	receptor	is	predicted	to	have	three	possible	N-glycosylation	sites	

along	with	nine	Ser	and	Thr	phosphorylation	sites	at	 the	C-terminal	end,	which	are	

important	 for	 receptor	 regulation	 (Power	 et	 al.,	 1995;	 Pease	 and	Williams,	 2006).	

Moreover,	 CCR4	 is	 predicted	 to	 have	 a	 highly	 conserved	 helix	 VIII	 region	 with	

important	roles	in	modulating	receptor	function	(Solari	and	Pease,	2015).		

	

1.8.1 CCR4	and	its	ligands:	CCL17	and	CCL22	

Initially	 thought	 to	 bind	 CCL2,	 CCL3	 and	 CCL5	 (Power	 et	 al.,	 1995),	 CCL17	

(Thymus	 and	 activation-regulated	 chemokine:	 TARC)	 (Imai	 et	 al.,	 1997)	 and	 later	

CCL22	 (Macrophage-derived	 chemokine:	MDC)	were	 subsequently	 identified	 as	 the	

sole	high-affinity	 functional	 ligands	of	CCR4	(Andrew	et	al.,	1998;	Imai	et	al.,	1998),	

with	both	chemokines	inducing	chemotaxis	and	Ca2+	influx.		

	

Imai	 and	 colleagues	 (1997;1998)	 revealed	 CCL17	 as	 being	 constitutively	

expressed	 in	 the	 thymus	 and	 transiently	 in	 peripheral	 blood	 mononuclear	 cells	

(PBMCs)	with	the	ability	to	stimulate	chemotaxis	in	cells	stably	expressing	CCR4.	They	

later	demonstrated	 that	CCL17	was	produced	by	TH2	dominant	cytokine-stimulated	

monocytes	and	DCs	(Imai	et	al.,	1999).	In	vivo	studies	showed	CCL17	being	produced	
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by	a	CD11b+	DC	subset	located	in	primary	and	secondary	lymphoid	organs,	except	in	

the	spleen	where	interferon-g	inhibits	CCL17	production	(Alfernik	et	al.,	2003;	Globisch	

et	 al.,	 2014).	 Initially	 known	 as	 MDC,	 due	 to	 its	 expression	 by	 macrophages	 and	

monocyte-derived	 DCs,	 CCL22	 is	 also	 expressed	 in	 the	 thymus,	 lung,	 and	 spleen	

(Godiska	et	al.,	1997).		

	

Interestingly,	unlike	other	CC	chemokines,	CCL17	and	CCL22	are	encoded	on	

chromosome	16q13	and	being	 in	 close	proximity	 to	each	other	 they	are	 thought	 to	

arise	from	gene	duplication	and	thus	share	CCR4	as	a	receptor	(Nomiyama	et	al.,	1998;	

Yoshie	 and	Matsushima,	 2014).	 Since	 these	 chemokines	 are	 outside	 of	 the	 classical	

inflammatory	 chemokine	 cluster	 it	 is	 suggested	 they	 also	 have	 homeostatic	 roles,	

comparable	to	CCL19	and	CCL21,	which	are	also	located	outside	of	the	major	CC	and	

CXC	chemokine	clusters	(Zlotnik	et	al.,	2006).		

	

Being	produced	and	expressed	by	various	immune	cells	CCL17	and	CC22,	and	

thus	CCR4	naturally	have	roles	in	the	inflammatory	immune	response.	For	instance,	

CCL17	and	CCL22	chemokine	production	by	DCs	lead	to	migration	of	CCR4-expressing	

TReg	 and	T-cells	 to	 sites	 of	 inflammation.	Moreover,	 CCR4	 on	TReg	 cells	 have	 potent	

immunosuppressive	properties	and	are	involved	in	maintaining	immune	homeostasis	

and	tolerance	in	the	skin	and	lung	(Griffith	et	al.,	2014).	CCR4	expressed	on	Foxp3+	TReg	

cells	 have	 an	 immunosuppressive	 role	 during	 the	 immune	 response	 as	 shown	 in	

models	of	severe	sepsis	(Molinaro	et	al.,	2015),	inflammatory	liver	disease	(Oo	et	al.,	

2010)	and	in	TH2-	mediated	airway	inflammation	(Saito	et	al.,	2008).	

	

CCR4	 is	 the	 sole	 receptor	 for	 chemokines	 CCL17	 and	 CCL22.	 These	 dual	

functioning	homeostatic	and	 inflammatory	chemokines	bind	CCR4	with	comparable	

potency	levels	in	chemotactic	assays	(Viney	et	al.,	2014)	and	similar	low	nanomolar	

affinity	 (Imai	 et	 al.,	 1998).	 However,	 CCL22	 has	 been	 shown	 as	more	 dominant	 at	

inducing	 CCR4	 receptor	 desensitisation	 and	 internalisation	 (Mariani	 et	 al.,	 2004).	

There	 is	 accumulating	 evidence	 for	 CCL17	 and	CCL22	 interacting	distinctively	with	

CCR4	and	producing	different	outcomes,	thus	displaying	biased	agonism	(Ajram	et	al.,	

2014;	Anderson	et	al.,	2016).	For	instance,	Ajram	and	colleagues	(2014)	showed	CCL22	

binding	to	CCR4	resulted	in	b-arrestin	coupling	in	a	concentration-dependent	manner,	
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whereas	CCL17	did	not.	Moreover,	CCL17	and	CCL22	show	further	signs	of	ligand	bias	

with	 respect	 to	 CGRP	 (calcitonin	 gene-related	 peptide)	 production.	 CGRP,	 a	

vasodilator,	was	shown	to	be	elevated	in	a	model	of	chronic	asthma	and	is	thought	to	

contribute	to	its	pathology	(Kay	et	al.,	2007).	CCL17	induced	CCR4-dependent	CGRP	

production	and	release	by	airway	epithelial	cells,	with	a	10,000-fold	greater	efficacy	

than	CCL22	(Bonner	et	al.,	2013).		

	

In	addition,	unlike	CCL22	where	expression	is	limited	to	immune	cells,	CCL17	

can	be	produced	by	various	cell	types	(Santulli-Marotto	et	al.,	2013).	Their	expression	

patterns	 vary	 dependent	 on	 disease	 pathogenesis.	 For	 example,	 BAL	 fluid	 from	

asthmatic	patients	following	allergen	challenge	presented	elevated	levels	of	CCL17,	but	

not	 CCL22,	 produced	 by	 bronchial	 epithelial	 cells	 (Berin	 et	 al.,	 2001).	 Similarly,	 in	

atopic	dermatitis	and	psoriasis,	CCL17	and	not	CCL22	was	expressed	on	endothelial	

cells	(D’Ambrosio	et	al.,	2002).		

	

Collectively,	 these	studies	provide	evidence	of	biased	agonism	at	CCR4	by	 its	

cognate	ligands	CCL17	and	CCL22,	whereby	these	ligands	likely	induce	subtly	varying	

receptor	 conformations	 that	 ultimately	 dictate	 preferential	 activation	 of	 one	

downstream	signalling	pathway	over	another.		

	

1.8.2 CCR4	and	its	role	in	allergic	diseases		

CCR4	is	expressed	on	various	immune	cells	such	as	DCs,	TH2	and	mast	cells,	and	

its	ligands	CCL17	and	CCL22	play	key	roles	during	the	inflammatory	process	are	thus	

naturally	 implicated	 in	 the	 pathogenesis	 of	 various	 inflammatory	 diseases	 such	 as	

asthma,	atopic	dermatitis,	and	inflammatory	bowel	disease.		

	

As	described	previously,	TH2	cells	and	their	subsequent	cytokine	production	are	

a	hallmark	of	the	late	immune	response	and	central	to	the	initiation	and	persistence	of	

asthma	pathogenesis.	Consequently,	there	is	mounting	evidence	for	a	role	of	the	CCR4-

CCL17/CCL22	axis	in	allergic	diseases.	For	example,	elevated	levels	of	CCR4-expressing	

TH2	cells	have	been	reported	in	BAL	fluid	of	asthmatic	patients	(Morgan	et	al.,	2005).	

Both	 ligands	 are	 shown	 to	 be	 elevated	 in	 the	 lung	 following	 allergen	 challenge	
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(Bochner	et	al.,	2003).	Similarly,	the	blood	level	content	of	CCL17	and	CCL22	are	raised	

in	asthma,	atopic	dermatitis	and	AR	(Yoshie	and	Matsushima,	2014).	However,	these	

ligands	can	display	differential	expression	patterns	dependent	on	disease	status.	For	

instance,	increased	expression	of	CCR4+	T-cells	from	patients	with	asthma	with	CCL17	

but	not	CCL22	were	shown	to	be	significantly	elevated	along	with	other	TH2	cytokines	

in	ex	vivo	airway	biopsies	in	a	house-dust	mite	model	(Vijayanand	et	al.,	2010).		

	

The	serum	levels	of	CCL17	were	shown	to	be	elevated	in	patients	with	atopic	

dermatitis	 and	 has	 recently	 been	 used	 as	 a	 clinical	 biomarker	 (Kataoka,	 2014).	

Similarly,	CCL17	is	thought	to	promote	vascular	recognition	and	initially	facilitate	the	

migration	of	CCR4+	T-cells	at	the	endothelial	membrane,	while	CCL22	leads	migration	

within	inflamed	skin	tissue	(Mariani	et	al.,	2004;	Yoshie	and	Matsushima,	2014).		

	 	

There	have	been	extensive	investigations	supporting	the	role	of	CCR4	and	its	

ligands	role	in	TH2-driven	animal	models	of	allergic	inflammation.	Lloyd	and	colleagues	

(2000)	 showed	 that	 antigen-specific	 TH2	 cells	 were	 recruited	 to	 the	 lung	

predominantly	mediated	via	the	CCR4/CCL22	axis	in	vivo	following	repeated	antigen	

challenge.	 They	 further	 showed	blockade	 of	 CCR4-dependent	 recruitment,	 using	 an	

anti-CCL22	antibody	lead	to	a	reduction	in	the	TH2-dependent	inflammatory	response.	

Similarly,	 Kawasaki	 and	 colleagues	 (2001)	 showed	 using	 an	 anti-CCL17	 antibody	

attenuated	the	TH2-driven	inflammation,	eosinophilia	and	AHR	response	in	an	OVA-

induced	model	of	allergic	asthma	in	mice.	However,	studies	using	ccr4-/-	mice	showed	

no	 role	 for	 CCR4	 in	 TH2-driven	 inflammation	 and	 AHR	 following	 OVA	 challenge	

(Chvatchko	 et	 al.,	 2000).	 Equally,	 CCR4	 blockade	 with	 an	 antibody	 in	 an	 OVA-

challenged	guinea	pig	model	 failed	 to	 inhibit	 the	CCR4+	TH2-driven	allergic	 immune	

response	(Conroy	et	al.,	2003).	A	contrasting	study	using	ccr4-/-	mice	sensitised	with	

Aspergillus	conidia	reported	attenuated	AHR	and	eosinophilia	in	the	lung	(Schuh	et	al.,	

2002).		

	
Though	 subsequent	 studies	 have	 reinforced	 CCR4	 and	 its	 ligands	 and	 as	 a	

promising	target	for	the	treatment	of	asthma.	Notably,	Perros	and	colleagues	(2009)	

using	a	human	PBMC-reconstituted	NOD/SCID	(nonobese	diabetic/severe	combined	

immunodeficient)	 mouse	 model	 revealed	 CCR4	 blockade	 resulted	 in	 significantly	
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reduced	 cardinal	 features	 of	 asthma,	 through	 attenuated	TH2	 cytokine	 levels	 in	 the	

lung,	eosinophilia,	IgE	production	and	bronchial	hyper-reactivity.	Likewise,	blockade	

of	CCR4	via	a	CCR4	antagonist	attenuated	AHR,	airway	eosinophilia	and	TH2	cytokine	

levels	(Zhang	et	al.,	2017).	CCR4	and	its	ligands	play	fundamental	roles	in	modulating	

the	TH2-driven	allergic	inflammatory	response	and	thus	represent	viable	therapeutic	

targets	for	the	treatment	of	allergic	diseases.		

	
In	summary,	chemokines	and	their	receptors	are	essential	for	a	wide	range	of	

physiological	functions	and	play	an	important	role	in	maintaining	the	homeostasis	of	

the	 immune	 system.	 Inappropriate	 activation	 of	 the	 chemokine	 system	 is	 also	

implicated	in	variety	of	diseases.	Research	facilitating	an	increased	understanding	of	

the	specific	interactions	of	these	receptors	and	their	signalling	effects	could	potentially	

be	 of	 therapeutic	 importance.	 In	 this	 project	 I	 investigated	 further	 the	 biology	 of	

chemokine	 receptors	 CCR3	 and	 CCR4.	 In	 particular,	 my	 focus	 was	 aimed	 at	

understanding	 the	potential	 for	biased	 signalling	 following	 ligand	binding,	 receptor	

trafficking	 following	 endocytosis,	 and	 identifying	 and	 evaluating	 novel	 binding	

partners	for	the	receptor	C-termini.	
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Chapter	2 Materials	and	Methods		

	

	



 64	

2.1 Materials		

2.1.1 Reagents		

2.1.1.1 Cell	culture	and	molecular	biology	reagents		

All	 reagents	 were	 purchased	 from	 ThermoFisher	 Scientific	 (Loughborough,	

UK),	unless	otherwise	stated.	Phosphate-buffered	saline	 (PBS),	 tissue	culture	media	

and	media	supplements,	super	optimal	broth	with	catabolite	repression	(SOC)	media	

was	 from	Invitrogen	(Paisley,	UK).	Dulbecco’s	Modified	Eagle	medium	(DMEM)	was	

from	PAA	 laboratories	 (GE	Healthcare,	Amersham,	UK).	All	 reagents	used	 for	 tissue	

culture	 were	 used	 under	 sterile	 conditions.	 Molecular	 cloning	 restriction	 enzymes,	

DNA	base	pair	(bp)	ladders,	buffers,	gel-loading	dye,	DNA	polymerase	were	purchased	

from	 Fermentas	 (Thermo	 Fisher).	 All	 chemokines	 used	 were	 purchased	 from	

Peprotech	EC	(London,	UK).	The	CCR3	antagonist	SB	297006	and	the	dual	CCR3	and	

CCR1	 antagonist	 UCB	 35625	 were	 from	 Tocris	 Bioscience	 (Bristol,	 UK).	 The	 CCR5	

antagonist	TAK-779	was	from	Sigma-Aldrich	(Poole,	UK).	The	5	PRIME	Fast	PlasmidTM	

mini	kit	was	from	VWR	(Loughborough,	UK).	The	QIAGEN	HiSpeed®	plasmid	maxi	

kit	 was	 from	 Qiagen	 (Crawley,	 UK).	 The	 TNT®	 quick	 coupled	

transcription/translation	 system	 kit	 was	 from	 Promega	 (Southampton,	 UK).	 The	

deferoxamine	mesylate	(DFO)	was	from	Abcam	(Cambridge,	UK).	

2.1.1.2 Yeast	two-hybrid	and	library	system	reagents	

All	 reagents	 used	 unless	 otherwise	 stated	 were	 purchased	 from	 Clontech	

(Takara	 Bio	 Inc.,	 CA,	 USA).	 MatchmakerTM	 Gold	 yeast	 two-hybrid	 (Y2H)	 system	

(630489);	 Make	 your	 own	 “Mate	 and	 Plate”	 library	 system	 (630490);	 Yeast	

transformation	 system	2	 (630439);	 and	Easy	 yeast	 plasmid	 isolation	 kits	 (630467)	

were	also	from	Clontech.	All	yeast	agar	plates	were	prepared	by	adding	the	relevant	

media	pouch	to	500ml	sterile	water,	autoclaving,	cooling	to	55-60°C	then	pouring	into	

agar	plates	then	leaving	to	set	and	dry.	

2.1.1.3 Eosinophil	isolation	reagents		

The	3.8%	citrate	was	 from	(BDH	Chemicals	Ltd,	Poole,	UK).	The	6%	dextran	

solution	was	 from	(Amersham	Biosciences,	Chalfont	St.	Giles,	UK).	The	Ficoll-Paque	
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PLUS	was	 from	 (GE	Healthcare,	Amersham,	UK).	The	 following	 reagents	were	 from	

Sigma-Aldrich:	 Methanol;	 Haematoxylin;	 Eosin	 yellowish	 powder	 and	 the	 Histo-

clearTM.	 The	 HistomountTM	 and	 Congo	 red	 powder	 were	 from	 Thermo	 Fisher.	 The	

eosinophil	isolation	kit	was	from	Miltenyi	Biotec	Ltd	(Surrey,	UK).		

2.1.1.4 Western	blot	reagents		

All	reagents	used	were	from	Thermo	Fisher	unless	otherwise	stated.	The	fast	

Western	blot	kit	and	BCA	protein	assay	kit	were	from	Pierce	(Thermo	Fisher,	Rockford,	

USA).	The	20x	NuPAGETM	running	buffer	and	NuPAGETM	NovexTM	4-12%	Bis-Tris	gel	

were	from	Invitrogen.	For	antibodies	used	see	section	2.1.1.6.	

2.1.1.5 Confocal	microscopy	reagents		

The	following	reagents	were	from	Sigma-Aldrich:	Paraformaldehyde	used	for	

cell	 fixation;	 TritonX-100;	 Glycine;	 Ammonium	 iron	 (III)	 citrate	 (FAC);	 MG132	

proteasome	inhibitor	and	Mowiol®	mounting	medium.	Microscope	slides,	coverslips,	

Parafilm®	 and	 TurboFectTM	 transfection	 reagent	 were	 from	 Thermo	 Fisher.	 For	

antibodies	used	see	section	2.1.1.6.	

2.1.1.6 Antibodies	

Anti-human	 CCR3	 rat	monoclonal	 antibody	 (mAb)	was	 from	 R	&	 D	 systems	

(Abingdon,	UK).	PE-conjugated	rat	isotype	IgG2a	antibody	control;	mouse	IgG1	isotype	

control;	PE-conjugated	mouse	IgG1	isotype	control	and	1G1	CCR4	mAb	were	from	BD	

PharmingenTM	(BD	Biosciences,	CA,	USA).	10E4	anti-human	CCR4	antibody	generated	

by	 Millennium	 Pharmaceuticals	 (Cambridge,	 Massachusetts).	 The	 R-Phycoerythrin	

(RPE)	conjugated	goat	anti-rat	IgG	(Fab’2	fragments)	was	from	AbD	Serotec	(Bio-Rad,	

CA,	USA).	Monoclonal	anti-HA	ascites	fluid	(HA.11)	was	from	Covance	(BioLegend,	CA,	

USA).	The	rabbit	anti-glyceraldehyde	3-phosphate	dehydrogenase	(GAPDH)	antibody	

was	from	Millipore	(MA,	USA).	The	Horseradish	peroxidase	(HRP)	-	conjugated	goat	

anti-mouse	 IgG	 antibody	 was	 from	 Abcam	 (Cambridge,	 UK).	 FITC	 (Fluorescein	

Isothiocyanate)	 -	 conjugated	 polyclonal	 goat	 anti-mouse	 antibody	 was	 from	 Dako	

(Agilent,	 CA,	USA).	The	mouse	anti-HA	mAb	was	 from	Roche	 (Sigma-Aldrich,	Poole,	

UK).	The	FBXL5	specific	polyclonal	anti-rabbit	antibody	was	 from	Geneway	Biotech	

Inc.	(CA,	USA).		
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The	 antibodies	 used	 for	 confocal	microscopy	were	mouse	 anti-FLAG	 tag	M2	

(Sigma-Aldrich);	mouse	anti-Myc	tag	antibody	(EMD	Millipore,	Watford,	UK).	Donkey	

anti-rabbit	Alexa	Fluor	488;	Donkey	anti-mouse	Alexa	Fluro	488;	Donkey	anti-mouse	

Alexa	Fluor	546	and	Donkey	anti-rabbit	Alexa	Fluro	546	were	unconjugated	antibodies	

from	Jackson	ImmunoResearch	(PA,	USA)	and	the	Alexa	Fluor	fluorophores	were	from	

Invitrogen	and	they	were	conjugated	by	Aurelie	Mousnier	(Imperial	College	London,	

UK).		

	

2.1.2 Media	and	Buffers		

RPMI	“complete”	media:	 500ml	RPMI	1640	+	GlutaMAXTM	+	HEPES	

50	ml	10%	heat-inactivated	certified	FCS	

	 5ml	1X	non-essential	amino	acids		

	 5ml	sodium	pyruvate	(1mM)	

	 50μM	β-mercaptoethanol	

	 50mg	streptomycin	

	 50,000	units	penicillin		

RPMI	“simple”	media		 	500ml	RPMI	1640	+	HEPES	

DMEM	media:		 	 	 500ml	DMEM	F-12,	GlutaMAXTM		

50	ml	10%	heat-inactivated	certified	FCS	

10ml	G418	

50mg	streptomycin	

50,000	units	penicillin	

Luria-Bertani	(LB)	media:			 1	litre	deionised	water	

	 	 	 	 	 10g	LB	powder	

	 	 	 	 	 100μg/ml	ampicillin	or	50μg/ml	 	 	

	 	 	 	 	 kanamycin	

LB	agar	plates:		 	 	 1	litre	deionised	water	

	 10g	LB	powder	

	 15g	agar	powder	

100μg/ml	ampicillin	or	50μg/ml	kanamycin	

FACS	buffer:	 	 	 	 500ml	Phosphate	buffered	saline	(PBS)	

	 	 	 	 	 0.25%	Bovine	serum	albumin	(BSA)		
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0.01%	sodium	azide		

50x	TAE	(Tris-acetate)	buffer:	 242g	Tris	Base	

57.1ml	glacial	acetic	acid		

100ml	0.5M	EDTA	

750ml	sterile	water	

TAXIScanTM	assay	buffer	 	 0.1%	BSA		

simple	RPMI	media	

2X	YPDA	broth:	 YPDA	(yeast	extract-peptone-dextrose	agar)	

broth	pouch	

	 	 	 	 	 250ml	sterile	water	

0.5X	YPDA	broth:	 	 	 YPDA	broth	pouch	

	 	 	 	 	 1L	sterile	water	

Yeast	freezing	media:	 	 100ml	YPDA		

	 	 	 	 	 50ml	75%	glycerol		

Cell	lysis	buffer:	 	 	 50μl	IGEPAL	

	 	 	 50µl	phenylmethylsulfonyl	fluoride	

	 	 	 50µl	protease	cocktail	inhibitor	 	 	

	 	 	 20µl	Iodoacetamide	

	 	 	 20µl	EDTA	

	 	 	 0.59µl	Aprotinin	

	 	 	 4810µl	PBS	-/-		

MACS	buffer			 	 	 0.5%	BSA		

2mM	EDTA	

500ml	PBS	

Acid	alcohol	 	 	 	 99ml	70%	alcohol		

1ml	concentrated	hydrochloric	acid		

Eosin	stain		 	 	 	 1g	eosin	yellowish	powder		

	 	 	 	 	 100ml	deionised	water	

Congo	red	stain	 2g	sodium	chloride	in	20ml	deionised	water	

0.5g	Congo	red	powder	in	80ml	100%	absolute	

alcohol	
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2.2 Methods		

2.2.1 Cell	culture		

2.2.1.1 Culture	of	L1.2,	CHO	K1	and	4D4	cell	lines	

The	 murine	 L1.2	 pre-B	 lymphoma	 cell	 line	 was	 used	 for	 transient	

transfections	 and	 subsequent	 assays.	 Stably	 transfected	 CCR4	 in	 CHO	 (Chinese	

hamster	ovary	cell	line)	K1	cells	(CHO-CCR4)	generated	by	GSK	(Stevenage,	UK)	was	

used	 for	 FACS	 (Fluorescence	 activated	 cell	 sorter),	 chemotaxis,	Western	 blot	 and	

confocal	assays.		

L1.2	 cells	were	 cultured	 in	 complete	RPMI	media	 (see	 section	2.1.2).	 The	

cells	 were	 maintained	 at	 37°C	 in	 a	 5%	 CO2	 humidified	 incubator	 at	 a	 density	

between	0.5-1x106	cells/ml.	Cell	density	was	determined	using	a	haemocytometer,	

where	10μl	of	cells	mixed	with	10μl	trypan	blue	were	counted	using	an	inverted	

microscope.	 Stably	 transfected	 4D4-CCR3	 cells	were	 cultured	 in	 complete	 RPMI	

media	supplemented	with	geneticin	at	1mg/ml.		

Stably	transfected	CHO-CCR4	adherent	cells	were	maintained	in	a	T75	tissue	

culture	 flask	cultured	under	the	same	conditions	with	DMEM	media	(see	section	

2.1.2)	 supplemented	with	 the	antibiotic	geneticin	 (G418	1mg/ml).	The	adherent	

cells	 were	 harvested	 by	 aspirating	 the	 media,	 then	 washing	 with	 5ml	 PBS.	

Incubating	in	3ml	trypsin	for	3	minutes	dislodged	the	cells.	3ml	fresh	DMEM	media	

was	added	to	neutralise	the	effect	of	the	trypsin	before	they	were	counted.	~0.5	x	

106	 cells	were	 transferred	 to	 a	 new	 flask	with	 10ml	 fresh	media	 and	 incubated	

overnight,	as	previously	described.	

2.2.1.2 Transient	transfection	using	electroporation	

Cells	were	cultured	in	sterile	conditions	and	harvested	in	a	microbiological	

safety	cabinet.	Typically,	1	x	107	cells	were	transfected	with	10μg	of	plasmid	DNA.	

Cells	 were	 first	 counted	 using	 a	 haemocytometer,	 as	 previously	 described	 and	

centrifuged	at	4°C	for	5	minutes	at	310g.	The	pelleted	cells	were	then	resuspended	

in	800μl	RPMI	1640	media	and	transferred	to	a	sterile	electroporation	cuvette	with	

a	0.4	 cm	path	 length	 (BioRad,	UK).	10μg	of	plasmid	DNA	and	50μl	 transfer	RNA	

(Baker’s	 yeast	 tRNA	 at	 10mg/ml)	 were	 also	 added	 to	 the	 cuvette	 and	 the	 cells	
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incubated	at	room	temperature	for	20	minutes.	The	cells	were	placed	in	a	BioRad	

Gene-pulser®	 for	electroporation	at	330	volts	and	975μF.	Following	another	20-

minute	 incubation	 at	 room	 temperature	 the	 cells	 were	 resuspended	 in	 10ml	

complete	RPMI	media	in	a	T-75	flask	and	incubated	at	37°C	in	a	5%	CO2	humidified	

incubator	 for	 5	 hours.	 Sodium	 butyrate	 was	 added	 to	 the	 culture	 at	 a	 final	

concentration	of	10mM.	The	cells	were	then	incubated	overnight	at	37°C	in	a	5%	

CO2	humidified	incubator.		

2.2.1.3 Transient	transfection	using	TurboFectTM	reagent	

CHO-CCR4	cells	were	harvested	and	seeded	at	~5	x	104	cells	per	1ml	media	

in	a	24	well	plate	with	autoclaved	coverslips	(placed	at	the	bottom	of	each	well).	

The	plate	was	incubated	overnight	as	previously	described.	The	following	day	the	

cells	were	checked	for	~70%	confluence	then	transfected	using	the	TurboFectTM	

transfection	reagent	(Thermo	Fisher),	as	per	manufacturer’s	instructions.	Briefly,	

2μl	of	 transfection	reagent	was	added	to	1μg	DNA	in	100μl	of	serum-free	DMEM	

media	 and	 mixed	 by	 vortex,	 then	 left	 to	 incubate	 for	 20	 minutes	 at	 room	

temperature.	 The	 100μl	mixture	was	 then	 added	 drop-wise	 to	 each	well.	 100μl	

media	and	2μl	of	transfection	reagent	was	used	as	a	negative	transfection	control.	

The	plate	was	gently	rocked	to	evenly	distribute	the	mixture.	The	transfected	cells	

were	incubated	overnight	as	previously	described.		

	

2.2.2 Molecular	biology	

2.2.2.1 DNA	constructs		

The	CCR1,	CCR3,	CCR3-L324P	and	CCR4-D40	receptors	were	cloned	in	the	

pcDNA3	vector	(appendix	 figure	10-1)	and	 incorporated	sequences	encoding	HA	

(Haemagglutinin)	 epitopes	 at	 the	5’	 region	 encoding	 the	 receptor	N-termini.	 The	

CCR1.3	and	CCR3.1	chimeras	were	also	cloned	in	the	pcDNA3	vector.	The	human	

FBXL5	 cDNA	 was	 cloned	 in	 a	 GFP	 and	 Myc	 tagged	 pCMV6	 vector	 (OriGene,	

Cambridge,	 UK).	 The	 plasmids	 used	 for	 the	 Y2H	 screen	 and	 L1.2	 library	

construction	 were	 provided	 by	 Clontech:	 pGBKT7;	 pGBKT7-53;	 pGBKT7-Lam;	

pGADT7-Rec	 and	 pGADT7-T.	 All	 primers	 used,	 unless	 otherwise	 stated,	 were	



 

   70	

designed	 according	 to	 their	 corresponding	 target	 forward	 and	 reverse	 flanking	

regions	and	produced	by	Invitrogen.		

2.2.2.2 PCR	conditions		

For	the	CCR1	and	CCR3	chimera	constructs	PCR	(Polymerase	chain	reaction)	

mixtures	were	made	in	PCR	tubes	consisting	of:	100ng	DNA;	0.5μl	forward	primer	

(10μM);	 0.5μl	 reverse	 primer	 (10μM);	 0.5μl	 dNTPs	 (10μM);	 5μl	 5X	 buffer;	 0.2μl	

Phusion	DNA	polymerase	and	sterile	water	up	to	20μl.	For	control	PCR	reactions	

no	DNA	polymerase	would	be	added	to	the	reaction	mixture.	The	tubes	were	then	

placed	 in	 a	 PCR	 thermal	 cycler.	 PCR	 conditions	 and	 primers	 are	 detailed	 in	

appendix	table	10-1.	PCR	conditions	and	primer	sequences	for	the	Y2H	and	library	

screen	are	detailed	in	the	appendix	table	10-3	and	10-4,	respectively.	

2.2.2.3 Agarose	gel	electrophoresis		

	 For	 confirmation	of	all	PCR	products,	digested	plasmids	and	 for	DNA	size	

(bp)	samples	were	run	on	a	1%	agarose	gel.	The	gel	was	composed	of	1xTAE	buffer,	

agarose	powder	and	ethidium	bromide	(0.5μg/ml)	then	heated	in	a	microwave	and	

poured	in	a	gel	mould	and	left	to	set	at	room	temperature.	The	gel	tank	was	filled	

with	 1xTAE	 buffer,	 before	 samples	were	 loaded	with	 6X	 loading	 dye	 and	 a	 1kb	

and/or	 100bp	 DNA	 ladder	 was	 loaded.	 The	 gel	 was	 run	 for	 approximately	 45	

minutes	at	100V.	The	bands	were	analysed	on	a	ChemiDocTM	XRS	machine	 (Bio-

Rad).		

2.2.2.4 Restriction	enzyme	digestion	

Purified	 DNA	 was	 digested	 for	 the	 generation	 of	 the	 CCR1.3	 and	 CCR3.1	

chimera	 plasmids,	 pGBKT7-CCR3	 plasmid	 and	 to	 verify	 the	 relevant	 insert	 in	 a	

plasmid	 following	mini	 and	maxi-preps	 (FBXL5	plasmids).	 The	 reaction	mixture	

was	made	as	follows	for	CCR1.3	and	CCR3.1	plasmids:		

pcDNA3	 vector	 digestion:	 1μl	 of	HindIII	 and	 XhoI	 restriction	 enzyme	 (10	

units/μl);	 2μl	 FastDigest®	 buffer	 (Thermo	 Fisher);	 1μg	 plasmid	DNA	 and	 sterile	

water	up	to	20μl.		
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CCR1.3	and	CCR3.1	PCR	insert	PCR	product	digestion:	1.5μl	of	HindIII	and	

XhoI	 restriction	 enzyme	 (10	 units/μl);	 2μl	 FastDigest®	 buffer	 (Thermo	 Fisher);	

30μl	elution	from	PCR	product	gel	extraction	DNA	and	sterile	water	up	to	50μl.		

Mini	 and	 maxi-prep	 DNA:	 1μl	 each	 of	 relevant	 restriction	 enzyme;	 2μl	

FastDigest®	buffer	(Thermo	Fisher);	2μl	purified	DNA	and	sterile	water	up	to	20μl.		

Samples	were	then	incubated	for	10	minutes	at	37°C.	For	vector	digestions	

Shrimp	alkaline	phosphatase	(SAP)	(1μg/μl)	was	added	-	to	dephosphorylate	the	

digested	 vector	 ends	 -	 with	 incubation	 at	 37°C	 for	 20	 minutes.	 The	 SAP	 was	

inactivated	by	incubating	at	65°C	for	20	minutes.	Digested	samples	were	typically	

examined	by	gel	electrophoresis.		

2.2.2.5 Gel	extraction	

Digested	insert	and	vector	DNA	samples	were	gel	extracted	from	the	agarose	

gel	and	purified	using	a	QIAquick®	gel	extraction	kit	(QIAGEN).	The	method	was	

followed	as	per	manufacturer’s	instructions.	Briefly,	the	relevant	DNA	band	from	

the	gel	was	cut	using	a	sterile	scalpel	and	the	band	placed	in	a	microfuge	tube	and	

weighed.	3	volumes	of	QG	buffer	were	added	to	1	volume	of	gel	(assume	100mg	gel	

~	 100μl).	 The	 band	 was	 dissolved	 by	 incubating	 at	 50°C	 for	 approximately	 10	

minutes,	with	vortexing	every	2-3	minutes.	1	gel	volume	isopropanol	was	added	

then	mixed	with	vortexing.	The	sample	was	transferred	to	a	QIAquick	spin	column	

and	 centrifuged	 for	 1	minute	 and	 flow-through	 discarded.	 0.5ml	 QG	 buffer	 was	

added	and	centrifuged	again.	The	sample	was	washed	twice	with	0.75ml	PE	buffer	

and	flow	discarded	after	centrifuging.	Residual	buffer	was	removed	by	centrifuging	

again.	The	column	was	transferred	to	a	clean	microcentrifuge	tube	and	50μl	elution	

buffer	added	then	spun	to	elute	the	purified	DNA.		

2.2.2.6 Ligation	

The	relevant	digested	plasmid	and	insert	DNA	pairs	were	ligated	together:	

pGBKT7	 plasmid	 with	 CCR3	 C-terminus	 insert;	 CCR1	 plasmid	 with	 CCR3	 C-

terminus	 insert;	 CCR3	 plasmid	with	 CCR1	C-terminus	 insert.	 The	 ligations	were	

performed	using	 a	3	 insert:	 1	 vector	 ratio.	Typically,	 100	 -150ng	 total	DNA	was	

used	per	ligation	reaction.	The	following	were	added	to	a	microcentrifuge	tube	and	
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incubated	for	1	hour	at	room	temperature:	3:1	ratio	of	digested	insert	and	vector	

DNA;	1μl	T4	ligase;	2μl	ligase	buffer	and	sterile	water	up	to	20μl.		

2.2.2.7 Transformation	of	competent	E.coli	cells	

CCR1.3,	CCR3.1,	pGBKT7-CCR3	and	FBXL5	plasmids	were	transformed	using	

One	Shot®	TOP10	chemically	competent	E.coli	cells	(Invitrogen).	A	competent	cell	

vial	(50μl),	stored	at	-80°C	was	thawed	on	ice	for	30	minutes	then	transferred	to	a	

15ml	 tube,	 before	 plasmid	 DNA	 (50-100ng)	 was	 gently	 introduced	 and	 cells	

incubated	on	ice	for	30	minutes.	Cells	were	heat-shocked	at	42°C	for	45	seconds,	

incubated	 on	 ice	 for	 2	minutes	 and	 0.5ml	 SOC	medium	 (Invitrogen)	was	 added	

before	incubating	cells	for	1	hour	at	37°C	with	shaking	at	225	rpm	(revolutions	per	

minute).	The	 cells	were	 then	plated	onto	an	ampicillin	or	kanamycin	agar	plate,	

depending	 on	 the	 plasmid	 transformed.	 Finally,	 the	 plate	 was	 inverted	 and	

incubated	overnight	at	37°C.		

2.2.2.8 Mini-prep	of	bacterial	culture	

From	the	agar	plate	a	bacterial	colony	was	picked	using	a	sterile	pipette	tip	

and	placed	 in	 a	3ml	LB	broth	 (see	 section	2.1.2)	with	 the	appropriate	 antibiotic	

(ampicillin	 at	 100μg/ml	 or	 kanamycin	 at	 50μg/ml).	 The	 bacterial	 culture	 was	

grown	 overnight	 at	 37°C	 with	 shaking	 at	 225	 rpm.	 1.5ml	 of	 the	 culture	 was	

harvested	and	subsequent	DNA	purified	using	the	5	PRIME	Fast	PlasmidTM	mini	kit	

(VWR,	UK)	 as	 per	manufacturer’s	 instructions.	 Briefly,	 cells	were	 centrifuged	 at	

10,000g	for	1	minute	(in	2ml	tube	provided),	supernatant	decanted	and	cell	pellet	

resuspended	in	400μl	ice-cold	lysis	buffer.	Cells	were	vortexed	for	3	seconds	then	

incubated	for	3	minutes	at	room	temperature.	The	cells	were	then	transferred	to	a	

spin	column,	centrifuged	for	1	minute	at	maximum	speed,	400μl	wash	buffer	added	

and	 cells	 spun	 again.	 Flow-through	 was	 discarded	 and	 cells	 spin	 again	 before	

transferring	the	spin	column	to	a	collection	tube.	50μl	elution	buffer	was	used	to	

elute	 the	 purified	 DNA.	 DNA	 yield	 was	 determined	 using	 a	 NanoDropTM	

spectrophotometer	(Thermo	Fisher).		
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2.2.2.9 Maxi-prep	of	bacterial	culture	

Following	a	mini-prep	and	subsequent	verification	of	 the	DNA	isolated	by	

analysis	on	agarose	gel	and/or	sequencing,	1ml	of	the	bacterial	culture	was	added	

to	200ml	LB	broth	supplemented	with	the	relevant	antibiotic	(ampicillin	100μg/ml	

or	kanamycin	at	50μg/ml).	The	culture	was	grown	overnight	at	37°C	with	shaking	

at	 225	 rpm.	 The	 cells	 were	 harvested,	 and	 DNA	 isolated	 by	 using	 the	 QIAGEN	

HiSpeed®	 plasmid	 maxi	 kit	 (QIAGEN),	 as	 per	 manufacturer’s	 instructions.	

Typically,	1ml	plasmid	DNA	was	generated	and	as	described	previously,	DNA	yield	

determined	 using	 a	NanoDropTM	 and	 verified	 by	 sequencing	 and/or	 agarose	 gel	

electrophoresis.	

2.2.2.10 DNA	sequencing		

The	authenticity	of	all	DNA	samples	was	confirmed	by	sequencing	(Eurofins,	

Germany).	2-5ng/μl	of	purified	DNA	 in	15μl	dH2O	was	prepared	 for	 sequencing.	

Sequencing	was	done	using	T7	primer,	unless	otherwise	stated.	

	

2.2.3 Functional	assays	

2.2.3.1 Receptor	cell	surface	expression	using	flow	cytometry	

	 Cells	 were	 counted	 and	 harvested	 at	 2.5x105	 cells	 per	 sample	 by	

centrifugation	at	310g	for	5	minutes	and	at	4°C.	The	supernatant	was	discarded,	

and	 the	 cells	 resuspended	 in	 1ml	 of	 FACS	 buffer	 (see	 section	 2.1.2)	 before	

transferring	 into	FACS	 tubes	and	centrifuged	as	described.	The	supernatant	was	

then	 discarded,	 and	 cell	 pellet	 resuspended	 in	 100μl	 of	 the	 relevant	 primary	

antibody	or	isotype	control	(1/100	dilution).	Cells	were	then	incubated	on	ice	for	

30	minutes	and	centrifuged.	The	supernatant	was	discarded,	and	cells	 incubated	

(as	previously	described)	with	50μl	secondary	antibody	(1/10	dilution).	The	cells	

were	washed	with	1ml	FACS	buffer,	 centrifuged	and	resuspended	 in	0.5ml	FACS	

buffer.	Cell	surface	receptor	expression	was	analysed	using	a	FACS	Calibur	or	FACS	

Fortessa	flow	cytometer	(BD	Biosciences,	CA,	USA).		
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2.2.3.2 Chemotaxis	using	Boyden	chamber	

Following	cell	surface	expression	confirmation	of	the	relevant	receptor	by	

flow	 cytometry,	 chemotactic	 responsiveness	 was	 measured	 using	 the	 Boyden	

chamber	 assay.	 First,	 the	 wells	 of	 a	 96-well	 5μm	 pore	 chemotaxis	 plate	

(Neuroprobe,	MD,	USA)	were	blocked	with	1%	BSA	(diluted	in	10ml	simple	RPMI	

media)	and	 incubated	 for	30	minutes	at	 room	temperature.	This	blocking	buffer	

was	diluted	1:10	with	 simple	RPMI	media	 to	 generate	 assay	buffer	 (RPMI,	0.1%	

BSA).	Chemokine	concentrations	of	0.1,	1,	10,	and	100nM	or	0.03,	0.3,	3	and	30nM	

were	made	 from	 10μM	 stocks	 (Peprotech,	 London,	 UK),	 dilutions	were	made	 in	

assay	buffer.	Dilutions	were	made	in	duplicate	and	31μl	chemokine	solution	was	

added	 per	 well.	 Assay	 buffer	 alone	 was	 also	 run	 in	 duplicate	 to	 assess	 basal	

migration	in	the	absence	of	chemokine.	The	membrane	was	then	placed	over	the	

wells	and	2.5x105	cells	per	well	(in	20μl	droplets)	were	placed	atop	the	membrane.	

The	cells	were	covered	with	a	lid	and	the	plate	placed	in	a	humidified	box	in	a	5%	

CO2	environment	for	5	hours	at	37°C.	Following	the	incubation,	the	cell	droplets	on	

top	 of	 the	membrane	were	 scrapped	 off	 and	 the	membrane	 removed.	 Cells	 that	

migrated	to	the	bottom	of	the	plate	were	counted	using	either	a	haemocytometer	

or	TopCountTM	NXT	machine	(Perkin	Elmer).	When	using	the	TopCountTM,	samples	

in	 the	wells	were	 transferred	 to	 a	 96-well	OptiPlate	 by	 placing	 a	well-funnelled	

plate	over	the	plate	between	the	chemotaxis	plate	and	the	OptiPlate	and	inverting	

it	before	centrifuging	at	310g	 for	5	minutes.	Cell	Titre-Glo®	 (20μl)	was	added	to	

the	cells	and	the	plate	covered	with	a	Top	Seal-A	layer	and	plate	incubated	for	10	

minutes	with	shaking.	Migrated	cells	were	then	counted	using	the	Top	CountTM	NXT	

machine.	Chemotactic	index	(CI)	was	calculated	by	dividing	the	mean	migration	for	

each	condition	by	the	mean	migration	seen	in	response	to	buffer	alone.		

2.2.3.3 Chemotaxis	using	TAXIScanTM	system	

Following	eosinophil	 isolation	 from	peripheral	blood	 (see	 section	2.2.3.4)	

the	cells	chemotactic	responsiveness	was	measured	using	the	TAXIScanTM	system	

(Effector	Cell	Institute,	Tokyo,	Japan).	The	purified	eosinophils	were	incubated	at	

37˚C	for	1	hour	before	chemotaxis.	The	machine	set-up	and	method	was	done	as	

per	manufacturer’s	 instructions	and	as	described	 in	 figure	3-3.	Briefly,	 the	glass	
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slide,	5µm	terrace	chip,	and	assembling	holders	were	cleaned	by	sonication	for	5	

minutes	in	deionised	water.	The	glass	slide	was	coated	with	10%	FBS	RPMI	media	

and	 incubated	 for	 1	 hour	 at	 37˚C.	 The	media	was	 aspirated,	 and	 the	 glass	 slide	

washed	with	filter	sterilised	assay	buffer	(see	section	2.1.2)	then	mounted	into	the	

TAXIScanTM	 holder.	 The	 terrace	 was	 filled	 with	 assay	 buffer.	 Excess	media	 was	

removed	 by	 aspirating	 to	 the	 level	 to	 that	 of	 the	 wells.	 Once	 the	 machine	 was	

warmed	up	(chamber	temperature	set	to	37˚C)	the	cells	were	injected	to	the	‘top’	

of	the	well	base	of	the	chamber	system	–	1µl	of	cells	per	well	at	a	concentration	of	

106	cells/ml.	From	the	opposite	well	~6µl	of	media	was	aspirated	to	induce	a	flow	

which	allowed	the	alignment	of	20-50	cells	at	the	top	of	the	terrace.	Once	enough	

cells	were	 loaded	 the	 terrace	was	 flooded	with	media	 to	 halt	 the	 flow	 and	 stop	

additional	 cells	moving	onto	 the	 terrace.	1µl	of	 each	 relevant	 chemokine	 (at	 the	

specified	 concentration)	was	 injected	 to	 the	opposite	wells.	 The	 cells	were	 then	

imaged	at	1-minute	intervals	for	90	minutes.	Data	was	analysed	using	ImageJ-64	

software	 (NIH)	with	 the	manual	 tracking	 tool	plugin.	Forward	migration	 indices	

(perpendicular:	FMI⊥	and	parallel:	FMIII)	were	calculated	as	shown	in	figure	2-1.		
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Figure	2-1	 Forward	migration	indices	(FMI)	calculation	of	migrating	cells	

A)	Plot	illustrating	the	parameters	of	forward	migration	indices	(FMI),	defined	as	the	

efficiency	of	forward	migration	of	cells	perpendicular	(FMI⊥)	and	parallel	(FMI	II)	to	the	

chemokine	gradient.	 Image	adapted	 from	Zengel	et	al.,	 (2011).	B)	 calculation	of	 the	

FMI⊥	using	the	x	end	point	value;	FMI	II	calculated	using	the	y	end	point	value.	di,	accum	

=	distance	accumulated	of	a	cell	path.	n	=	number	of	cells	 tracked.	Calculation	 from	

Zengel	et	al.,	(2011).		Used	for	data	analysis	section	3.2.1,	figure	3-6.	
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2.2.3.4 Isolation	of	human	eosinophils		

2.2.3.4.1 Granulocyte	preparation	

30ml	 of	 peripheral	 blood	 from	 a	 human	 donor	 was	 anti-coagulated	 with	

2.93ml	3.8%	citrate	(w/v)	solution	in	water	(BDH	Chemicals	Ltd,	Poole,	UK)	and	

centrifuged	for	20	minutes	at	300g	without	a	break.	The	platelet	rich	plasma	layer	

was	 carefully	 aspirated	 leaving	 a	 cell	 fraction	 comprising	 of	 erythrocytes	 and	

leukocytes.	 6ml	 of	 a	 6%	 dextran	 solution	 (Amersham	 Biosciences,	 Chalfont	 St.	

Giles,	 UK)	 in	 0.9%	 saline	 was	 added	 to	 the	 cell	 layer.	 The	 final	 volume	 was	

increased	to	50ml	using	MACS	(Magnetic-activated	cell	sorting)	buffer	(see	section	

2.1.2)	 and	 surface	 air	 bubbles	 were	 removed	 using	 a	 Pasteur	 pipette.	 The	

erythrocytes	were	left	to	sediment	for	25	minutes	at	room	temperature.	The	top	

leukocyte-rich	layer	was	carefully	transferred	and	layered	on	top	a	15ml	of	Ficoll-

Paque	PLUS	(GE	Healthcare,	Amersham,	UK)	solution	 in	a	new	50ml	 falcon	tube.	

The	cells	were	centrifuged	for	as	described	before	at	420g.	Using	a	Pasture	pipette	

the	upper	PBMC	layer	and	remaining	supernatant	were	aspirated.	The	granulocyte	

pellet	 was	 resuspended	 in	 25ml	 RBC	 lysis	 buffer	 (10x	 buffer:	 2.5ml	 stock	 and	

22.5ml	 filter	 sterilised	water)	 for	1	minute	before	25ml	MACS	buffer	was	added	

and	 tube	 inverted	 to	 mix.	 The	 cells	 were	 counted	 using	 a	 haemocytometer,	 as	

previously	 described.	 The	 cells	 were	 centrifuged	 for	 8	 minutes	 at	 300g.	 The	

supernatant	was	then	removed,	and	cell	pellet	washed	with	25ml	MACS	buffer	and	

cells	 spun	 again,	 as	 described.	 Centrifugation	 steps	 were	 performed	 at	 room	

temperature,	unless	otherwise	stated.		

2.2.3.4.2 Magnetic	labelling	

	Eosinophils	 were	 isolated	 using	 the	 human	 eosinophil	 isolation	 kit	 from	

Miltenyi	Biotec	Ltd	(Surrey,	UK)	as	per	manufactures	instructions.	Briefly,	the	cell	

pellet	 was	 resuspended	 in	 40µl	 MACS	 buffer,	 followed	 by	 10µl	 Biotin-antibody	

cocktail	provided.	The	cells	were	mixed	and	incubated	for	10	minutes.	30µl	MACS	

buffer	was	added	followed	by	20µl	of	anti-biotin	microbeads.	The	cells	were	mixed	

and	 incubated	 for	 a	 further	 15	minutes.	 The	 cells	were	washed	with	 1ml	MACS	

buffer	and	centrifuged	at	300g	for	10minutes.	The	supernatant	was	aspirated,	and	

cells	resuspended	in	500µl	MACS	buffer	per	108	cells.	All	volumes	indicated	were	
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for	per	107	total	cells	and	were	adjusted	accordingly,	unless	otherwise	stated.	All	

incubations	and	centrifugations	were	done	at	4˚C.		

2.2.3.4.3 Magnetic	separation	

A	MACS®	LS	column	was	attached	to	the	MACS®	magnetic	separator	stand	

and	 column	 rinsed	with	 3ml	MACS	 buffer	 (collected	 in	 a	 waste	 bottle).	 A	 15ml	

Falcon	 collection	 tube	was	 placed	 below.	 The	 cell	 suspension	was	 added	 to	 the	

centre	of	the	column	and	tube	washed	out	with	500µl	MACS	buffer	and	added	to	

the	column.	The	column	was	 then	washed	3	 times	with	3ml	MACS	buffer.	Buffer	

was	only	added	when	the	column	reservoir	was	empty.	The	total	effluent	contained	

the	 purified	 eosinophils.	 Inverting	 the	 tube	 mixed	 the	 9.5ml	 effluent	 and	 20µl	

sample	was	taken	for	counting	using	a	haemocytometer,	as	previously	described.	

The	 cells	 were	 then	 pelleted	 by	 centrifugation	 at	 300g	 for	 10	 minutes.	 The	

supernatant	was	removed,	and	cells	resuspended	in	RPMI	media	with	0.1%	BSA	at	

1	x	106	cells/ml.	Typically,	1-2	x	106	eosinophils	were	isolated	from	a	30ml	blood	

preparation.		

2.2.3.4.4 Eosinophil	staining		

A	100µl	sample	of	the	eosinophils	were	transferred	onto	a	microscope	slide	

for	 immunostaining	 using	 a	 cytocentrifuge.	 Filter	 paper	was	 placed	 on	 top	 of	 a	

microscope	slide	and	attached	to	a	cytofunnel	and	clipped	in	place	on	the	cytoclip.	

The	cell	suspension	(5	x104	cells)	was	added	to	the	funnel	and	the	cells	spun	in	a	

cytocentrifuge	 at	 400rpm	 for	 4	 minutes.	 The	 slide	 was	 then	 air-dried	 for	 20	

minutes.	The	cells	were	then	fixed	by	immersing	the	slide	in	cold	methanol	(100%)	

for	5	minutes.	The	slide	was	rinsed	with	PBS	three	times	and	stored	at	4˚C	ready	

for	staining.		

Haematoxylin	 and	 eosin	 (H&E)	 immunostaining	was	 done	 as	 follows:	 the	

fixed	cells	slide	was	dipped	in	cold	water	then	immersed	in	filtered	haematoxylin	

solution	(Sigma-Aldrich)	for	20	minutes	in	a	Coplin	staining	jar.	The	slide	was	then	

placed	in	a	staining	rack	and	washed	under	cold	running	water	for	5	minutes.	The	

slide	 was	 dipped	 in	 1%	 acid	 alcohol	 (see	 section	 2.1.2)	 for	 a	 few	 seconds	 and	

washed	again.	The	slide	was	placed	in	eosin	(see	section	2.1.2)	for	20	minutes	then	

briefly	washed	in	water.	The	slide	was	dipped	briefly	in	70%	then	90%	then	100%	

alcohol	 to	 dehydrate	 the	 cells.	 The	 slide	 was	 placed	 in	 Histo-clearTM	 (Sigma-



 

   79	

Aldrich)	 for	 5	 minutes.	 Finally,	 the	 cells	 were	 permanently	 sealed	 using	

HistomountTM	 (Thermo	 Fisher)	 mounting	 solution.	 Slides	 were	 stored	 at	 room	

temperature	 in	a	slide	holder.	The	stained	cells	were	 imaged	using	a	bright-field	

microscope	(Zeiss,	Cambridge,	UK).		

For	 Congo	 red	 (see	 section	 2.1.2)	 immunostaining	 the	 method	 was	 as	

described	above	with	the	Congo	red	stain	used	instead	of	eosin.		

	

2.2.3.5 β-arrestin	recruitment	assay	

The	β-arrestin	recruitment	assay	(see	figure	3-7)	was	purchased	as	a	kit	from	

DiscoverX	(CA,	USA)	and	was	used	to	investigate	β-arrestin	biology.	The	method	used	

was	as	described	in	the	user	manual.	Briefly,	PathHunter®	CHO-K1	expressing	CCR3	β-

arrestin	cells	were	mixed	with	cell	plating	reagent	and	then	transferred	at	100	µl	per	

well,	in	a	96-well	plate.	Cells	were	incubated	at	37°C	and	5%	CO2	before	being	treated	

with	10µl	of	the	relevant	ligand	pre-prepared	in	cell	plating	reagent.	CCL11,	CCL24	and	

CCL26	ligand	concentrations	ranged	from	1nM	to	1000nM.	The	cells	were	incubated	

for	 a	 further	 90	minutes	 before	 detection	 solution	was	 added	 and	 incubated	 for	 a	

further	 1	 hour	 at	 room	 temperature	 in	 the	 dark.	 The	 chemiluminescent	 signal	was	

measured	using	a	TopCountTM	NXT	machine	(Perkin	Elmer).	

	

2.2.3.6 Western	blotting	

2.2.3.6.1 Cell	lysis		

The	relevant	cells	were	harvested	(as	previously	described),	washed	in	ice	

cold	PBS	twice	and	resuspended	in	cell	lysis	buffer	(see	section	2.1.2).	Typically,	1	

x106	cells	per	100µl	lysis	buffer	was	used	to	obtain	total	protein	cell	lysate.	Once	

in	 lysis	buffer	 the	 cells	were	gently	pipetted	 to	 resuspend	and	 left	 on	 ice	 for	10	

minutes.	 Cells	 were	 then	 centrifuged	 at	 10,000	 rpm	 for	 10	minutes	 at	 4˚C.	 The	

supernatant	was	removed	and	stored	in	aliquots	of	50µl	per	microcentrifuge	tube	

at	-20˚C.		

2.2.3.6.2 BCA	protein	assay	

The	 BCA	 (bicinchoninic	 acid)	 assay	 was	 used	 to	 determine	 the	 protein	

concentration	of	the	lysed	cells	as	per	manufactures	instructions.	Briefly,	diluted	
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BSA	 standards	 (0,	 0.25,	 1.25,	 2.5,	 5.0,	 7.5,	 10,	 15,	 20	 mg/ml)	 were	 made	 and	

pipetted	in	aliquots	of	25µl	per	well	in	a	96-well	plate.	The	stored	cell	lysate	aliquot	

was	thawed	on	ice.	Duplicates	of	the	sample	(25µl	per	well)	were	added	to	the	plate	

at	1/5	and	1/25	dilutions.	200µl	of	the	BCA	working	reagent	(BCA	reagent	A:	B	at	

a	50:1	ratio)	was	added	to	each	well.	The	plate	was	covered	with	foil.	The	samples	

were	mixed	using	a	plate	shaker	for	30	seconds	then	left	to	incubate	for	30	minutes	

at	37˚C.	The	absorbance	was	read	using	an	ELISA	(Enzyme-linked	immunosorbent	

assay)	plate	reader	(Tecan,	Männedorf,	Switzerland)	at	562nm	wavelength.	Protein	

concentration	of	the	samples	was	determined	from	plotting	a	standard	curve	of	the	

absorbance	of	each	BSA	standard	vs.	its	concentration.		

2.2.3.6.3 Gel	electrophoresis		 	 	

The	gel	 tank	was	 filled	with	20x	NuPAGETM	 running	buffer.	Samples	were	

loaded	onto	a	NuPAGETM	NovexTM	4-12%	Bis-Tris	gel	(Invitrogen).	Typically,	a	16µl	

sample	 with	 4µl	 sample	 buffer	 (non-reducing	 lithium	 dodecyl	 sulphate	 sample	

buffer,	 Thermo	 Fisher)	 was	 loaded	 per	 well.	 For	 reduced	 conditions	 1µl	 10x	

NuPAGETM	sample	reducing	agent	was	added.	For	boiled	conditions	the	sample	was	

incubated	for	5	minutes	at	95˚C	then	cooled	on	ice	before	loading	onto	the	gel.	10µl	

protein	ladder	was	loaded	into	the	first	well	(20-120kDa	or	10-260kDa,	Fermentas,	

Thermo	Fisher).	The	samples	were	run	for	90	minutes	at	130V.		

2.2.3.6.4 Transfer		

Following	sample	gel	electrophoresis	the	gel	was	unclipped	from	its	casing	

and	carefully	placed	onto	a	nitrocellulose	membrane	 (iBlotTM	 gel	 transfer	 stack)	

ready	for	sample	transfer	using	the	iBLOTTM	blotting	system	(Thermo	Fisher),	as	

per	the	manufactures	instructions.		

2.2.3.6.5 Immunodetection		

Following	the	sample	transfer	the	protein(s)	of	interest	were	detected	using	

the	Pierce®	Fast	Western	blot	kit	 (Thermo	Fisher)	and	probed	with	 the	relevant	

antibodies	 (mouse	 or	 rabbit	 primary	 antibodies).	 The	 method	 used	 was	 as	

described	in	the	user	manual.	Briefly,	the	membrane	was	transferred	to	a	clean	tray	

and	washed	using	 the	 fast	Western	1x	wash	buffer	 provided.	The	blot	was	 then	

placed	 in	 a	 50ml	 falcon	 tube	 with	 the	 primary	 antibody	 (1/1000	 dilution)	 and	
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incubated	 for	30	minutes	with	 shaking.	The	blot	was	 transferred	 to	 clean	 falcon	

tube	 with	 the	 fast	Western	 optimised	 HRP	 reagent	 (1:10	 ratio	 of	 HRP	 reagent:	

antibody	diluent)	and	 incubated	 for	10	minutes	with	shaking.	The	blot	was	 then	

washed	 in	20ml	wash	buffer	by	 incubating	 for	5	minutes	with	 shaking.	The	blot	

was	 transferred	 to	 a	 clean	 tray	 and	 incubated	 for	 5	minutes	with	 the	 enhanced	

chemiluminescence	detection	reagent	provided.	The	excess	reagent	was	removed	

using	tissue	paper	then	the	blot	was	carefully	wrapped	in	cling	film	avoiding	any	

bubbles	ready	for	imaging.	All	incubations	were	at	room	temperature.		

2.2.3.6.6 Chemiluminescent	detection	

The	blot	was	detected	and	imaged	using	the	ChemiDocTM	XRS	machine	(Bio-

Rad).		

2.2.3.6.7 Secondary	probing		

	 Secondary	probing	was	performed	to	detect	the	GAPDH	(Glyceraldehyde	3-

phosphate	 Dehydrogenases)	 protein	 (loading	 control)	 by	 stripping	 the	 blot	 and	

reprobing	the	membrane.	The	blot	was	placed	in	a	clean	tray	and	incubated	in	the	

RestoreTM	stripping	buffer	(Thermo	Fisher)	for	15	minutes	at	37˚C.	The	blot	was	

then	placed	 in	a	clean	 tray	and	washed	 in	PBS	as	previously	described.	The	blot	

was	reprobed	using	the	immunodetection	method	described	above	and	imaged	as	

previously	described.	

2.2.3.7 Confocal	microscopy	

Cells	were	prepared	for	confocal	analysis	over	the	course	of	four	days.	On	

day	one	the	CHO-CCR4	cells	were	harvested	and	seeded	for	transfection	using	the	

TurboFectTM	 transfection	 reagent	 on	 day	 two,	 method	 as	 previously	 described	

(section	 2.2.1.3).	 On	 day	 three	 the	 transfected	 cells	 were	 fixed	 and	 stained	 for	

confocal	 imaging.	 For	 conditions	 with	 ligand	 (CCL17	 or	 CCL22),	 cells	 were	

incubated	for	30	minutes	with	100nM	ligand	before	fixing	and	staining.		

For	 conditions	with	FAC,	 cells	were	 first	 treated	with	MG132	proteasome	

inhibitor	at	10μM	per	well	and	incubated	for	1	hour	at	37°C,	 followed	by	100μM	

FAC	per	well	and	incubating	for	4	hours	at	37°C.	Ligand	was	added	as	described	

above	before	fixing	and	staining	the	cells.		
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Media	 from	 the	 plate	 was	 carefully	 removed	 from	 the	 wells	 without	

disturbing	the	adherent	transfected	cells	on	the	coverslip.	The	cells	were	washed	

by	adding	1ml	PBS	per	well	(carefully	along	the	well	wall)	and	mixed	by	tapping	

the	side	of	the	plate	before	discarding	the	PBS.	This	was	repeated	3	times.	500μl	of	

4%	paraformaldehyde	(PFA)	was	added	drop-wise	to	each	well	and	plate	incubated	

for	15	minutes.	The	PFA	was	aspirated	and	cells	washed	with	PBS,	as	previously	

described.	 0.5ml	 0.1M	 glycine	 was	 added	 to	 each	 well	 and	 incubated	 for	 10	

minutes.	 Cells	 were	 washed	 as	 before	 and	 incubated	 with	 glycine	 and	 washed	

again.	 To	 permeabilise	 the	 cells	 0.5ml	 0.1%	 TritonTM	 X-100	 (Sigma-Aldrich)	

detergent	was	added	to	each	well	and	incubated	for	10	minutes.	The	detergent	was	

aspirated,	and	cells	washed	with	PBS	as	previously	described.	The	cells	were	then	

incubated	for	30	minutes	with	0.5ml	blocking	buffer	(PBS	+	5%	FCS)	per	well.	The	

CCR4	receptor	and	FBXL5	expressing	cells	were	stained	using	primary	antibodies	

followed	 by	 their	 corresponding	 fluorophore	 secondary	 antibody.	 See	 section	

2.1.1.6	for	antibodies	used.	The	primary	antibodies	were	made	in	30μl	final	volume	

of	a	1%	BSA	and	PBS	buffer	at	a	1/100	or	1/500	dilution	per	well.	The	30μl	diluted	

antibody	 was	 pipetted	 on	 a	 24-well	 plate	 lid	 covered	 with	 Parafilm®	 and	 the	

coverslip	was	transferred	–	cell	side	down	-	over	the	drop,	avoiding	any	bubbles.	

Another	24-well	plate	lid	was	placed	over	the	coverslips	and	cells	incubated	for	1	

hour	under	humidified	conditions.	The	coverslips	were	transferred	back	into	the	

24-well	plate	–	cell	side	up	–	and	washed	in	PBS	as	previously	described,	however	

with	the	second	and	third	wash	incubating	for	5	minutes.	This	staining	process	was	

repeated	for	the	secondary	antibody	(1/200)	and	incubated	for	45	minutes	in	the	

dark.	 The	 cells	 were	 washed	 as	 described	 above.	 Each	 coverslip	 was	 carefully	

mounted	 on	 a	 microscope	 slide	 using	 5μl	 Mowiol®	 mounting	 medium	 (Sigma-

Aldrich).	 Slides	were	 kept	 in	 the	dark	 at	 4°C	 for	 long-term	 storage.	On	day	 four	

slides	 were	 analysed	 using	 confocal	 microscopy	 (Carl	 Zeiss,	 Oberkochen,	

Germany).	 All	 incubations,	 unless	 otherwise	 stated	 were	 performed	 at	 room	

temperature.	
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2.2.4 Yeast	two-hybrid	system		

Yeast	transformation	system,	easy	yeast	plasmid	isolation	kit,	yeast	media,	and	

yeast	 strains	 were	 all	 from	 Clontech.	 The	 methods	 below	 are	 summarised	 from	

Clontech	 user	 manuals	 catalogue	 numbers	 630439,	 630489	 and	 630490.	 All	

incubations	for	yeast	cells	were	done	at	30°C,	unless	otherwise	stated.	

2.2.4.1 Yeast	transformation	

2.2.4.1.1 Competent	yeast	cells	

Yeast	 strains	 Y2HGold	 and	 Y187	 were	 streaked	 onto	 YPDA	 (yeast	 extract-

peptone-dextrose	 agar)	media	 and	 incubated	 for	 3	 days.	 Colonies	were	 picked	 and	

cultured	in	3ml	YPDA	broth	for	8-12hr	with	shaking	at	250rpm.	5μl	of	each	culture	was	

transferred	to	50ml	of	YPDA	and	incubated	till	the	OD600	reached	0.15-0.30.	The	culture	

was	spun	at	700g	for	5	minutes	at	room	temperature	then	resuspended	in	100ml	YPDA	

and	 incubated	until	 till	 the	OD600	reached	0.4-0.5.	The	culture	was	pelleted,	washed	

with	dH2O	and	resuspended	in	1.5ml	of	1.1	x	TE/LiAc	(lithium	acetate).	The	culture	

was	then	transferred	to	a	1.5ml	microfuge	tube,	spun	for	15	seconds	and	the	pellet	was	

resuspended	in	600μl	of	1.1	x	TE/LiAc.		

2.2.4.1.2 Small-scale	yeast	transformation		

100ng	of	plasmid	and	5μl	of	denatured	YeastmakerTM	carrier	DNA	(10mg/ml)	

was	 added	 to	 50μl	 of	 competent	 cells	 in	 a	 pre-chilled	 microfuge	 tube	 and	 gently	

vortexed.	 Followed	 by	 500μl	 of	 polyethylene	 glycol/lithium	 acetate,	 gently	 mixed	

before	incubating	for	30	minutes.	The	cells	were	mixed	every	10	minutes	by	tapping	

gently.	20μl	DMSO	(Dimethyl	sulphoxide)	was	added	and	mixed	before	incubating	in	a	

water	 bath	 at	 42°C	 for	 15	minutes.	 The	 cells	were	 centrifuged	 for	 15	 seconds	 and	

resuspended	in	1ml	YPD	Plus	liquid	media.	Cells	were	pelleted,	supernatant	discarded	

and	 resuspended	 in	 1ml	 0.9%	 (w/v)	NaCl	 (Sodium	 Chloride).	 100μl	 of	 a	 1/10	 and	

1/100	dilution	of	each	sample	was	plated	onto	the	appropriate	selective	media.	Plates	

were	incubated	for	5	days	and	transformation	efficiency	calculated.	
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2.2.4.2 Generating	bait	plasmid	–	pGBKT7-CCR3	

Amplification	 of	 CCR3	 C-terminus	 for	 Y2H	 bait	 generation	 was	 done	 using	

primers	designed	as	described	 in	appendix	 table	10-4	 (bait	PCR).	The	PCR	reaction	

mixtures	were	made	up	 in	200µl	PCR	tubes	consisting	of:	50ng	CCR3	DNA,	5µl	10X	

buffer,	1µl	forward	bait	PCR	primer	(10µM),	1µl	reverse	bait	PCR	primer	(10µM),	2µl	

dNTPs	 (10µM),	 1µl	 Pfu	 DNA	 polymerase	 and	 dH2O	 up	 to	 50µl.	 A	 control	 reaction	

mixture	was	made	as	described,	without	the	Pfu	DNA	polymerase.	The	PCR	program	

conditions	 are	described	 in	 appendix	 table	10-3.	 PCR	product	was	 confirmed	using	

agarose	gel	electrophoresis,	method	as	previously	described.	The	remaining	sample	

was	purified	using	the	QIAquick	PCR	purification	kit	(QIAGEN)	as	instructed.	CCR3	C-

terminus	PCR	product	and	bait	plasmid	pGBKT7	were	digested	with	BamHI	and	EcoRI,	

run	on	a	1%	agarose	gel	where	digested	bands	were	gel	extracted	and	purified	using	

QIAquick	gel	extraction	kit	(QIAGEN).	The	purified	DNA	C-terminus	insert	(80ng)	was	

ligated	to	pGBKT7	plasmid	(12ng).	Methods	were	as	previously	described	in	sections	

2.2.2.1-3.	The	ligated	sample	was	transformed	in	E.coli	and	cells	plated	and	incubated	

overnight	at	37˚C	(section	2.2.2.4).	Six	bacterial	colonies	were	picked	and	grown	in	LB	

broth	overnight	and	later	purified	using	the	FastPlasmidTM	Mini-prep	kit	(Eppendorf,	

UK).	 Successful	 ligation	 of	 pGBKT7	 and	 CCR3	 C-terminus	was	 verified	 by	 digestion	

using	BamHI	and	EcoRI	and	gel	electrophoresis.	Following	verification	of	the	ligation	

by	 sequencing,	 0.5ml	 of	 mini-prep	 culture	 was	 scaled	 to	 maxi-prep	 and	 the	 DNA	

purified	then	quantified	using	a	Nanodrop	spectrophotometer.	

2.2.4.2.1 Testing	pGBKT7-CCR3	bait	for	autoactivation	and	toxicity		

Competent	Y2HGold	cells	were	made	as	previously	described	and	transformed	

with	100ng	pGBKT7-CCR3	to	test	 for	bait	autoactivation.	100µl	of	 transformed	cells	

were	plated	at	1/10	and	1/100	dilutions	on	single	dropout	media:	SDO/-Trp,	SDO/-

Trp/X	 and	 SDO/-T/X/A	 plates	 and	 incubated	 as	 previously	 described	 (Trp:	

Tryptophan;	X:	X-α-Gal;	A:	Aureobasidin	A).	Previously	transformed	positive	(pGBKT7-

53	 and	 pGADT7-T)	 and	 negative	 (pGBKT7-Lam	 and	 pGADT7-T)	 control	 cells	 were	

plated	on	double	dropout	media:	DDO/X/A	 for	comparison.	To	 test	 for	bait	 toxicity	

empty	 bait	 pGBKT7	 and	 pGBKT7-CCR3	 plasmids	 (100ng	 each)	 were	 separately	

transformed	in	Y2HGold	competent	cells	and	plated	on	SDO/-Trp	(100µl	of	1/10	and	

1/100	dilutions)	and	incubated	for	5	days	as	described.	
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2.2.4.3 Generating	prey	plasmid	–	pGADT7-L1.2	cDNA	

2.2.4.3.1 Control	of	homologous	recombination-mediated	cloning	

Competent	 Y187	 yeast	 cells	 were	 made	 as	 previously	 described	 and	

transformed	using	the	small-scale	protocol.	pGADT7-Rec	cloning	vector	(500ng;	SmaI-

linearised)	was	co-transformed	with	75ng	SV40	large-T	PCR	fragment	 in	competent	

Y187	cells,	plated	on	SD/-Leu	at	a	1/10	and	1/100	dilution	and	incubated	as	previously	

described	(Leu:	leucine).	Using	the	same	method,	a	control	sample	was	generated	with	

pGADT7-Rec	alone.		

2.2.4.3.2 L1.2	cells	RNA	isolation	

Total	 RNA	 was	 isolated	 from	 L1.2	 cells	 through	 harvesting,	 lysing	 and	

homogenising	 5	 million	 cells,	 using	 the	 RNeasy	 mini	 kit	 (QIAGEN)	 following	 the	

method	as	described.	Briefly,	harvested	cells	were	centrifuged	at	300g	for	5	minutes	

and	resuspended	in	600µl	lysis	buffer	provided	and	vortexed	to	mix.	The	lysate	was	

transferred	 to	 a	 QIAshredder	 column	 and	 spun	 for	 2	 minutes	 at	 high	 speed	 in	 a	

microcentrifuge	to	homogenise	the	cells.	600µl	of	70%	ethanol	was	added	to	the	lysate	

and	mixed	by	pipetting.	The	sample	was	then	transferred	to	a	RNeasy	column,	spun	for	

15	seconds	at	high	speed	and	the	flow-through	was	discarded.	700µl	of	RW1	buffer	

was	added	to	the	column	and	spun	and	flow-through	discarded	as	described	above.	

The	 sample	was	washed	with	 500µl	wash	 buffer	 provided	 twice	 and	 flow-through	

discarded.	The	column	was	then	placed	in	a	new	2ml	collection	tube	and	30µl	of	RNase	

free	water	was	used	to	elute	the	RNA.		

2.2.4.3.3 First-strand	cDNA	synthesis	

ds	 cDNA	 was	 generated	 from	 L1.2	 total	 RNA	 using	 Clontech’s	 SMARTTM	

(Switching	 Mechanism	 at	 5’	 end	 of	 RNA	 Transcript)	 protocol.	 For	 the	 first-strand	

synthesis	reaction	the	following	were	added	to	a	microcentrifuge	tube	and	incubated	

at	72°C	for	2	minutes:	1.58µg	L1.2	RNA,	10µM	CDSIII/6	primer	(appendix	table	10-4)	

and	deionized	water	up	to	4µl.	For	the	positive	control	reaction	1µg	Mouse	Liver	Poly	

A+	RNA	was	added	to	10µM	CDSIII	primer	and	deionized	water	up	to	4µl.	The	tubes	

were	 then	 placed	 in	 ice	 for	 2	minutes	 then	 spun	 down	 for	 10	 seconds	 at	 14,000g.	

Another	reaction	mix	was	combined	with	the	 following:	5X	first	strand	buffer	(2µl),	

DTT	(Dithiothreitol)	(1µl;	100µM),	dNTP	mix	(1µl;	10µM)	and	SMART	MMLV	reverse	
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transcriptase	 (1µl).	 This	 reaction	 was	 then	 added	 to	 the	 4µl	 RNA	 reaction	 and	

incubated	for	10	minutes	at	25°C.	Followed	by	a	further	10	minute	incubation	at	42°C	

in	a	hot	lid	thermal	cycler.	1µl	SMART	III-modified	oligo	(10µM;	appendix	table	10-4)	

was	then	added,	mixed	and	incubated	at	42°C	for	1	hour.	The	reaction	was	terminated	

by	incubating	at	75°C	for	10	minutes.	Once	cooled	to	room	temperature	1µl	RNase	H	

was	added	and	incubated	at	37°C	for	20	minutes	(for	primer	details	see	appendix	table	

10-4).	

2.2.4.3.4 Long-distance	PCR	

The	ss	L1.2	cDNA	created	from	the	first-strand	synthesis	was	then	amplified	by	

long-distance	PCR	(LD-PCR)	to	generate	ds	cDNA.	Two	100µl	reactions	with	L1.2	cDNA	

and	one	positive	control	were	made	in	PCR	tubes	as	follows:	2µl	first-strand	cDNA,	10µl	

10X	Advantage®	PCR	buffer	(Clontech),	2µl	50X	dNTP	mix,	2µl	5’	LD-PCR	primer,	2µl	

3’	LD-PCR	primer	(appendix	table	10-4),	10µl	10X	melting	solution,	2µl	50X	Advantage	

2	 polymerase	mix,	 70µl	 deionised	water.	 Reactions	 were	 then	 placed	 in	 a	 thermal	

cycler	-	PCR	reaction	conditions	are	detailed	in	appendix	table	10-3.		

2.2.4.3.5 PCR	product	gel	electrophoresis	

PCR	 product	 amplification	was	 confirmed	 using	 agarose	 gel	 electrophoresis,	

method	as	previously	described.	Briefly,	7µl	of	each	100µl	reaction	was	run	on	a	1%	

agarose	gel	alongside	a	1kb	DNA	ladder.		

2.2.4.3.6 L1.2	ds	cDNA	library	purification		

The	remaining	PCR	product	was	purified	using	Clontech	CHROMA	SPIN	TE-400	

column	 and	 method	 as	 described.	 The	 column	 was	 prepared	 as	 per	 manufacture	

instructions	then	centrifuged	for	5	minutes	at	700g,	the	collection	tube	and	buffer	were	

then	discarded.	93µl	of	the	PCR	product	sample	was	placed	in	the	centre	of	the	column	

and	with	a	new	collection	tube	and	centrifuged	as	previously	described	to	elute	the	

purified	L1.2	cDNA.	This	was	process	was	repeated	for	the	other	sample.	Both	purified	

cDNA	samples	were	then	combined	in	a	microcentrifuge	tube	and	ethanol-precipitated.	

Ethanol	precipitation	of	the	cDNA	was	done	by	adding	1/10th	volume	of	3M	sodium	

acetate	with	2.5	volume	of	ice-cold	100%	ethanol	and	incubating	at	-20°C	freezer	for	1	

hour.	The	sample	was	centrifuged	at	13,500g	for	20	minutes	at	room	temperature.	The	
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supernatant	 was	 discarded,	 and	 pellet	 centrifuged	 again	 before	 air-drying	 for	 10	

minutes.	The	purified	L1.2	cDNA	pellet	was	resuspended	in	20µl	deionised	water.		

2.2.4.3.7 Library-scale	yeast	transformation	

Freshly	 prepared	 Y187	 competent	 yeast	 cells	 were	 made	 as	 previously	

described.	Library-scale	transformation	method	was	as	previously	described	for	small-

scale	transformation	with	changes	to	amounts.	Briefly,	3μg	of	prey	plasmid	(pGADT7-

Rec),	3μg	of	L1.2	cDNA	and	20μl	denatured	YeastmakerTM	carrier	DNA	(Clontech)	was	

added	 to	 a	 pre-chilled	 15ml	 tube	 with	 600μl	 competent	 cells,	 followed	 by	 2.5ml	

polyethylene	glycol/lithium	acetate,	gently	vortexed	and	incubated	for	45	minutes	at	

30°C.	Cells	were	mixed	every	15	minutes.	After	 incubation	160μl	DMSO	was	added,	

mixed	then	incubated	for	20	minutes	in	a	42°C	water	bath.	Cells	were	centrifuged	at	

700g	for	5	minutes	and	resuspended	in	3ml	YPDA	Plus	medium	then	incubated	for	90	

minutes	with	shaking	at	250rpm.	Cells	were	centrifuged	as	described	and	resuspended	

in	15ml	0.9%	(w/v)	NaCl.	100μl	of	a	1/10	and	1/100	dilution	was	plated	onto	SDO/-

Leu	plates	to	calculate	mating	efficiency	(Table	5-4).	The	remaining	cells	were	spread	

on	~100	SDO/-Leu	plates	at	150μl	per	plate	and	incubated	for	5	days.		

2.2.4.3.8 Harvesting	and	pooling	of	L1.2	cDNA	transformants	

The	 plates	 were	 chilled	 at	 4°C	 for	 4	 hours	 to	 prepare	 of	 harvesting	 of	 the	

transformants.	3ml	of	freezing	media	(100ml	YPDA	media	and	50ml	75%	glycerol)	was	

added	to	each	plate	and	sterile	glass	beads	were	used	to	detach	the	cells	from	the	plate.	

The	 cells	 were	 pooled	 in	 a	 sterile	 flask	 and	 cell	 density	 counted	 using	 a	

haemocytometer.	The	L1.2	cDNA	library	cells	were	stored	at	-80°C	in	1ml	aliquots.		

2.2.4.4 Yeast	two-hybrid	screening	

A	 fresh	 2-3mm	 pGBKT7-CCR3	 bait	 colony	 was	 inoculated	 in	 SDO/-Trp	 to	

prepare	a	concentrated	bait	culture	for	yeast	mating.	The	culture	was	incubated	at	30°C	

with	shaking	(250rpm)	until	the	OD600	reached	0.8	(~20hr).	Cells	were	pelleted	(5min	

at	1,000g)	and	resuspended	in	SDO/-Trp	at	>1x108	cells	per	ml.	Cells	were	counted	

using	a	haemocytometer.	A	1ml	library	prey	pGADT7-L1.2	aliquot	was	then	thawed	at	

room	 temperature	 in	 a	water	 bath.	 10µl	was	 removed	 for	 library	 tittering	 and	 the	

remainder	was	added	to	the	bait	culture	(4ml)	in	a	2L	flask	with	45ml	of	2xYPDA	media	

(with	50µg/ml	kanamycin).	The	culture	was	incubated	at	30°C	with	shaking	(40rpm)	
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for	24	hr.	After	20hr	the	mated	culture	was	checked	under	a	light	microscope	(40X)	for	

the	presence	of	zygotes.	If	none	were	observed,	the	culture	was	incubated	for	a	further	

4	hr.	The	cells	were	centrifuged	for	10	min	at	1,000g.	The	2L	culture	flask	was	rinsed	

twice	 with	 50ml	 0.5xYPDA	 and	 added	 to	 the	 pelleted	 cells.	 The	 cells	 were	 then	

centrifuged	 again,	 supernatant	 discarded	 and	 then	 finally	 resuspended	 in	 10ml	 of	

0.5xYDPA	 (with	 50µg/ml	 kanamycin)	 liquid	 medium.	 To	 calculate	 the	 number	 of	

clones	screened,	100µl	of	the	mated	culture	was	plated	at	1/10,	1/100,	1/1000,	and	

1/10,000	dilutions	on	SDO/-T,	SDO/-L	and	DDO	plates	(100mm	plates).	The	remaining	

mated	culture	was	plated	at	200µl	per	150mm	on	DDO/X/A	plates.	Any	isolated	blue	

colonies	 grown	 on	 DDO/X/A	 plates	 from	 the	 library	 screen	 were	 streaked	 onto	

QDO/X/A	plates	and	incubated.	Positive	and	negative	control	clones	made	as	described	

in	section	2.2.4.1	were	also	streaked	onto	QDO/X/A	plates.	Plates	were	all	incubated	at	

30°C	for	7	days,	unless	otherwise	stated.	

2.2.4.4.1 pGADT7-L1.2	cDNA	library	tittering		

The	thawed	cells	(10µl)	removed	from	the	1ml	library	aliquot	were	plated	onto	

SDO/-Leu	plates	and	incubated	as	previously	described.	Cells	were	first	counted	using	

a	haemocytometer	to	ensure	the	cell	number	was	>2x107	cells	per	ml	before	plating	at	

1/100	and	1/10,000	and	incubated	as	described.		

	
2.2.5 Statistical	analyses		

Unless	otherwise	stated	all	statistical	analyses	were	generated	using	Prism	

v6	 or	 v8	 software	 (GraphPad,	 CA,	 USA).	 Data	 are	 presented	 as	 the	mean	 ±	 SEM	

(standard	 error	 of	 the	mean),	 of	 at	 least	 three	 independent	 experiments.	 It	was	

appropriate	for	the	experiments	conducted	in	my	thesis	to	show	inferential	error	

bars,	 such	 as	 SEM	 instead	 of	 SD	 (standard	 deviation)	 based	 on	 statistical	

evaluations	described	in	the	literature	(Cummings	et	al.,	2007;	Lee	and	Lee	2018).	

Statistical	 significance	 was	 established	 by	 one-way	 or	 two-way	 ANOVA	 with	

Bonferroni	comparisons,	unless	otherwise	stated.	It	was	assumed	that	the	data	has	

a	 normalised	 distribution	 and	 normalisation	 was	 not	 tested	 for.	 Detailed	

information	of	statistical	analyses	used	for	 individual	experiments	are	described	

in	 the	 figure	 legends.	 Statistical	 significance	 of	 results	 from	 tests	 were	 set	 at	 p	

values	of		*	p<0.05,	**	p<0.01,	***	p<0.001,	****	p<0.0001	or	ns	as	not	significant.	
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Chapter	3 Investigating	the	potential	for	ligand	bias	at	
CCR3		

	
	



 

   90	

3.1 Introduction		

CCR3	mediates	a	chemotactic	response	from	eosinophils	stimulated	by	certain	

members	 of	 the	 CC	 subfamily	 of	 chemokines,	 principally	 CCL11	 (eotaxin-1),	 CCL24	

(eotaxin-2)	and	CCL26	(eotaxin-3)	(Griffiths-Johnson	et	al.,	1993;	White	et	al.,	1997;	

Kitaura	et	al.,	1999).	Initially	described	as	selectively	binding	and	activating	CCR3	on	

eosinophils	and	later	basophils	and	mast	cells,	the	eotaxin	family	of	chemokines,	share	

less	than	40%	sequence	identity	with	each	other.	Specifically,	CCL11	and	CCL24	share	

39%	 sequence	 identity	 (Forssmann	 et	 al.,	 1997);	 CCL11	 and	 CCL26	 share	 36%	

sequence	identity	and	CCL24	and	CCL26	share	33%	sequence	identity	(Kitaura	et	al.,	

1999;	Shinkai	et	al.,	1999).	In	contrast,	although	CCL11	shares	66%	sequence	identity	

with	CCL2,	 they	 are	 full	 agonists	 at	CCR3	and	CCR2,	 respectively	 (Van	Coillie	 et	 al.,	

1999).	

	

Figure	3-1	illustrates	the	three	eotaxin	solution	structures	and	their	sequences	

aligned,	highlighting	conserved	amino	acids.	The	gene	encoding	CCL11	is	 located	on	

chromosome	17q12,	along	with	a	cluster	of	other	CC	chemokine	ligands.	In	contrast,	

CCL24	and	CCL26	are	both	distally	located	on	chromosome	7q11	(Kitaura	et	al.,	1996;	

Nomiyama	et	al.,	1998;	Kitaura	et	al.,	1999).	Although	CCL24	and	CCL26	share	 little	

homology	with	CCL11,	they	are	functional	homologues	of	CCL11,	specifically	activating	

CCR3	 and	 contributing	 to	 the	 selective	 chemotactic	 recruitment	 of	 eosinophils.	

Collectively,	this	suggests	that	sequence	homology	of	chemokines	is	not	indicative	of	

specificity	 and	 more	 likely,	 the	 tertiary	 structures	 they	 create	 are	 responsible	 for	

receptor	specificity.		

	

The	 term	 “ligand	 bias”	 has	 been	 used	 to	 describe	 the	 concept	 that	 different	

ligands,	binding	the	same	receptor	are	able	to	stimulate	distinct	signalling	pathways,	

through	stabilising	different	receptor	conformations	–	a	form	of	biased	agonism	(Steen	

et	al.,	2014).	Illustrated	in	figure	3-2,	biased	signalling	has	been	commonly	separated	

into	G-protein	and	β-arrestin-dependent	signalling	(Steen	et	al.,	2014;	Ghanemi,	2015),	

although	subtle	variances	in	the	stimulation	of	downstream	signalling	pathways	also	

exists	(Zweemer	et	al.,	2014b).	
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Figure	3-1	 Sequence	 alignments	 of	 eotaxins,	 structures	 and	 chromosomal	

locations		

A)	Alignment	of	human	CCL11	(eotaxin-1)	with	CCL24	(eotaxin-2)	and	CCL26	(eotaxin-

3)	 amino	 acid	 sequences.	 The	mature	 form	 of	 each	 protein	 is	 underlined	 in	 green.	

Residues	conserved	between	all	three	ligands	are	shown	in	red	and	residues	identical	

between	 at	 least	 two	 chemokines	 are	 shown	 in	 black.	 B-D)	 Solution	 structures	

determined	by	NMR	(nuclear	magnetic	resonance)	spectroscopy	showing	the	typical	

chemokine	fold,	comprised	of	three	anti-parallel	β-pleated	sheets	and	a	C-terminus	α-

helix.	 E)	 Chromosomal	 locations	 of	 human	 eotaxins.	 Images	 from	 PDB	 ID:	 P51671	

(Crump	et	al.,	1998);	O00175	(Mayer	and	Stone,	2000)	and	Q9Y258	(Ye	et	al.,	2001),	

created	with	NGL	 (Rose	et	 al.,	 2018	NGL	viewer:	web-based	molecular	graphics	 for	

large	complexes.	Bioinformatics	34:	3755-3758),	for	panels	B-D,	respectively.	
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Figure	3-2		 Illustration	of	ligand	biased	agonism	at	chemokine	receptors	

Cartoon	 representation	 of	 biased	 agonism	 –	 whereby	 different	 ligands	 can	

preferentially	mediate	one	signalling	pathway	over	another	via	the	same	receptor.	A)	

Balanced	signalling	-	ligand	stimulating	G-protein	and	β-arrestin	signalling	pathways	

equally.	 B)	 A	 ligand	 exhibiting	 biased	 agonism	 preferentially	 towards	 G-protein	

signalling.	 C)	 A	 ligand	 exhibiting	 biased	 agonism	 preferentially	 towards	 β-arrestin	

signalling.	Image	adapted	from	Rajagopal	et	al.,	2010	and	Rankovic	et	al.,	2016.	GRK:	

GPCR	kinases.		
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The	high	degree	of	promiscuity	displayed	within	the	chemokine	network	has	

fuelled	the	accumulating	evidence	of	biased	agonism	at	chemokine	receptors.	To	date,	

several	chemokines	have	been	reported	to	display	ligand	biased	agonism.	For	example,	

activation	 of	 CCR7	 by	 CCL19	 and	 CCL21	 differs	 in	 β-arrestin	 mediated	 and	 GRK	

recruitment	(Zidar	et	al.,	2009).	Similarly,	activation	of	CCR1	by	CCL5	and	CCL23	has	

been	reported	to	be	G-protein	biased.	In	addition,	endocytosis	of	CCR1	by	incubation	

with	CCL3	and	CCL5	was	shown	to	being	β-arrestin	biased	when	compared	to	CCL15	

and	CCL23	(Rajagopal	et	al.,	2013).	Activation	of	CCR10	by	CCL27	reportedly	exhibits	

G-protein	bias	compared	to	CCL28	(Rajagopal	et	al.,	2013).	And	finally,	recruitment	of	

β-arrestin	 to	 CCR4	 displays	 ligand	 bias	 following	 CCL22	 but	 not	 CCL17	 activation	

(Ajram	et	al.,	2014).	It	remains	to	be	determined	if	the	three	eotaxins	display	ligand	

bias	at	CCR3.		

	

A	key	read	out	of	chemokine	receptor	activation	is	the	chemotaxis	assay,	which	

aims	 to	 measure	 the	 chemotactic	 responses	 of	 cells	 towards	 specific	 ligands.	 The	

literature	describes	many	studies,	typically	using	the	well-established	in	vitro	modified	

Boyden	chamber	assay	(Boyden,	1962;	Pujic	et	al.,	2009).	In	this	assay,	a	well	is	filled	

with	 chemoattractant	 solution,	 above	 which	 is	 placed	 a	 membrane	 providing	 a	

microporous	barrier	for	the	cells	to	migrate	through.	The	membrane	has	defined	pore	

sizes	through	which	the	cells	can	actively	squeeze.	Chemoattractant	can	readily	diffuse	

through	 the	 pores	 to	 reach	 the	 cells.	 Following	 a	 defined	 incubation	 period,	 the	

apparatus	 is	dismantled,	and	migrated	cells	are	 removed	 from	the	bottom	well	and	

counted.	Data	from	Boyden	chamber	assays	provides	only	an	end-point	readout	of	the	

number	of	cells	migrated.	The	assay	is	limited	by	factors	such	as,	the	number	of	cells	

needed	when	using	cells	derived	from	human	samples	versus	cell-lines,	difficultly	in	

distinguishing	chemotaxis	from	chemokinesis	and	the	precise	nature	of	the	chemokine	

gradient	produced	has	been	difficult	to	determine	(Pujic	et	al.,	2009).		

	

I	therefore	sought	to	assess	further	any	differences	of	eosinophil	responses	to	

the	 three	eotaxins	using	a	novel	chemotactic	assay	–	TAXIScanTM	 (Kanegasaki	et	al.,	

2003).	This	assay	utilises	time-lapse	video	microscopy	to	capture	cell	migration	and	is	

illustrated	in	figure	3-3.	The	assay	allows	more	detailed	analysis	of	cell	migration	than	

the	 Boyden	 chamber.	 As	 cells	 travel	 across	 the	 imaging	 terrace,	 several	 migration	
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parameters	such	as	the	distance,	velocity	and	directionality	of	the	migrating	cells	can	

be	 quantified.	 Moreover,	 the	 chemoattractant	 gradients	 are	 reportedly	 stable	 for	

several	hours	(Kanegasaki	et	al.,	2003).	
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Figure	3-3	 TAXIScanTM	system	setup	

Illustration	of	the	TAXIScanTM	assay	setup	and	images	of	the	components	of	the	system	

are	shown.	The	components	were	assembled	as	per	the	manufacturer’s	instructions.	A	

1μl	volume	of	cells	is	injected	into	one	well	and	aligned	at	the	“start”	line	before	a	1μl	

volume	of	chemokine	is	introduced	into	the	other	well.	Imaging	of	chemotaxis	along	

the	chemokine	gradient	for	an	appropriate	period	is	then	carried	out.	Inset	illustrates	

the	 cells	 (coloured)	 migrating	 over	 the	 imaging	 terrace	 across	 a	 distance	 of	 up	 to	

260µm	towards	chemokine.	Image	adapted	from	the	manufacturer’s	protocol.	
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3.1.1 Hypothesis	and	Aims	

To	fulfil	 their	 functional	activities	the	eotaxins	bind	CCR3	on	the	cell	surface.	

Given	 their	 low	 homology,	 I	 hypothesised	 that	 the	 three	 eotaxins	 likely	 stabilise	

distinct	conformations	of	CCR3	and	therefore	show	bias	in	assays	of	CCR3	activation	

such	as	chemotaxis	and	to	β-arrestin	recruitment.	

	

The	specific	aims	were	to:	

	

• Investigate	 the	 chemotactic	 responses	 of	 freshly	 isolated	 human	

eosinophils	 to	CCL11,	CCL24	and	CCL26,	using	a	real-time	chemotaxis	

assay.		

• Evaluate	potential	biased	agonism	between	these	ligands,	with	respect	

to	β-arrestin	recruitment.	
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3.2 Results		

3.2.1 Characterising	CCR3	mediated	eosinophil	chemotaxis	using	

TAXIScanTM	technology		

To	further	characterise	the	dynamics	of	CCR3	receptor	function	following	ligand	

binding	a	sophisticated	chemotaxis	assay	was	employed	using	TAXIScanTM	technology.	

This	assay	captures	cell	migration	in	real-time.	I	sought	to	investigate	the	activation	of	

CCR3	on	human	eosinophils	using	the	three	eotaxin	ligands	–	CCL11,	CCL24	and	CCL26.		

	

Initially,	 human	 eosinophils	 were	 purified	 by	 negative	 selection	 from	 the	

peripheral	blood	of	healthy	adult	donors.	Methods	used	were	as	previously	described	

in	section	2.2.3.4.	Figure	3-4	shows	evidence	from	immunohistochemistry	staining	to	

confirm	the	purification	of	eosinophils.	The	images	represent	Congo	red	(panel	A)	and	

H&E	 staining	 (panel	 B),	 indicating	 an	 uncontaminated	 isolated	 eosinophil	 cell	

population	 sample.	 The	 purity	 of	 the	 isolated	 cells	 for	 these	 experiments	 was	

consistently	>98%.		

	

Following	verification	of	the	purity	of	the	eosinophil	preparation	the	cells	were	

resuspended	in	buffer	and	loaded	onto	the	TAXIScanTM	 imaging	terrace	(see	section	

2.2.3.3).	Figure	3-5A	depicts	an	aerial	view	of	the	terrace	and	shows	where	the	cells	

were	 injected	 at	 one	 end	 and	 the	 relevant	 chemokine	 injected	 at	 the	 opposite	 end	

forming	a	chemokine	gradient.	Cell	migration	was	recorded	by	taking	an	image	each	

minute	 over	 a	 90-minute	 period.	 I	 had	 set	 parameters	 to	 use	 when	 tracking	 an	

individual	cell’s	migration	as	shown	in	figure	3-3.	Cells	were	only	tracked	once	they	

crossed	 the	 start	 line;	 cells	 were	 tracked	 while	 they	 were	 present	 on	 the	 filming	

terrace;	cells	that	left	the	field	of	view	off	the	imaging	terrace	were	no	longer	counted,	

irrespective	 of	whether	 that	 same	 cell	 appeared	 back	 onto	 the	 terrace;	 once	 a	 cell	

crossed	 the	 finish	 line,	 tracking	 was	 terminated.	 These	 tracking	 rules	 ensured	

consistency	 and	 comparability	 between	 tracking	 the	 migration	 pathways	 for	 each	

condition	and	subsequent	experiments.	
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Panels	 B-K	 display	 data	 collated	 from	 tracking	 individual	 cell	migration	 and	

plotted	showing	distance	migrated	from	the	start	line.	Panel	B	shows	the	response	of	

cells	 to	 no	 stimulus,	 where	 10	 out	 of	 the	 16	 tracked	 eosinophils	 migrated	 in	 the	

opposite	direction	to	the	gradient.	In	contrast,	eosinophils	migrated	and	responded	to	

increasing	 concentrations	 of	 CCL11	 (panels	 C-E),	 CCL24	 (panels	 F-H)	 and	 CCL26	

(panels	I-K),	as	observed	by	the	numbers	of	cells	tracked	for	each	condition.	The	cells	

responded	in	a	dose-dependent	manner,	as	has	been	previously	reported	(Duchesnes	

et	al.,	2006),	with	CCL11	inducing	greater	cell	migration	at	the	lower	concentration	of	

50nM,	compared	to	CCL24	and	CCL26.		

	

Further	 analysis	 revealed	 the	 dynamics	 of	 migrating	 eosinophils	 towards	

ligands	 CCL11,	 CCL24	 and	 CCL26.	 Data	 obtained	 from	 using	 this	 TAXIScanTM	

technology	allowed	the	calculation	of	velocity	(panel	A),	mean	track	length	(panel	B)	

and	 forward	 migration	 indices	 (FMI)	 of	 cells	 perpendicular	 (FMI⊥	 :	 panel	 C)	 and	

parallel	(FMIII	:	panel	D)	to	the	gradient,	displayed	in	figure	3-6.		

	

No	 obvious	 differences	 in	 velocity	were	 seen	 between	 cells	migrating	 along	

gradients	 of	 CCL11	 and	 CCL24	 compared	 to	 un-stimulated	 cells.	 In	 contrast,	

eosinophils	migrating	 towards	a	 source	of	CCL26	appeared	 to	migrate	more	 slowly	

than	 CCL11	 and	 CCL24	 using	 a	 ligand	 source	 of	 50nM.	 This	 reduction	 in	 velocity	

appeared	slower	when	compared	to	buffer	alone.		

	

The	mean	track	 length	was	calculated	by	averaging	 the	distance	 travelled	by	

each	 individual	eosinophil	 that	migrated	 in	accordance	with	 the	 tracking	 rules.	The	

results	from	the	mean	track	length	displayed	in	figure	3-6B,	showed	a	similar	pattern	

in	response	to	the	three	ligands,	whereby	the	mean	distance	travelled	by	a	chemotactic	

cell	was	not	significantly	different	when	compared	to	non-stimulated	cells.		

	

The	FMI	denotes	the	efficiency	of	the	forward	migration	of	cells	and	relationship	

relative	to	the	x	(perpendicular)	or	y	(parallel)	axis,	and	thus	to	the	chemokine	gradient	

and	is	calculated	as	previously	shown	in	figure	2-1	(Zengel	et	al.,	2011).	Expressed	as	

perpendicular	 (FMI⊥)	and	parallel	 (FMIII)	 to	 the	gradient,	 the	FMI	can	either	have	a	

positive	or	negative	value.	For	example,	values	for	FMI⊥	nearer	to	zero	and	FMIII	values	
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further	 from	 zero	 would	 indicate	 robust	 cell	 migration	 towards	 chemoattractant.	

Figure	3-6C	shows	the	migration	efficiency	value	relative	to	the	x	axis,	expressed	as	

FMI⊥.	No	differences	were	observed	between	buffer	control	and	all	three	ligands	and	

concentrations	 tested.	 However,	 non-stimulated	 cells	 had	 a	 trend	 deviating	 further	

from	the	value	zero	indicating	a	less	directed	migration	of	cells.	Notably,	as	displayed	

in	figure	3-6D,	cells	with	no	stimulus	had	a	positive	FMIII	value	and	migrated	in	the	

opposite	direction	compared	to	the	cells	stimulated	with	ligand,	that	had	a	negative	

FMIII	 value.	 In	 addition,	 stimulated	 cells	had	greater	FMIII	 values	 compared	 to	non-

stimulated	 cells,	 suggesting	 that	 cells	 stimulated	 with	 ligand	 exhibited	 strong	

chemotactic	 effects.	 Of	 the	 three	 ligands,	 CCL11	was	 the	most	 potent,	 showing	 the	

greatest	level	of	chemotaxis	at	the	lower	concentration	of	50nM,	compared	with	CCL24	

and	 CCL26.	 At	 the	 higher	 5μM	 concentration	 of	 ligand,	 the	 FMI	 of	 cells	 were	 not	

different	to	that	of	unstimulated	cells.		
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Figure	3-4		 Verification	 of	 human	 eosinophil	 purification	 from	 peripheral	

blood	

Representative	 bright-field	 image	 of	 Congo	 red	 (A)	 and	 H&E	 stained	 (B)	 human	

eosinophils	isolated	from	peripheral	blood.	Scale	bars	denote	50μm.		

A	

B	
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Figure	3-5		 Imaging	 of	 eosinophil	 chemotaxis	 in	 response	 to	 the	 three	

eotaxins	using	TAXIScanTM		

A)	 Snapshot	 of	 the	 imaging	 terrace,	where	 cells	were	 aligned	 on	 the	 start	 line	 and	

migration	along	a	chemokine	gradient	captured	over	a	90-minute	period	by	time-lapse	

microscopy.	Tracks	of	individual	cells	are	in	coloured	lines.	Migration	of	eosinophils	in	

the	absence	(B)	of	a	chemokine	gradient	and	of	along	gradients	of	CCL11,	CCL24	and	

CCL26	generated	by	the	addition	of	1μl	of	the	concentration	indicated	(C-K).	Numbers	

in	 the	 top	 right	 hand	 corned	 indicated	 the	 numbers	 of	 cells	 tracked	 and	 represent	

pooled	data	from	two	separate	experiments.	y	and	x	axis	units	in	μm.	
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Figure	3-6	 Analysis	 of	 eosinophil	 chemotaxis	 in	 response	 to	 the	 three	

eotaxins	following	TAXIScanTM	real	time	imaging.	

A)	The	velocity	of	migrating	cells.	B)	The	mean	track	length	of	migrating	cells.	C)	The	

FMI⊥	of	 migrating	 cells.	 D)	 The	 FMIII	 of	 migrating	 cells.	 Data	 shown	 are	 the	 mean	

parameters	±	SEM	calculated	from	the	individual	tracked	cells	shown	in	figure	3-5	and	

represent	pooled	data	from	two	separate	experiments.	
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3.2.2 CCL11,	CCL24	and	CCL26	exhibit	biased	agonism	in	a	β-arrestin	

recruitment	assay	

I	sought	to	investigate	the	potential	biased	agonism	of	the	three	eotaxins	with	

respect	 to	 β-arrestin	 recruitment.	 To	 do	 this,	 I	 employed	 a	 β-arrestin	 GPCR	 assay	

(PathHunter,	DiscoverX,	CA,	USA)	illustrated	in	figure	3-7.	The	assay	relies	upon	a	gain-

of-signal	approach	based	on	β-galactosidase	(β-gal)	activity,	whereby	the	enzyme	 is	

divided	 into	 two	components.	1)	An	enzyme	donor	 (ED)	 fused	 to	 the	C-terminus	of	

CCR3	and	2)	enzyme	acceptor	(EA)	fused	onto	the	C-terminus	of	β-arrestin.	CHO-K1	

cells	 stably	 expressing	 both	 constructs	 were	 incubated	with	 the	 relevant	 ligand.	 If	

ligand	 binding	 to	 CCR3	 results	 in	 β-arrestin	 recruitment,	 this	 allows	 the	

complementation	of	the	ED	and	EA	fragments	and	subsequent	activation,	generating	

an	active	form	of	β-gal.	The	results	of	this	subsequent	activation	were	analysed	using	

chemiluminescent	detection	and	the	data	from	a	single	experiment	are	shown	in	figure	

3-8.	The	magnitude	of	the	CCL11	and	CCL24	responses	were	seen	to	be	much	greater	

than	 the	 CCL26	 response,	 which	 induced	 negligible	 β-arrestin	 recruitment	 at	 all	

concentrations	 of	 chemokine	 examined.	 When	 CCL11	 and	 CCL24	 were	 directly	

compared,	although	the	efficacy	of	the	responses	were	similar,	CCL11	appeared	to	be	

a	 more	 potent	 inducer	 of	 β-arrestin	 recruitment	 than	 CCL26,	 notably	 at	 the	 1nM	

concentration	of	 ligand	where	CCL11	recruited	β-arrestin	with	70%	of	 the	maximal	

response	in	comparison	to	CCL24	recruited	β-arrestin	with	around	8%	of	the	maximal	

response.	Collectively,	these	data	suggest	that	the	three	eotaxins	exhibit	signs	of	biased	

agonism	with	regards	to	β-arrestin	recruitment	to	the	CCR3	C-terminus.		
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Figure	3-7	 Concept	of	the	β-arrestin	recruitment	assay	

The	CCR3	receptor	was	fused	with	an	enzyme	donor	–	ProLinkTM	tag	at	the	C-terminus	

and	co-expressed	with	cells	expressing	an	enzyme	acceptor	fused	to	the	C-terminus	of	

β-arrestin.	Ligand	binding	and	activation	of	the	receptor	results	in	complementation	of	

the	ED	and	EA	fragments,	which	leads	to	activation	of	β-galactosidase.	The	addition	of	

detection	 solutions	 allows	 chemiluminescent	 output	 to	 be	 measured.	 Image	 was	

adapted	from	the	manufacturer’s	protocol.		
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Figure	3-8	 The	 three	 eotaxins	 exhibit	 biased	 agonism	 in	 an	 assay	 of	 β-

arrestin	recruitment		

Dose–response	 for	CCR3	receptor	 ligands	-	CCL11	(green),	CCL24	(blue)	and	CCL26	

(purple)	–	in	a	β-arrestin	recruitment	complementation	assay.	Data	shown	are	from	a	

single	experiment,	each	point	is	from	a	replicate	of	two.		
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3.3 Discussion	

3.3.1 Dynamics	of	CCR3	mediated	chemotaxis	of	eosinophils	

Gaining	a	better	understanding	for	the	mechanisms	and	promiscuous	nature	of	

the	eotaxins	ligands	binding	to	CCR3	and	the	level	of	complexity	they	create	as	signal	

transducers	on	the	chemotactic	function	of	eosinophils,	may	facilitate	improved	drug	

discovery.	 Using	 a	 novel	 real-time	 chemotactic	 assay	 –	 TAXIScanTM,	 I	 was	 able	 to	

monitor	and	analyse	the	migration	of	eosinophils	towards	increasing	concentrations	

of	CCL11,	CCL24	and	CCL26.		

	

The	TAXIScanTM	assay	requires	a	low	number	of	cells	and	thus	I	was	readily	able	

investigate	 the	 CCR3/eotaxin	 axis	 using	 human	 eosinophils	 purified	 from	 healthy	

volunteers.	 In	 addition,	 using	 eosinophils	 that	 endogenously	 express	 high	 levels	 of	

CCR3	was	more	relevant,	with	respect	to	CCR3	receptor	number,	compared	to	using	

cell-lines,	 such	 as	 L1.2	 cells	 where	 transfection	 of	 CCR3	 is	 required.	 Moreover,	

eosinophils	have	an	accurate	human	G-protein	coupling	to	human	receptor,	whereas	

L1.2	CCR3	transfectants	cells	would	have	a	human	receptor	coupling	 to	a	mouse	G-

protein.	 Immunohistochemistry	 staining	 confirmed	 purified	 populations	 of	

eosinophils	were	used	for	the	experiments	presented	in	this	chapter.		

	

Imaging	 the	movement	 of	 the	 eosinophils	 over	 a	 90-minute	 period	 towards	

CCL11,	 CCL24	and	CCL26	produced	 an	overall	 image	of	 all	 tracked	 cell	movements	

from	 the	 ‘start’	 to	 ‘finish’	 line	 (Figure	3-5A).	 Initial	 observations	of	 the	 tracked	and	

pooled	image	data	plots	indicated	cells	migrating	towards	increasing	concentrations	of	

chemokine	in	a	direct	manner	(chemotaxis)	compared	to	cells	from	buffer	control,	with	

most	cells	migrating	back	in	the	opposite	direction	(Figure	3-5B).	One	possibility	may	

that	 the	cells	 that	are	on	or	near	 the	 ‘start	 line’	of	 the	 imaging	 terrace,	 that	may	be	

secreting	 chemoattractants,	 which	 attracts	 the	 other	 cells	 back	 towards	 them.	 As	

predicted,	 the	 number	 of	 cells	 passing	 the	 start	 line	 (starters)	 for	 each	 ligand	

concentration	exceeded	the	number	of	starters	compared	to	buffer	control.	Similarly,	

the	 number	 of	 cells	 reaching	 the	 finish	 line	 for	 each	 ligand	 condition	 exceeded	 the	

numbers	compared	to	buffer	control	(see	appendix	figure	10-9.)	
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Data	analysis	was	presented	as	total	number	of	tracked	cells	per	condition	for	

velocity	 (µm	 min-1),	 mean	 track	 length	 distance	 (µm),	 FMI⊥	 and	 FMIII	 values	 of	

eosinophils	migrating	towards	increasing	concentrations	of	CCL11,	CCL24	and	CCL26	

(Figure	 3-6).	 Analysis	 of	 data	 exploring	 the	mean	 velocity	 (µm	min-1)	 of	migrating	

eosinophils	 showed	 no	 obvious	 differences	 in	 velocity	 between	 buffer	 control	 and	

ligands	at	all	concentrations,	with	the	exception	of	CCL26	at	50nM	(Figure	3-6A)	where	

intriguingly,	 velocity	 appears	 reduced	when	 comparing	 buffer	 response	 to	 those	 of	

50nM	CCL26.	The	mean	velocity	for	eosinophil	migration	from	the	data	ranged	from	3	

to	6	µm	min-1.	Notably,	the	velocities	of	each	migrating	cell	had	a	varied	range	and	the	

distribution	 between	 CCL11,	 CCL24	 and	 CLL26	 were	 comparable,	 with	 some	 cells	

reaching	 levels	 of	 over	 6	 µm	min-1.	 Based	 on	 the	 data	 presented	 here,	 eosinophils	

travelled	considerably	slower	compared	to	other	 immune	cells,	such	as	neutrophils,	

known	to	travel	at	10-	17	µm	min-1	(Butler	et	al.,	2010;	Goldblatt	et	al.,	2019).	A	similar	

study	by	Nitta	and	colleagues	(2007)	measured	the	velocity	of	eosinophil	chemotactic	

ability	towards	various	other	ligands,	ranging	from	0.01-0.4	µm	sec-1.	Collectively	this	

suggests	cells	may	exhibit	differing	ligand/cell	sensitivity	and	thus	further	highlights	

the	complex	nature	of	ligand	specific	chemotactic	dynamics.		

	

The	data	here	for	eosinophils	migrating	towards	eotaxins:	CCL11,	CCL24	and	

CCL26	show	comparable	mean	track	length	and	indicated	cells	that	began	chemotaxis	

were	able	 to	continue	at	a	similar	speed	and	 length.	Comparably,	experiments	 from	

Nitta	and	colleagues	(2007)	showed	the	relative	number	of	still	migrating	eosinophils	

towards	CXCL12	remained	fairly	constant	i.e.	of	the	cells	that	began	chemotaxis	most	

of	them	were	able	to	continue	migration.	

	

The	 FMI	 analysis	 revealed	 how	 the	 eosinophils	 migrated	 in	 the	 x	

(perpendicular)	and	y	(parallel)	direction	relative	to	the	gradient.	The	majority	of	the	

tracked	cells	pathway	indicated	a	preferred	orientation	in	the	direction	of	the	negative	

y-axis,	which	was	towards	the	increasing	ligand	concentration	gradient	and	hence	the	

finish	line	–	where	the	highest	level	of	chemokine	was	present	(mimicking	the	primary	

site	 of	 ligand	 release).	Unsurprisingly,	with	 FMI⊥	we	 see	 very	 little	migration	 at	 all	

ligand	conditions	with	values	staying	closer	to	zero,	indicating	less	deviated	migration	

from	left	to	right,	and	greater	directed	chemotaxis	towards	the	ligand	source.	Overall	
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the	 migration	 by	 the	 eosinophils	 towards	 all	 three	 ligands	 measured	 by	 FMIII,	

represented	 a	 similar	 dose-dependent	 pattern	 comparable	 to	 the	 eotaxin	 potency	

order	 described	 previously.	 Overall	 the	 data	 indicates	 that	 CCL11	 and	 CCL24	 elicit	

greater	eosinophil	migration	than	CCL26.	At	50nM	however,	CCL11	appears	to	display	

the	 highest	 potency	 and	 efficacy	 at	 inducing	 and	 simulating	 eosinophil	 chemotaxis	

followed	by	CCL24	then	CCL26.	Moreover,	as	the	FMIII	data	allows	quantification	of	cell	

migration	 and	direction	 relative	 to	 the	 gradient,	 for	 the	buffer	 control	 cells	we	 can	

clearly	see	the	migration	of	cells	 in	the	opposite	reverse	direction	to	the	chemokine	

gradient	compared	to	the	cells	stimulated	with	ligand.	These	data	trends	are	in	keeping	

with	previous	studies	using	CCR3	transfectants,	where	CCL11	was	shown	to	be	more	

potent	 that	 CCL26	 at	 inducing	 CCR3-mediated	 migration	 (Duchesnes	 et	 al.,	 2006).	

However,	 one	 study	 has	 reported	 higher	 potencies	 for	 CCL24	 compared	 to	 CCL11	

(White	et	al.,	1997)	whilst	another	has	showed	CCL11	being	an	order	of	a	magnitude	

more	 potent	 than	 CCL24	 (Forssmann	 et	 al.,	 1997).	 These	 studies	 however,	 both	

reported	similar	efficacies	for	CCL11	and	CCL24.	

	

Interestingly,	 another	 study	 showed	 similar	 migration	 of	 eosinophils	 from	

healthy	 volunteers	 using	 the	 three	 eotaxins,	 but	 when	 using	 eosinophils	 from	

asthmatic	 patients,	 CCL26	 was	 shown	 to	 induce	 a	 biphasic	 and	 more	 efficacious	

migration	response	compared	to	CCL11	and	CCL24	(Provost	et	al.,	2013).	Notably,	the	

study	 observed	 migration	 over	 18	 hours,	 rather	 than	 the	 typical	 3-5	 hours	 and	

observed	higher	CCL26-mediated	chemotaxis	between	12	to	18	hours.	This	may	be	due	

to	CCL26	being	proteolytically-cleaved	into	more	potent	forms	by	previously	migrated	

eosinophils	 in	 the	 lower	 wells	 or	 additional	 signals	 being	 secreted	 by	 arriving	

eosinophils	stimulated	by	CCL26	(Pease	and	Williams,	2013).		

	

Real-time	imaging,	using	this	TAXIScanTM	technology	also	provides	an	insight	

into	the	behaviour	of	a	cell	during	chemotaxis.	For	example,	during	optimisation	of	the	

eosinophil	protocol	I	observed	a	time	lag/period	where	cells	did	not	migrate	until	some	

time	had	passed.	Other	studies	using	TAXIScanTM	technology	have	also	documented	lag	

time	variations	between	cells	before	they	commenced	their	chemotaxis	(Nitta	et	al.,	

2007;	Bai	et	al.,	2009).	 In	addition,	a	 lag	time	period	was	also	observed	using	other	

methods	to	measure	chemotaxis	(Howard	et	al.,	1990;	Jin	et	al.,	2000).		
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	 In	conclusion,	in	this	chapter	I	used	TAXIScanTM	technology	-	a	novel	chemotaxis	

assay	 to	 investigate	 CCR3-mediated	 chemotaxis	 of	 purified	 eosinophils	 towards	

increasing	concentrations	of	all	three	eotaxins	-	CCL11,	CCL24	and	CCL26.	In	particular,	

these	ligands	have	shown	distinctive	effects	on	directionality	and	distance	of	migration	

all	of	which	are	influenced	by	ligand	concentration.	In	summary,	all	eotaxins	despite	

sharing	low	levels	of	homology	bind	and	stimulate	CCR3	to	elicit	and	regulate	varied	

physiological	effects	on	the	recruitment	of	eosinophils,	with	CCL11	and	CCL24	being	

more	potent	than	CCL26.		

	 	



 

   110	

3.3.2 CCR3	eotaxin	ligands	exhibit	biased	agonism	in	β-arrestin	

recruitment		

I	sought	to	explore	the	potential	biased	signalling	resulting	from	ligand	bias	in	

the	 context	 of	 CCR3	 –	 a	 highly	 promiscuous	 chemokine	 receptor	 -	 activated	 by	 its	

eotaxin	 ligands	 -	 CCL11,	 CCL24	 and	 CCL26.	 I	 utilised	 a	 complementation	 assay	 to	

investigate	 the	 activation	 of	 β-arrestin	 recruitment	 following	 ligand	 induced	 CCR3	

receptor	activation.	The	data	from	the	assay	showed	increased	β-arrestin	activation	in	

a	dose-dependent	manner	with	ligands	CCL11	and	CCL24.	In	contrast,	CCL26	showed	

little	sign	of	β-arrestin	activation.	The	data	indicated	CCL11	and	CCL24	but	not	CCL26	

induced	coupling	of	CCR3	to	β-arrestin.	CCL11	and	CCL24	appeared	to	show	similar	

efficacies,	 however	CCL11	was	more	potent	with	 respect	 to	 β-arrestin	 recruitment,	

reaching	levels	of	70%	maximal	response	readings	compared	to	8%	for	CCL22	at	1nM.	

The	potency	rank	order	of	CCL11	>	CCL24	>	CCL26	seen	here	for	β-arrestin	recruitment	

mirrors	 that	 shown	 from	 chemotactic	 data	 described	 here	 and	 those	 previously	

documented	in	the	literature	(Pease	and	Williams,	2001;	Duchesnes	et	al.,	2006).		

	

As	 previously	 described,	 similar	 findings	 demonstrating	 β-arrestin	 biased	

signalling	have	been	 reported	with	 several	 other	CC	and	CXC	 chemokine	 receptors.	

Thus,	it	is	not	surprising	that	we	saw	an	indication	of	CCR3,	and	its	endogenous	ligands	

exhibiting	 biased	 agonism.	Notably,	 as	 this	 experiment	was	 only	 performed	once	 it	

would	 be	 necessary	 to	 repeat	 this	 experiment	 several	 times	 to	 make	 definite	

conclusions.	However,	these	preliminary	findings	do	point	towards	ligand	bias,	with	

preferential	 activation	 of	 β-arrestin	 signalling	 when	 induced	 by	 CCL11	 and	 CCL24	

binding	 to	 CCR3	 compared	 to	 CCL26.	 Alternatively,	 other	 techniques	 for	 instance,	

bioluminescence	resonance	energy	transfer	(BRET)	could	be	employed	to	investigate	

β-arrestin	recruitment	bias	at	CCR3.		

	

Our	understanding	of	the	molecular	mechanisms	that	 lead	to	biased	agonism	

are	 still	 in	 its	 infancy,	 however	 the	 basic	 principle	 of	 ligand	 bias	 centres	 around	

different	 ligands	 binding	 to	 the	 same	 receptor	 stabilising	 unique	 structural	

receptor/ligand	conformations.	These	complexes	subsequently	lead	to	the	preferred	



 

   111	

activation	of	one	pathway	over	another	(Kenakin,	1995;	Shukla	et	al.,	2008;	Reiter	et	

al.,	2012;	Mary	et	al.,	2012).		

	

In	 summary,	 preliminary	 data	 generated	 using	 CCL11,	 CCL24	 and	 CCL26	 as	

stimuli,	appear	to	provide	evidence	of	a	ligand	biased	phenotype.	All	three	chemokines	

bind	CCR3	(Pease	and	Williams,	2001),	however,	they	have	the	potential	to	orchestrate	

activation	of	different	intracellular	signalling.	Given	that	β-arrestin	interacts	with	the	

C-terminus	of	the	chemokine	receptor	(Lefkowitz	and	Shenoy,	2005;	Jiang	et	al.,	2013),	

this	region	is	of	interest	and	further	investigation	may	help	increase	our	understanding	

of	CCR3	receptor	signalling.		
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Chapter	4 The	importance	of	the	CCR3	C-terminus	in	
modulating	receptor	expression	and	function		
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4.1 Introduction		

As	previously	described,	the	C-termini	of	GPCRs	are	intracellular	and	thus	are	

able	to	interact	with	proteins	that	initiate,	facilitate	and	regulate	pathways	of	receptor	

signalling	and	function	(White	et	al.,	2013).	The	literature	describes	various	mutations	

and	 regions	 of	 the	 C-terminus	 that	 are	 key	 for	 protein	 binding,	 internalisation	 and	

chemotactic	 function.	 For	 instance,	 truncated	 CCR3	 mutants	 revealed	 distinct	 C-

terminus	 regions	 that	 were	 crucial	 for	 chemotactic	 signalling	 and	 receptor	 down-

regulation	(Sabroe	et	al.,	2005).	Moreover,	 the	study	demonstrated	decreased	D340	

CCR3	mutant	receptor	down-regulation,	 following	binding	to	CCL11	and	CCL13,	but	

not	CCL5.	Similarly,	CCR5	C-terminus	truncated	or	alanine	point	mutants	were	shown	

to	effect	receptor	deactivation	and	internalisation.	Specifically,	post-translation	lipid	

modification	 of	 the	 C-terminus	 was	 shown	 to	 be	 necessary	 for	 efficient	 receptor	

phosphorylation	 and	 subsequent	 receptor	 endocytosis.	 Truncated	CCR5	C-terminus	

mutants	highlighted	residues	308-320	with	playing	central	roles	in	G-protein	coupling	

(Kraft	et	al.,	2001).	This	equivalent	region	in	CCR2	has	also	be	shown	to	be	important	

for	G-protein	coupling	(Arai	et	al.,	1997).	Mutational	studies	of	the	LLKIL	motif	in	C-

terminus	region	of	CXCR2,	resulted	in	reduced	receptor	internalisation	and	chemotaxis	

(Neel	et	al.,	2005).	Moreover,	this	motif	was	shown	to	be	needed	for	ligand-mediated	

polarisation	 and	 was	 important	 for	 chemotactic	 function	 (Sai	 et	 al.,	 2004).	 The	 C-

terminus	region	is	an	essential	requirement	for	the	proper	functioning	of	all	chemokine	

receptors,	as	exemplified	by	studies	on	C-terminus	mutants	of	CXCR4,	where	removal	

of	the	C-terminus	increased	G-protein	activity	following	ligand	binding	compared	to	

WT	 (wild	 type)	 CXCR4	 (Haribabu	 et	 al.,	 1997).	 Moreover,	 in	 WHIM	 syndrome,	

mutations	which	 truncate	 CXCR4	 can	 lead	 to	 a	 loss	 of	 receptor	 desensitisation	 and	

severe	effects	(Hernandez	et	al.,	2003).		

	

I	 sought	 to	 further	 explore	 the	 C-terminus	 of	 CCR3	 and	 its	 importance	 in	

modulating	CCR3	expression	and	function.	To	do	this	I	utilised	a	model	cell	 line	and	

transfection	system,	as	manipulating	receptor	expression	using	eosinophils	was	not	

feasible.	Typically,	conditions	used	for	transient	transfection	systems	have	been	well	

characterised	and	to	modulate	these	systems,	cells	are	treated	with	sodium	butyrate	

to	enhance	gene	expression	levels.	Sodium	butyrate,	a	short-chain	fatty	acid	has	been	
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shown	to	influence	various	aspects	of	mammalian	cell	line	cultures	(Leder	and	Leder,	

1957;	Kruh,	1982;	Gorman	et	al.,	1983).	In	particular,	treatment	of	cells	with	sodium	

butyrate	increases	transfection	efficiency	and	expression	of	transfected	plasmid	DNA	

(Gorman	et	 al.,	 1983).	This	has	been	 the	mainstay	of	 transient	 chemokine	 receptor	

expression	 systems	 (Ponath	 et	 al.,	 1996a;	 Vaidehi	 et	 al.,	 2009).	 I	 initially	 sought	 to	

investigate	the	effects	of	sodium	butyrate	treatment	on	a	previously	described	4DE4	

pre-B	cell	lymphoma	line	stably	expressing	CCR3	(4DE4-CCR3)	(Alkhatib	et	al.,	1997),	

and	its	effects	beyond	receptor	expression,	assessing	chemotactic	function.	

	

To	 fulfil	 their	 functional	 activities	 chemokines	 are	 required	 to	 bind	 to	 their	

respective	 transmembrane	 receptor,	 located	 on	 the	 cell	 surface.	 The	 intricate	

processes	that	govern	receptor	trafficking	and	regulation	of	nascent	receptor	from	the	

ER	to	the	cell	surface	have	yet	to	be	fully	established.	It	is	known	that	nascent	receptors	

once	synthesised,	migrate	through	the	ER	being	modified,	folded	and	assembled	during	

travel	 through	 the	 Golgi	 apparatus	 and	 trans-Golgi	 network	 (see	 section	 1.5.3	 and	

figure	1-5).	Facilitated	by	generic	and	receptor-specific	chaperone	proteins,	correctly	

folded	mature	proteins	 are	 then	 transported	 to	 the	plasma	membrane	 (Dong	et	 al.,	

2007).	

	

GPCR	folding	and	trafficking	to	the	cell	surface	is	a	highly	complex	and	intricate	

process,	thus	defects,	for	example	due	to	mutations,	can	lead	to	improper	folding	of	the	

receptor	 and	 subsequently	 lead	 to	 intracellular	 retention	 and	 a	 loss	 of	 receptor	

function	(Ulloa-Aguirre	and	Conn,	2011).		

	

To	further	explore	the	dynamics	of	CCR3	cell	surface	receptor	expression	and	

trafficking	 I	 further	 investigated	 the	 effects	 of	 a	 previously	 characterised	 CCR3	 C-

terminus	mutation	from	our	group	(Wise	et	al.,	2010).	The	study	reported	that	point	

mutation	of	a	leucine	residue	in	the	C-terminus	region	(L324P	mutation)	resulted	in	a	

complete	 loss	 of	 cell	 surface	 receptor	 expression,	 thereby	 ablating	 its	 chemotactic	

ability.	L324P	(Figure	4-1)	was	one	of	six	non-synonymous	SNPs	within	the	ccr3	gene	

that	 were	 evaluated	 for	 effects	 on	 receptor	 cell	 surface	 expression	 and	 function	

compared	to	WT-CCR3.	Notably,	the	L324P-CCR3	mutant	was	detected	in	intracellular	

compartments	and	also	underwent	enhanced	degradation	compared	to	WT-CCR3.		
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Consequently,	as	a	continuation	of	the	work	from	our	group	I	sought	to	rescue	

mutant	L324P-CCR3	receptor	cell	surface	expression	by	assessing	the	use	of	potential	

pharmacoperones	 -	where	by	 this	pharmacological	chaperone	binds	 to	 the	receptor	

and	 assists	 in	 its	 transport	 to	 the	 cell	 surface	 (see	 section	 1.5.3).	 In	 this	 chapter,	 I	

investigated	 the	 use	 of	 specific	 CCR3	 antagonists	 –	 UCB	 35625	 and	 SB	 297006	 as	

potential	pharmacoperones	to	rescue	mutant	L324P-CCR3	cell	surface	expression.	In	

addition,	 I	 investigated	TAK-779,	a	bispecific	CCR2	and	CCR5	antagonist,	which	was	

used	as	a	negative	control.		

	

Central	to	the	relationship	between	receptor	and	ligand	binding	and	successful	

function	are	 structural	 conformational	 changes.	 Substantial	 efforts	have	been	made	

towards	understanding	the	various	structural	motifs	and	regions	that	are	critical	for	

proper	receptor	function	(Kobilka,	2007;	Bachelerie	et	al.,	2013;	White	et	al.,	2013).	

Many	studies	employ	mutational	studies	to	investigate	the	effects	on	ligand	binding,	

receptor	 activation,	 receptor	 trafficking,	 cell	 surface	 expression	 and	 downstream	

signalling	pathways.		

	

CCR1	and	CCR3	are	closely	related	chemokine	receptors,	that	share	62%	amino	

acid	 identity	 and	whose	 genes	 reside	 together	within	 a	 cluster	 of	 CC	 receptors	 on	

chromosome	3p21.	Both	receptors	are	promiscuous,	sharing	several	ligands,	with	the	

exceptions	of	CCL3,	CCL14,	CCL16	and	CCL23,	which	bind	to	CCR1	and	not	CCR3.	CCL3	

is	considered	the	most	potent	ligand	for	CCR1	(Chou	et	al.,	2002).	Like	CCR3,	CCR1	is	

expressed	 on	 a	 range	 of	 immune	 cells	 including	 on	monocytes,	 natural	 killer	 cells,	

basophils	and	dendritic	cells	(Pease,	2011).		

	

Studies	on	CCR1	and	CCR3	chimeric	receptors,	where	the	N-terminus	regions	

were	swapped	highlighted	a	key	role	for	this	region	in	chemokine	binding	(Pease	et	al.,	

1998).	I	sought	to	subsequently	explore	further	the	roles	of	the	C-terminus	domain	of	

CCR3,	by	generating	reciprocal	chimeric	receptors	and	 investigating	their	effects	on	

receptor	expression	and	chemotactic	function.		
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4.1.1 Hypothesis	and	Aims	

In	 this	 chapter,	 I	 hypothesised	 that	 the	 C-terminus	 of	 CCR3	 contains	 key	

domains	responsible	for	the	successful	trafficking	of	CCR3	to	the	cell	surface.		

	

The	specific	aims	were	to:	

	

• Characterise	existing	CCR3	transfectants	as	suitable	models	for	further	

study	of	 the	 receptor	and	assessing	 the	effects	of	 sodium	butyrate	on	

receptor	expression	and	chemotactic	function.	

• Investigate	 the	 feasibility	 of	 using	 CCR3	 antagonists	 as	 possible	

pharmacoperones,	 to	 rescue	 misfolded	 CCR3	 mutants	 such	 as	 the	

L324P-CCR3	construct.		

• 	Assess	the	importance	of	the	C-termini	of	CCR1	and	CCR3	on	expression	

and	chemotactic	function	by	generating	chimeric	receptor	constructs.		
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Figure	4-1	 Schematic	of	CCR3	primary	structure		

A	 cartoon	of	 CCR3	 showing	 its	 seven	 transmembrane	domains,	 the	 extracellular	N-

terminus	and	three	looped	regions	and	the	intracellular	C-terminus	and	three	looped	

regions.	Highlighted	in	orange	is	position	324	which	in	the	T971P	SNP	is	mutated	from	

leucine	to	proline.
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4.2 Results		

4.2.1 Characterising	the	effects	of	sodium	butyrate	on	CCR3	stable	

transfectants	

To	further	investigate	the	expression	and	function	of	CCR3,	a	murine	pre-B	cell	

lymphoma	cell	line	4DE4	–	stably	transfected	with	human	CCR3	was	used.	The	CCR3	

open	reading	frame	was	previously	cloned	into	the	pcDNA3	vector	(appendix	figure	

10-1)	and	used	to	transfect	and	create	the	4DE4-CCR3	cell	line	(Pease	et	al.,	1998).		

	

I	first	sought	to	investigate	the	effects	of	sodium	butyrate	treatment	on	CCR3	

expressing	4DE4	cells.	The	cell	surface	expression	of	WT-CCR3	from	the	4DE4-CCR3	

stable	cell	line,	with	or	without	overnight	sodium	butyrate	treatment	is	shown	in	figure	

4-2.	 Panel	 A	 shows	 the	 histogram	 profile	 from	 a	 typical	 experiment	 of	 the	 control	

isotype	staining	(grey,	dashed	line)	compared	to	anti-CCR3	staining	(red,	dashed	line)	

of	 untreated	 4DE4-CCR3	 cells,	 with	 mean	 fluorescence	 values	 of	 3.6	 and	 148	

respectively.	The	histogram	profile	 for	 cells	 stained	using	anti-CCR3	antibody	 (red)	

was	marginally	 right	 shifted	 compared	 to	 the	 isotype	 profiles	 (grey).	 Cells	 treated	

(solid	line)	with	sodium	butyrate	showed	increased	anti-CCR3	staining	compared	to	

untreated	cells,	with	mean	fluorescence	values	of	225	and	148	respectively.	Panel	B	

represents	 the	 data	 from	 four	 such	 experiments	 plotted	 by	 subtracting	 the	

fluorescence	values	of	the	isotype	control	from	the	anti-CCR3	stained	cells	and	plotting	

the	data	as	a	mean	specific	fluorescence	of	receptor	expression.	Results	from	this	figure	

confirm	the	presence	of	CCR3	cell	surface	expression	on	the	4DE4-CCR3	cell	line.	From	

these	data,	 I	 conclude	 that	 incubated	overnight	with	10mM	sodium	butyrate	 trends	

towards	an	increase	in	levels	of	CCR3	cell	surface	expression	compared	to	untreated	

cells,	though	this	increase	was	not	statistically	significant.	

	

Following	the	verification	of	cell	surface	CCR3	expression,	the	effect	of	sodium	

butyrate	treatment	on	the	chemotactic	activity	of	CCR3	towards	CCL11	was	assessed.	

Chemotaxis	 was	 measured	 using	 a	 modified	 Boyden	 chamber	 assay	 (see	 section	

2.2.3.2).	Data	were	represented	as	the	chemotactic	index	(CI)	calculated	as	the	ratio	of	

migrated	cells	relative	to	buffer	control	(see	section	2.2.3.2)	and	are	shown	in	figure	4-
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3.	Both	untreated	and	sodium	butyrate	treated	CCR3-expressing	cells	migrated	in	the	

expected	 manner	 showing	 a	 classic	 bell-shaped	 response,	 with	 optimal	 migration	

observed	at	3nM	CCL11.	However,	cells	treated	with	sodium	butyrate	migrated	with	

significantly	greater	efficacy	(∼10-fold	increase)	compared	to	untreated	cells	when	the	

responses	to	0.3nM	and	3nM	of	CCL11	were	examined	(p-values	of	0.0019	and	0.0002	

respectively).	Thus,	treatment	with	sodium	butyrate	resulted	in	enhanced	efficacy	of	

CCR3-mediated	chemotaxis.	

	

Having	established	that	sodium	butyrate	 treatment	effects	CCR3	chemotactic	

function	in	the	4DE4	cell	line	it	was	observed	by	routine	light	microscopy	that	sodium	

butyrate	treatment	resulted	 in	changes	 in	cell	morphology,	namely	an	elongation	of	

cells.	To	assess	 if	 there	was	a	significant	difference	 in	morphology	between	sodium	

butyrate	treated	and	untreated	cells,	cells	were	counted	using	a	haemocytometer	and	

imaged	using	a	light	microscope	as	shown	in	figure	4-4.	Cells	were	categorised	as	being	

polarised	 or	 non-polarised.	 Statistical	 analysis	 from	 this	 experiment	 showed	 a	

significant	 increase	 (p<0.0001)	 in	 the	 number	 of	 polarised	 cells	 seen	 in	 cultures	

treated	 with	 sodium	 butyrate	 compared	 to	 untreated	 cultures.	 Essentially,	 whilst	

almost	30%	of	cells	became	polarized	following	butyrate	treatment,	no	polarised	cells	

were	 seen	 in	 the	 absence	 of	 butyrate,	 suggesting	 that	 sodium	butyrate	 induces	 the	

polarisation	of	4DE4	cells.		 	
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Figure	4-2	 CCR3	 receptor	 expression	 levels	 in	 the	 4DE4-CCR3	 cell	 line	

following	sodium	butyrate	treatment	

4DE4-CCR3	cells	were	treated	with	or	without	10mM	sodium	butyrate	overnight	and	

cell	 surface	 receptor	 expression	 was	 assessed	 by	 flow	 cytometry.	 A)	 Histogram	

showing	IgG2a	isotype	control	(grey)	and	anti-CCR3	mAb	(red)	staining	of	untreated	

(dashed	line)	and	treated	(solid	line)	cells.	Mean	fluorescence	values	indicated	in	box.	

B)	Untreated	4DE4	cells	(open	bar)	and	treated	cells	with	sodium	butyrate	(filled	bar).	

Data	presented	as	mean	specific	fluorescence	of	receptor	expression	and	are	the	mean	

±	SEM	of	four	independent	experiments.	Statistical	significance	was	evaluated	using	a	

two-tailed,	unpaired	t-test.	
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Figure	4-3	 Effects	 of	 sodium	 butyrate	 treatment	 on	 the	 chemotactic	

responses	of	the	4DE4-CCR3	cell	line	

4DE4-CCR3	cells	were	treated	overnight	with	10mM	sodium	butyrate	(closed	squares)	

or	without	sodium	butyrate	(open	squares)	and	then	assessed	for	their	chemotactic	

responses	to	CCL11.	Data	are	the	mean	±	SEM	of	four	independent	experiments,	which	

were	analysed	using	two-way	repeated	measures	ANOVA	using	Bonferroni's	post-test.	

Significance	 between	 untreated	 and	 treated	 at	 each	 concentration	 is	 shown.	 **	

represents	p<0.01;	***	p<0.001.		
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Figure	4-4	 Sodium	butyrate	treatment	effects	induces	changes	in	4DE4	cell	

morphology	

	
Sodium	butyrate	treated	cells	examined	by	light	microscopy.	A)	Untreated	4DE4-CCR3	

cells.	 B)	 Cells	 incubated	 with	 10mM	 sodium	 butyrate	 overnight.	 Arrows	 indicate	

polarised	 cells.	 Representative	 of	 six	 independent	 experiments.	 Scale	 bars	 denote	

50μm.	 C)	 Histogram	 showing	 comparisons	 of	 cell	 morphology	 following	 treatment	

with	 butyrate	 (red)	 and	 without	 butyrate	 (grey).	 Data	 are	 the	 mean	 ±	 SEM	 of	 six	

independent	 experiments,	which	were	 analysed	 using	 a	 two-tailed,	 unpaired	 t-test.		

Significance	 calculated	 between	 untreated	 and	 treated	 conditions	 is	 shown.	 ****	

represents	p<0.0001.	
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4.2.2 Rescue	of	L324P-CCR3	cell	surface	expression	using	the	CCR3	

antagonist	UCB	35625	as	a	pharmacoperone		

It	has	been	shown	that	small	molecule	antagonists	can	act	as	pharmacoperones	

(pharmacological	chaperones)	and	rescue	the	function	of	misfolded	proteins	(Janovick	

et	al.,	2003;	Tao	and	Conn,	2014).	Following	this	concept	and	the	work	published	by	

Wise	et	al.,	(2010)	we	hypothesised	that	mutant	L324P-CCR3	cell	surface	expression	

could	be	rescued	by	the	use	of	a	CCR3	antagonist.	

	

I	utilised	a	previously	described	L1.2	cell	line	(Witte	et	al.,	1978;	Rotter	et	al.,	

1980)	and	 transient	expression	system	(Sabroe	et	al.,	2005),	 to	express	 the	L324P-

CCR3	containing	pcDNA3	plasmid,	where	cells	were	treated	with	sodium	butyrate	to	

enhance	construct	expression.	I	first	sought	to	verify	that	the	transfection	of	L1.2	cells	

with	 the	 L324P-CCR3	 plasmid	 resulted	 in	 ablated	 receptor	 expression,	 as	 shown	

previously	by	Wise	et	al.,	(2010).	Figure	4-5	shows	data	from	flow	cytometry	analysis	

from	 L1.2	 cells	 transiently	 expressing	 L324P-CCR3	 and	WT-CCR3	 constructs.	 Both	

inserts	were	introduced	into	the	pcDNA3	vector	and	tagged	with	the	HA	epitope,	which	

allowed	 detection	 of	 the	 receptor	 N-terminus	 by	 flow	 cytometry	 using	 an	 anti-HA	

antibody.	The	histogram	data	shown	in	panel	A	are	representative	of	a	typical	staining	

profile	 from	 IgG1	 isotype	 control	 (grey),	WT-CCR3	 (red)	 and	L324P-CCR3	 (orange)	

staining	having	a	mean	fluorescence	of	45.8,	88.6	and	448,	respectively.	As	predicted,	

data	 in	 panel	 B	 showed	 a	 significant	 reduction	 of	 L324P-CCR3	 expression	 by	 an	

average	of	86%	compared	to	WT-CCR3.	This	finding	was	in	agreement	with	Wise	et	al.,	

(2010).		

	

I	subsequently	investigated	the	potential	for	a	known	antagonist	of	CCR3	–	UCB	

35625	(Figure	4-6A)	(Sabroe	et	al.,	2000)	-	to	act	as	a	pharmacoperone	and	rescue	cell	

surface	receptor	expression	of	the	L324P-CCR3	construct.	L1.2	cells	were	transiently	

transfected,	 as	 described	 in	 section	2.2.1.2,	 followed	by	 flow	 cytometry	 analysis.	 In	

pilot	experiments,	cells	were	treated	with	1µM	UCB	35625	following	transfection	(data	

not	shown),	which	resulted	 in	no	observable	effect	on	L324P-CCR3	expression.	The	

nascent	 misfolded	 receptor	 that	 required	 rescuing	 was	 located	 in	 an	 intracellular	

location	and	thus	it	would	be	necessary	for	the	compound	to	penetrate	the	bilayer.	As	
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it	was	not	known	if	the	compound	was	soluble	and	thus	if	it	could	penetrate	the	lipid	

bilayer	of	the	cell,	I	consequently	added	the	compound	during	the	electroporation	step,	

giving	the	opportunity	for	it	to	enter	the	cell	during	membrane	pore	formation.	Adding	

UCB	35625	during	 transfection	 significantly	 increased	 L324P-CCR3	 expression	 in	 a	

dose-dependent	manner,	whilst	it	had	little	effect	on	WT-CCR3	expression.	Figure	4-7	

shows	that	when	L324P-CCR3	transfectants	were	treated	with	0µM,	10µM	and	50µM	

of	UCB	35625,	expression	levels	of	the	L324P-CCR3	construct	significantly	increased	

from	a	mean	of	23.8%	to	40.2%	to	53.8%	relative	to	0µM	L324P-CCR3,	respectively.		

	

In	order	to	verify	the	effects	of	UCB	35625	as	a	specific	CCR3	pharmacoperone,	

the	use	of	a	non-targeting	chemokine	receptor	antagonist	on	CCR3	expression	was	also	

examined.	Transfected	cells	were	treated	with	either	vehicle	or	a	50µM	concentration	

of	the	bispecific	CCR2	and	CCR5	antagonist,	TAK-779	(Figure	4-6C).	The	results	of	the	

flow	 cytometry	 are	 shown	 in	 figure	 4-8.	 Cells	 treated	 with	 TAK-799	 showed	 no	

significant	changes	in	cell	surface	expression	levels	of	either	WT-CCR3	or	L324P-CCR3	

constructs.		

	

	SB	297006	(Figure	4-6B),	another	small	molecule	CCR3	antagonist	(White	et	

al.,	2000)	was	also	used	to	examine	the	effects	on	L324P-CCR3	receptor	expression.	

The	experiments	were	performed	as	previously	described.	Figure	4-9	shows	no	change	

in	receptor	expression	following	treatment	of	cells	with	50µM	SB	297006.	Therefore,	

it	 can	be	 concluded	 that	 this	 compound	had	no	 effect	 on	L324P-CCR3	 receptor	 cell	

surface	expression.	

	

Together,	these	data	show	that	UCB	35625	increases	L324P-CCR3	receptor	cell	

surface	 expression	 in	 a	 dose-dependent	 manner	 but	 has	 no	 effect	 on	 WT-CCR3	

receptor	expression.	Moreover,	rescuing	of	the	mutant	receptor	appears	to	be	specific,	

given	that	TAK-799	failed	to	rescue	receptor	expression	and	not	every	CCR3	antagonist	

appears	to	be	able	to	rescue	mutant	receptor,	as	SB	297006	failed	to	do	this.	
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Figure	4-5	 A	 L324P	 substitution	 at	 the	 C-terminus	 of	 CCR3	 ablates	 cell	

surface	expression	

WT-CCR3	and	L324P-CCR3	were	transiently	expressed	 in	L1.2	cells	and	cell	surface	

expression	was	analysed	using	flow	cytometry.	A)	Histogram	showing	anti-HA	stained	

CCR3	(red)	and	L324P-CCR3	(orange)	expressing	cells.	IgG1	isotype	control	is	shown	

in	 grey.	 Secondary	 staining	was	 performed	 using	 a	 FITC-conjugated	 antibody	with	

mean	fluorescence	indicated	in	legend.	B)	Cell	surface	receptor	expression	of	L324P-

CCR3	 (orange	 bar)	 relative	 to	 control	 WT-CCR3	 (red	 bar)	 expression.	 Data	 are	

presented	as	the	mean	specific	fluorescence	from	FACS	data	and	are	mean	±	SEM	of	

three	independent	experiments,	which	were	analysed	using	a	two-tailed,	unpaired	t-

test.	*	represents	p<0.05.	
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Figure	4-6	 Molecular	structure	of	potential	pharmacoperones	

The	structures	of	compounds	assessed	as	potential	pharmacoperones.	A)	UCB	35625	

potent	antagonist	for	CCR1	and	CCR3	with	MW	655.	B)	SB	297006	potent	and	selective	

CCR3	antagonist	with	MW	342.	C)	TAK-779	potent	CCR2	and	CCR5	antagonist	with	MW	

531.	Images	are	from	ChemSpider	database	ID:	403360	(Sabroe	et	al.,	2000);	8016686	

(White	et	al.,	2000)	and	159815	(Baba	et	al.,	1999)	for	panels	A-C,	respectively.	MW:	

molecular	weight.	

UCB	35625		
C28H35Cl2N2O2	
	
Potent	CCR1	and	
CCR3	antagonist	
	
IC50	=	9.57nM	and	
93.8nM,	respectively		

SB	297006	
C18H18N205	
	
Potent	and	
selective	CCR3	
antagonist	
	
IC50	=	39nM	

TAK	-779	
C33H39CIN202	
	
Potent	CCR2	and	
CCR5	antagonist	
	
IC50	=	1.4nM	and	
2.3nM,	respectively	
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Figure	4-7		 UCB	35625	partially	rescues	L324P-CCR3	cell	surface	expression	

L1.2	cells	were	transfected	with	WT-CCR3	or	L324P-CCR3	constructs	in	the	presence	

of	increasing	concentrations	of	UCB	35625	and	were	analysed	by	flow	cytometry.	Cell	

surface	 expression	 of	 L324P-CCR3	 (orange	 bars)	 relative	 to	 WT-CCR3	 (red	 bars)	

expression	shown,	with	increasing	concentrations	of	the	compound.	Data	shown	are	

relative	 to	 untreated	WT-CCR3	 expression	 and	 are	 the	 ±	 SEM	 of	 five	 independent	

experiments.	Significance	calculated	relative	to	0µM	L324P-CCR3	levels,	using	a	two-

way	ANOVA	with	Bonferroni’s	post-test.	*	p<0.05,	**	p<0.01.	
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Figure	4-8	 TAK-779	does	not	rescue	L324P-CCR3	cell	surface	expression	

L1.2	cells	were	transfected	with	WT-CCR3	or	L324P-CCR3	constructs	in	the	presence	

of	increasing	concentrations	of	TAK-779	and	were	analysed	by	flow	cytometry.	L324P-

CCR3	 (orange	 bars)	 expressing	 cells	 stained	 and	 compared	 to	WT-CCR3	 (red	 bars)	

expression	with	increasing	concentrations	of	the	compound.	Data	shown	are	relative	

to	 untreated	 WT-CCR3	 expression	 and	 are	 the	 ±	 SEM	 of	 three	 independent	

experiments.	Significance	calculated	relative	to	0µM	L324P-CCR3	levels,	using	a	two-

way	ANOVA	with	Bonferroni’s	post-test.	ns:	not	significant.
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Figure	4-9	 SB	297006	does	not	rescue	L324P-CCR3	cell	surface	expression	

L1.2	cells	were	transfected	with	WT-CCR3	or	L324P-CCR3	constructs	in	the	presence	

of	 increasing	 concentrations	 of	 SB	 297006	 and	 were	 analysed	 by	 flow	 cytometry.	

L324P-CCR3	(orange	bars)	expressing	cells	stained	and	compared	to	WT-CCR3	(red	

bars)	 expression	with	 increasing	 concentrations	 of	 the	 compound.	 Data	 shown	 are	

relative	 to	untreated	WT-CCR3	expression	and	are	 the	±	SEM	of	 three	 independent	

experiments.	Significance	calculated	relative	to	0µM	L324P-CCR3	levels,	using	a	two-

way	ANOVA	with	Bonferroni’s	post-test.	ns:	not	significant.	
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4.2.3 Investigating	CCR1/3	and	their	reciprocal	chimeric	receptors	

effects	on	receptor	expression	and	function		

CCR3	 and	 CCR1	 are	 closely	 related	 chemokine	 receptors	 sharing	 significant	

identity	 in	 their	 primary	 sequences.	 The	 C-terminus	 region	 of	 CCR3	 has	 been	

previously	 shown	 to	 be	 critical	 for	 receptor	 export	 to	 the	 plasma	 membrane,	

degradation,	internalisation	and	functional	responses	(Sabroe	et	al.,	2005).	I	therefore	

generated	chimeric	CCR1	and	CCR3	receptors	in	which	the	C-termini	were	exchanged	

to	 investigate	 the	 effects	 on	 receptor	 expression	 and	 chemotactic	 function,	 as	

illustrated	in	figure	4-10.	Figure	4-11	summarises	the	PCR	and	cloning	steps	involved	

to	 successfully	 generate	 the	 chimeric	 receptors.	 Constructs	 were	 generated	 using	

overlap	extension	PCR,	using	the	respective	WT	cDNA	as	templates.	Restriction	digests	

were	 used	 to	 insert	 these	 into	 the	 pcDNA3	 expression	 vector.	 Successful	 chimeric	

cloning	was	ultimately	verified	by	DNA	sequencing.	

	

WT-CCR1,	WT-CCR3	and	 their	 respective	 chimeric	 constructs	 named	CCR1.3	

and	CCR3.1	were	introduced	into	L1.2	cells	by	electroporation,	as	previously	described	

(see	section	2.2.1.2).	The	transiently	expressing	cells	were	stained	using	IgG1	isotype	

control	and	anti-HA	antibody	to	measure	their	cell	surface	receptor	expression	using	

flow	 cytometry.	 Figure	 4-12	 shows	 the	 results	 from	 flow	 cytometry	 analysis.	 The	

chimeric	construct	CCR1.3	was	shown	to	be	expressed	at	lower	levels	compared	to	WT-

CCR1,	with	expression	only	reaching	mean	levels	of	56%	compared	to	WT-CCR1	levels.	

In	 contrast,	 the	 reciprocal	 chimeric	 construct,	 CCR3.1	 was	 expressed	 at	 levels	 not	

significantly	different	to	WT-CCR3.		

	

Having	determined	the	relative	cell	surface	expression,	the	chemotactic	abilities	

of	the	chimeric	receptors	towards	their	respective	WT	receptor	ligands	were	assessed	

using	a	modified	Boyden	chamber	assay	(see	section	2.2.3.2).	These	experiments	were	

performed	using	typical	ligand	concentrations	ranging	from	0.1	to	100nM;	CCL3	was	

used	as	a	ligand	for	WT-CCR1	and	chimeric	CCR1.3	receptors	and	CCL11	was	used	as	a	

ligand	for	WT-CCR3	and	chimeric	CCR3.1	receptors.	Figure	4-13	shows	the	chemotactic	

response	curves	of	the	reciprocal	chimeric	receptors	compared	to	their	respective	WT	

receptors.	 Chemotactic	 dose-response	 curves	 for	 WT	 receptors	 were	 as	 typically	
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expected,	giving	a	bell-shaped	curve	peaking	at	10nM	CCL3	for	CCR1	and	3nM	CCL11	

for	CCR3.	 In	 comparison,	both	CCR1.3	and	CCR3.1	 chimeric	 receptors	 responded	 to	

their	respective	ligands	giving	the	typical	bell-shaped	curve	response	with	marginally	

reduced	levels	of	chemotactic	ability	at	3nM	and	10nM,	however	these	reductions	in	

the	chemotactic	index	were	not	statistically	significant.		

	

The	chimeric	CCR1.3	receptor	reduced	cell	surface	expression	by	a	mean	of	46%	

compared	to	WT,	however	it	did	not	greatly	impact	its	chemotactic	ability	compared	to	

WT-CCR1.	The	chimeric	CCR3.1	receptor	did	not	appear	to	effect	cell	surface	receptor	

expression	and	its	subsequent	chemotactic	ability	compared	to	WT-CCR3.		
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Figure	4-10		 Illustration	 of	 wild-type	 and	 chimeric	 CCR1	 and	 CCR3	 and	 C-

terminus	alignment		

A)	 Cartoon	 showing	 CCR3	 (red)	 and	 CCR1	 (blue)	 receptors	 and	 their	 C-terminus	

chimeras	CCR3.1	and	CCR1.3,	respectively.	B)	Alignment	of	human	CCR1	and	CCR3	and	

their	 respective	 chimera’s	 amino	 acid	 sequences	 at	 the	C-terminus	 region.	 Chimera	

sequence	altered	between	residues	304-355.	Conserved	residues	are	shaded.	
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Figure	4-11	 Generating	CCR1.3	and	CCR3.1	chimeric	receptors	by	grafting	the	

reciprocal	C-terminus	onto	their	respective	wild-type	receptor.	

Overview	of	 the	cloning	and	PCR	steps	used	 to	create	 the	CCR1	and	CCR3	chimeric	

receptors:	 CCR1.3	 (A)	 and	 CCR3.1	 (B).	 WT-CCR1	 and	WT-CCR3	 were	 used	 as	 PCR	

templates	to	amplify	the	regions	of	interest,	incorporating	HindIII/XhoI	and	EcoRI/XhoI	

restriction	 sites	 respectively.	 All	 PCR	 amplification	 reactions	 (appendix	 table	 10-1)	

were	 confirmed	 by	 agarose	 gel	 electrophoresis.	 Following	 insertion	 into	 pCDNA3,	

purified	 plasmid	 DNA	 was	 sequenced	 to	 verify	 the	 authenticity	 of	 the	 constructs.	

Numbered	arrows	correspond	to	primer	sequences	used	for	PCR	(appendix	table	10-

1).		
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Figure	4-12		 Grafting	 the	 C-terminus	 of	 CCR3	 onto	 CCR1	 results	 in	 a	 trend	

towards	 decreased	 cell	 surface	 expression	 compared	 to	 wild-

type	CCR1	

Expression	profiles	of	the	CCR1/3	chimeras	compared	to	wild-type	as	assessed	by	flow	

cytometry	 of	 transfectants	 transiently	 expressing	 both	 constructs.	 A)	 Cell	 surface	

expression	 of	 chimeric	 CCR1.3	 (blue;	 dashed)	 plotted	 relative	 to	 WT-CCR1	 (blue;	

filled).	B)	Cell	surface	expression	of	chimeric	CCR3.1	(red;	dashed)	plotted	relative	to	

WT-CCR3	(red;	filled).	Data	are	the	mean	±	SEM	of	six	independent	experiments.		

CCR3 CCR3.1

0

25

50

75

100

125

150
M

ea
n

 r
el

at
iv

e 
fl

u
o

re
sc

en
ce

 

CCR1 CCR1.3

0

25

50

75

100

125

150

M
ea

n
 r

el
at

iv
e 

fl
u

o
re

sc
en

ce
 

**

A	 B	



 

   137	

	

	
	

Figure	4-13		 Chemotactic	responses	of	wild-type	CCR1/3	and	their	reciprocal	

C-terminus	chimeric	receptors	

Transiently	expressed	wild-type	receptors	and	their	respective	chimeras	in	L1.2	cells	

were	assessed	for	their	chemotactic	ability	using	a	Boyden	chamber.	A)	WT-CCR3	(red;	

closed	square)	and	chimeric	CCR3.1	(blue;	open	squares)	migrating	towards	increasing	

concentrations	 of	 CCL11.	 B)	WT-CCR1	 (blue;	 closed	 squares)	 and	 chimeric	 CCR1.3	

(red;	open	square)	migrating	towards	increasing	concentrations	of	CCL3.	Data	are	the	

mean	±	SEM	of	three	independent	experiments,	which	were	analysed	using	a	two-way	

repeated	measures	ANOVA	using	Bonferroni's	post-test.		
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4.3 Discussion		

4.3.1 The	effect	of	sodium	butyrate	on	CCR3	expression	and	function	

Sodium	butyrate	is	commonly	used	to	enhance	transfection	efficiency	and	the	

expression	of	plasmid-based	constructs	in	cell	culture	transfectants.	CCR3	cell	surface	

receptor	 expression	 assessed	 using	 flow	 cytometry	 showed	 a	 trend	 towards	 an	

increase	 (though	 not	 statistically	 significant)	 following	 overnight	 treatment	 with	

sodium	butyrate.	These	findings	are	in	keeping	with	sodium	butyrate	treatment	can	

increase	 levels	 of	 transcription,	 which	 has	 been	 attributed	 to	 chromatin	 structural	

changes	 (Kruh,	 1982).	 In	 addition,	 Gorman	 and	 colleagues	 (1983)	 reported	 a	 30%	

increase	in	transient	expression	of	foreign	DNA	in	Hela	cells,	influenced	through	SV40	

enhancer	regions	present	in	the	plasmid.	Collectively,	this	suggests	that	my	data	are	in	

accordance	with	previous	published	data	where	sodium	butyrate	treatment	enhances	

gene	expression.	

	

4DE4-CCR3	 cells	 were	 treated	 with	 sodium	 butyrate	 and	 assessed	 for	 their	

chemotactic	responses	to	CCL11	using	a	modified	Boyden	chamber	assay.	Responses	

were	compared	to	untreated	cells.	Cells	migrated	in	a	characteristic	bell-shaped	dose-

response	manner.	Both	sodium	butyrate	treated,	and	untreated	cells	exhibited	a	classic	

bell-shaped	dose-response	 to	 chemokine,	 although	 treatment	with	 sodium	butyrate	

resulted	in	a	10-fold	increase	in	the	efficacy	of	CCR3-mediated	chemotaxis	compared	

to	untreated	cells.	The	increase	in	the	chemotactic	response	shown	by	4DE4-CCR3	cells	

could	 be	 attributed	 in	 part	 to	 the	 changes	 in	 CCR3	 expression	 following	 sodium	

butyrate	treatment.	However,	it	is	likely	that	sodium	butyrate	is	effecting	other	factors	

that	 play	 a	 role	 in	 this	 phenomenon,	 as	 the	 increase	 in	 receptor	 expression	 was	

minimal	and	not	significant	in	contrast	to	the	significant	increase	in	chemotaxis.		

	

The	majority	of	the	effects	of	sodium	butyrate	on	cell	cultures	are	thought	to	

result	 from	 changes	 in	 chromatin	 structures	 from	 histone	 hyper-acetylation	 (Kruh,	

1982).	 It	 is	 plausible	 that	 sodium	 butyrate	 may	 not	 just	 only	 effect	 receptor	 gene	

expression	but	may	 increase	or	decrease	 the	expression	of	 genes	products	 that	 are	

crucial	for	effective	chemotaxis.	At	higher	concentrations	sodium	butyrate	is	thought	

to	influence	the	expression	of	an	array	of	cytokines	and	chemokines	in	leukemia	cell	
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lines	(Abe,	2012;	Pulliam	et	al.,	2016).	

The	data	presented	here	suggest	that	sodium	butyrate	effects	cell	morphology,	

which	may	potentially	be	a	contributing	factor	for	the	increase	in	chemotaxis	observed	

here.	The	cells	appeared	to	be	polarised	–	having	a	leading	and	trailing	edge,	with	a	

typical	 elongated	 appearance	 compared	 to	 a	 non-polarised	 cell.	 Sodium	 butyrate	

treatment	may	in	part	facilitate	the	increased	chemotaxis	observed	here	by	influencing	

and	stimulating	changes	in	cell	morphology	before	the	cells	are	exposed	to	chemokine.	

Similarly,	 studies	 from	 several	 groups	 have	 reported	 an	 effect	 of	 sodium	 butyrate	

treatment	 on	 cell	 morphology;	 including	 increases	 in	 cell	 size	 and	 arrest	 of	 cell	

proliferation	in	a	variety	of	cell	types	(Ginsburg	et	al.,	1973;	Wright,	1973;	Kruh,	1982;	

Yamada	and	Kimura,	1985).	

	

In	conclusion,	I	have	shown	that	sodium	butyrate	trends	towards	an	increase	

the	cell-surface	expression	of	 stably	expressed	CCR3	and	significantly	 increases	 the	

chemotactic	 responses	 downstream	 of	 the	 receptor.	 In	 addition,	 treatment	 with	

sodium	 butyrate	 induced	 morphological	 changes	 causing	 cellular	 polarisation.	 I	

subsequently	used	sodium	butyrate	treated	cells	for	the	further	study	of	CCR3.	 	
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4.3.2 UCB	35625	-	a	novel	pharmacoperone	that	rescues	L324P-CCR3	

cell	surface	expression	

The	 successful	 trafficking	 of	 correctly	 folded	 receptors	 to	 the	 cell	 surface	 is	

critical	 to	 allow	 the	 intended	 cellular	 signalling	 pathways	 to	 be	 activated	 through	

ligand-receptor	interaction.	Misfolded	proteins	retained	in	intracellular	compartments	

can	 potentially	 be	 rescued	 thus	 permitting	 their	 export	 to	 the	 cell	 surface.	 Several	

approaches	 have	 been	used	 to	 rescue	 the	 expression	 of	misfolded	GPCRs	 including	

genetic	methods,	chemical	and	pharmacological	chaperones	(Morello	et	al.,	2000;	Dong	

et	 al.,	 2007).	 Identifying	 novel	 pharmacoperones	 that	 can	 rescue	misfolded	mutant	

GPCRs	and	thus	their	expression	could	be	a	useful	therapeutic	goal.	

	

I	 first	 confirmed	 previous	 findings	 published	 by	Wise	 et	 al.,	 (2010)	 that	 the	

T971C	SNP	mutation	in	the	C-terminus	of	CCR3,	(L324P	substitution),	which	ablated	

receptor	 cell	 surface	 expression.	 The	 mutation	 appeared	 to	 alter	 the	 fate	 of	 the	

receptor,	 likely	 through	 influencing	 its	 conformation,	 forcing	 its	 retention	 within	

intracellular	compartments.		

	

Utilising	 the	 knowledge	 that	 many	 pharmacoperones	 are	 often	 agonists	 or	

antagonists	of	the	receptor,	I	sought	to	invest	the	role	of	UCB	35625,	a	well-described	

CCR3	antagonist	(Sabroe	et	al.,	2000)	and	its	potential	use	as	a	CCR3	pharmacoperone.	

Pharmacoperones	 typically	work	 intracellularly	and	thus	need	to	permeate	 through	

the	cell	membrane.	Initial	experiments	found	treatment	with	UCB	35625	did	not	affect	

receptor	expression	and	I	reasoned	that	the	compound	was	probably	not	crossing	the	

lipid	 bilayer.	 I	 subsequently	 addressed	 this	 problem	 by	 treating	 cells	 with	 the	

compound	 during	 electroporation,	 offering	 the	 compound	 the	 opportunity	 to	 pass	

through	 the	 cell	membrane.	Once	 inside	 the	 cell	 I	 predict	 that	UCB	35625	binds	 to	

L324P-CCR3	 trapped	 in	 sub-cellular	 compartments,	 modifying	 its	 structural	

conformation	 and	 promoting	 correct	 folding	 and	 restoration	 of	 CCR3	 transport,	

leading	to	the	observed	increase	in	cell	surface	receptor	expression.	The	rescue	of	cell	

surface	receptor	expression	was	dose-dependent,	with	treatment	of	cells	with	50µM	

UCB	35625	restoring	over	50%	of	L324P-CCR3	expression	levels	relative	to	WT-CCR3	

cells.	 Unsurprisingly,	 a	 CCR2/CCR5	 antagonist	 –	 TAK-779	 –	 showed	 no	 effect	 in	
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increasing	 L324P-CCR3	 cell	 surface	 expression	 levels.	 Further	 experiments	 were	

performed	to	evaluate	the	use	of	another	CCR3	antagonist	–	SB	297006	-	as	a	potential	

pharmacoperone	for	L324P-CCR3	mutant	receptor.	The	data	revealed	this	compound	

had	 no	 influence	 on	 rescuing	 L324P-CCR3	 cell	 surface	 expression	 and	 further	

demonstrated	 the	 specificity	 of	 UCB	 35625	 as	 a	 pharmacoperone	 for	 L324P-CCR3	

receptor.	Although	both	UCB	35625	and	SB	297006	are	CCR3	antagonists,	they	have	

different	structures,	sizes,	affinities	and	are	thus	likely	to	stabilise	different	structural	

conformations	of	CCR3	when	bound	to	the	receptor	(White	et	al.,	2000;	Sabroe	et	al.,	

2000).	

	

Collectively,	 the	 data	 presented	 here	 demonstrates	 that	 UCB	 35625	 has	 the	

ability	to	rescue	misfolded	L324P-CCR3	receptor	cell	surface	expression	and	acts	as	a	

novel	 pharmacoperone	 in	 a	 dose-dependent	manner.	 Importantly,	 L324P-CCR3	 cell	

surface	expression	was	unaffected	by	treatment	with	TAK-779	which	does	not	bind	to	

CCR3.	 Moreover,	 the	 data	 suggests	 that	 UCB	 35625	 exhibits	 selectivity	 as	 a	

pharmacoperone	for	the	mutant	receptor	L324P-CCR3.		 	
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4.3.3 Chimeric	 CCR1.3	 receptor	 effects	 cell	 surface	 expression	 to	 a	

greater	 extent	 compared	 to	 its	 reciprocal	 chimeric	 receptor	

CCR3.1	

Generating	chimeric	receptors,	where	segments	of	the	receptor	are	swapped,	is	

an	effective	method	for	identifying	and	evaluating	the	roles	and	effects	of	that	specific	

region	on	receptor	function.	Studies	using	reciprocal	C-terminus	chimeric	receptors	of	

CCR4	 and	 CCR5	 have	 shown	 differences	 in	 agonist	 binding	 activity,	 where	 CCL22	

binding	of	 chimeric	CCR4-5	 reduced	agonist	potency.	 In	 contrast,	 CCL17	binding	 to	

chimeric	CCR4-5	did	not	differ	to	WT-CCR4.	Similarly,	CCL4	and	CCL5	showed	reduced	

potency	with	chimeric	CCR5-4	compared	to	WT	(Andrews	et	al.,	2008).	More	recently,	

Zweemer	and	colleagues	(2014a)	engineered	CCR2	and	CCR5	C-terminus	reciprocal	

chimeras,	 to	 characterise	 the	 binding	 sites	 of	 three	 allosteric	 antagonists	 of	 CCR2,	

which	resulted	in	the	mapping	of	an	allosteric	intracellular	antagonist	binding	site.		

	

Given	 the	similarities	between	CCR1	and	CCR3	chemokine	receptors	and	 the	

continued	interest	in	understanding	more	about	the	C-terminus	region	and	its	effect	

on	receptor	expression	and	function	I	sought	to	create	reciprocal	chimeric	receptors	of	

the	C-terminus	regions	of	CCR1	and	CCR3.		

	

In	agreement	with	previous	findings,	WT	CCR1	and	CCR3	receptors	transiently	

expressed	 on	 L1.2	 cells	 showed	 both	 the	 typical	 expression	 profiles	 using	 flow	

cytometry	and	expected	chemotactic	response	using	their	endogenous	ligands,	CCL3	

and	CCL11,	respectively.	In	contrast,	cells	expressing	the	chimeric	CCR1.3	resulted	in	a	

trend	towards	decreased	cell	surface	receptor	expression	compared	to	WT-CCR1.	In	

comparison,	 the	 influence	 on	 receptor	 cell	 surface	 expression	 of	 replacing	 the	 C-

terminus	of	CCR3	with	the	C-terminus	of	CCR1	on	resulting	chimeric	CCR3.1	was	less	

profound	in	comparison	to	its	reciprocal	receptor	CCR1.3.	

	

A	possible	explanation	for	the	differences	in	expression	shown	here	between	

chimeric	 and	WT	 receptors	 could	 be	 that	 CCR3	 export	 to	 the	 cell	 surface	 may	 be	

governed	by	specific	chaperones	that	facilitate	transport	of	the	receptor.	Replacement	

of	 the	 CCR3	 C-terminus	 may	 influence	 receptor	 conformation,	 which	 in	 turn,	 may	
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impact	 its	 interaction	with	the	usual	chaperone	and	accessory	proteins,	 that	 lead	to	

robust	receptor	processing,	maturation	and	transport	to	the	cell	surface.	In	support	of	

this	 explanation	 are	 observations	 from	 data	 presented	 by	Wise	 et	 al.,	 (2010)	 that	

indicated	 specific	 chaperones	 interact	 with	 CCR3	 at	 the	 C-terminus	 facilitating	 an	

export	 pathway	 specific	 for	 CCR3.	 In	 addition,	 receptor	 assembly	 and	 transport	

through	the	ER	and	Golgi	apparatus	and	subsequent	delivery	 to	 the	cell	 surface	are	

thought	to	be	aided	by	interactions	with	a	varied	range	of	chaperones	and	accessory	

proteins	and	that	some	interactions	are	receptor-specific	(Achour	et	al.,	2008;	Cooray	

et	al.,	2009).	The	CCR1	C-terminus	may	interact	with	more	general	chaperone	proteins	

compared	to	the	C-terminus	of	CCR3,	and	thus	could	potentially	explain	the	maintained	

cell	surface	expression	of	CCR3.1	observed	here.		

	

The	observed	decrease	in	chimeric	CCR1.3	receptor	cell	surface	expression	may	

be	due	to	conformational	changes	caused	by	having	the	C-terminus	of	CCR3	attached	

to	 CCR1.	 Potential	 conformational	 changes	 may	 have	 been	 substantial	 enough	 to	

disrupt	the	usual	interactions	of	CCR1	at	various	stages	of	receptor	trafficking	to	the	

cell	surface.	Alternatively,	the	chimeric	receptor,	in	its	alternate	conformational	state,	

may	 not	 have	 met	 stringent	 quality	 control	 checks	 rendering	 the	 receptor	 more	

vulnerable	to	being	trapped	in	subcellular	compartments	or	degradation	(Conn	et	al.,	

2007).		

	

GPCR	 dimerisation	 can	 influence	 the	 receptor’s	 life	 cycle	 from	 biosynthesis,	

maturation	 to	 function	 and	 can	 be	 a	 ligand-independent	 and	 constitutive	 process	

(Angers	et	al.,	2002;	Bulenger	et	al.,	2005;	Achour	et	al.,	2008;	Milligan,	2009).	Many	

GPCRs	dimerise	 as	 a	 requirement	during	 transport	 through	 the	ER,	 to	 clear	quality	

control	 checkpoints	and	 transport	 to	 the	cell	 surface	 (Anchour	et	al.,	2008).	 I	 could	

broadly	 speculate	 that	 the	 chimeric	 receptors	 generated	 here	 that	 differ	 in	 the	 C-

terminus	region	may	dimerise	differently	compared	to	WT	and	be	responsible	for	the	

implications	 on	 receptor	 trafficking	 and	 cell	 surface	 expression.	 In	 support	 of	 this	

concept,	Bulenger	and	colleagues	(2005)	proposed	a	model	of	GPCR	dimerisation	as	a	

crucial	step	during	quality	control	checks	and	suggested	that	dimer-probing	chaperone	

proteins	play	an	equally	crucial	 role	 in	 facilitating	receptor	export.	Considering	 this	

view,	it	is	plausible	that	receptor	conformational	changes	could	affect	the	ability	of	the	
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chimeric	receptor	to	form	dimers	or	equally	that	dimers	formed	may	not	be	recognised	

by	possible	dimer-specific	chaperones.		

		

The	 WT	 CCR3	 and	 CCR1	 constructs	 produced	 the	 expected	 bell-shaped	

chemotactic	response	curves	from	transfectants	exposed	the	ligands,	CCL11	and	CCL3.	

Intriguingly,	chimeric	receptor	CCR1.3,	despite	exhibiting	a	significant	decrease	in	cell	

surface	expression	cells,	was	able	to	maintain	a	level	of	chemotactic	ability	comparable	

to	its	WT-CCR1	counterpart.	The	continued	chemotactic	signalling	observed	here	may	

be	 attributed	 to	 changes	 in	 receptor-downregulation.	 The	 typical	 receptor	 down-

regulation	process	expected	from	WT-CCR1	may	have	been	disturbed	by	the	swapping	

of	 the	 C-terminus	 regions,	 thus	 allowing	 prolonged	 receptor	 expression	 on	 the	 cell	

surface	and	leading	to	continued	chemotactic	signalling	of	CCR1.3.	However,	further	

investigations	comparing	the	internalisation	and	degradation	effects	between	WT	and	

chimeric	receptor	would	be	needed	to	validate	this	explanation.	

	

The	C-terminus	region	(residues	305-355)	of	CCR1	and	CCR3	used	to	generate	

the	reciprocal	chimeric	receptors	CCR1.3	and	CCR3.1,	respectively,	share	80%	amino	

acid	homology.	One	suggestion	for	the	maintained	chemotactic	response	observed	for	

both	chimeric	receptors	compared	to	WT	may	be	due	to	the	conserved	residues	 for	

both	 the	 receptors	 that	 are	 involved	 in	 the	binding	of	G-proteins.	 Investigations	by	

Sabroe	et	al.,	(2005)	in	which	the	CCR3	C-terminus	was	truncated,	proposed	that	amino	

acids	 326-340	 in	 the	 C-terminus	 are	 associated	 with	 G-protein	 binding	 and	

subsequently	influence	the	chemotactic	function	of	the	CCR3	receptor.		

	

Given	 the	 similar	 cell	 surface	 expression	 levels	 observed	 here	 between	WT-

CCR3	 and	 chimeric	 CCR3.1,	 similar	 levels	 of	 chemotactic	 response	 were	 expected.	

Collectively,	 this	data	 implies	that	the	CCR3	C-terminus	can	tolerate	some	degree	of	

amino	 acid	 substitutions	 that	 allows	 CCR3	 receptor	 trafficking	 to	 the	 cell	 surface.	

Previous	 studies	 have	 described	 truncated	 regions	 of	 the	 CCR3	 C-terminus	 region	

(amino	 acids	 325-355)	 as	 expendable	 for	membrane	 trafficking	 and	 ligand	 binding	

(Sabroe	et	al.,	2005).	However,	 the	experiments	here	using	chimeric	receptors	with	

substituted	 regions	 compared	 to	 truncated	 regions	 highlight	 the	 complex	nature	 of	

promiscuity	between	chemokine	receptor	activation.		
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In	 conclusion,	 based	 on	 the	 data	 presented	 here	 I	 speculate	 that	 changes	 in	

CCR1.3	chimeric	receptor	cell	surface	expression	levels	compared	to	WT	may	be	due	

to	 conformational	 changes,	 leading	 to	 alterations	 in	 receptor	 regulation,	

internalisation	 or	 degradation;	 however	 the	 precise	 mechanisms	 have	 yet	 to	 be	

elucidated.	Nevertheless,	changes	to	the	C-terminus	of	CCR1	did	not	disrupt	the	ability	

of	 the	 chimeric	 receptor	 to	 elicit	 an	 equally	 robust	 chemotactic	 response	 towards	

increasing	concentrations	of	ligand	compared	to	WT-CCR1.	Equally,	substitution	of	the	

CCR1	C-terminus	onto	 the	backbone	of	CCR3	did	not	affect	 receptor	 trafficking	and	

endogenous	ligand-induced	chemotaxis.		

	

	 	



 

   146	

Chapter	5 Identification	of	C-terminus	binding	
partners	of	CCR3	
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5.1 Introduction		

An	 extensive	 body	 of	 literature	 implicates	 the	 CCR3:	 eotaxin	 axis	 in	 the	

pathology	of	asthma	(Pease	and	Williams,	2006).	Functional	expression	of	CCR3	in	vitro	

has	been	limited	to	lymphoid	backgrounds,	such	as	the	murine	pre-B	cells	4DE4	and	

L1.2	(Duchesnes	et	al.,	2006;	Wise	et	al.,	2007).	Unlike	most	chemokine	receptors,	CCR3	

is	devoid	of	N-terminal	N-linked	glycosylation	sites,	which	are	typically	bound	in	the	

ER	by	 lectin	chaperones	during	the	 folding	process	(Pearse	and	Hebert,	2010).	This	

suggests	 that	 export	 of	 nascent	 CCR3	 to	 the	 membrane	 may	 be	 governed	 via	

mechanisms	involving	specific	chaperones	expressed	by	leukocytes.		

	
The	 receptor	C-terminus	 is	known	 to	be	 important	 in	 coupling	 to	G-proteins	

following	 ligand	 binding	 and	 recent	work	 from	 our	 group	 has	 shown	 that	 a	 single	

leucine	 (Leu)	 residue	 in	 the	C-terminus	domain	of	 the	 chemokine	 receptor	CCR3	 is	

critical	for	export	to	the	cell	surface	and	subsequent	chemotactic	function	(Wise	et	al.,	

2010).	In	particular,	this	study	examined	effects	of	a	panel	of	non-synonymous	SNPs	

on	the	CCR3	function	revealed	that	a	SNP	encoding	an	L324P	mutation	in	the	CCR3	C-

terminus	 resulted	 in	 ablation	of	 cell	 surface	 expression	 compared	 to	WT-CCR3	and	

consequently,	loss	of	function	(Wise	et	al.,	2010).	The	requirement	for	L324P	is	CCR3-

specific,	since	mutation	of	L324	in	the	highly	related	receptor	CCR1	had	little	effect	on	

expression	 and	 chemotaxis.	 L324P-CCR3	protein	was	 detected	 by	western	 blotting,	

suggesting	 that	 L324P-CCR3	 is	 synthesised	 but	 remains	 trapped	 in	 a	 sub-cellular	

location,	which	was	confirmed	by	microscopy.	The	location	of	the	L324P	mutation	is	a	

Leu-rich	sequence,	LLMHL	within	the	C-terminus	of	CCR3	and	an	analogous	sequence	

within	 the	 carboxyl	 tail	 of	 CXCR2	 has	 been	 shown	 to	 interact	 with	 the	 chaperone	

Hsc70-interacting	protein	(Hip)	(Fan	et	al.,	2002).	

	
Collectively,	 this	 implies	 that	 an	 interaction	 of	 the	 CCR3	 C-terminus	 with	

unknown	 proteins	 is	 critical	 for	 correct	 receptor	 trafficking.	 Initially,	 a	 yeast	 two-

hybrid	(Y2H)	approach	was	used	to	 identify	novel	binding	partners	 for	the	CCR3	C-

terminus,	 as	 a	 similar	 strategy	 was	 used	 to	 identify	 phospholipase	 A2	 and	 Hip	 as	

interacting	with	the	CXCR2	C-terminus	(Fan	et	al.,	2002)	and	also	the	interaction	of	the	

molecule	FROUNT	with	 the	CCR2	C-terminus	 (Terashima	et	al.,	 2005)	and	 later	 the	

CCR5	C-terminus	(Toda	et	al.,	2009).	 	
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5.1.1 Hypothesis	and	aims		

In	 this	 chapter,	 I	 hypothesised	 that	 C-terminus	 interactions	 of	 GPCRs	 with	

additional	proteins	 are	necessary	 for	 their	 successful	 export	 to	 the	 cell	 surface	and	

subsequent	function.	Specifically,	nascent	CCR3	may	be	assembled	and	trafficked	to	the	

membrane	 via	 mechanisms	 dependent	 upon	 chaperones/proteins	 specifically	

expressed	by	leukocytes.	

	

The	specific	aims	were	to:	

	

• Identify	novel	C-terminus	CCR3	binding	partners	using	a	Y2H	system.	

• Construct	a	cDNA	library	from	L1.2	cells	for	Y2H	screening.	

• Verify	and	explore	these	novel	binding	partners	at	the	CCR3	C-terminus.	

• Investigate	 the	 effects	 of	 over	 expression	 and	 knockdown	 of	 these	

binding	partners	on	CCR3	expression	and	chemotactic	function.	 	
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5.1.2 Principles	of	the	Y2H	screen	

The	Y2H	system	allows	detection	of	novel	protein-protein	interactions	in	vivo	

through	 reconstitution	 of	 Saccharomyces	 cerevisiae	 GAL4	 transcriptional	 activator	

(Fields	 and	 Song,	 1989).	 The	 Matchmaker™	 GoldTM	 two-hybrid	 assay	 (Clontech,	

Mountain	View,	CA,	USA)	is	based	on	this	principle	(illustrated	in	figure	5-1)	and	relies	

upon	the	transcriptional	activation	of	 four	reporter	genes	(AUR1-C	HIS3,	ADE2,	and	

MEL1)	to	identify	interacting	proteins.		

	

The	 CCR3	 C-terminus,	 as	 illustrated	 in	 figure	 5-2	was	 expressed	 as	 a	 fusion	

partner	of	the	DNA	binding	domain	(BD)	of	the	GAL4	protein,	expressed	in	the	pGBKT7	

vector.	This	“bait”	protein	was	used	to	probe	a	leukocyte	cDNA	library	expressed	as	

“prey”	 fusion	proteins	with	the	transcription	activation	domain	of	 the	GAL4	protein	

(AD),	expressed	in	the	pGADT7-Rec	vector.	Given	the	previous	success	in	expressing	

CCR3	in	pre-B	cell	lines	(Pease	et	al.,	1998;	Sabroe	et	al.,	2000)	and	the	suggestion	that	

specific	proteins	expressed	by	leukocytes	aid	CCR3	trafficking	(Wise	et	al.,	2010),	cDNA	

from	L1.2	cells	was	used	to	construct	a	library	of	independent	clones.		

	

The	 library	 was	 then	 screened	 to	 identify	 positive	 two-hybrid	 interactions:	

when	bait	and	prey	fusion	proteins	interact	and	bind,	resulting	in	reconstituting	of	the	

GAL4	 BD	 and	 AD,	 activating	 the	 reporter	 genes	 allowing	 for	 the	 identification	 of	

positive	 transformants	 using	 specified	 selection	 plates:	 allowing	 growth	 of	

transformants	on	media	containing	the	antibiotic	Aureobasidin	A	(A),	media	deficient	

in	 histidine	 (His)	 and	 adenine	 (Ade)	 supplemented	 with	 X-a-Gal	 (X),	 allowing	 for	

colorimetric	 identification.	 Figure	 5-3	 illustrates	 the	 four	 reporter	 genes	 used	 to	

identify	protein:	protein	interactions.	

	

Plasmid	DNA	from	candidate	yeast	clones	were	then	used	in	retransformation	

assays	to	assess	the	authenticity	of	the	original	screen	and	surviving	candidate	clones	

underwent	 DNA	 sequencing	 to	 identify	 the	 encoded	 proteins.	 The	 use	 of	 four	

independent	 reporter	 genes	 was	 envisaged	 to	 minimise	 the	 identification	 of	 false	

positives.	However,	as	there	is	still	a	possibility	of	detecting	false	positives	the	fidelity	

of	 interactors	 will	 be	 further	 tested.	 Figure	 5-4	 illustrates	 the	 principle	 behind	
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distinguishing	genuine	positive	interactions	between	bait	and	prey	proteins	from	false	

positive	 interactions.	 Genuine	 positive	 interactors:	 where	 bait	 and	 prey	 proteins	

physical	interaction	results	in	the	activation	of	all	four	GAL4	responsive	reporters	and	

are	thus	able	to	grow	blue	colonies	on	quadruple	dropout	media	supplemented	with	A	

and	 X.	 False	 positive	 interactors	 are	 able	 to	 activate	 reporter	 genes	 and	 grown	 on	

selective	media	in	the	absence	of	bait	protein.	Verified	positive	interactors	were	then	

analysed	and	their	relationship	to	receptor	function	will	be	elucidated.	
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Figure	5-1		 	 Principles	of	yeast	two-hybrid	(Y2H)	screening	

Yeast	 two-hybrid	 (Y2H)	 screening	 is	 used	 to	 discover	 novel	 protein:	 protein	

interactions.	The	protein	of	interest	(bait	protein	–	red)	is	expressed	as	a	fusion	protein	

with	a	GAL4	DNA	binding	domain	(BD	–	orange).	A	library	of	prey	proteins	is	expressed	

as	fusion	proteins	containing	a	GAL4	transcriptional	activation	domain	(AD	–	purple).	

The	bait	and	prey	plasmids	are	expressed	separately	in	Y2HGold	and	Y187	yeast	cells,	

respectively	and	interactions	are	then	screened	using	yeast	mating.	When	the	bait	and	

prey	 protein	 physically	 interact,	 this	 allows	 the	 BD	 to	 bind	 the	 GAL4-responsive	

promoter	and	the	AD	to	activate	its	transcription.	This	interaction	results	in	activation	

of	 the	 GAL4-responsive	 promoter	 allowing	 transcription	 of	 the	 four	 downstream	

reporter	genes	(HIS3,	ADE2,	AUR1-C	and	MEL1)	and	successful	growth	of	the	yeast	cells	

on	selective	media.	 Illustration	was	adapted	 from	Clontech	Matchmaker™	Gold	Y2H	

system	user	manual.		

			PREY	

		AD	

				BAIT	

		BD	

Reporter	Gene	
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Figure	5-2	 CCR3	 C-terminus	 residues	 used	 for	 bait	 protein	 in	 yeast	 two-	

hybrid	screen		

A	cartoon	of	the	WT-CCR3	receptor	showing	the	C-terminus	residues	(53	amino	acids;	

orange)	encoded	by	the	cDNA	cloned	into	the	yeast	two-hybrid	pGBKT7	to	generate	

the	bait	plasmid	–	pGBKT7-CCR3.		
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Figure	5-3		 	 Reporter	gene	constructs	in	Y2HGold	yeast	strain	

Three	heterologous	GAL4-responsive	promoters	G1,	G2	and	M1	control	transcription	

of	four	reporter	genes	HIS3,	ADE2,	and	MEL1/AUR1-C,	respectively.	The	promoters	are	

distinct	except	for	the	17-mer	consensus	sequence	needed	for	the	binding	of	the	GAL4	

DNA	binding	domain	(BD).	The	reporter	genes	are	used	 to	 identify	protein:	protein	

interactions.	 His3	 and	 Ade2	 expression	 allows	 the	 yeast	 cell	 to	 grown	 on	 –His	

(histidine)	and	–Ade	(adenine)	minimal	media,	respectively.	Aur1-c	expression	confers	

resistance	to	toxic	drug	Aureobasidin	A	(A).	MEL1	encodes	α-galactosidase	expression,	

which	in	the	presence	of	X-α-Gal	(chromogenic	substrate)	results	in	blue	colouration.		

G1 HIS3

G2 ADE2

M1 AUR1-C

M1 MEL1

X-α-Gal media

AbA media

-Ade media

-His media

GAL4-responsive 
promoter

Reporter Gene
HIS3, ADE2, AUR1-C & MEL1
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Cotransformation	 Selective	
media		

Expected	
colonies	

	
Genuine	
Positive	

	

pGBKT7-	empty		+	pGADT7-	candidate	prey	
DDO/X	 Yes		(White)	
QDO/X/A	 No	

pGBKT7-CCR3		+	pGADT7-	candidate	prey		
DDO/X	 Yes		(Blue)	
QDO/X/A	 Yes		(Blue)	

	
False	
Positive		

	

pGBKT7-	empty		+	pGADT7-	candidate	prey	
DDO/X	 Yes		(Blue)	
QDO/X/A	 Yes		(Blue)	

pGBKT7-CCR3		+	pGADT7-	candidate	prey	
DDO/X	 Yes		(White)	
QDO/X/A	 No	
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Genuine	Positive
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HIS3, ADE2, AUR1-C & MEL1
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Figure	5-4	 Principle	 for	 confirming	 genuine	 positive	 interaction	 between	

bait	and	prey	proteins	

Illustrations	of	genuine	and	false	positive	interactions	between	bait	and	prey	plasmids	

co-transformed	in	yeast	cells	then	grown	on	selective	media	at	30°C	for	five	days.	A)	

Cells	 expressing	 both	 bait	 (pGBKT7-CCR3)	 and	 prey	 (pGADT7-	 candidate	 clone)	

plasmids	physically	interacting	allowing	the	activation	of	all	four	reporter	genes	can	

grow	 on	 QDO/X/A	 media	 resulting	 in	 a	 genuine	 positive	 interaction.	 B)	 Co-

transformation	of	empty-pGBKT7	and	prey	plasmid	resulting	 in	no	activation	of	 the	

reporter	genes	and	no	growth	on	QDO/X/A	media	is	used	a	control	for	genuine	positive	

interactions.	C)	False	positive	interaction	results	from	cells	expressing	prey	plasmid	

only,	 activating	 reporter	 genes	 and	 growing	 on	QDO/X/A	media.	D)	 Table	 showing	

expected	 results	 for	 co-transformation	 of	 prey	 and	 bait	 (pGBKT7-CCR3	 or	 empty	

pGBKT7)	plasmids	when	grown	on	selective	media.	
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5.2 Results		

5.2.1 Yeast	two-hybrid	construction	

5.2.1.1 Control	mating	experiments	

Control	 experiments	were	performed	 in	 order	 to	 assess	 the	mating	protocol	

before	screening	the	Y2H	library	with	our	protein	of	 interest.	Control	bait	and	prey	

plasmids	were	provided	by	Clontech	(appendix	figure	10-4).	Initially,	control	plasmids	

were	transformed	in	yeast	and	grown	on	the	appropriate	single	dropout	media,	(SDO)	

without	 –Trp	 or	 –Leu	 to	 select	 for	 bait	 and	 prey	 plasmids,	 respectively	 (data	 not	

shown),	before	being	used	for	control	mating	experiments,	illustrated	in	figure	5-5.	

	

Table	5-1	shows	the	results	from	these	mating	experiments.	For	the	positive	

control,	bait	pGBKT7-53	plasmid	(containing	the	BD	fused	with	p53)	was	mated	with	

prey	pGADT7-T	plasmid	(containing	the	AD	fused	to	SV40	large	T	antigen)	and	plated	

on	selective	media.	Mated	cultures	were	then	grown	on	selective	media	for	5	days	at	

30°C	at	different	dilutions.	Double	dropout	media	SDO/-Leu/-Trp	(DDO)	was	used	to	

select	for	diploids	with	both	plasmids	(panel	A)	and	DDO	supplemented	with	X-α-Gal	

and	Aureobasidin	A	(DDO/X/A)	was	used	to	select	for	activation	of	all	four	reporter	

genes	and	the	distinctive	blue	colonies,	indicating	a-galactosidase	activation.	(panel	B).	

As	expected,	mating	these	two	plasmids	resulted	in	the	known	physical	interaction	of	

p53	and	the	SV40	large	T	antigen	(Li	and	Fields,	1993)	in	diploids	and	thus	activation	

of	all	four-reporter	genes,	which	allowed	growth	on	DDO/X/A	with	blue	colonies.		

	

Conversely,	for	the	negative	control	bait	pGBKT7-Lam	plasmid	(containing	the	

BD	fused	with	 lamin)	was	mated	with	prey	pGADT7-T	plasmid	resulting	 in	diploids	

that	did	not	activate	all	four	reporter	genes	and	could	not	grow	on	DDO/X/A	plates.		
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5.2.1.2 Generating	a	bait	clone		

To	discover	novel	protein	 interactions	at	the	C-terminus	of	CCR3	I	used	the	

same	Y2H	screening	method.	I	used	conventional	PCR	and	cloning	methods	to	clone	

the	DNA	fragment	of	interest	(appendix	table	10-2)	–	encoding	amino	acids	303	to	355	

of	CCR3	–	into	the	bait	plasmid	pGBKT7	(for	plasmid	map	see	appendix	figure	10-2)	as	

shown	in	figure	5-6.	E.	coli	were	then	transformed	with	the	bait	plasmid	and	grown	on	

media	with	kanamycin	(Kan)	overnight.	Colonies	were	picked,	cultures	were	grown	

from	which	plasmid	DNA	was	extracted,	then	finally	digested	with	restriction	enzymes	

and	run	on	an	agarose	gels	as	shown	in	figure	5-7.	The	authenticity	of	the	bait	protein	

construct	-	pGBKT7-CCR3	-	was	further	verified	by	DNA	sequencing	(appendix	figure	

10-5).	

5.2.1.3 Testing	bait	for	autoactivation	and	toxicity		

It	 was	 imperative	 to	 ensure	 the	 bait	 region	 i.e.	 CCR3	 C-terminus,	 did	 not	

independently	 activate	 the	 four	 integrated	 reporter	 genes	 in	 the	 absence	 of	 a	 prey	

protein.	 In	 addition,	 as	 this	 system	 requires	 the	 bait	 fusion	 plasmid	 to	 be	 well	

expressed	in	yeast,	it	was	necessary	to	perform	toxicity	control	tests.	Table	5-2	shows	

the	results	from	the	control	experiments,	where	as	predicted	pGBKT7-CCR3	was	able	

to	grow	on	SDO/-Trp	which	selects	for	the	pGBKT7	plasmid.	Conversely,	as	expected,	

no	colonies	grew	on	SDO/-Leu	media	that	selects	for	prey	plasmid	(pGADT7)	and	on	

SDO/-T/X/A	media	that	selects	for	autoactivation	of	the	reporter	genes.	In	summary,	

pGBKT7-CCR3	is	not	toxic	to	yeast	and	does	not	autoactivate	the	reporter	genes	in	the	

absence	of	prey	protein.	
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Figure	5-5		 Principles	of	control	mating	

A)	Positive	control	plasmids	encoding	a	fusion	of	the	GAL4	DNA	binding	domain	(BD)	

and	 murine	 p53	 protein	 (Y2HGold	 yeast	 strain:	 pGBKT7-53)	 are	 mated	 with	 cells	

expressing	plasmid	that	encodes	GAL4	transcriptional	activation	domain	(AD)	fused	

with	 SV40	 large	 T-antigen	 (Y187	 yeast	 strain:	 pGADT7-T).	 Resulting	 diploid	 cells	

expressing	both	plasmids	permit	the	activation	of	all	four-reporter	genes,	as	p53	and	

SV40	large	T-antigen	are	known	to	physically	interact.	Diploids	are	then	screened	for	

using	selective	media.	B)	Cells	expressing	negative	control	plasmid	encoding	a	fusion	

of	 BD	 and	 lamin	 (pGBDT7-Lam)	 are	 mated	 with	 cells	 expressing	 pGADT7-T.	 Cells	

expressing	both	plasmids	activate	all	reporter	genes,	except	for	AUR1-C.	Diploids	can	

be	screened	for	using	selective	media.	See	appendix	figure	10-4	for	plasmid	maps.	
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Table	5-1	 Control	mating	testing	

Yeast	cells	were	transformed	with	pGBKT7-53,	pGBKT7-Lam	or	pGADT7-T	plasmids	

and	plated	on	appropriate	single	dropout	media.	For	positive	(pGBKT7-53	[bait]	and	

pGADT7-T	 [prey])	and	negative	 control	 (pGBKT7-Lam	 [bait]	 and	pGADT7-T	 [prey])	

testing,	colonies	were	 incubated	overnight	with	shaking	at	30°C.	A)	Double	dropout	

media	 SDO/-Leu/-Trp	 (DDO)	 to	 select	 for	 diploids	 with	 both	 plasmids.	 B)	 DDO	

supplemented	with	X-α-Gal	and	Aureobasidin	A	(DDO/X/A)	to	select	for	activation	of	

all	 four	 reporter	 genes	 and	 blue	 colonies.	 Data	 shown	 are	 representative	 of	 three	

independent	experiments.	

A	

	

Selective	media		
DDO/X/A	

Expected	
Colonies	

Observed	colonies	
1/100	 1/1000	

Positive	control	
pGBKT7-53	

	and		
pGADT7-T	

Yes	
(blue)	

	 	

Negative	control	
pGBKT7-Lam	

and	
	pGADT7-T	

No	
	

	 	

B	

A	

B	
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Figure	5-6		 Generating	a	clone	containing	a	CCR3	C-terminus	bait		

WT-CCR3	was	used	as	a	PCR	template	to	generate	a	C-terminus	fragment	with	BamHI	

and	EcoRI	restriction	sites	which	were	cleaved	before	ligation	with	similarly	cleaved	

bait	plasmid	–	pGBKT7.	Ligation	was	in	frame	with	the	GAL4	DNA-binding	domain	(BD)	

–	pGBKT7	as	confirmed	by	DNA	sequencing.	

EcoRI BamHICCR3 C-terminus (182bp)

C-terminus

EcoRI

BamHI

WT CCR3

300bp

200bp

100bp

Digestion with EcoRI and BamHI

10000bp

8000bp

6000bp

Digested 

pGBKT7

300bp

200bp

100bp

Digested 

PCR 

product

PCR product

182bp

Gel extraction, purification and ligation

pGBKT7

Ka
nr

TRP1

GAL4	BD

CCR3	C-terminus
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Figure	5-7		 Bait	clone	transformation,	extraction	and	purification	

E.	coli	were	successfully	transformed	with	ligated	pGBKT7-CCR3	and	plated	on	media	

containing	kanamycin	(Kan).	Colonies	were	picked	and	cultured	overnight	at	30°C	with	

shaking.	Plasmid	DNA	was	then	purified	followed	by	digestion	with	BamHI	and	EcoRI	

restriction	 enzymes	 to	 confirm	 CCR3	 C-terminus	 insertion	 by	 gel	 electrophoresis.	

Verified	 mini-prep	 culture	 was	 then	 expanded	 to	 a	 maxi-prep	 culture.	 DNA	 was	

purified	 using	 the	 same	methodology	 and	 gel	 electrophoresis	 and	DNA	 sequencing	

(appendix	figure	10-5)	was	used	to	verify	successful	bait	clone	generation.		

pGBKT7-CCR3	

Ka
nr
	

TRP1	

GAL4	BD	

Transformation in E. coli
+ Kanamycin

500bp

250bp

Digested 
PCR product
172bp

Digested 
pGBKT7

1000bp
8000bp

DNA purified and 
digested with HindIII

Mini-prep culture

DNA purified and digested 
EcoR1 and BamH1

1500bp

5000bp4938bp

1498bp

1040bp

868bp

pGBKT7 
+ CCR3

1500bp
1000bp

750bp

6000bp
5000bp

pGBKT7

1000bp

Maxi-prep culture
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Table	5-2	 pGBKT7-CCR3	bait	clone	 is	not	 toxic	and	does	not	autoactivate	

the	four	reporter	genes	in	the	absence	of	prey	protein	

A)	pGBKT7-	empty	plasmid	or	pGBKT7-CCR3	bait	clone	was	transformed	in	Y2HGold	

competent	 cells	 then	 plated	 at	 1/100	 on	 single	 dropout	 (SD)	 -Trp	 (SDO/-T)	 and	

incubated	for	5	days	at	30°C.	B)	pGBKT7-CCR3	transformed	cells	were	plated	at	1/10	

and	 1/100	 dilution	 on	 SDO/-T,	 SDO/-Trp/X-α-Gal	 (SDO/X),	 or	 SDO/-Trp/X-α-

Gal/Aureobasidin	A	(SDO/-T/X/A)	selective	media	then	incubated.	Cells	were	plated	

on	 SD/-Leu	 (SDO/-L)	 as	 a	 negative	 control.	 Data	 shown	 are	 representative	 of	 two	

independent	experiments.		

	
Plasmid	 Expected	colonies	 Observed	colonies	

pGBKT7	 Yes	

	

pGBKT7-CCR3	 Yes	

	

A		

Selective	
media	

Expected	
Colonies	

Observed	colonies		
1/10	 1/100	

SDO/-T		 Yes	 20	 5	

SDO/-T/X	 Yes	

41	 4	

SDO/-T/X/A	 No	 0	 0	
SDO/-L	 No	 0	 0	

B	

A	

B	
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5.2.2 L1.2	cDNA	library	construction	

5.2.2.1 Control	experiments		

Control	experiments	were	performed	in	order	to	assess	the	expected	results	

of	the	homologous	recombination-mediated	cloning	protocol	before	using	this	method	

to	construct	 the	L1.2	cDNA	 library.	Figure	5-8	shows	the	results	 from	these	control	

experiments.	Panel	A	illustrates	the	primers	and	the	homologous	recombination	sites	

used	 to	 insert	 the	 SV40	 large	 T-antigen	 PCR	 fragment	 in-frame	with	 pGADT7-Rec.	

Panel	B	shows	the	expected	and	observed	results	of	the	transformed	yeast	cells	that	

were	grown	on	SDO/-Leu	selective	media,	with	approximately	ten	times	more	colonies	

seen	when	prey	plasmid	was	co-transformed	with	SV40	large	T-antigen	PCR	fragment	

than	with	prey	plasmid	alone.	The	linearised	prey	plasmid	pGADT7-Rec	was	provided	

by	Clontech	(appendix	figure	10-3).	

5.2.2.2 Generating	cDNA	for	L1.2	library		

In	order	to	generate	a	L1.2	cDNA	library	I	used	a	Mate	&	PlateTM	library	system	

(Clontech).	Initially,	we	isolated	total	RNA	from	L1.2	cells	that	were	verified	to	express	

functioning	 CCR3	 (appendix	 figure	 10-6).	 Using	 Clontech’s	 SMART	 technology	 and	

sutiable	primers	 I	 generated	 cDNA	 from	RNA,	 as	 illustrated	 in	 figure	5-9.	Using	 gel	

electrophoresis,	 I	was	able	 to	verify	 successful	 generation	of	purified	L1.2	ds	 cDNA	

(section	2.2.4.3	and	for	primer	conditions	appendix	table	10-3	and	10-4).		

5.2.2.3 L1.2	yeast	two-hybrid	library	construction		

In	order	to	construct	a	L1.2	cDNA	library	I	used	competent	Y187	yeast	cells	for	

co-transformation	 of	 the	 L1.2	 cDNA	 and	 the	 prey	 plasmid	 –	 pGADT7-Rec,	 allowing	

homologous	recombination	to	generate	pGADT7-L1.2	expressing	cells.	Subsequently,	

these	cells	were	grown	on	SDO/-Leu	media,	cultured	and	harvested	as	shown	in	figure	

5-10A.	 I	 was	 able	 to	 successfully	 generate	 a	 L1.2	 cDNA	 library	 of	 over	 3	 million	

independent	 clones	 (panel	 B).	 The	 culture	was	 aliquoted	 and	 stored	 at	 -80°C	 until	

needed.		
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Figure	5-8		 Control	homologous	recombination	testing	

Successful	 homologous	 recombination	 mediated	 cloning	 in	 Y187	 yeast	 cells.	 SV40	

large-T	antigen	PCR	fragment	was	cloned	into	linearised	prey	plasmid	(pGADT7-Rec)	

using	 homologous	 recombination.	 A)	 The	 ends	 of	 linearised	 prey	 plasmid	 and	 PCR	

fragment	 share	 homology	 with	 SMARTTM	 III	 oligonucleotide	 and	 CDS	 III/6	 primer	

sequence.	B)	Linearised	pGADT7-Rec	prey	plasmid	alone	or	pGADT7-Rec	 and	SV40	

large-T	PCR	fragment	was	co-transformed	in	competent	yeast	cells.	Transformed	cells	

were	then	plated	at	1/10	and	1/100	on	SDO/-Leu	(SDO/-L)	plates	and	incubated	at	

30°C	for	5	days.	Data	shown	is	representative	of	three	independent	experiments.		

pGADT7-Rec	
(8059	bp)	

GAL4	AD	 Am
pr
	

LEU2	

SMARTTM	III	Oligo	 CDS	III/6	primer	

SV40	large	T-
antigen	

Homologous	
Recombination	

	

Selective	media		
SDO/-L	

Expected	
Colonies	

Observed	colonies	
1/10	 1/100	

pGADT7-Rec	
(SmaI	linearised)	

Yes	
	

	
	
	
	
	
	
5	

	
	
	
	
	
	
1	

pGADT7-Rec	
and	

	SV40	large-T	
PCR	fragment	

Yes	
(x10	more)	
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Figure	5-9		 Generating	a	L1.2	cDNA	library	

Total	RNA	was	isolated	from	L1.2	cells	to	generate	full-length	ds	cDNA.	1)	CDSIII/6	PCR	

primer	 binds	 to	 the	 mRNA	 poly-A	 tail	 priming	 it	 for	 the	 first-strand	 synthesis.	 2)	

Reverse	 transcriptase	 (RT)	 then	 transcribes	 mRNA	 into	 single-stranded	 DNA.	 3)	

SMARTTM	 III	modified	oligo	anneals	 to	CCC	overhangs	once	RT	terminal	 transferase	

activity	adds	dC	(deoxycytidine)	to	the	3’	end.	4)	Template	switching	leaves	both	ends	

of	the	cDNA	with	homology	to	the	pGADT7-Rec	plasmid.	5)	cDNA	was	then	amplified	

by	long-distance	PCR	(LD-PCR)	to	generate	full-length	double-stranded	(ds)	DNA.	6)	

The	ds	cDNA	was	purified	using	CHROMA	spin	TE-400	column	and	then	verified	by	

using	 gel	 electrophoresis.	 Negative	 control:	 no	 cDNA;	 positive	 control:	mouse	 liver	

cDNA.	Illustration	adapted	from	Clontech	Mate	&	Plate™	user	manual.	See	table	10-4	

for	primer	sequences.		

											
A	A	A	A	A		

T	T	T	T	T		

G	G	G	

C	C	C	

5’	

3’	

3’	

5’	

CDSIII/6	primer	

											
A	A	A	A	A		

T	T	T	T	T		

L1.2	RNA	
5’	 3’	

5’	3’	

											
A	A	A	A	A		

T	T	T	T	T		C	C	C	

G	G	G	
SMART	III

	

modified
	oligo	

5’	

3’	

3’	

											
A	A	A	A	A		

T	T	T	T	T		Reverse	
transcriptase			

													-ve								+ve								L1.2	cDNA 
2000	bp	
1500	bp	
1000	bp	
750	bp	
500	bp	

	
250	bp	

1	

2	

3	

4	

5	

6	
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Figure	5-10		 L1.2	cDNA	library	construction	

Construction	of	a	L1.2	cDNA	library	with	>3x106	independent	clones.	A)	Overview	of	

the	library	construction	steps	(refer	to	section	2.2.4.3	for	further	details).	Preparation	

of	competent	yeast	cells:	1-3)	A	single	colony	of	Y187	yeast	strain	was	cultured	in	YPDA	

media	 and	 scaled	up	 from	3ml	 to	50ml	 to	100ml	 cultures.	 4)	The	 culture	was	 then	

pelleted,	washed	and	resuspended	in	1.5ml	1.1x	TE/LiAc,	which	was	then	transferred	

to	a	1.5ml	microfuge	tube.	5)	Cells	were	pelleted,	supernatant	was	discarded	and	then	

resuspended	in	600μl	of	1.1xTE/LiAc.	6)	pGADT7-Rec	plasmid	and	L1.2	cDNA	was	then	

co-transformed	in	the	freshly	made	competent	Y187	cells,	allowing	in	vivo	homologous	

recombination.	7)	The	cells	were	then	resuspended	in	15ml	0.9%	(w/v)	NaCl.	9)	The	

transformed	 cells	 were	 plated	 over	 100,	 150mm	 SDO/-Leu	 (SDO/-L)	 plates	 and	

incubated	at	30°C	for	5	days.	10)	Cells	were	then	harvested,	pooled	and	resuspended	

in	150ml	of	YPDA	and	50ml	75%	glycerol,	at	1.39	x	108	cells/ml.	11)	Cells	were	then	

aliquoted	and	stored	at	-80°C.	B)	and	8)	100μl	of	1/100	dilution	of	transformed	cells	

were	spread	on	a	100mm,	SDO/-L	plate	and	incubated	as	described	to	calculate	the	

number	independent	clones	in	the	library.		
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5.2.3 Yeast	two-hybrid	screening	of	L1.2	cDNA	library		

5.2.3.1 Y2H	L1.2	library	screening	using	yeast	mating		

Having	prepared	a	L1.2	cDNA	library	I	was	then	able	to	screen	the	library	for	

potential	CCR3	C-terminus	binding	partners.	Figure	5-11	 illustrates	 the	overview	of	

this	screening	procedure,	where	pGBKT7-CCR3	bait	and	pGADT7-L1.2	pray	plasmids	

were	mated	 and	 cultured	 on	 a	 large	 scale	 before	 being	 plated	 on	 various	 selective	

media	 (section	 2.2.4.4	 for	 protocol	 details).	 Determining	 the	mating	 efficiency	 and	

library	titration	were	key	processes	for	the	Y2H	library	screening.	Table	5-3	shows	the	

results	from	the	library	titration.	The	cells	were	plated	on	SDO/-Leu	media	at	1/100	

and	 1/1000	 dilutions,	with	 titres	 of	 1.16	 x	 106	 and	 1.60	 x	 106	 cfu	 (colony	 forming	

units)/ml,	 respectively.	 The	mating	 efficiency	 (%	of	 diploids)	was	 calculated	 as	 the	

viability	of	diploids	divided	by	the	viability	of	the	limiting	partner	(plasmid	with	the	

lower	 viability).	 The	 viability	 (cfu/ml)	 was	 calculated	 by	 dividing	 the	 number	 of	

colonies	grown	by	the	dilution	factor.	The	prey	plasmid	was	the	limiting	partner	with	

5	x105	cfu/ml	compared	to	2.2	x	108	of	the	bait	plasmid,	as	shown	in	table	5-4.	The	

mating	efficiency	observed	was	4%,	which	was	within	the	expected	range	of	2-5%.	

5.2.3.2 Potential	candidate	clones	from	the	Y2H	L1.2	library	screen	

To	 select	 for	 diploids	 expressing	 both	 pGBKT7-CCR3	 and	 pGADT7-L1.2	

plasmids,	 the	mated	 culture	 (Figure	5-11	 step	8)	was	plated	on	DDO/X/A	 selective	

media.	Figure	5-12A	illustrates	the	screening	process	where	286	clones	were	initially	

identified	 from	 the	 screen.	 Subsequently,	 these	 colonies	 then	 were	 streaked	 onto	

DDO/A	then	higher	stringency	QDO/X/A	media,	resulting	 in	26	clones.	Yeast	colony	

PCR	(appendix	table	10	-3	and	-4)	was	used	to	eliminate	duplicate	clones	with	the	same	

L1.2	cDNA	prey	plasmid	inserts	leaving	19	potential	positive	clones,	which	were	then	

sequenced	using	a	T7	primer.	Panel	B	represents	the	remaining	cDNA	insert	sequences	

from	the	seven	clones,	which	were	identified	using	the	Basic	Local	Alignment	Search	

Tool	(BLAST).	In	summary,	seven	potential	binding	partners	of	the	CCR3	C-terminus	

were	identified	from	the	Y2H	L1.2	library	screen.		

	

In	 order	 to	 continue	with	 further	 investigations	 of	 these	potential	 candidate	

clones,	I	first	needed	to	rescue	and	isolate	each	candidate	prey	plasmid	from	the	yeast	
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cells	using	a	yeast	plasmid	isolation	kit	(Clontech).	Figure	5-13	illustrates	this	process	

(panel	A)	and	the	transformation	of	the	plasmid	in	E.	coli	for	plasmid	amplification	and	

purification.	Panel	B	shows	the	results	from	agarose	gel	electrophoresis	from	purified	

digested	prey	plasmids.	All	observed	band	numbers	and	sizes	were	as	expected,	except	

for	clones	37	and	42.	Each	clone	was	then	amplified	using	PCR	(using	5’	and	3’	AD	LD-

PCR	primers:	see	appendix	table	10-4)	to	confirm	successful	rescue	of	the	prey	plasmid	

insert	(panel	C).		



 

   170	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	

Figure	5-11		 Yeast	two-hybrid	L1.2	library	screening	using	yeast	mating	

Yeast	 cells	expressing	bait	 (pGBKT7-CCR3)	and	prey	 (pGADT7-L1.2)	plasmids	were	

mated	then	plated	and	grown	on	selective	media.	First	a	fresh	concentrated	bait	culture	

was	prepared	(1),	followed	by	thawing	a	1ml	L1.2	cDNA	library	aliquot	(2).	3)	10μl	of	

the	 aliquot	was	used	 for	 library	 tittering	 (table	5-3).	 4)	The	 remaining	 culture	was	

added	to	47ml	of	2x	YDPA,	with	50μg/ml	kanamycin	(Kan)	media	then	incubated	for	

20hr	at	30°C	with	shaking	at	40rpm,	allowing	yeast	mating.	5)	Light	microscopy	was	

used	to	check	for	the	presence	of	zygotes	(arrows;	scale	bar	denotes	50μM),	before	the	

cells	 were	 pelleted,	 supernatant	 discarded	 and	 then	 resuspended	 in	 11ml	 0.5	 x	

YDPA/Kan	media	 (6).	7)	100μl	of	 this	 culture	was	plated	and	 incubated	on	various	

selective	 media	 to	 determine	 the	 mating	 efficiency	 (table	 5-4).	 8)	 The	 remaining	

culture	was	then	spread	over	52,	150mm	DDO/X/A	plates	and	incubated	for	6	days	at	

30°C	to	screen	for	diploids.	
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Ka
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1.39x108	cells/ml	
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Table	5-3	 	L1.2	cDNA	library	titration		

The	L1.2	cDNA	library	titre	was	10-fold	lower	than	expected.	1ml	of	the	library	aliquot	

was	thawed	then	10μl	removed	and	added	to	1ml	of	YPDA	media	for	titration.	Dilutions	

from	 this	 at	 1/100	 and	 1/10000	 were	 plated	 onto	 SDO/-Leu	 (SDO/-L)	 plates	 and	

incubated	at	30°C	for	5	days.	The	library	titre	(cfu/ml)	was	calculated	using	the	number	

of	colonies	grown	on	 the	plate	and	divided	by	 the	plating	volume	multiplied	by	 the	

dilution	factor.	Cfu:	colony	forming	units.		

Selective	
media	
SDO/-L

Expected	
Colonies	

Observed colonies	

1/100 1/10000

pGADT7-
Rec
+

L1.2 cDNA

Yes

116 8

Library	Titer =
Number	of	colonies

Plating	volume	x	dilution factor
1.16	x	106 cfu/ml 1.60	x	106 cfu/ml
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Table	5-4	 Yeast	two-hybrid	screen	mating	efficiency	

Following	the	20hr	incubation	of	the	Y2H	L1.2	library	screen	(figure	5-11),	100μl	of	the	

mated	culture	was	plated	at	1/10,	1/100,	1/1000	and	1/10,000	dilutions	on	SDO/-Trp	

(SDO/-T),	 SDO/-Leu	 (SDO/-L)	 and	 SDO/-Leu/-Trp	 (DDO).	 The	 plates	 were	 then	

incubated	 at	 30°C	 for	 5	 days.	 Viability	 (cfu/ml)	 of	 the	 bait,	 prey	 and	diploids	were	

calculated	using	 the	number	of	 colonies	on	 the	1/10,000	plates	 and	divided	by	 the	

dilution	factor.	Cfu:	colony	forming	units.		

Selective	
media	

Selecting	
plasmid	

Observed	
colonies	

Viability		
(cfu/ml)	

Mating	Ef=iciency	(%	of	diploids)	

Expected		 Observed		

SDO/-T	
pGBKT7-
CCR3	(Bait)	 2200	 2.2	x	108	

	
No.	of	cfu/ml		
of	diploids	
																															x	100	=	2-5%	
No.	of	cfu/ml		
of	prey	(limiting	partner)		

		

2	x	104	
																x	100	=	4%	

5	x105		
SDO/-L	

pGADT7-
L1.2	cDNA	
(Prey)	

5	 5	x	105	

DDO	
Diploid	
(Bait	&	
Prey)	

2	 2	x	104	
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Figure	5-12		 Potential	binding	partners	of	the	CCR3	C-terminus	

Seven	 potential	 CCR3	 C-terminus	 interactors	 were	 identified	 from	 the	 Y2H	 library	

screen.	 A)	 Isolated	 colonies	 growing	 on	 SDO/-Leu/-Trp/X-α-Gal/Aureobasidin	

(DDO/X/A)	media	 from	the	mated	culture	were	picked	and	streaked	onto	DDO	and	

DDO/A	 media	 and	 then	 onto	 higher	 stringency	 SDO/-Leu/-Trp/-Ade/-His/X-α-

Gal/Aureobasidin	 (QDO/X/A)	media.	The	plates	were	 incubated	 for	7	days	at	30°C.	

Following	yeast	colony	PCR	(table	10-4)	seven	clones	were	then	sequenced	using	a	T7	

primer.	B)	PCR	sequences	were	 then	run	 through	 the	Basic	Local	Alignment	Search	

Tool	(BLAST)	search	engine	https://blast.ncbi.nlmnih.gov/Blast.cgi.	

DDO/X/A	 DDO/A	 QDO/X/A	 Colony	PCR	 Sequencing	

286	clones	 40	clones	 26	clones	 	19	clones		 7	clones	

A	

B	

Clone	
Number

cDNA
insert	
size	(bp)

BLAST search alignment	
results

Protein
size	
(bp)

21 265
Ring	finger	and	CCCH-type	zinc
finger	domains	2	(RC3H2)	

3378

35 421 28S	ribosomal	RNA	(28S	rRNA) 4712

36 107 Ubiquitin A-52	(UBA52) 387

37 231
Heperan sulfate 6-O-

sulfotransferase	2	(HS6ST2)
612

42 497
Poly(rc)	binding	protein	2	

(PCBP2)	
996

45 290 Profilin-1	(PFN-1) 423

97 227 18S	ribosomal	RNA	(18S	rRNA) 1871
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Figure	5-13		 Rescue	of	prey	plasmid	and	transformation	in	E.	coli	of	possible	

positive	interactors		

A)	pGADT7-L1.2	prey	plasmid	for	each	clone	was	rescued	using	Clontech	Easy	yeast	

plasmid	 isolation	 kit,	 followed	 by	 transformation	 in	 E.	 coli,	 DNA	 purification	 and	

digestion.	B)	DNA	was	digested	using	HindIII	and	verified	using	gel	electrophoresis.	

The	control	plasmid	(Ctrl-R)	and	positive	control	(Ctrl-T)	were	digested	with	HindIII	

and	SmaI.	C)	The	plasmid	insert	was	amplified	by	PCR	and	verified	using	agarose	gel	

electrophoresis	to	confirm	pGADT7-L1.2	plasmid	rescue	of	the	candidate	clones.		

	21							35						36							37							42							45						97			Ctrl-T		Ctrl-R		1kb	
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5.2.4 Verifying	putative	positive	binding	partners	

5.2.4.1 Verification	of	the	potential	binding	partners	of	the	CCR3	C-terminus	

Having	 identified	 seven	 potential	 candidate	 clones	 from	 the	 Y2H	 screening	

process	and	despite	the	high	stringency	methods	used,	it	was	essential	to	distinguish	

any	genuine	positive	interactions	from	false	positive	interactions.	

	

As	described	previously,	a	false	positive	may	arise	when	a	prey	plasmid	is	able	

to	activate	the	reporter	genes	and	thus	allow	growth	on	stringent	selective	media	in	

the	 absence	 of	 bait.	 I	 co-transformed	 the	 bait	 pGBKT7-CCR3	 plasmid	 with	 each	

candidate	 prey	 plasmid	 in	 the	 presence	 and	 absence	 of	 bait	 plasmid	 in	 competent	

Y2HGold	 yeast.	 The	 expected	 and	 observed	 results	 are	 shown	 in	 figure	 5-14A.	 The	

positive	and	negative	control	co-transformations	worked	as	expected.	However,	five	

candidate	clones	(21,	35,	36,	45	and	97)	did	not	grow	as	expected	on	QDO/X/A	plates,	

when	co-transformed	with	pGBKT7-CCR3	and	were	false	positive	interactors.	Equally,	

clones	21,	37	and	42	grew	in	the	absence	of	bait	pGBKT7-CCR3	plasmid	on	QDO/X/A	

(panel	 B).	 The	 verification	 process	 suggested	 that	 the	 candidate	 clones	 were	 false	

positive	interactors	of	the	reporters,	rather	than	interacting	with	the	CCR3	C-terminus.		

5.2.4.2 Trouble-shooting	potential	binding	partners	using	full-length	candidate	clones		

I	attempted	to	investigate	further	the	possibility	of	using	full-length	candidate	clones	

in	 the	 Y2H	 screen	 and	 verify	 its	 binding	 potential	 with	 CCR3.	 I	 used	 three	 of	 the	

candidate	clones	–	36	(UBA52),	42	(PCBP2)	and	45	(PFN-1).	As	shown	in	figure	5-15,	

each	 full-length	 clone	 (purchased	 from	 Cambridge	 BioScience,	 UK)	 was	 cloned	 in-

frame	into	the	prey	plasmid	(pGADT7)	using	conventional	methods,	transformed	in	E.	

coli,	 cultured,	digested	and	run	on	agarose	gel	electrophoresis.	Appendix	 table	10-5	

shows	 the	 primer	 sequences	 and	 PCR	 conditions	 used	 for	 cloning	 the	 full-length	

protein	 of	 candidate	 clones	 into	 the	 pGADT7	 plasmid.	 The	 full-length	 clones	 were	

successfully	 cloned	 in-frame	 into	 the	 pGADT7	 plasmid	 and	 sequence	 verified,	 then	

were	 transformed	 into	 yeast	 cells	 ready	 for	 a	 small	 scale	 Y2H	 screen	 using	 yeast	

mating.	 As	 shown	 in	 figure	 5-16	 each	 clone	 was	 mated	 with	 freshly	 expressing	

pGBKT7-CCR3	yeast	cells	and	cultured	before	being	plated	on	to	selective	media.		
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Figure	5-17	shows	the	expected	and	observed	results	from	co-transforming	pGBKT7-

CCR3	with	each	candidate	clone	grown	on	DDO,	DDO/A,	QDO/A	and	QDO/X/A	selective	

media	plates.	In	all	cases	clones	pGADT7-UBA52,	pGADT7-PCBP2	and	pGADT7-PFN1	

activated	the	reporter	genes	and	were	able	to	grow	on	selective	media	in	the	absence	

of	 bait	 pGBKT7-CCR3,	 hence	 it	 was	 verified	 that	 the	 full-length	 clones	 were	 false	

positives	and	do	not	physically	interact	with	the	CCR3	C-terminus.	
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Figure	5-14		 Verifying	genuine	positive	interactors	from	the	yeast	two-hybrid	

screen	revealed	all	candidate	clones	were	false	positives	

Confirmation	of	positive	 interactions	was	validated	by	co-transformation	of	 the	bait	

(pGBKT7-empty	 or	 pGBKT7-CCR3)	 plasmid	 with	 each	 of	 the	 seven	 candidate	 prey	

proteins.	A)	Table	showing	expected	and	observed	results	of	cells	grown	on	both	SDO/-

Leu/-Trp	(DDO)	and	SDO/-Leu/-Trp/-Ade/-His/X-α-Gal/Aureobasidin	A	(QDO/X/A)	

selective	media	at	30°C	for	7	days.	B)	Clones	21,	37	and	42	co-transformed	cells	and	

grown	on	QDO/X/A	media.	Negative	 control:	 pGBKT7-Lam	and	pGADT7-T.	Positive	

control:	pGBKT7-53	and	pGADT7-T.		
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Figure	5-15	 Generating	 pGADT7	 prey	 plasmids	 fused	 with	 full-length	

potential	candidate	clones		

A)	Construction	of	 fusing	 full-length	candidate	clones	 in-frame	with	 the	GAL4	DNA-

activating	domain	(AD)	of	prey	plasmid	–	pGADT7.	Full-length	candidate	clones	(clone	

36-UBA52,	 clone	 42	 –	 PCBP2	 and	 clone	 45	 –	 PFN1)	were	 streaked,	 incubated	 and	

colonies	grown	for	mini-prep.	B)	Plasmid	DNA	purified	by	mini-prep	was	then	digested	

with	restriction	enzymes	and	verified	using	agarose	gel-electrophoresis.	C)	The	full-

length	 clone	 was	 amplified	 using	 PCR	 (table	 10-5)	 and	 verified	 using	 agarose	 gel-

electrophoresis.	Clones	were	then	inserted	into	pGADT7	using	In-fusion®	HD	cloning	

(Clontech),	transformed	into	E.	coli	for	plasmid	amplification	and	plasmid	DNA	purified	

by	mini-prep.	D)	DNA	digestion	and	sequencing	(data	not	shown)	was	used	to	confirm	

successful	clone	insertion	in	pGADT7.		

		1kb									1										2											3	
		clone		42		

10000	bp	
8000	bp	

	
	
	

2000	bp	
1500	bp	

	
			

		1kb				1							2							3	
		clone	36	

10000	bp	
8000	bp	

	
	

1500	bp	
1000	bp	

	
			

1kb				1							2							3		
		clone	45	

10000	bp	
8000	bp	

	
	

1500	bp	
1000	bp	

	
			

D	

		1kb								-ve										36																										45	

	750	bp	
	500	bp	
	250	bp	

		1kb											42											42	

	1500	bp	
	1000	bp	
	750	bp	

		1kb								-ve										36																										45	

	750	bp	
	500	bp	
	250	bp	

		1kb											42											42	

	1500	bp	
	1000	bp	
	750	bp	

C	

A	 Clones	
streaked	on	
AmpR	plates	

Mini-prep	&	
digest	to	verify	

clone	
PCR	of	full-
length	clone	

In-fusion®	
cloning	into	
pGADT7	

Transformation	in	
E.	coli	

Sequencing	to	
verify	cloning	

Digest	DNA	to	
conFirm	

transformation		
Mini-prep	to	
purify	DNA	

B	
10000	bp	
8000	bp	
6000	bp	
5000	bp	
4000	bp	
3000	bp	
2500	bp	

		
	1031	bp	
	900	bp	
	800	bp	
	700	bp	
	600	bp	
	500	bp	

	1kb					36-1			36-2			42-1			42-2				45-1			45-2	



 

   179	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	5-16	 Expressing	bait	and	prey	plasmids	in	yeast	cells	to	verify	potential	

full-length	binding	partners	of	the	CCR3	C-terminus	

Overview	of	the	small-scale	yeast	mating	protocol.	1)	Fresh	competent	yeast	cells	(Y2H	

gold	and	Y187	strains)	were	made	as	previously	described.	2)	Bait	(pGBKT7-CCR3)	and	

prey	plasmids	encoding	 the	 full-length	 candidate	 clones	 (pGADT7-UBA52,	pGADT7-

PCBP2	 and	 pGADT7-PFN1)	 were	 transformed	 in	 Y2H	 gold	 and	 Y187	 yeast	 cells,	

respectively.	3)	Bait	and	prey	expressing	yeast	cells	were	mating	overnight	at	30˚C	with	

shaking	at	200rpm.	4)	The	mated	cultures	were	plated	on	DDO,	DDO/A,	QDO/A	and	

QDO/X/A	plates	and	incubated	at	30˚C	for	5	days.	Positive	and	negative	controls	were	

also	mated	and	plated	as	previously	described.	
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Figure	5-17	 Full-length	 candidate	 clones	 were	 false	 positives	 and	 do	 not	

physically	interact	with	the	CCR3	C-terminus	

Confirmation	of	positive	 interactions	was	validated	by	co-transformation	of	 the	bait	

(pGBKT7-empty	or	pGBKT7-CCR3)	plasmid	with	each	of	the	three	full-length	candidate	

prey	proteins	(pGADT7-UBA52;	pGADT7-PCBP2;	pGADT7-PFN1)	in	competent	yeast	

cells.	 A)	 Table	 showing	 expected	 and	 observed	 results	 for	 cells	 grown	 on	 selective	

media.	 B)	 Co-transformed	 cells	 grown	 on	 SDO/-Leu/-Trp/-Ade/-His/X-α-Gal/	

Aureobasidin	A	(QDO/X/A)	selective	media	at	30°C	for	7	days.		
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5.3 Discussion	

As	previous	described,	the	C-terminus	region	of	chemokine	receptors	plays	key	

roles	in	G-protein	coupling	and	subsequent	receptor	internalisation	(Kraft	et	al.,	2001;	

Sai	et	al.,	2004;	Sabroe	et	al.,	2005,	Raucci	et	al.,	2014).	Moreover,	 its	role	 in	aiding	

receptor	trafficking	to	the	cell	membrane	has	been	highlighted.	In	particular,	a	role	in	

nascent	CCR3	receptor	trafficking	has	been	put	forward	(Wise	et	al.,	2010).	The	specific	

requirement	of	the	L342	residue	in	the	C-terminus	of	CCR3	suggests	the	existence	of	

binding	 partners	 functioning	 as	 chaperones	 at	 the	 C-terminus	 thereby	 regulating	

receptor	expression	to	the	cell	surface.		

	

The	 Y2H	 system	 is	 a	 well-established	 genetic	 system	 for	 detecting	 novel	

protein-protein	interactions	(Fields	and	Song,	1989;	Chien	et	al.,	1991).	Examples	of	

proteins	 discovered	 in	 this	 way	 include	 cytoplasmic	 protein	 FROUNT	 and	 Hip	

associating	 with	 chemokine	 receptors	 CCR2/CCR5	 and	 CXCR2/CXCR4,	 respectively	

(Terashima	et	al,	2005;	Toda	et	al.,	2009;	Fan	et	al.,	2002).	

	

Our	rational	 for	using	the	C-terminus	domain	as	the	bait	protein	 for	the	Y2H	

screen	 was	 based	 on	 the	 importance	 of	 the	 C-terminus	 in	 modulating	 chemokine	

receptor	 function	(Sabroe	et	al.,	2005)	and	the	knowledge	that	specific	residues	are	

essential	to	CCR3	receptor	trafficking.	Consequently,	cloning	the	C-terminus	of	CCR3	

into	the	Y2H	bait	vector	(pGBKT7)	in-frame	with	the	GAL4	BD	was	a	critical	first	step.	

Cloning	of	the	159bp	C-terminus	region	was	achieved	through	designing	primers	with	

compatible	restriction	sites	to	that	of	the	cloning	vector	pGBKT7	and	the	C-terminus	of	

hCCR3	receptor.	Conformation	of	successful	cloning	was	verified	through	digesting	the	

bait	 fusion	 vector	 with	 EcoRI	 and	 BamHI	 restriction	 enzymes	 and	 analysed	 using	

agarose	gel	electrophoresis.	In	addition,	the	fusion	vector	was	also	sequenced	to	assure	

the	C-terminus	insert	was	in	frame	with	the	BD.		

	
Before	continuing	it	was	imperative	to	perform	various	control	experiments	to	

ensure	 the	 bait	 fusion	was	 not	 toxic	 and	was	 able	 to	 grow	 in	 the	 yeast	 cells.	 This	

involved	transformation	of	the	bait	fusion	vector	into	the	Y2H	and	plating	on	SD/-Trp	

selective	media,	 using	 the	 empty	 pGBKT7	 vector	 as	 a	 control.	 I	 concluded	 the	 bait	

plasmid	pGBKT7-CCR3	was	not	toxic	to	yeast,	and	the	transformation	efficiency	was	
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equal	 to	 that	 of	 the	 control	 plate.	 Equally	 as	 important	 was	 to	 demonstrate	 that	

pGBKT7-CCR3	did	not	 autonomously	 activate	 any	of	 the	 four	 reporter	 genes	 in	 the	

absence	of	the	prey.	As	the	bait	fusion	was	not	able	to	grow	on	SD/-Trp	selective	media	

supplemented	with	X-α-gal	and	A,	and	on	control	SD/-Leu	plates	it	was	concluded	the	

bait	did	not	autonomously	activate	any	of	the	reporter	genes.	

	

Previous	 difficulties	 in	 expressing	 CCR3	 cDNA	 in	 mammalian	 cell	 lines	 and	

subsequent	 successful	 expression	 of	 CCR3	 in	 cells	 of	 lymphoid	 origin	 (Pease	 et	 al.,	

1998;	Wise	 et	 al.,	 2010)	 formed	 the	 basis	 of	 our	 rationale	 for	 constructing	 a	 cDNA	

library	using	a	pre-B	L1.2	cells.	I	was	able	to	construct	a	L1.2	cDNA	library	of	over	1	

million	independent	clones	as	typically	required.	Using	yeast	mating	I	was	able	screen	

the	 L1.2	 library	 for	 potential	 binding	 partners	 with	 a	 mating	 efficiency	 of	 4%	 as	

expected.	Initially,	286	potential	binding	partners	of	CCR3	C-terminus	were	identified	

from	the	Y2H	screen.	Through	further	screening	and	testing	as	previously	described,	

seven	candidate	clones	remained.	These	clones	were	further	inspected	for	their	ability	

to	 physically	 bind	 the	 pGBKT7-CCR3	 bait	 protein	 and	 activate	 the	 reporter	 genes	

leading	to	the	ability	to	grow	on	selective	media.	Following	rescuing	of	the	remaining	

seven	 candidate	 prey	 plasmids	 from	 yeast	 cells	 and	 subsequent	 verification,	 I	

concluded	they	were	false	positives	having	the	ability	to	activate	the	reporter	genes	in	

the	absence	of	bait	protein	CCR3	in	retransformation	assays.		

		

Consequently,	despite	having	constructed	a	 fusion	bait	protein	 that	was	well	

expressed	in	yeast	and	did	not	autonomously	activate	the	reporter	genes,	along	with	

the	 expected	 yeast	mating	 efficiency	 I	was	unable	 to	 discover	 any	 genuine	positive	

interactors	of	CCR3	C-terminus	from	our	Y2H	screen.		

	

Many	 factors	may	be	attributed	to	outcome	of	 the	screen.	Typically,	a	 two	to	

five-fold	difference	in	titration	range	can	be	expected	during	titration	due	to	variability	

in	pipetting	techniques.	However,	at	the	time	of	screening	the	L1.2	cDNA	library	titre	

was	10-fold	lower	than	expected.	A	likely	factor	that	enhanced	the	outcome	for	these	

results	 was	 the	 poor	 library	 titre,	 whereby	 only	 a	 fifth	 of	 the	 expected	 number	 of	

independent	clones	were	screened	in	our	experiment,	which	drastically	reduced	the	
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representation	of	potential	prey	proteins	 and	 thus	 the	 capability	of	detecting	novel	

protein	interactors.		

	

A	 limitation	of	this	transcriptional	based	Y2H	screening	approach	is	that	bait	

and	 prey	 proteins	 are	 required	 to	 translocate	 to	 the	 nucleus	 in	 order	 to	 activate	

transcription	of	the	reporter	genes.	Equally,	the	protein	fusions	are	required	to	be	not	

toxic	 and	 be	 stably	 expressed	 in	 yeast	 cells	 thus	 preserving	 their	 activity	 as	 fusion	

proteins	(Phizicky	and	Fields,	1995;	Mehla	et	al.,	2017).	Furthermore,	high	expression	

levels	and	localisation	of	bait	and	prey	in	the	cells	may	not	resemble	to	their	natural	

cellular	 environment	may	be	 a	potential	 reason	 for	 false	positives.	 Lastly,	 potential	

protein-protein	interactions	requiring	post-translational	modifications	unavailable	in	

in	yeast	are	likely	to	be	missed	(Bruckner	et	al.,	2009).	

	

Of	potential	interest	were	PFN-1,	PCBP2,	UBA52,	therefore	I	chose	to	clone	the	

full-length	candidate	prey	protein	and	co-transform	with	pGBKT7-CCR3	bait	protein.	

PFN-1	initially	identified	as	an	actin-binding	protein	(Carlsson	et	al.,	1977)	with	a	role	

in	 actin	 polymerisation	 and	 cell	 motility	 (Krishnan	 and	 Moens,	 2009),	 a	 key	

downstream	effect	of	CCR3	activation.	Originally	 identified	as	RNA-binding	proteins	

(Swanson	and	Dreyfuss,	1988),	PCBP	proteins	are	known	as	multifunctional	proteins	

and	recently	identified	as	an	iron	chaperone	protein	(Shi	et	al.,	2008;	Leidgens	et	al.,	

2013).	A	role	for	ubiquitination	in	chemokine	receptor	trafficking,	as	exemplified	by	

CXCR7	(Canals	et	al.,	2012)	made	UBA52,	a	ubiquitin	protein	an	interesting	candidate	

clone.	 However,	 repeating	 the	 Y2H	 on	 a	 smaller	 scale,	 using	 these	 three	 candidate	

clones	resulted	in	false	positive	and	activation	of	the	reporter	genes	in	the	absence	of	

bait	protein.	

	

Ultimately,	 the	 Y2H	 screen	 I	 performed	 using	 the	 CCR3	 C-terminus	 and	

screening	a	L1.2	 library,	 constructed	 in-house	resulted	 in	a	negative	result,	with	no	

novel	candidate	proteins	being	detected	as	binding	the	CCR3	C-terminus.	
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Chapter	6 The	importance	of	the	CCR4	C-terminus	in	
modulating	receptor	expression	and	
function	
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6.1 Introduction	

Receptor	synthesis	and	trafficking	to	the	cell	surface	is	a	highly	precise	complex	

process	-	relying	on	correctly	folded	receptor	to	be	transported	to	the	cell	surface	to	

allow	 its	 intended	signalling	 function,	 following	cognate	 ligand	binding	 (Conn	et	al.,	

2007;	 Achour	 et	 al.,	 2008),	 as	 previously	 described	 (see	 section	 1.5.3).	 Equally	 as	

significant	 and	 complex	 are	 the	 processes	 that	 follow	 receptor	 activation:	 ligand-

induced	receptor	signalling,	desensitisation,	internalisation,	recycling	or	degradation	

of	a	receptor	(Milligan	and	Kostenis,	2006;	Magalhaes	et	al.,	2012;	van	der	Hoogen	et	

al.,	2018).	Importantly,	the	levels	of	chemokine	receptor	cell	surface	expression	dictate	

the	 degree	 and	 duration	 of	 the	 biological	 response	 generated	 following	 receptor	

activation	(Kohout	et	al.,	2004).	These	receptor	 levels	are	controlled	by	an	 intricate	

balance	of	endocytic	and	intracellular	trafficking	pathways.	

	

Basal	 levels	of	chemokine	receptor	 internalisation	and	recycling/degradation	

are	enhanced	following	chemokine	binding	(Neel	et	al.,	2005).	Chemokine	binding	to	

receptor	 facilitates	conformational	 changes	and	 initiation	of	downstream	signalling.	

Typically,	GPCR-receptors	signal	via	G-protein	dependent	mechanisms,	however	they	

can	signal	via	G-protein-independent	mechanisms.	GRKs	and	arrestins	are	pivotal	in	

modulating	 receptor	 desensitisation,	 endocytosis	 and	 G-protein-independent	

signalling	(Magalhaes	et	al.,	2012).	β-arrestins	can	act	as	central	adaptors	 in	 linking	

chemokine	 receptors	 to	 cellular	 trafficking	 machinery	 effecting	 cell	 migration	 and	

chemotaxis	(Jiang	et	al.,	2013).		

	

Typically,	phosphorylation	of	serine	and	threonine	residues	at	the	C-terminus	

and	intracellular	loops	of	the	receptor	by	GRKs	promotes	β-arrestin	receptor	coupling	

and	attenuates	receptor	signalling,	desensitising	 them	through	 the	uncoupling	of	G-

proteins	and	recruitment	of	other	binding	proteins	 (Kohout	et	al.,	2004;	Neel	et	al.,	

2005).	 Following	 receptor	 desensitisation,	 the	 chemokine	 receptors	 are	 typically	

internalised	and	sequestered	in	clathrin-coated	pits.	In	addition,	β-arrestins	act	as	key	

molecular	 adapters	 between	 receptor,	 adaptin-2	 and	 clathrin	 promoting	 receptor	

endocytosis	 (Magalhaes	 et	 al.,	 2012).	 Furthermore,	 β-arrestins	 act	 as	 scaffolding	

proteins	for	proteins,	such	as	c-Src	facilitating	signalling	of	the	internalised	receptor	
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(Borroni	 et	 al.,	 2010).	 Some	 chemokine	 receptors,	 such	 as	 CXCR3	 are	 thought	 to	

internalise	in	a	β-arrestin-independent	manner	(Colvin	et	al.,	2004).		

Receptor	internalisation	can	also	occur	in	a	clathrin-independent	pathway	via	caveolae	

(Neel	et	al.,	2005).	

	

Once	 internalised,	 receptor-ligand	 complexes	 typically	 employ	 proteins	 that	

dictate	 their	 subsequent	 separation	 and	 transport	 through	 diverging	 recycling	 or	

degradation	 routes.	 These	 processes	 ultimately	 influence	 the	 cell	 surface	 receptor	

levels	and	hence	the	extent	to	which	cellular	response	is	attenuated	or	sustained	under	

ligand	 exposure	 (Irannejad	 et	 al.,	 2015).	 Receptor	 recycling	 involves	 sorting	 into	

endosomes	for	dephosphorylation	and	ligand	removal	before	being	recycled	to	the	cell	

surface,	 resulting	 in	 receptor	 resensitisation	 (Tao	 and	 Conn,	 2014).	 Equally,	

internalised	 receptor	 can	 be	 sorted	 into	 endosomes	 and	 tagged	 for	 degradation,	

resulting	in	long-term	attenuation	of	receptor	signalling	and	thus	promoting	receptor	

down-regulation.		

	

Following	 internalisation,	several	 factors	are	 thought	 to	 influence	chemokine	

receptor	 recycling	or	degradation	 sorting	decisions.	Different	 ligands	 acting	 via	 the	

same	receptor	can	influence	receptor	fate.	For	instance,	studies	showed	CCL11	binding	

to	 CCR3	 promoted	 receptor	 degradation	 and	 long-term	 attenuation	 of	 receptor	

signalling.	 In	 contrast,	 CCL5	 binding	 to	 CCR3	 promoted	 recycling	 of	 the	 receptor	

(Zimmermann	et	al.,	1999;	Neel	et	al.,	2005).	Similarly,	binding	of	CCL19	to	CCR7	led	to	

increased	levels	of	phosphorylation	and	receptor	desensitisation,	compared	to	CCL21	

treatment	(Kohout	et	al.,	2004).	

	

Internalised	 receptor	may	 be	 recycled	 back	 to	 the	 cell	membrane,	 primarily	

following	dephosphorylation	of	 the	C-terminus	 residues	 in	early	endosomes,	 as	has	

been	 shown	 for	 CCR5	 (Mueller	 et	 al.,	 2002).	 In	 contrast,	 chemokines	 bound	 to	 the	

receptor	 are	 separated	 and	 chemokines	 can	be	 transported	 for	 degradation,	 as	 has	

been	described	for	internalised	CCL19	(Otero	et	al.,	2006).	Alternatively,	chemokine	

receptors	can	be	tagged	for	degradation	via	lysosomal	or	proteasomal	pathways.	For	

instance,	 internalised	 CXCR4	 has	 been	 shown	 to	 be	 directed	 towards	 lysosomal	

degradation	(Marchese,	2014).	Similarly,	CXCR3	was	shown	to	be	readily	degraded	by	
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both	lysosomal	and	proteasomal	pathways	and	replenished	at	the	cell	surface	by	de	

novo	protein	synthesis	(Meiser	et	al.,	2008).		

	

6.1.1 CCR4	

CCR4	is	part	of	the	CC	subfamily	of	chemokine	receptors,	expressed	by	TH2	and	

TReg	 cells	 (Power	 et	 al.,	 1995).	 CCR4	 is	 the	 sole	 receptor	 identified	 to	 date	 for	 the	

chemokines	 CCL17	 (TARC)	 and	 CCL22	 (MDC),	 which	 selectively	 binds	 CCR4-

expressing	cells	 inducing	their	chemotaxis	and	intracellular	Ca2+	release	(Imai	et	al.,	

1997;	 Imai	 et	 al.,	 1998).	 Having	 a	 critical	 role	 in	 immune	 trafficking,	 CCR4	 and	 its	

ligands	are	implicated	in	the	pathogenesis	of	allergic	diseases.	

	

Despite	 the	CCR4	 ligands	CCL17	and	CCL22	sharing	only	37%	identity	at	 the	

amino	acid	level	(Imai	et	al.,	1998),	they	share	several	biological	functional	similarities.	

Both	are	encoded	on	chromosome	16q13	and	are	expressed	in	the	thymus	having	a	

role	in	thymocyte	differentiation	and	education	(Annunziato	et	al.,	2000;	Scheu	et	al.,	

2017).	Though	CCL17	expression	patterns	are	reported	to	extend	to	non-immune	cells	

unlike	CCL22	production	(Santulli-Marotto	et	al.,	2013).		

	

Following	 ligand	 binding,	 chemokine	 receptors	 can	 elicit	 activation	 of	

downstream	 signalling	 pathways	 and	 are	 typically	 internalised.	 CCL22	 has	 been	

considered	an	inducer	of	CCR4	internalisation,	whilst	CCL17	was	not	(Mariani	et	al.,	

2004),	although	recent	work	from	our	group	dispute	these	findings	(Anderson	et	al.,	

2020).	 There	 is	 growing	 evidence	 that	 CCL22	 and	 CCL17	 are	 capable	 of	 displaying	

biased	 agonism,	 eliciting	 distinct	 outcomes	 at	 CCR4	 (Anderson	 et	 al.,	 2016).	 For	

instance,	studies	have	shown	induction	of	αCGRP	expression	 following	treatment	of	

bronchial	epithelial	 cell	 lines	with	CCL17	but	not	with	CCL22	 (Bonner	et	al.,	2013).	

Similarly,	 b-arrestin	 recruitment	 to	 CCR4	 has	 been	 observed	 following	 binding	 of	

CCL22,	but	not	CCL17	(Ajram	et	al.,	2014).	Similarly,	CCL17	and	CCL22	were	reported	

to	play	 contrasting	 roles	during	TReg	 homeostasis	 and	 recruitment	 in	 vivo	 (Santulli-

Marotto	 et	 al.,	 2013).	 For	 example,	 CCL22	 has	 a	 protective	 role	 in	 type	 1	 diabetes	

enhancing	TReg	recruitment	and	reducing	the	autoimmune	response	(Montane	et	al.,	
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2011).	 In	 contrast,	 CCL17+	 DCs	 have	 been	 shown	 to	 curb	 TReg	 homeostasis	 and	

promote	atherosclerosis	in	mice	(Weber	et	al.,	2011).		

	

Research	 from	our	group	has	shown	that	CCL22	and	CCL17	bind	to	different	

CCR4	receptor	conformations	(Viney	et	al.,	2014)	with	a	major	population	(R1)	being	

activated	by	both	CCL17	and	CCL22	and	a	minor	population	(R2)	activated	solely	by	

CCL22.	Furthermore,	they	showed	differences	between	the	CCR4-specific	antibodies	

1G1	and	10E4	in	recognising	these	proposed	receptor	states	and	detected	differences	

in	CCR4	cell	surface	receptor	staining	using	flow	cytometry.	They	suggested	that	the	

major	R1	population	is	recognised	by	the	10E4	antibody	and	to	a	lesser	extent	by	1G1	

(Viney	 et	 al.,	 2014).	 These	 findings	 were	 in	 accordance	 with	 previously	 described	

differences	in	CCR4	expression	levels	when	using	these	two	antibodies	(Jopling	et	al.,	

2002).	In	addition,	they	were	able	to	show	that	10E4	recognised	an	epitope	within	the	

N-terminus	of	CCR4.		

	

As	described	previously	(section	1.6.1),	the	C-termini	of	chemokine	receptors	

have	 been	 shown	 to	 play	 critical	 roles	 impacting	 receptor	 life-cycle	 and	 function.	

Furthermore,	the	highly	conserved	helix	VIII	region	plays	important	roles	in	receptor	

signalling	 and	 function.	 Mutational	 studies	 of	 C-terminus	 truncated	 chemokine	

receptors	have	further	demonstrated	the	importance	of	the	C-terminus.	For	instance,	

mutagenesis	of	these	regions	in	CCR3,	CCR5,	CCR7	and	CXCR3	have	shown	effects	on	

various	 signalling	 cascades,	 such	 as	 G-protein	 activation,	 receptor	 desensitisation,	

chemotaxis,	 cell	 surface	 receptor	 expression	 and	 intracellular	 Ca2+	 mobilisation	

(Venkatesan	et	al.,	2001;	Sabroe	et	al.,	2005;	Otero	et	al.,	2008;	Meiser	et	al.,	2008).		

	

In	addition,	phosphorylation	sites	in	the	C-terminus	are	important,	having	an	

impact	 on	 intracellular	 signalling	 events	 such	 as	 on	b-arrestin	 interaction,	 receptor	

desensitisation	 and	 internalisation.	 Phosphorylation	 of	 GPCRs	 represents	 a	 key	

mechanism	 for	 modulating	 receptor	 trafficking	 and	 signalling.	 This	 process	 is	

facilitated	 by	 kinases	 that	 can	 regulate	 the	 extent	 of	 phosphorylation	 and	 can	

themselves	be	 influenced	by	distinct	mechanisms	 (Liggett,	 2011).	 Furthermore,	 the	

‘phospho-barcode	hypothesis’,	states	that	distinct	phosphorylation	patterns	may	exist	
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that	are	biased	depending	on	the	receptor	conformation	induced	upon	ligand	binding,	

which	directs	distinct	receptor	signalling	outputs	(Yang	et	al.,	2017).		

	

To	characterise	the	role	of	the	CCR4	C-terminus	in	receptor	function,	our	group	

has	previously	generated	CCR4	truncation	mutants	as	depicted	in	figure	6-1.	The	Δ40	

mutant,	cutting	outside	of	helix	VIII,	has	been	shown	to	have	an	increased	chemotactic	

response	for	both	CCL17	and	CCL22	compared	to	WT-CCR4	L1.2	transfectants	(Viney,	

2013;	 Anderson	 et	 al.,	 2020).	 Furthermore,	 CCR4	mutants	 Δ45	 and	Δ50,	which	 are	

predicted	to	disrupt	helix	VIII	resulted	in	reduced	receptor	expression	and	a	 loss	of	

function	in	chemotactic	assays,	indicating	the	importance	of	helix	VIII	in	CCR4	receptor	

function	(Viney,	2013).		

	

	

	 	



 

   190	

	
	
	
	

	

	Figure	6-1	 Schematic	 of	 CCR4	 amino-acid	 sequence	 and	 CCR4-Δ40	

truncation	site	

A	 cartoon	 of	 the	 CCR4	 receptor	 illustrating	 its	 seven	 transmembrane	 domains,	 the	

extracellular	N-terminus	 and	 three	 looped	 regions	 and	 the	 intracellular	 C-terminus	

and	three	looped	regions.	Putative	helix	VIII	region	is	likely	located	in	the	C-terminus	

region,	 with	 potential	 membrane	 anchorage	 sites	 at	 cystine	 residues	 329	 and	 332	

(Borroni	et	al.,	2010).	The	distal	40	residues	were	truncated	to	create	the	CCR4-Δ40	

mutant	(previously	cloned	by	our	group).	Truncated	regions	shown	by	orange	bars.		
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6.1.2 Hypothesis	and	aims	

In	this	chapter,	I	hypothesised	that	CCL17	and	CCL22	modulate	CCR4	in	a	ligand	

biased	manner,	with	respect	to	receptor	internalisation	and	cell	surface	replenishment.	

I	further	hypothesised	that	the	CCR4	C-terminus	has	a	role	in	ligand-induced	receptor	

internalisation.	 I	 therefore	aimed	 to	broaden	our	understanding	of	 the	dynamics	of	

CCR4	cell-surface	replenishment	and	mechanisms	following	ligand	binding.		

	

The	specific	aims	were	to:		

	
• Investigate	 the	 dynamics	 of	 CCR4	 endocytosis	 following	 ligand-induced	

internalisation.	

• Investigate	 the	 mechanisms	 of	 CCR4	 cell	 surface	 recovery	 and	 role	 of	

degradation	following	ligand-induced	internalisation.	

• Determine	the	importance	of	the	C-terminus,	using	a	truncated	CCR4	construct	

and	investigate	its	effects	on	receptor	internalisation.	
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6.2 Results	

6.2.1 CCR4	expression	on	various	cell	types	and	Western	blot	

optimisation	

I	 initially	verified	CCR4	expression	 levels	on	various	cell	 types,	 that	 serve	as	

useful	model	systems	 for	studying	receptor-ligand	 interactions,	receptor	expression	

and	function.	A549	is	a	human	alveolar	epithelial	cell	line,	CEM-4	is	a	human	T	cell	line	

lymphoid	 and	Hut78	 is	 a	 human	 cutaneous	 T	 cell	 lymphoma	 cell	 line,	 all	 of	which	

endogenously	expresses	CCR4.	L1.2	cells,	a	pre-B	lymphoma	cell	line	that	is	frequently	

used	for	similar	studies	of	chemokine	receptors	(Vaidehi	et	al.,	2009)	were	transiently	

transfected	with	 a	previously	 cloned	pcDNA3	plasmid	 containing	 the	CCR4	 gene.	 In	

addition,	 I	 used	 CHO-CCR4	 a	 highly	 optimised	 stably	 expressing	 CCR4	 cell	 line	

(provided	by	GSK,	Stevenage).	

	

I	initially	verified	CCR4	cell	surface	expression	levels	by	flow	cytometry	using	

the	commercially	available	1G1.	As	expected,	CCR4	expression	was	detected	on	all	cells	

tested	using	the	1G1	anti-CCR4	monoclonal	antibody.	Figure	6-2	shows	data	from	flow	

cytometry	 analysis	 of	 endogenously	 (Hut78,	 A549	 and	 CEM-4),	 transiently	 (L1.2-

CCR4)	 and	 stabling	 (CHO-CCR4)	 expressing	 CCR4	 cells.	 Data	 are	 plotted	 as	 mean	

specific	fluorescence	and	the	results	confirms	the	presence	of	CCR4	receptor	on	the	cell	

surface,	with	 the	stable	CHO-CCR4	cell	 line	expressing	 the	highest	 receptor	 levels.	 I	

therefore	used	lysates	from	CHO-CCR4	cells	for	subsequent	Western	blot	assays.		

	

It	was	first	necessary	to	optimise	the	Western	blot	protocol	in	order	to	further	

study	 the	 dynamics	 of	 CCR4	 expression,	 with	 respect	 to	 receptor	 internalisation,	

recycling	and	degradation.	Figure	6-3	shows	Western	blot	analysis	using	1G1	antibody	

to	 probe	 CHO-CCR4	 cell	 lysates.	 A	 BCA	 assay	 (Panel	 A,	 see	 2.2.3.6)	 was	 used	 to	

determine	the	concentration	of	total	protein	in	lysates.	Panel	B	shows	the	results	from	

Western	blot	analysis	using	non-reduced	and	non-boiled	CHO-CCR4	protein	lysates	at	

different	concentrations.	Using	the	1G1	CCR4-specific	antibody,	bands	were	detected	

at	 the	expected	apparent	molecular	weight	 for	CCR4	(41	kDa)	at	all	concentrations,	

however	multiple	 unexpected	non-specific	 bands	were	 also	 detected.	 As	 a	 negative	
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control,	non-expressing	CCR4	CHO-K1	cell	lysate	was	used	and	as	expected	no	bands	

were	detected.		

	

As	previously	observed	by	our	group,	CCR4	receptor	expression	profiles	may	

vary	in	an	antibody-dependent	manner	(Jopling	et	al.,	2002;	Viney	et	al.,	2014).	Given	

our	observation	detecting	non-specific	multiple	bands	when	using	1G1	(Figure	6-3)	to	

probe	for	CCR4	on	Western	blot	analysis,	I	tested	an	alternative	CCR4-specific	antibody	

known	as	10E4.	I	initially	sought	to	replicate	our	group’s	previous	observations	when	

using	 1G1	 and	 10E4	 antibodies	 for	 detecting	 CCR4	 expression.	 Figure	 6-4A	

demonstrates	the	expected	staining	profiles	determined	by	flow	cytometry	using	the	

CHO-CCR4	cells	where	10E4	stained	cells	(red)	were	shifted	further	to	the	right	than	

1G1	stained	cells	(blue),	when	compared	to	the	isotype	control	(grey).	In	agreement	

with	previous	 findings,	 I	concluded	here	 that	10E4	 is	able	 to	detect	higher	 levels	of	

CCR4	expression	on	the	same	cells	than	the	1G1	antibody	(panel	B).		

	

Having	confirmed	CCR4	expression	determined	by	flow	cytometry	using	both	

antibodies,	 I	 investigated	 the	 use	 of	 these	 antibodies	 in	 Western	 blot	 analysis.	 In	

addition	to	CHO-CCR4	cells,	I	also	tested	other	CCR4-expressing	cells	(L1.2-CCR4,	CEM-

4,	 Hut78	 and	 A549)	 by	 Western	 blot	 analysis	 with	 10E4	 and	 1G1	 CCR4-specific	

antibodies.	Using	10E4	resulted	in	an	expected	single	band	size	for	CCR4,	however	this	

was	only	seen	for	CHO-CCR4	cells,	as	shown	in	figure	6-5A.	As	expected	no	bands	were	

detected	using	10E4	on	negative	control	CHO-CXCR3	cells.	Similar	to	data	from	figure	

6-3,	unexpected	bands	were	detected	 in	all	 lanes	when	using	1G1,	 including	 for	 the	

negative	control	(Figure	6-5B).		
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Figure	6-2	 Verification	of	CCR4	receptor	expression	on	various	cell	lines	

CCR4	expressing	cell	lines	were	analysed	using	flow	cytometry	to	verify	receptor	cell	

surface	expression	for	use	in	Western	blot	analysis.	Cells	were	stained	with	1G1	(blue)	

anti-CCR4	monoclonal	 antibody	 and	 IgG2a	 isotype	 control.	 Secondary	 staining	was	

performed	 using	 FITC-conjugated	 antibody.	 Hut78,	 CEM-4	 and	 A549	 endogenously	

express	CCR4,	whereas	CHO-CCR4	and	L1.2-CCR4	are	CCR4	transfected	cell	lines.	
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Figure	6-3	 The	1G1	mAb	detects	several	bands	in	CHO-CCR4	cell	lysates	

A)	 A	 standard	 curve	 of	 the	 BCA	 standards	 against	 its	 concentration	 was	 used	 to	

determine	CHO-CCR4	protein	lysate	concentrations.	BSA	protein	standards	were	made	

as	per	manufactures	instructions.	Briefly,	standards	were	placed	in	aliquots	of	25µl	per	

well	in	a	96-well	plate.	Protein	lysate	samples	at	1/5	and	1/25	dilutions	(25µl	per	well)	

were	added	to	the	plate.	The	BCA	working	reagent	was	added	to	each	well,	mixed	and	

incubated	 for	 30	minutes	 at	 37˚C.	 Absorbance	was	measured	 using	 an	 ELISA	 plate	

reader.	B)	Western	blot	analysis	of	different	concentrations	of	total	protein	lysate	from	

CHO-CCR4	cells.	As	a	negative	control,	a	non-expressing	CCR4	CHO-K1	cell	lysate	was	

also	used.	The	gel	was	probed	by	1G1	antibody	(1:1000).	Expected	bands	of	CCR4	were	

detected	at	41	kDa.	Unexpected	multiple	bands	were	also	detected.	All	samples	loaded	

were	 non-reduced	 and	 non-boiled.	 Secondary	 HRP	 antibody	 was	 used	 at	 1:50000.	

Spectra	protein	ladder	(10-260	kDa,	Thermo	Fisher)	was	used	in	Lane	1.	CHO-K1	cell	

lysate	was	used	as	a	negative	control.	
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Figure	6-4	 Antibody-dependent	 CHO-CCR4	 cell	 line	 receptor	 expression	

profiles		

CCR4	cell	surface	receptor	expression	profile	using	different	CCR4-specific	antibodies.	

Stably	expressing	CHO-CCR4	cells	were	stained	with	either	10E4	(red)	or	1G1	(blue)	

anti-CCR4	 monoclonal	 antibody	 or	 IgG2a	 isotype	 control.	 Cell	 surface	 receptor	

expression	 was	 analysed	 by	 flow	 cytometry.	 A)	 Histogram	 showing	 typical	 CCR4	

receptor	expression	profile	of	 IgG2a	 isotype	control	 (grey	 line),	1G1	(blue	 line)	and	

10E4	(red	line)	antibodies.	Secondary	staining	was	performed	using	FITC-conjugated	

antibody.	B)	Plot	of	mean	specific	fluorescence	for	CCR4	expression	using	1G1	or	10E4	

antibody.	Data	are	representative	from	one	independent	experiment.		
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Figure	6-5	 The	10E4	antibody	specifically	detects	CCR4	in	Western	blotting	

Western	blot	analysis	of	total	protein	lysates	from	various	cell	lines	expressing	CCR4	

receptor,	either	endogenously	(CEM-4,	Hut78	and	A549	cells)	or	exogenously	(CHO-

CCR4	and	L1.2-CCR4	cells).	A)	Detection	using	10E4	antibody.	B)	Detection	using	1G1	

antibody.	All	 samples	 loaded	were	non-reduced	and	non-boiled.	Primary	antibodies	

were	used	at	1:1000.	Secondary	HRP	antibody	was	used	at	1:50000.	Spectra	protein	

ladder	(10-260	kDa,	Thermo	Fisher)	was	used	in	Lane	1.	CHO-CXCR3	total	protein	cell	

lysate	was	used	a	negative	control.	
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6.2.2 Effects	of	CCL17	and	CCL22	on	CCR4	receptor	expression	

The	aim	of	the	following	experiments	was	to	further	characterise	the	dynamics	

of	CCR4	endocytosis	following	ligand-induced	internalisation.	I	began	by	assessing	the	

CCR4	cell-surface	expression	on	stably	transfected	CHO-CCR4	cells	determined	by	flow	

cytometry	using	the	10E4	antibody.		

	

I	was	able	to	demonstrate	robust	levels	of	CCR4	expression	on	untreated	CHO-

CCR4	cells,	which	following	ligand	binding	resulted	in	decreased	levels	of	cell	surface	

expression	and	thus	internalisation	of	CCR4.	Briefly,	cells	were	treated	with	CCL17	or	

CCL22	and	incubated	for	30	minutes	at	either	4˚C	or	37˚C,	then	washed	with	0.5M	NaCl	

to	remove	ligand	and	finally	CCR4	cell	surface	receptor	expression	was	assessed	using	

flow	 cytometry.	 Figure	 6-6	 showed	 greater	 internalisation	 of	 CCR4	 cell	 surface	

expression	after	30	minute	incubation	at	37˚C	with	CCL22,	by	a	mean	loss	of	around	

90%	of	untreated	CCR4	levels	compared	to	a	50%	loss	with	CCL17	treatment.	Given	

that	 receptor-induced	 internalisation	 is	 thought	 to	 be	 an	 energy	 intensive	 process	

(Schmid	and	Carter,	1990;	Zastrow	et	al.,	1994),	cells	were	also	incubated	with	ligand	

at	 4˚C	 to	 confirm	 reductions	 in	 receptor	 cell	 surface	 expression	 were	 due	 to	

internalisation.	 Interestingly,	 incubation	 with	 either	 chemokine	 at	 4˚C	 resulted	 in	

decreased	CCR4	cell	surface	expression	of	45%.	In	contrast,	no	difference	in	expression	

levels	were	observed	between	untreated	cells	at	4˚C	and	37˚C.	

	

I	 further	 assessed	 the	 effects	 of	 receptor	 internalisation	 over	 an	 extended	

incubation	period	(3	hours)	with	ligand	following	pre-treatment	with	cycloheximide	

(CHX)	 to	 inhibit	protein	synthesis.	As	 shown	 in	 figure	6-7,	 in	 the	absence	of	 ligand,	

CCR4	cell	surface	expression	reduced	by	an	average	of	25%.	In	the	presence	of	ligand	

CCR4	cell	surface	expression	decreased	even	further,	with	CCL22	stimulating	a	greater	

level	of	receptor	internalisation	than	CCL17,	reducing	expression	typically	by	92%	and	

67%	respectively.	These	data	are	comparable	to	the	data	shown	in	figure	6-6.		

	

We	then	investigated	the	fate	of	ligand-induced	internalised	CCR4	over	a	longer	

time	period.	As	a	preliminary	experiment,	we	assessed	receptor	cell	surface	recovery	

following	CCL22-induced	CCR4	endocytosis	by	measuring	various	timepoints	over	a	3	
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hour	period.	Briefly,	CHO-CCR4	cells	were	treated	with	 ligand,	before	being	washed	

and	re-incubated.	As	shown	in	figure	6-8A,	we	observed	an	extremely	slow	recovery	

rate	of	CCR4	 receptor.	We	 therefore	decided	 to	 further	 extend	 the	 time	period	and	

assess	receptor	recovery	following	incubation	with	both	CCR4	ligands,	results	of	which	

are	 shown	 in	 figure	 6-8B.	 Both	 CCL22	 and	 CCL17	 treatment	 induced	 CCR4	

internalisation	 as	 previously	 shown	 and	 followed	 a	 similar	 rate	 of	 recovery.	

Specifically,	following	the	removal	of	CCL17,	receptor	levels	recovered	to	100%	of	the	

starting	 CCR4	 levels	 slowly,	 over	 a	 6	 hour	 period.	 In	 the	 same	 time	 period,	 CCL22	

treated	cells	recovered	to	67%	of	their	initial	levels.		

	

Given	 the	 particularly	 slow	 rate	 of	 CCR4	 recovery	 observed	 from	 our	

experiments	we	then	tested	our	hypothesis	that	ligand-induced	CCR4	internalisation	

is	replenished	at	the	cell	surface	by	de	novo	synthesis.	We	pre-treated	CHO-CCR4	cells	

with	and	without	CHX	followed	by	incubation	by	either	CCL17	or	CCL17	and	analysed	

CCR4	cell	surface	recovery	by	flow	cytometry,	as	shown	in	figure	6-9.	No	difference	

was	observed	between	untreated	and	CHX-treated	cells	analysed	30	minutes	following	

both	CCL17	and	CCL22	treatment.	In	contrast,	after	6	hours	CHX	treated	cells	hindered	

CCR4	 recovery	 compared	 to	 untreated	 cells	 following	 both	 CCL22	 (p<0.0001)	 and	

CCL17	(p<0.05)	treatment.	For	instance,	after	6	hours	cells	treated	with	CCL22	alone	

displayed	81%	CCR4	receptor	recovery	compared	with	only	25%	recovery	from	CHX	

treated	cells	relative	to	untreated	cells	at	0	hour	(panel	A).	Similarly,	after	6	hours	cells	

treated	with	CCL17	alone	displayed	83%	CCR4	receptor	recovery	compared	only	40%	

recovery	 from	 CHX	 treated	 cells	 (panel	 B).	 We	 concluded	 that	 ligand-induced	

endocytosed	CCR4	is	replenished	slowly	at	the	cell	surface	by	de	novo	synthesis.		
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Figure	6-6	 CCR4	 endocytosis	 following	 ligand-induced	 internalisation	 is	

detected	by	the	10E4	mAb	

CHO-CCR4	cells	were	treated	with	or	without	100nM	CCL17	or	CCL22	for	30	minutes	

at	either	4˚C	or	37˚C.	Cells	were	then	stained	with	the	10E4	antibody	or	IgG2a	isotype	

control	then	cell	surface	receptor	expression	was	assessed	using	flow	cytometry.	Data	

are	presented	as	the	percentage	of	untreated	4˚C	receptor	expression	and	are	the	mean	

±	 SEM	 of	 three	 independent	 experiments,	 which	 were	 analysed	 using	 a	 one-way	

ANOVA	with	Bonferroni’s	post-test.	Significance	compared	to	untreated	cells	at	37˚C.	

**	represents	p<0.01,	***	p<0.001,	****	p<0.0001.	

 

0

25

50

75

100

125

M
ea
n	
re
la
tiv
e	
flu
or
es
ce
nc
e

****

***

untreated CCL22 CCL17
4°C 37°C 4°C 37°C 4°C 37°C

**



 

   202	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

Figure	6-7	 CCL22	 is	 more	 efficacious	 than	 CCL17	 in	 inducing	 CCR4	

endocytosis		

CHO-CCR4	cells	were	stained	with	10E4	anti-CCR4	antibody	and	IgG2a	isotype	control	

then	cell	surface	receptor	expression	was	assessed	using	flow	cytometry.	Cells	were	

treated	with	cycloheximide	(10µg/ml)	for	30	minutes	followed	by	either	no	ligand	or		

100nM	CCL22	or	CCL17	for	3	hours	at	37˚C.Data	presented	as	percentage	of	untreated	

0-hour	receptor	expression	and	are	the	mean	±	SEM	of	four	independent	experiments.	

Statistical	significance	compared	between	CCL17	and	CCL22,	using	a	two-way	ANOVA	

with	Bonferroni’s	post-test.	***	represents	p<0.001.	
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Figure	6-8	 CCR4	 cell	 surface	 recovery	 following	 ligand-induced	

internalisation		

CHO-CCR4	cells	were	stained	with	10E4	anti-CCR4	antibody	and	IgG2a	isotype	control	

then	 cell	 surface	 receptor	 expression	was	 assessed	 overtime	by	 flow	 cytometry.	A)	

Cells	were	incubated	for	30	minutes	with	100nM	CCL22.	Cells	were	then	washed	and	

resuspended	in	simple	media	and	CCR4	cell	surface	expression	measured	for	up	to	180	

minutes.	 Data	 presented	 from	 one	 experiment.	 B)	 Cells	 were	 treated	 as	 described	

above	and	incubated	with	either	100µM	of	CCL22	or	CCL17	for	30	minutes	before	being	

washed	and	re-incubated	for	up	to	6	hours.	All	incubations	were	performed	at	37˚C.	

Data	are	the	mean	±	SEM	of	four	independent	experiments,	which	were	analysed	using	

a	two-way	ANOVA	with	Bonferroni’s	post-test.	Significance	compared	to	0.5	hr	time	

point.	*	represents	p<0.05,	**	p<0.01,	***	p<0.001,	****	p<0.0001.	
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Figure	6-9	 Ligand-induced	endocytosed	CCR4	 is	 replenished	 slowly	at	 the	

cell	surface	by	de	novo	protein	synthesis	

CHO-CCR4	 cells	 were	 pre-treated	with	 or	without	 cycloheximide	 (10µg/ml)	 for	 30	

minutes	followed	by	either	100nM	CCL22	(A)	or	CCL17	(B)	and	incubated	at	37˚C	for	

either	30	minutes	or	6	hours.	Cells	were	then	stained	with	10E4	anti-CCR4	antibody	

and	IgG2a	isotype	control	and	cell	surface	receptor	expression	was	assessed	using	flow	

cytometry.	Data	are	the	mean	±	SEM	of	three	independent	experiments,	which	were	

analysed	using	a	one-way	ANOVA	with	Bonferroni’s	post-test.	 Significance	between	

untreated	and	treated	cells	at	30	min	and	6	hr	time	points.	**represents	p<0.05,	****	

p<0.0001,	ns:	non-significant.
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6.2.3 Effects	of	CCL17	and	CCL22	on	CCR4	degradation	

Having	established	that	ligand-induced	internalised	CCR4	is	likely	replenished	

at	the	cell-surface	by	de	novo	synthesis,	we	investigated	the	fate	of	endocytosed	CCR4	

receptor	using	Western	blot	analysis.	We	extracted	total	protein	lysates	from	CCR4+	

cells,	allowing	assessment	of	the	total	CCR4	protein	quantities	following	pre-treatment	

with	 CHX	 and	 incubation	 with	 either	 CCL17	 or	 CCL22	 for	 3	 hours.	 Figure	 6-10	

demonstrates	that	CCR4	is	degraded	in	the	absence	and	presence	of	ligand,	with	CCL17	

treatment	triggering	further	CCR4	degradation,	with	an	average	of	58%	compared	to	

73%	 CCR4	 expression	 with	 CCL22-induced	 internalised	 receptor,	 compared	 to	

untreated	cells	at	0	hour.	Untreated	cells	after	3	hours	undergo	CCR4	degradation	to	

similar	levels	to	that	of	cells	treated	with	CCL22	with	an	average	CCR4	expression	in	

the	 lysates	 of	 75%	 and	 73%	 respectively.	 Interestingly,	 by	 comparison	 CCR4	 cells	

surface	expression	levels	of	untreated	cells	were	significantly	different	compared	to	

CCL22	treated	cells,	with	an	average	of	75%	compared	to	8%,	respectively	(Figure	6-

7).		

	

We	then	explored	the	mechanism	by	which	internalised	CCR4	is	degraded,	both	

constitutively	 and	 induced	 by	 ligand.	 In	 mammalian	 cells	 proteins	 are	 typically	

targeted	for	degradation	via	the	proteasomal	or	lysosomal	pathway	(Clague	and	Urbe,	

2010),	we	therefore	utilised	a	proteasomal	inhibitor	–	MG132	and	lysosomal	inhibitor	

–	 chloroquine	 (CLQ)	 -	 to	 determine	 which	 pathway	 was	 being	 employed	 in	 the	

degradation	of	CCR4.	Briefly,	total	protein	lysates	were	extracted	from	CHO-CCR4	cells	

pre-treated	with	CHX	for	30	minutes,	then	with	MG132	(40µM)	or	CLQ	(200µM)	for	an	

additional	 30	 minutes,	 before	 incubating	 for	 3	 hours	 at	 37˚C.	 Control	 cells	 were	

incubated	with	CHX	without	 inhibitors.	Figure	6-11A	shows	data	from	Western	blot	

analysis	using	10E4	 to	probe	 for	CCR4	protein.	Panel	B	demonstrates	densitometry	

analysis	of	values	normalised	to	the	 loading	control	and	presented	as	percentage	of	

untreated	cells	at	0	hour.	Analysis	showed	cells	treated	with	CHX	alone	had	reduced	

levels	 of	 CCR4	 to	 an	 average	 of	 70%.	 In	 contrast,	 incubation	with	 CHX	 and	MG132	

prevented	CCR4	degradation	 leaving	CCR4	levels	similar	to	that	of	control	cells	at	0	

hours.	Incubation	of	cells	with	CHX	and	CLQ	reduced	CCR4	levels	to	74%	relative	to	
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control	cells.	Collectively,	these	experiments	indicate	that	constitutively	endocytosed	

CCR4	is	tagged	for	proteasomal	rather	than	lysosomal	degradation.		

We	further	investigated	the	fate	of	CCR4	receptor	degradation	following	ligand	

induced	internalisation.	Following	the	previously	described	protocol	for	figure	6-11,	

CHO-CCR4	cells	were	 incubated	with	100nM	 ligand	 for	3	hours	 and	protein	 lysates	

were	analysed	using	Western	blot	data	plotted	in	figure	6-12.	Densitometry	analysis	

showed	reduced	CCR4	 levels	 from	cells	 treated	with	CLQ	and	 incubated	with	either	

ligand.	Those	 treated	with	either	 ligand	and	MG132	had	CCR4	 levels	comparable	 to	

untreated	control	cells	at	0hr.	Data	shown	in	figure	6-12	suggests	that	ligand-induced	

endocytosed	CCR4	also	undergoes	proteasomal	degradation.		
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Figure	6-10	 Internalised	CCR4	is	readily	degraded	in	CHO-CCR4	cells	

A)	Western	blot	analysis	from	total	protein	lysate	of	CHO-CCR4	cells	pre-treated	with	

cycloheximide	 for	 30	 minutes,	 followed	 by	 incubation	 with	 buffer	 alone,	 or	 buffer	

supplemented	with	100nM	CCL22	or	100nM	CCL17	at	37˚C	for	3	hours.	Data	are	from	

a	single	experiment,	representative	of	six	experiments.	Bands	observed	as	expected	for	

CCR4	 at	 41	 kDa	 and	GAPDH	 at	 36	 kDa	 using	 10E4	 and	GAPDH	primary	 antibodies	

respectively.	B)	Densitometry	analysis	of	bands	from	the	Western	blot.	Data	plotted	

using	sum	normalised	values	(band	value	divided	by	the	sum	of	all	values	per	gel	for	

each	 independent	 experiment).	 Data	 are	 the	 mean	 ±	 SEM	 of	 six	 independent	

experiments,	which	were	analysed	using	a	one-way	ANOVA	with	Bonferroni’s	post-

test.	 Significance	 compared	 between	 0hr	 untreated	 cells.	 *	 represents	 p<0.05,	 ***	

p<0.001,	****	p<0.0001.
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Figure	6-11	 Constitutively	 endocytosed	 CCR4	 undergoes	 proteasomal	

degradation	

A)	Western	blot	analysis	from	total	protein	lysate	of	CHO-CCR4	cells	pre-treated	with	

cycloheximide	for	30	minutes	followed	by	incubation	with	40µM	proteasomal	inhibitor	

(MG132)	 or	 200µM	 lysosomal	 inhibitor	 (chloroquine:	 CLQ)	 for	 an	 additional	 30	

minutes,	then	incubated	at	37˚C	for	3	hours.	Bands	observed	as	expected	for	CCR4	at	

41	kDa	and	GAPDH	at	36	kDa	using	10E4	and	GAPDH	primary	antibodies	respectively.	

Spectra	 protein	 ladder	 (10-260	 kDa,	 Thermo	 Fisher)	 was	 used	 in	 Lane	 1.	 B)	

Densitometry	 analysis	 of	 bands	 from	 the	 Western	 blot.	 Data	 plotted	 using	 values	

normalised	to	the	loading	control	and	presented	as	percentage	of	untreated	cells	at	0	

hour.	Data	are	the	mean	±	SEM	of	three	independent	experiments.		

0

25

50

75

100

125

No
rm

al
is
ed
	o
pt
ic
al
	d
en
si
ty

untreated	 MG132 CLQ
0hr 3hr 3hr3hr

****

B	

50	kDa 

40	kDa 

un
tr
ea
te
d 

M
G1
32

 

CL
Q

 

un
tr
ea
te
d 

3hr 

CCR4  

GAPDH  
la
dd
er

 

0hr 

35	kDa 

A	



 

   209	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	
	
	
	
	
	

	

 
	
	
	

Figure	6-12	 Ligand-induced	 endocytosed	 CCR4	 undergoes	 proteasomal	

degradation		

A)	Western	 blot	 analysis	 of	 CHO-CCR4	 cells	 pre-treated	with	 cycloheximide	 for	 30	

minutes	followed	by	incubation	with	40µM	proteasomal	inhibitor	(MG132)	or	200µM	

lysosomal	 inhibitor	 (chloroquine	 -	 CLQ)	 for	 an	 additional	 30	 minutes,	 and	 then	

incubated	 at	 37˚C	 for	 3	 hours	with	 100µM	 of	 CCL22	 or	 CCL17.	 Bands	 observed	 as	

expected	for	CCR4	at	41	kDa	and	GAPDH	at	36	kDa	using	10E4	and	GAPDH	primary	

antibodies	respectively.	Spectra	protein	ladder	(10-260	kDa,	Thermo	Fisher)	was	used	

in	Lane	1.	CHO-K1	cells	were	used	as	a	negative	control.	B)	Densitometry	analysis	of	

bands	 from	 the	Western	 blot.	 Data	 plotted	 using	 values	 normalised	 to	 the	 loading	

control	and	presented	as	percentage	of	untreated	cells	at	0	hour.	Data	are	the	mean	±	

SEM	of	four	independent	experiments.		
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6.2.4 Effects	of	C-terminus	truncation	on	CCR4	expression,	

internalisation	and	degradation	

The	aim	of	the	following	experiments	was	to	determine	the	importance	of	the	

C-terminus	of	CCR4,	using	a	 truncated	CCR4	construct	and	 investigate	 its	effects	on	

receptor	internalisation.	I	initially	sought	to	generate	a	stably	expressing	CHO	cell	line	

using	 a	 CCR4	mutant	 with	 the	 distal	 40	 residues	 truncated,	 which	 was	 previously	

cloned	into	pcDNA3	by	our	group.	Figure	6-13A	illustrates	the	generation	of	a	stably	

expressing	CCR4-Δ40	cell	line.	Briefly,	CHO-K1	cells	were	transfected	with	CCR4-Δ40	

DNA	and	incubated	in	DMEM	media.	Isolated	colonies	were	picked	and	grown	in	media	

containing	 G418	 antibiotic.	 Cells	 growing	 in	 media	 containing	 G418	 were	 further	

isolated	and	those	expressing	the	highest	levels	of	CCR4-Δ40	-	as	determined	by	flow	

cytometry	 (panel	 B)	were	 expanded	 and	 cultured.	 Finally,	 a	 candidate	 clone	 highly	

expressing	CCR4-Δ40	was	selected	for	future	experiments.		

	

Having	 successfully	 generated	 a	 stably	 expressing	 CCR4-Δ40	 cell	 line	 I	

investigated	the	effect	that	this	truncation	had	upon	receptor	internalisation	following	

ligand	binding.	Figure	6-14	shows	flow	cytometry	data	from	WT-CCR4	and	CCR4-Δ40	

cells	pre-incubated	with	CHX	for	30	minutes	followed	by	incubation	with	either	CCL17	

or	CCL22	for	30	minutes.	As	expected,	treatment	with	both	CCL17	and	CCL22	resulted	

in	 significantly	 reduced	 surface	 levels	 of	 the	 WT-CCR4	 construct	 following	 ligand	

induced	receptor	internalisation	when	compared	to	untreated	cells.	In	contrast,	ligand	

treated	CCR4-Δ40	cells	showed	no	reduction	in	receptor	levels	compared	to	untreated	

cells.	 Collectively,	 this	 data	 implies	 that	 the	 40	 amino	 acids	 removed	 from	 the	 C-

terminus	 of	 CCR4	 by	 truncation	 are	 required	 for	 ligand-induced	 receptor	

internalisation.		

	

I	further	investigated	the	effects	of	the	truncated	CCR4	mutant	on	receptor	cell	

surface	expression	with	pre-treatment	with	cycloheximide	followed	by	treatment	with	

ligand	 for	 an	 extended	 time-course.	 The	method	 used	was	 as	 previously	 described	

above,	 with	 a	 3	 hour	 incubation	 with	 and	 without	 ligand	 before	 analysis	 by	 flow	

cytometry.	Figure	6-15	displayed	a	similar	trend	of	CCR4-Δ40	inhibiting	ligand	induced	

receptor	internalisation	compared	to	WT-CCR4,	with	both	CCL22	and	CCL17	showing	
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statistically	 significant	 difference	 of	 receptor	 expression	 levels	 of	 94%	 and	 118%	

respectively.	Interestingly,	untreated	CCR4-Δ40	cells	after	3	hours	showed	increased	

receptor	 cell	 surface	 expression	 compared	 to	WT-CCR4	 cells.	 Taken	 together	 these	

data	suggests	that	CCR4-Δ40	receptor	 internalisation	was	inhibited	following	ligand	

stimulation	and	in	unstimulated	cells	mutant	receptor	expression	at	the	cell	surface	

was	significantly	increased.		

	

	 From	these	data	sets	I	can	conclude	stably	expressing	CHO-K1	CCR4-Δ40	cells	

inhibits	 ligand	 induced	receptor	 internalisation	and	thus	the	C-terminus	residues	of	

CCR4	plays	a	critical	in	receptor	internalisation	and	maintained	cell	surface	expression	

in	the	absence	of	ligand.		
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Figure	6-13	 Generating	a	C-terminus	truncated	CCR4	receptor	stable	cell	line	

–	CCR4-Δ40		

The	 distal	 40	 residues	 of	WT-CCR4	were	 truncated	 to	 generate	 a	mutant	 receptor:	

CCR4-Δ40	(previously	cloned	 in	pcDNA3	by	our	group).	A)	Overview	of	 the	method	

used.	 Briefly,	 the	 mutant	 was	 transfected	 into	 the	 CHO-K1	 cell	 line	 using	 the	

TurboFectTM	 transfection	 protocol	 (see	 2.2.1.3)	 and	 G418	 antibiotic	 selection	

(10mg/ml)	was	used	to	create	a	stable	cell	line.	B)	Cells	from	the	24	well-plate	were	

then	stained	with	10E4	anti-CCR4	antibody	and	IgG2a	isotype	control	and	cell	surface	

receptor	expression	was	assessed	by	flow	cytometry	to	select	the	highest	expressing	

clones	 (purple	 bars)	 for	 expansion	 to	 T75	 flasks.	 Cells	 were	 cultured,	 and	 flow	

cytometry	 repeated	 before	 selecting	 a	 candidate	 clone	 (clone	 9)	 for	 future	

experiments.		

1 2 3 4 5 6 7 8 9 10 11
0

5000

10000

15000

20000

Clone 

M
ea

n 
S

pe
ci

fic
 F

lu
or

es
ce

nc
e

CHO-K1	cells	in	DMEM	media	
G418	(10mg/ml)		
(150mm	plate)	

1µg	CCR4-Δ40	DNA	
2µl	TurboFectTM	reagent	
100µl	simple	DMEM	media	

Incubate	for	14	days	at	37˚C	
5%	CO2	incubator	

Change	media	every	3	days	
	

Pick	isolated	colonies	
Transfer	into	24	well-plate		

DMEM	media	+	G418	(10mg/ml)	

Flow		
cytometry	

Expansion	of	highest	
expressing	clones			

A	

B	



 

   213	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

Figure	6-14	 The	 C-terminal	 most	 40	 amino	 acids	 are	 required	 for	 ligand-

induced	 receptor	 internalisation	 as	 shown	 by	 the	 CCR4-Δ40	

construct	

Stably	transfected	CCR4-Δ40	CHO-K1	(purple	bars)	cells	and	WT-CCR4	(red	bars)	cells	

incubated	for	30	minute	at	37˚C	with	either	100nM	CCL22	(green)	or	CCL17	(blue).	

Cells	were	then	stained	with	10E4	anti-CCR4	antibody	and	IgG2a	isotype	control	and	

cell	surface	receptor	expression	was	assessed	using	flow	cytometry.	Data	are	the	mean	

±	 SEM	 of	 three	 independent	 experiments,	 which	 were	 analysed	 using	 a	 two-way	

ANOVA	 with	 Bonferroni’s	 post-test.	 Significance	 calculated	 between	WT-CCR4	 and	

CCR4-Δ40	at	30min	timepoints.	***	represents	p<0.001,	****	p<0.0001.	
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Figure	6-15	 Untreated	CCR4-Δ40	 cells	 have	 increased	 cell	 surface	 receptor	

expression	following	cycloheximide	treatment	

Stably	transfected	CCR4-Δ40	CHO-K1	(purple	bars)	cells	and	WT-CCR4	(red	bars)	cells	

were	pre-treated	with	cycloheximide	(10µg/ml)	for	30	minutes	followed	by	incubation	

at	37˚C	for	3	hours	with	either	100nM	CCL22	(green),	CCL17	(blue)	or	no	ligand	(grey).	

Cells	were	then	stained	with	10E4	anti-CCR4	antibody	and	IgG2a	isotype	control	and	

cell	surface	receptor	expression	was	assessed	using	flow	cytometry.	Data	are	the	mean	

±	SEM	of	four	independent	experiments,	which	were	analysed	using	a	two-way	ANOVA	

with	 Bonferroni’s	 post-test.	 Significance	 calculated	 comparing	WT-CCR4	 and	 CCR4-

Δ40	at	3hr	timepoints.	****	represents		p<0.0001.	
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6.3 Discussion	

Maintaining	the	appropriate	levels	of	functional	chemokine	receptor	at	the	cell	

surface	 is	 likely	 to	 be	 an	 integral	 process	 in	modulating	 the	 chemotactic	 response	

during	an	immune	response.	Understanding	further	the	molecular	mechanisms	of	the	

trafficking	process	and	receptor	life-cycle	of	CCR4	and	the	added	level	of	complexity	

induced	by	biased	agonism	should	aid	drug	discovery,	promoting	the	identification	of	

drugs	that	selectively	activate	or	block	a	preferred	pathway.	In	this	chapter,	I	sought	to	

further	 increase	 our	 understanding	 of	 CCR4	 receptor	 endocytosis	 and	 examine	 the	

potential	for	biased	agonism	induced	by	chemokines	CCL17	and	CCL22.		

	
I	initially	replicated	data	previously	observed	by	our	group,	whereby	apparent	

CCR4	expression	profiles	were	seen	to	vary,	depending	upon	the	CCR4-specific	mAb	

used	to	stain	CCR4	expressing	cells.	1G1	and	10E4,	are	CCR4	specific	antibodies	that	

had	been	postulated	to	recognise	populations	of	CCR4	at	varying	degrees	(Jopling	et	al,	

2002;	Viney	et	al.,	2014).	Furthermore,	Viney	and	colleagues	(2014)	proposed	a	two-

state	model	for	CCR4-activation.	A	major	CCR4	population	thought	to	be	activated	by	

both	cognate	ligands	CCL17	and	CCL22,	and	a	minor	CCR4	population	activated	solely	

by	 CCL22.	 In	 agreement	with	 these	 previous	 findings,	 staining	with	 10E4	 antibody	

resulted	in	the	detection	of	greater	levels	of	CCR4	on	a	stable	CHO-CCR4	cell	line	than	

the	1G1	antibody.	Interestingly,	whilst	both	antibodies	worked	well	in	flow	cytometry,	

western	 blot	 analysis	 revealed	 problems	 of	 specificity	 with	 the	 1G1	 antibody.	

Previously,	 in	 CCR4	 endocytosis	 experiments,	 significant	 differences	 between	 these	

two	CCR4-specific	antibodies	were	reported	by	Viney	and	colleagues	(2014),	where	

1G1	in	contrast	to	10E4	was	unable	to	detect	CCR4	endocytosis	in	response	to	CCL17.	

Thus,	in	my	experiments	I	selected	to	use	10E4	to	detect	and	probe	a	larger	proportion	

of	 the	 CCR4-expressing	 cell	 population.	 These	 differences	 may	 explain	 in-part	 the	

observed	dissimilarities	seen	between	our	data	presented	here	and	that	by	Mariani	and	

colleagues	(2004).		

	

Our	 data	 showed	 that	 in	 the	 absence	 of	 ligand,	 reduced	 levels	 of	 CCR4	 cell	

surface	expression	were	observed	following	3	hours	of	incubation,	thus	indicating	that	

a	proportion	of	CCR4	undergoes	basal	levels	of	constitutive	internalisation	albeit	at	a	

slower	rate,	as	part	of	the	receptor’s	natural	life-cycle.	This	is	unsurprising,	given	that	
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basal	levels	of	internalisation	are	typical	for	chemokine	receptors	in	order	to	maintain	

an	intricate	balance	of	receptor	levels	at	the	cell	surface	(Neel	et	al.,	2005).	In	contrast,	

receptor	activation	with	ligand	displayed	rapid	internalisation	at	greater	levels	than	

untreated	cells,	which	is	typical	of	ligand-induced	activated	receptors	(Irannejad	et	al.,	

2015).	In	agreement	with	previous	findings	(Mariani	et	al.,	2004)	our	data	presented	

here	showed	CCL22	was	more	efficacious	than	CCL17	at	inducing	CCR4	internalisation.	

Interestingly,	previously	studies	by	other	groups	failed	to	detect	significant	levels	of	

CCL17-induced	 CCR4	 internalisation.	 For	 instance,	 data	 presented	 by	 Mariani	 and	

colleagues	(2004)	showed	less	than	5%	of	CCR4	receptor	was	internalised	following	

CCL17	 treatment	 for	 30	minutes	 at	 37°C,	 under	 the	 same	 conditions	 but	 using	 an	

alternative	antibody	to	detect	CCR4.	Using	the	10E4	mAb,	I	have	shown	that	CCL17-

induced	CCR4	internalisation	by	levels	approaching	50%	increasing	to	over	67%	after	

3	hours	 (Figure	6	 -6	and	 -7).	The	use	of	different	antibodies	may	account	 for	 these	

observed	differences,	with	perhaps	some	CCR4	epitopes	less	visible	in	the	presence	of	

ligand.	 This	 is	 again	 in	 support	 with	 the	 two-state	 model	 proposed	 by	 Viney	 and	

colleagues	 (2014).	With	 a	 larger	 proportion	 of	 CCR4	being	 recognised	by	 the	10E4	

antibody,	 significant	 differences	 in	 expression	 levels	 are	more	 likely	 to	 be	detected	

than	if	using	1G1.		

	

Unsurprisingly,	 in	 line	with	 endocytosis	 being	 an	 energy	 consuming	 process	

(Zastrow	 et	 al.,	 1994),	 CCR4	 internalisation	was	 optimal	 at	 37°C	 compared	 to	 4°C.	

Interestingly,	I	observed	45%	internalisation	even	at	4°C,	although	to	a	lesser	extent	

compared	to	cells	incubated	at	37°C,	indicating	that	lower	temperatures	may	reduce	

the	rate	of	internalisation	rather	than	preventing	it.	An	alternative	explanation	for	this	

finding	is	that	both	ligands	may	inhibit	the	detection	of	CCR4	by	the	10E4	mAb.	Given	

that	10E4	has	been	mapped	to	the	CCR4	N-terminus	(Jopling	et	al.,	2002)	and	that	the	

N-termini	 of	 chemokine	 receptors	 is	 typically	 involved	 in	 binding	 ligand,	 this	

explanation	is	worthy	of	consideration.		

		

Intriguingly,	 receptor	 replenishment	 to	 the	 cell	 surface	 was	 extremely	 slow	

compared	 to	 other	members	 of	 the	CC	 subfamily,	 such	 as	CCR5	needing	 two	hours	

(Mueller	 et	 al.,	 2002)	 and	CCR7	needing	 one	hour	 (Otero	 et	 al.,	 2006)	 for	 recovery	

following	ligand-induced	internalisation.	This	indicated	that	CCR4	cell	surface	levels	
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may	 be	 replenished	 by	 de	 novo	 receptor	 synthesis	 rather	 than	 through	 receptor	

recycling.	Specifically,	I	reported	CCL22-induced	internalised	CCR4	receptor	needing	

six	hours	to	return	to	60%	cell	surface	recovery	(Figure	6-8),	which	was	in	contrast	to	

previously	 published	 data	 suggesting	 similar	 levels	 of	 recovery	 within	 two	 hours	

(Mariani	et	al.,	2004).		

	

I	 further	demonstrated	that	CCR4	cell	surface	recovery	following	both	CCL17	

and	 CCL22	 ligand-induced	 endocytosis	 was	 inhibited	 using	 CHX	 –	 an	 inhibitor	 of	

protein	synthesis	–	and	thus	strongly	indicated	the	receptor	was	not	recycled	back	to	

the	 cell	 surface	 and	 required	de	 novo	 synthesis	 for	 the	maintenance	 of	 cell	 surface	

levels.	Similarly,	experiments	from	our	group	(C.	Anderson,	unpublished	data)	on	an	

endogenous	CCR4	expressing	human	epithelial	cell	 line	(Beas2B)	also	demonstrated	

similar	inhibitory	effects	on	CCR4	cell	surface	replenishment	following	CHX	treatment.	

It	is	worth	noting	a	potential	caveat	to	this	data	set	with	the	use	of	CHX,	which	has		been	

shown	to	effect	cell	toxicity	and	thus	viability	(Baskic	et	al.,	2006).	Cell	viability	studies	

were	 not	 investigated	 or	 controlled	 for	 but	 may	 potentially	 influence	 the	 results	

presented	here.	

	

Comparable	 experiments	 on	 endogenously	 expressing	 CCR4	 Th2	 cells	 by	

Mariani	and	colleagues	(2004)	described	contrasting	data	to	what	I	have	reported	here.	

The	 authors	 concluded	 that	 recovery	 of	 internalised	 CCR4	 was	 due	 to	 receptor	

recycling	and	not	de	novo	synthesis,	with	CHX	treatment	showing	no	effect	on	receptor	

replenishment	 to	 the	 cell	 surface.	 In	 contrast,	 I	 described	 significant	 differences	

between	untreated	and	CHX	treated	cells	on	CCR4	recovery.	A	plausible	explanation	

maybe	due	to	the	time	points	I	observed	for	receptor	recovery.	They	noted	incubating	

cells	for	one	hour	(given	their	observation	of	rapid	receptor	recovery)	following	CHX	

and	ligand	treatment	had	no	effect	on	CCR4	recovery.	In	contrast,	our	extended	time-

frame	 compared	 data	 following	 incubation	 at	 30	minutes	 and	 six	 hours	 (given	 our	

observation	of	slow-receptor	recovery).	At	30	minutes	I	observed	no	effect	of	CHX	on	

CCR4	recovery,	however	after	six	hours	of	incubation	with	CHX	I	reported	significant	

differences	with	 CHX	 for	 both	 CCL17	 and	 CCL22	 treated	 cells,	 which	 supports	 our	

previously	described	slow	rate	of	CCR4	recovery.	In	addition,	as	previously	mentioned,	

the	use	of	10E4,	compared	to	1G1,	may	also	add	to	the	disparities	seen	in	detecting	the	
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expression	 levels	 of	 CCR4.	 Moreover,	 Mariani	 and	 colleagues	 (2004),	 observed	

inhibition	of	CCR4	 recovery	 following	 treatment	with	Brefeldin	A.	This	 observation	

added	to	their	conclusion	that	CCR4	recovery	was	attributed	to	recycling	and	not	de	

novo	synthesis.	Although,	inhibition	of	CCR4	recovery	in	cells	treated	with	Brefeldin	A	

does	not	definitively	exclude	receptor	 recovery	 through	de	novo	protein	synthesis	 -	

given	this	inhibitor,	a	fungal	metabolite	disrupts	protein	trafficking	by	disrupting	the	

cis-Golgi	apparatus,	essentially	inhibiting	protein	transport	between	the	ER	and	Golgi	

(Lippincott-Schwartz	et	al.,	1989).		

	

Subsequent	 experiments	 formally	 demonstrated	 that	 endocytosed	 CCR4	was	

readily	degraded	following	receptor	internalisation,	with	a	half-life	of	over	three	hours,	

which	may	justify	the	slow	rate	of	receptor	recovery	to	the	cell	surface.	Furthermore,	I	

demonstrated	 constitutive	 and	 ligand-induced	 endocytosed	 CCR4	 undergoes	

proteasomal	degradation,	since	in	the	presence	of	a	proteasomal	inhibitor,	CCR4	was	

protected	from	degradation.	Moreover,	there	was	no	evidence	for	the	involvement	of	

lysosomal	 degradation	 as	 degradation	 of	 CCR4	 persisted	 in	 the	 presence	 of	 its	

inhibitor,	CLQ.	CXCR3	expressed	at	high	levels	on	Th1	cells	has	also	been	shown	to	be	

degraded	rather	than	recycled	and	replenished	at	the	cell	surface	by	de	novo	protein	

synthesis.	Meiser	and	colleagues	reported	that	MG132	and	CLQ	inhibited	degradation,	

thus	indicating	both	lysosomal	and	proteasomal	pathways	were	employed	for	CXCR3	

degradation	 (Meiser	 et	 al.,	 2008).	 Emerging	 evidence	 suggests	 that	 these	

mechanistically	independent	degradation	pathways	may	have	the	ability	to	collaborate	

and	compensate	for	each	other	(Korolchuk	et	al.,	2010;	Ji	and	Kwon,	2017).		

	

Intriguingly,	 despite	 significant	 differences	 between	 untreated	 and	 CCL22-

induced	levels	of	CCR4	receptor	endocytosis,	levels	of	CCR4	degradation	appeared	to	

be	similar.	A	potential	explanation	may	be	due	to	cells	needing	to	maintain	a	balance	

of	 receptor	 levels	 at	 the	 cell	 surface	 in	 order	 to	 dictate	 the	 appropriate	 cellular	

responses	and	thus	may	require	a	rapid	feedback	mechanism	during	ligand-induced	

receptor	internalisation.	While	unstimulated	cells	may	undergo	basal	levels	of	ligand-

independent	internalisation	albeit	at	a	slower	rate,	as	part	of	the	receptor’s	natural	life-

cycle.	 It	 is	 plausible,	 that	 once	 endocytosed,	 irrespective	 the	 cause,	 receptor	

degradation	 occurs	 at	 a	 similar	 rate,	 owing	 to	 receptors	 being	 held	 in	 sorting	
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endosomes	 for	 varying	 times	 (Borroni	 et	 al.,	 2010).	 Though,	 I	 note	 here	 that	

degradation	 of	 CCL17-induced	 receptor	 internalisation	 was	 greater	 compared	 to	

untreated	 and	 CCL22-induced	 internalisation,	 hinting	 these	 ligands	 may	 impact	

receptor	trafficking	dynamics	and	kinetics	in	subtly	different	ways.	

	

As	previously	described,	the	phenomenon	of	biased	agonism	is	gaining	further	

appreciation,	particularly	 in	the	field	of	chemokine	receptors	-	where	receptors	and	

chemokines	 usually	 have	 a	 promiscuous	 relationship.	 In	 the	 context	 of	 chemokine	

receptor	CCR4	and	its	natural	ligands	CCL17	and	CCL22,	previously	published	research	

and	work	by	our	group	has	further	supported	the	notion	of	 ligand	biased	agonism	-	

where	different	ligands	binding	the	same	receptor	induce	distinct	signalling	responses.	

	

In	particular,	studies	by	Ajram	and	colleagues	(2014)	highlighted	ligand	biased	

agonism	of	downstream	signalling	pathways	induced	by	CCL17	and	CCL22	binding	to	

CCR4	receptor,	whereby	GTPgS	binding,	by	way	of	quantifying	G-protein	coupling	was	

efficiently	 stimulated	 following	 CCL22	 activation	 and	 only	 partially	 by	 CCL17.	

Similarly,	they	found	that	CCL22	was	shown	to	prompt	b-arrestin	coupling	to	CCR4	in	

a	concentration-dependent	manner	whilst	CCL17	did	not.	This	resonates	with	the	data	

I	describe	here	showing	greater,	more	efficient	CCL22-induced	CCR4	internalisation	

compared	to	CCL17,	which	would	be	supportive	of	b-arrestin	biased	coupling	following	

CCL22	binding	to	CCR4.		

	

Using	 a	 CHO	 cell	 line	 stably	 expressing	 a	 truncated	 CCR4	 construct,	 I	

investigated	its	effects	on	receptor	internalisation.	I	demonstrated	that	removal	of	the	

distal	40	amino	acids	of	the	CCR4	C-terminus	continued	to	allow	receptor	trafficking	to	

the	 cell	 surface,	 however	 inhibited	 its	 internalisation,	 indicating	 it	 is	 a	 key	 region	

responsible	for	the	process	of	CCR4	receptor	internalisation.	It	is	plausible	that	without	

this	region	critical	proteins	essential	for	receptor	internalisation	are	unable	to	bind	to	

the	receptor	and	induce	internalisation,	rendering	the	truncated	receptor	permanently	

stuck	 at	 the	 cell	 surface	 -	 as	 demonstrated	 by	 the	 persistent	 CCR4	 cell	 surface	

expression	 following	 ligand	 stimulated	 cells.	 A	 consequence	 of	 inhibited	 receptor	

internalisation	in	CCR4-Δ40	expressing	cells	is	a	potential	for	increased	chemotactic	

activity.	Previous	work	from	our	group,	using	the	same	CCR4-Δ40	construct	showed	
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enhanced	chemotactic	ability	to	both	CCL17	and	CCL22	compared	to	WT-CCR4	L1.2	

transfectants,	 indicating	 an	 element	 modulating	 chemotactic	 function	 had	 been	

removed,	 thus	 enhancing	 the	 chemotactic	 ability	 of	 the	 receptor	 (Viney,	 2013;	

Anderson	et	al.,	2020).		

	

Notably,	gain-of-function	CCR4	C-terminus	mutations	have	been	reported	in	the	

pathogenesis	 of	 ATLL.	 The	 study	 showed	 CCR4	 mutations	 that	 truncated	 the	 C-

terminus,	 disrupted	 receptor	 internalisation	 thereby	 enhancing	 cell	 migration	 and	

downstream	signalling	functions	(Nakagawa	et	al.,	2014).	Comparably,	in	the	case	of	

CCR3	 a	 similar	 C-terminus	 truncated	 mutant	 exhibited	 reduced	 receptor	

internalisation	 and	 enhanced	 chemotactic	 ability	 following	 CCL11	 and	 CCL13	

stimulation	 compared	 to	 WT-CCR3	 (Sabroe	 et	 al.,	 2005).	 Similarly,	 C-terminus	

truncated	mutants	of	CCR7	were	shown	regulate	signal	transduction	and	chemotactic	

ability,	however	receptor	endocytosis	and	recycling	signals	were	not	located	in	the	C-

terminus	 (Otero	 et	 al.,	 2008).	 Furthermore,	 naturally	 occurring	mutations	 in	 the	C-

terminus	region	of	CXCR4	have	been	shown	to	affect	phosphorylation	sites	and	thus	b-

arrestin	 recruitment	 and	 can	 result	 in	 a	 gain-of-function	 genetic	 disorder	 -	 WHIM	

syndrome	with	severely	distorted	receptor	function	(Mueller	et	al.,	2013).		

	

Given	previous	studies,	it	is	plausible	that	the	absence	of	Ser	and	Thr	residues	

in	CCR4-Δ40	construct	may	have	prevented	or	reduced	receptor	phosphorylation	by	

GRKs	and	in	turn	prevented	coupling	of	essential	adaptor	proteins	such	as,	b-arrestin	

that	 act	 to	 decouple	 G-protein	 and	 act	 as	 a	 scaffolding	 receptor	 for	 other	 proteins	

binding,	collectively	having	subsequent	inhibitory	effects	on	receptor	internalisation	

processes.	Considering	the	recent	finding	that	CCL22,	and	not	CCL17	couples	CCR4	to	

b-arrestin	(Ajram	et	al.,	2014)	together	with	the	increased	chemotactic	ability	of	CCR4-

Δ40	 mutant,	 implies	 that	 b-arrestin	 signalling	 is	 not	 essential	 for	 CCR4	 mediated	

chemotaxis.	 Moreover,	 Nakagawa	 and	 colleagues	 (2014)	 show	 CCR4	 mutants	

expressing	C-terminus	truncated	CCR4	can	migrate	in	response	to	CCL22.		

	

In	summary,	data	presented	lead	us	to	conclude	that	CCR4	exhibits	basal	levels	

of	internalisation	that,	as	expected,	is	rapidly	increased	following	activation	by	CCL22	

and	CCL17.	I	consistently	showed	that	CCL17	was	able	to	induce	CCR4	internalisation	
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to	 greater	 levels	 than	 previously	 reported,	 although	 to	 a	 lesser	 extent	 than	 CCL22.	

Moreover,	I	have	shown	internalised	CCR4	receptor	has	a	slow	rate	of	recovery,	owing	

to	 its	 degradation	 via	 the	 proteasome	 following	 ligand-induced	 internalisation.	

Replenishment	 of	 CCR4	 at	 the	 cell	 surface	 requires	de	 novo	 protein	 synthesis.	 A	 C-

terminally	 truncated	 form	of	CCR4	maintained	 its	ability	 to	be	expressed	at	 the	cell	

surface	but	failed	to	be	endocytosed,	suggesting	that	this	region	may	be	non-essential	

for	receptor	transport	to	the	cell	surface	but	is	essential	for	receptor	down-regulation	

and	subsequent	receptor	trafficking.	
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Chapter	7 Investigation	of	a	CCR4	C-terminus	binding	
partner	from	a	yeast	two-hybrid	screen				
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7.1 Introduction	

The	expression	of	CCR4	by	both	Th2	and	TReg	cells,	coupled	with	its	endogenous	

ligands	 –	CCL17	and	CCL22	–	behaving	 as	biased	 agonists	 complicate	 the	 efforts	 of	

pharmaceutical	intervention	aimed	at	attenuating	CCR4	receptor	function	in	a	disease	

setting.	Investigating	the	CCR4	C-terminus	region	further	may	present	novel	avenues	

for	targeting	this	receptor	of	therapeutic	benefit.	In	the	previous	chapter	I	examined	

the	role	of	the	C-terminus	region	on	CCR4	receptor	expression	and	function,	using	a	

truncated	 mutant	 devoid	 of	 the	 distal	 amino	 acids,	 CCR4-Δ40	 and	 showed	 this	

truncation	 significantly	 impaired	 receptor	 internalisation	 leading	 to	 persistent	

receptor	 expression	 at	 the	 cell	 surface	 and	 increased	 chemotactic	 ability.	 Similarly,	

subsequent	studies	in	patients	with	ATLL	revealed	somatic	mutations	in	the	CCR4	C-

terminus	caused	impaired	internalisation	and	enhanced	chemotaxis.	Specifically,	these	

frequent	gain-of-function	mutations	in	ATLL	patients	caused	nonsense	or	frameshift	

mutations	 that	 lead	 to	 the	 truncations	 of	 the	 C-terminus	 region	 and	 led	 to	 greater	

PI3K/AKT	signalling	in	response	to	CCL22,	selective	growth	advantage	relative	to	WT-	

CCR4	in	ATLL	cells	and	enhanced	chemotaxis	(Nakagawa	et	al.,	2014).	

	
Given	 the	 importance	 of	 the	 CCR4	 C-terminus	 in	 modulating	 receptor	

expression,	internalisation	and	signalling,	along	with	the	need	to	further	understand	

and	 identify	 distinct	 downstream	 signalling	 pathways	 activated	 upon	 CCL17	 and	

CCL22	binding	to	CCR4,	I	employed	a	Y2H	screen	to	identify	novel	binding	partners	

that	interact	with	the	C-terminus	of	CCR4.	As	previously	described	(see	figure	5-1),	a	

Y2H	screen	is	a	powerful	tool	used	to	identify	novel	proteins	(prey)	interacting	with	

the	protein	of	interest	(bait).	The	CCR4	C-terminus	was	fused	to	the	bait	plasmid	and	

be	used	 to	probe	a	human	 leukocyte	and	activated	mononuclear	cell	 (HLAM)	cDNA	

library	 for	 novel	 interacting	 partners.	 This	 process	was	 carried	 out	 by	Hybrigenics	

(Paris,	 France).	 Experiments	 funded	 by	GSK	 as	 part	 of	my	 PhD	 studies	 identified	 a	

potential	CCR4	interacting	candidate	protein	–	F-box	and	leucine-rich	repeat	protein	5	

(FBXL5)	–	a	member	of	the	E3	ubiquitin	ligase	complex	(Jin	et	al,	2004).	

	

The	dynamics	processes	of	GPCR	internalisation	and	trafficking	are	governed	

by	 highly	 complex	molecular	 mechanisms	 traditionally	 thought	 to	 be	 regulated	 by	

GPCR	kinases	and	arrestins.	Increasingly,	however,	the	role	of	ubiquitination	in,	either	
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directly	or	indirectly,	modulating	GPCR	trafficking	is	becoming	more	evident	(Kennedy	

and	Marchese,	2015).		

	

The	 process	 of	 ubiquitination,	 a	 dynamic	 post-translational	 modification	 is	

catalysed	by	an	enzyme	cascade	facilitating	the	covalent	bonding	of	a	ubiquitin	(Ub)	

protein	 to	 a	 substrate	 protein.	 The	 enzymatic	 cascade	 consists	 of	 three	 sequential	

reactions:	 activation,	 conjugation	 and	 ligation	 implemented	 by	 E1	 Ub-activating	

enzyme,	E2	Ub-conjugating	enzyme	and	E3	Ub-protein	ligase,	respectively	(Zheng	and	

Shabek,	2017).	

	

	Figure	 7-1A	 illustrates	 the	 sequential	 steps	 leading	 to	 ubiquitination	 of	 a	

protein	and	its	proteasomal	degradation.	The	E1	enzyme	first	catalyses	the	attachment	

to	ubiquitin	using	ATP	to	form	a	thioester	bond	between	its	cysteine	residue	and	the	

Ub	protein	C-terminus.	The	Ub	protein	is	then	transferred	onto	an	E2	catalytic	cysteine	

residue,	forming	an	E2-thioester-Ub	intermediate	complex.	The	E3	enzyme	binds	the	

E2	complex	and	is	then	responsible	for	transferring	the	activated	Ub	protein	to	a	lysine	

(Lys)	residue	on	the	substrate.	E3	enzymes	play	a	critical	role	in	determining	substrate	

specificity,	which	is	reflected	in	the	human	genome	encoding	over	700	E3s	and	only	38	

E2s	 and	 two	E1s	 (Gong	 et	 al.,	 2015;	Buetow	and	Huang,	 2016).	Diverse	Ub	 linkage	

profiles	 dictate	 the	 fate	 of	 the	 substrate	 protein,	 which	 can	 lead	 to	 recruitment	 of	

distinct	interacting	proteins	resulting	in	distinct	downstream	signalling	(Buetow	and	

Huang,	2016;	Rape,	2018).	Figure	7-1B	demonstrates	the	diverse	patterns	of	Ub	chains	

linked	to	substrate	and	their	subsequent	downstream	effects.	Substrates	linked	with	a	

poly-Ub	chain	(through	Lys	48	or	Lys	11	linkage)	comprised	of	at	least	four	Ub	proteins	

are	 thought	 to	 be	 directed	 for	 degradation	 via	 the	 26S	 proteasome.	 Alternatively,	

deubiquitinating	can	remove	Ub	reversing	ubiquitination	and	preventing	degradation	

or	modifying	signalling	events	(Saritas-Yildirim	and	Silva,	2014;	Gong	et	al.,	2015).	

	

RING	(really	interesting	new	gene)	E3s	are	the	largest	subfamily	of	E3	ligases,	

thought	to	act	as	a	scaffold	between	the	E2	and	the	substrate	protein	facilitating	the	

direct	transfer	of	the	Ub	from	E2	to	the	substrate	(Rape,	2018).	RING	E3s	can	be	further	

subdivided,	with	Cullin-RING	(CRLs)	ligases	being	the	largest.	The	most	characterised		
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Figure	7-1	 Overview	 of	 ubiquitination,	 tagging	 proteins	 for	 degradation	

facilitated	 by	 E3	 ubiquitin	 ligase:	 Skp-Cullin-F-box	 protein	

complex	

A)	The	ubiquitin	conjugation	cascade.	An	E1	ubiquitin-activating	enzyme	catalyses	the	

first	 reaction	 to	 attach	 a	 ubiquitin	 protein	 onto	 the	 conjugating	 enzyme	 E2.	 The	

ubiquitinated	 E2	 enzyme	 binds	 to	 the	 E3	 ubiquitin	 ligase	 complex	 to	 facilitate	 the	

transfer	of	ubiquitin	 to	 the	substrate	protein.	Multiple	ubiquitin	molecules	are	 then	

attached	tagging	the	substrate	for	proteasomal	degradation	and	ubiquitin	proteins	are	

recycled.	The	E3	ligase	comprises	of	4	core	components:	(Skp1;	Cullin	(Cul1);	F-box	

and	Rbx1)	and	substrate	target	protein.	B)	Variety	of	ubiquitin	substrate	chain	linkages	

and	their	typical	consequent	functions.	Illustrations	adapted	from	Saritas-Yildirim	and	

Silva,	2014;	Buetow	and	Huang,	2016).	K:	Lysine.		
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CRLs	 is	 the	 Spk1-Cullin-Fbox	 (SCF)	 complex,	 comprising	 of	 four	 core	 subunits:	 the	

adaptor	(Spk1),	the	RING-domain	protein	(RbX1),	the	scaffold	(Cullin1)	and	substrate	

recognition	(Fbox)	subunits	(Gong	et	al.,	2015).		

	
In	this	chapter	I	investigated	the	candidate	protein	identified	from	the	CCR4	C-

terminus	Y2H	screen	–	FBXL5	-	a	member	of	the	FBox	protein	family	(FBP).	There	are	

69	FBPs	 identified	 in	humans,	of	which	22	are	designated	to	 the	FBXL	(leucine-rich	

repeat	 protein)	 subfamily.	 FBXL5	 is	 a	 member	 of	 this	 family	 having	 the	 element	

exhibiting	substrate	specificity	to	the	SCF	E3	ubiquitin	 ligase	complex	(Cardozo	and	

Pagano,	 2004).	 FBPs	 detect	 their	 specific	 substrate	 proteins	 through	 short	 distinct	

substrate	elements	known	as	degrons,	whose	phosphorylation	patterns	are	thought	to	

be	 key	 for	 substrate	 recognition	 and	 subsequent	 degradation	 (Stringer	 and	 Piper,	

2011;	Guharoy	et	al.,	2016).	

	
FBXL5	 is	 a	 chief	 regulator	 for	 iron	 homeostasis,	 targeting	 iron	 regulatory	

protein	 (IRP2)	 for	 proteasomal	 degradation	 (Salahudeen	 et	 al.,	 2009).	 Figure	 7-2	

illustrates	the	ubiquitination	of	IRP2	by	FBXL5	which	senses	iron	and	oxygen	levels	via	

its	N-terminus	hemerythrin-like	domain.	The	stability	of	FBXL5	is	dependent	upon	iron	

and	oxygen	 levels,	with	 increased	 levels	of	stability	seen	 in	 iron	and	oxygen	replete	

conditions	and	conversely	decreased	stability	(being	targeted	for	degradation	by	the	

E3	ligase	HERC2)	in	the	absence	of	iron	and	oxygen	(Salahudeen	et	al.,	2009;	Vashisht	

et	al.,	2009;	Moroishi	et	al.,	2014).	Recently,	FBXL5	has	been	identified	as	a	novel	E3	

ligase	for	several	proteins:	the	transcription	factors	Snail1	and	Snail2	(Vinas-Castells	

et	al.,	2014),	the	transcriptional	regulator	CITED2	in	turn	modulating	HIF-1a	activity	

(Machado-Oliveira	 et	 al.,	 2015),	 and	 hSSB1	 (single-stranded	 DNA	 binding	 protein)	

which	regulates	DNA	damage	repair	(Chen	et	al.,	2014).		

	

Recent	studies	have	identified	a	prominent	role	of	FBXL5	in	gastric	and	colon	

cancer.	 Specifically,	 in	 gastric	 cancer	 FBXL5	 acts	 as	 a	 tumour	 suppressor.	 FBXL5	

interaction	 with	 Snail1	 –	 a	 transcription	 factor	 implicated	 in	 tumour	 metastasis	 –	

resulted	 in	 its	downregulation	at	a	protein	 level	resulting	 in	reduced	migration	and	

invasion	of	gastric	cancer	cells	(Wu	et	al.,	2015).	Conversely,	FBXL5	expression	was	

elevated	 in	 colon	 cancer	 and	 promoted	 cancer	 progression	 through	 binding	 to	 and	

reducing	 PTEN	 expression,	 a	 tumour	 suppressor	 and	 increasing	 PI3K	 and	 AKT	
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expression,	thus	inhibiting	cell	apoptosis	and	promoting	cell	growth	(Yao	et	al.,	2018).	

In	 addition,	 studies	 have	 shown	 FBXL5	 targets	 hSSB1	 for	 ubiquitination	 and	

subsequent	degradation	 to	modulate	DNA	damage	response	and	may	promote	 lung	

cancer	development	(Chen	et	al.,	2014).	Recently,	the	role	of	FBXL5	has	been	extended	

to	the	maintenance	and	function	of	HSC	through	cellular	iron	regulation,	with	FBXL5	

downregulation	 being	 associated	 with	 human	 hematopoietic	 diseases	 (Muto	 et	 al.,	

2017).	

		

Ubiquitination	 has	 been	 primarily	 known	 for	 targeting	 proteins	 for	

degradation.	 Now	 it	 is	 well	 recognised	 that	 ubiquitination	 may	 also	 mediate	 the	

endocytic	 trafficking	 of	 receptors.	 For	 instance,	 CCR7	 was	 characterised	 as	 being	

regulated	by	ubiquitination	-	being	directly	and	constitutively	ubiquitylated	in	a	ligand-

independent	manner,	regulating	the	basal	trafficking	of	the	receptor	in	the	absence	of	

ligand.	 CCR7	 was	 found	 to	 be	 recycled	 to	 the	 cell	 membrane	 via	 the	 trans-Golgi	

network.	 Furthermore,	 the	 absence	 of	 CCR7	 ubiquitination	 impaired	 immune	 cell	

chemotaxis	 (Schaeuble	 et	 al.,	 2012).	 Similarly,	 CXCR7	 was	 identified	 as	 being	

constitutively	ubiquitinated	which	is	key	for	the	correct	trafficking	of	the	receptor	to	

and	 from	 the	 cell	 surface.	The	 study	also	 identified	CXCR7	C-terminus	Lys	 residues	

essential	for	receptor	trafficking	and	CXCL12	stimulation	resulted	in	de-ubiquitination	

of	the	receptor	(Canals	et	al.,	2012).	In	light	of	these	studies	the	notion	of	CCR4	and	

FBXL5	interaction	having	some	biological	significance	and	potentially	implicating	the	

process	of	ubiquitination	in	the	regulation	of	this	chemokine	receptor	is	intriguing	and	

would	be	a	novel	finding.		
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Figure	7-2	 	 FBXL5	as	an	iron	regulator		

Overview	of	iron	homeostasis	through	the	ubiquitination	and	subsequent	degradation	

of	iron-regulatory	protein	(IRP2).	The	process	of	ubiquitin	tagging	on	substrate	protein	

IRP2	of	the	E3	ligase	complex	is	as	previously	described	in	figure	7-1.	During	levels	of	

high	 iron	FBXL5	protein	 structure	 is	 stabilised	and	specifically	binds	 IRP2	allowing	

ubiquitin	tagging	and	subsequent	proteasomal	degradation	via	the	E3	ligase	complex.	

During	 levels	 of	 low	 iron	 FBXL5	 is	 itself	 targeted	 for	 proteasomal	 degradation	 via	

HERC2	 (HECT	 and	 RLD	 domain	 containing	 E3	 ligase	 complex).	 Following	 protein	

degradation,	 ubiquitin	 molecules	 are	 deubiquitinated	 and	 recycled.	 Illustration	

adapted	from	Wang	and	Pantopouls,	2011	and	Diaz	and	de	herreros.,	2016.	
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7.1.1 Hypothesis	and	Aims	

The	 C-terminus	 region	 of	 CCR4	 plays	 important	 roles	 in	 regulating	 receptor	

expression	and	function.	In	this	chapter,	I	hypothesised	that	the	C-terminus	of	CCR4	

interacts	with	specific	proteins	that	may	modulate	the	receptors	internalisation	and	

degradation	pathways,	thereby	regulating	the	balance	of	CCR4	levels	at	the	cell	surface.		

	

The	specific	aims	were	to:	

	

• Identify	novel	CCR4	C-terminus	binding	partners	using	a	Y2H	system.	

• Verify	and	explore	these	novel	binding	partners	at	the	CCR4	C-terminus.	

• Investigate	 the	 effects	 of	 overexpression	 and	 knockdown	 of	 these	

binding	partners	on	CCR4	expression	and	chemotactic	function.	
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7.2 Results		

7.2.1 Yeast	two-hybrid	screening	of	the	CCR4	C-terminus	

Analogous	to	the	CCR3	Y2H	screen	previously	described,	(section	5.1.2)	the	bait	

–	CCR4	C-terminus	(amino	acids	308-360,	see	appendix	table	10-6)	-	was	fused	to	the	

BD	of	the	GAL4	protein	and	used	to	probe	the	prey	-	a	HLAM	cDNA	library	-	expressed	

as	fusion	proteins	with	the	AD	of	the	GAL4	protein,	with	the	aim	of	identifying	novel	

protein(s)	interacting	with	the	CCR4	C-terminus.	The	Y2H	process	for	CCR4	C-terminus	

was	outsourced	and	performed	by	Hybrigenics.	Figure	7-3	highlights	the	main	stages	

of	 the	 Hybrigenics	 ULTImateTM	 Y2H	 screening	 process.	 Briefly,	 the	 bait	 and	 prey	

plasmids	were	expressed	separately	in	mat-a	and	mat-α	yeast	cell	types,	respectively.	

Over	 90	 million	 possible	 interactors	 were	 then	 screened	 using	 yeast	 mating.	 Only	

diploid	cells	that	contained	both	prey	and	bait	plasmids	that	physically	interact	could	

grow	on	selective	media.		

	

The	 Y2H	 screen	 proved	 successful	 in	 identifying	 a	 positive	 novel	 protein	

interacting	physically	with	 the	C-terminus	of	CCR4.	As	 shown	 in	 table	7-1,	 the	Y2H	

screen	identified	15	independent	candidate	clones,	which	potentially	interact	with	the	

CCR4	C-terminus.	All	clones	were	isolated	and	extracted	from	the	AD	prey	construct	

and	 their	 sequence	 fragments	 identified	using	 the	GenBank	database.	 Furthermore,	

potential	 interacting	 clones	 were	 ranked,	 using	 the	 Hybrigenics	 Global	 Predicted	

Biological	 Score	 (PBS®)	 ranking	 method	 (Rain	 et	 al.,	 2001).	 All	 clones	 that	 were	

assigned	a	confidence	score	of	A	-	very	high	confidence	of	interaction	–	were	identified	

as	 expressing	 regions	 of	 the	 human	 FBXL5	 gene	 (GenBank	 accession	 number:	

302129684	see	appendix	table	10-7).	Although	the	Y2H	screen	identified	eight	other	

potential	candidate	clones	interacting	with	CCR4	C-terminus	(see	appendix	table	10-

8),	these	were	all	assigned	a	PBS®	confidence	score	of	D	–	indicating	a	likely	chance	of	

false	positive	interactions,	lower	representation	of	mRNA	in	the	library	or	prey	toxicity	

in	yeast.	Subsequently,	I	did	not	study	these	clones	further.		

	

Figure	 7-4	 illustrates	 the	 principle	 of	 the	 interaction	 resulting	 in	 a	 positive	

candidate	selection	between	CCR4	C-terminus	bait	and	the	FBXL5	prey	protein.	Briefly,	

a	physical	interaction	between	the	bait	–	CCR4	C-terminus	-	and	prey	protein	–	FBXL5	
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-	 results	 in	 the	 juxtaposition	 of	 the	 BD	 and	AD	 domains,	 allowing	 the	 activation	 of	

reporter	genes	needed	for	growth	on	selective	media	and	thus	allowing	identification	

of	positive	interaction	at	the	CCR4	C-terminus.		

	

Figure	7-5	represents	a	schematic	of	the	FBXL5	protein,	an	Fbox	ubiquitin	ligase	

and	known	iron	homeostasis	regulator	(Moroishi	et	al.,	2011),	which	has	a	molecular	

weight	of	78.5	kDa	and	comprises	of	691	amino	acids.	Panel	A	highlights	the	length	of	

the	FBXL5	gene	fragments	detected	from	the	Y2H	screen	results	and	used	for	further	

verification.	The	regions	isolated	from	the	clones	and	thought	to	interact	with	CCR4	C-

terminus	are	both	located	at	the	proximal	end	of	the	gene	covering	a	length	of	up	to	the	

first	 287	 amino	 acids.	Main	 features	 of	 FBXL5	 include	 a	 hemerythrin	 domain,	 a	 45	

amino	acid	F-box	domain,	followed	by	a	cysteine-rich	domain	flanked	by	leucine-rich	

repeats.	 Panel	 B	 represents	 a	 solution	 structure,	 determined	 by	 X-ray	 diffraction	

uncovering	the	hemerythrin	domain	(amino	acid	1-161)	of	FBXL5,	which	is	comprised	

of	 five	α-helices	and	seven	 iron-binding	residues	 that	make	up	 the	 iron	and	oxygen	

binding	centre	(not	shown)	(Thompson	et	al.,	2012).	

		

Candidate	prey	clones	expressing	the	FBXL5	fragment	interactions	were	further	

tested	in	a	1-by-1	Y2H	screen	in	order	to	verify	their	interaction	with	bait	–	CCR4	C-

terminus.	 Initially,	 prey	 protein	 fragments	 were	 extracted	 and	 sequenced	 from	

candidate	clones	then	cloned	into	the	pP6	prey	plasmid,	expressing	the	GAL4	AD.	Prey	

and	bait	plasmids	were	then	transformed	into	yeast	cells	then	mated	and	grown	on	

selective	media.	Figure	7-6	represents	data	(performed	by	Hybrigeneics)	from	the	1-

by-1	Y2H	screen	showing	yeast	cells	containing	both	FBXL5	prey	and	CCR4	C-terminus	

bait	plasmids	were	able	 to	 grow	 in	a	 concentration	dependent	manner	not	only	on	

DDO/-Trp/-Leu	 (panel	 A:	 lanes	 5	 and	 7)	media	 but	 crucially	 on	media	 lacking	 His	

(panel	B:	lanes	5	and	7).	As	expected,	on	media	deficient	in	His	negative	control	mated	

cells	were	unable	to	grow	(panel	B:	lanes	2-4,	6).	Interaction	between	CCR4	C-terminus	

and	FBXL5	were	verified	using	a	direct	1-by-1	Y2H	screen.	

	

In	addition,	cells	from	the	1-by-1	Y2H	were	also	plated	in	the	same	format	on	

selective	 media	 containing	 increasing	 concentrations	 of	 3-aminotriazole	 (3-AT)	

(Figure	7-7).	 In	Y2H	screen	analysis,	using	3-AT	 is	 a	 standard	method	 to	gauge	 the	
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strength	of	interaction	between	proteins.	As	3-AT	is	a	competitive	inhibitor	of	the	HIS3	

gene	product	used	as	a	reporter	gene,	cell	growth	in	media	supplemented	with	3-AT	

reflects	 the	 binding	 affinity	 between	 the	 bait	 and	prey	 proteins	 -	 as	 only	when	 the	

binding	affinity	between	the	bait	and	prey	protein	is	high	enough	to	allow	sufficient	

HIS3	gene	expression	to	offset	the	inhibitory	effects	of	3-AT,	does	the	yeast	cell	survive	

in	 media	 containing	 3-AT	 (Bruckner	 et	 al.,	 2009).	 We	 demonstrate	 the	 CCR4	 C-

terminus	 and	 FBXL5	 interaction	 holds	 at	 increasing	 3-AT	 concentrations,	 getting	

weaker	only	at	the	higher	concentration	of	50mM	(panel	D),	thus	indicating	a	strong	

interaction	between	the	proteins.		
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Figure	7-3	 Overview	of	Hybrigenics	ULTImateTM	yeast	two-hybrid	screening	

Briefly,	CCR4	expressing	yeast	cells,	where	the	CCR4	C-terminus	region	was	cloned	in-	

frame	 with	 the	 GAL4	 DNA	 binding	 domain	 (BD)	 of	 the	 pB66	 bait	 plasmid,	 were	

screened	 against	 a	 human	 leukocyte	 and	 activated	mononuclear	 cell	 (HLAM)	 cDNA	

library,	 where	 expressing	 prey	 fragments	 were	 cloned	 in	 frame	 with	 the	 GAL4	

transcriptional	activation	domain	 (AD)	of	 the	pP6	prey	plasmid.	Bait	and	prey	cells	

were	mated,	 and	diploids	were	 then	plated	on	 selective	media	 and	 incubated.	Cells	

grown	were	 picked	 and	 prey	 plasmid	 extracted	 and	 interactions	 with	 bait	 protein	

(CCR4	C-terminus)	were	verified.		
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Table	7-1	 ULTImateTM	 yeast	 two-hybrid	 results	 for	 potential	 CCR4	 C-

terminus	binding	partners	

Table	 showing	 results	 from	 the	 HLAM	 cDNA	 library	 screening	 with	 the	 CCR4	 C-

terminus.	 Potential	 interacting	 clones	 were	 ranked,	 using	 the	 Hybrigenics	 Global	

Predicted	Biological	Score	(PBS®)	ranking	method	(Rain	et	al.,	2001).	Data	from	Y2H	

screen	outsourced	to	Hybrigenics	(Paris,	France).	PBS®	score	A:	very	high	confidence	

of	interaction.	FBXL5:	human	F-box/LRR-repeat	protein	5	gene.	

Clone	name	 In	Frame	 Gene	Name	 PBS®	

pB66_A-262	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-42	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-168	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A240	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A208	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A25	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-19	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-58	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-212	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-72	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-176	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-147	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-214	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-232	 Y	 Homo	sapiens	–	FBXL5	 A	

pB66_A-249	 Y	 Homo	sapiens	–	FBXL5	 A	
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Figure	7-4	 Principles	 of	 CCR4	 C-terminus	 interaction	 with	 FBXL5	 using	

yeast	two-hybrid	screening	

The	protein	of	interest:	CCR4	C-terminus	(bait	protein	–	red)	was	expressed	as	a	fusion	

protein	with	a	GAL4	DNA-binding	domain	(BD	–	orange).	The	HLAM	cDNA	library	of	

prey	 proteins	were	 expressed	 as	 fusion	 proteins	 containing	 a	 GAL4	 transcriptional	

activation	domain	(AD	–	purple).	When	the	bait	and	prey	protein	physically	interact,	

this	allows	the	BD	to	bind	the	GAL4-responsive	promoter	and	the	AD	to	activate	 its	

transcription.	 Prey	 plasmid	 expressing	 FBXL5	 protein	 (green)	 fused	 to	 the	 AD	

physically	interacted	with	the	CCR4	C-terminus	and	resulted	in	activation	of	the	GAL4-

responsive	 promoter	 allowing	 transcription	 of	 the	 downstream	HIS3	 reporter	 gene	

and	successful	growth	of	the	yeast	cells	on	media	lacking	histidine.	The	DNA	of	clones	

grown	on	selective	media	were	then	extracted	and	sequenced	for	further	analysis.	
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		AD	
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Figure	7-5	 Illustration	 of	 human	 F-box	 and	 leucine-rich	 repeat	 protein	 5	

(FBXL5)	distinctive	domains	and	hemerythrin	crystal	structure	

A)	Schematic	of	FBXL5	protein.	Main	features	include:	a	hemerythrin	(Hr)	domain,	a	

45	amino	acid	F-box	domain,	followed	by	cysteine-rich	(Cys-rich)	domain	flanked	by	

leucine-rich	repeats	(L).	FBXL5	gene	fragments	extracted	from	the	Y2H	screen	clones	

shown	in	red.	B)	Solution	structure	of	the	hemerythrin	domain	(amino	acid	1-161)	of	

FBXL5.	Image	adapted	from	the	PDB	ID:	3V5X	(Thompson	et	al.,	2012),	created	with	

NGL	(Rose	et	al.,	2018	NGL	viewer:	web-based	molecular	graphics	for	large	complexes.	

Bioinformatics	34:	3755-3758).	
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Figure	7-6	 Direct	 1-by-1	Y2H	 screen	verified	CCR4	C-terminus	 and	FBXL5	

interaction	

Bait	CCR4	C-terminus	plasmid	(amino	acid	308-360)	and	FBXL5	prey	plasmid	(amino	

acid	1-237	or	101-287)	were	transformed	into	haploid	cells,	grown	then	mated	and	

grown	 on	 selective	media	 at	 different	 dilutions.	 A)	Mated	 cells	 grown	 on	 selective	

media	without	tryptophan	(-Trp)	and	leucine	(-Leu).	B)	Mated	cells	grown	on	selective	

media	 lacking	Trp,	Leu	and	histidine	(-His).	Data	are	representative	of	duplicates	of	

two	 independent	 clones.	 Data	 from	 Y2H	 screen	 outsourced	 to	 Hybrigenics	 (Paris,	

France).		

1  Posi&ve	control:	Smad3	+	Smurf1	
2  Nega&ve	control:	empty	pB66	+	empty	pP6	
3  Nega&ve	control:	pB66-CCR4	+	empty	pP6	
4  Nega&ve	control:	empty	pB66	+	pP6-FBXL5	(a.a	1-237)		
5  Bait	&	prey	plasmids:	pB66-CCR4	+	pP6-FBXL5	(a.a	1-237)		
6  Nega&ve	control:	empty	pP66	+	pP6-FBXL5	(a.a	101-287)	
7  Bait	&	prey	plasmids:	pB66-CCR4	+	pP6-FBXL5	(a.a	101-287)	
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Figure	7-7	 CCR4	and	FBXL5	interaction	hold	at	10mM	3-aminotriazole		

Affinity	binding	of	the	interaction	between	CCR4	and	FBXL5	protein	tested	at	four	3-

aminotriazole	 (3-AT)	 concentrations.	Mated	 cells	 plated	 at	 different	 concentrations	

(10-1	–	10-4)	on	selective	media	with	1	(A),	5	(B),	10	(C)	and	50	(D)	mM	3-AT.	Data	are	

representative	 of	 duplicates	 of	 two	 independent	 clones.	 Data	 outsourced	 to	

Hybrigenics	(Paris,	France).	

1  Posi&ve	control:	Smad3	+	Smurf1	
2  Nega&ve	control:	empty	pB66	+	empty	pP6	
3  Nega&ve	control:	pB66-CCR4	+	empty	pP6	
4  Nega&ve	control:	empty	pB66	+	pP6-FBXL5	(a.a	1-237)		
5  Bait	&	prey	plasmids:	pB66-CCR4	+	pP6-FBXL5	(a.a	1-237)		
6  Nega&ve	control:	empty	pP66	+	pP6-FBXL5	(a.a	101-287)	
7  Bait	&	prey	plasmids:	pB66-CCR4	+	pP6-FBXL5	(a.a	101-287)	
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7.2.2 Optimisation	of	FBXL5	transient	expression	systems	

Having	identified	FBXL5	as	the	top	candidate	clone	strongly	interacting	with	the	

CCR4	C-terminus	in	the	Y2H	system,	I	set	out	to	verify	this	interaction	and	its	potential	

effects	on	CCR4	expression	and	function	using	transient	expression	systems.		

	

I	 first	 expressed	 full-length	 FBXL5.	 Figure	 7-8	 illustrates	 the	 process	 of	

transforming,	amplifying	and	purifying	FBXL5	 -GFP	and	 -Myc/DDK	tagged	plasmids	

(see	appendix	figures	10	-7	and	10-8).	I	transiently	transfected	a	FBXL5-GFP	plasmid	

into	L1.2	cells	using	standard	cell	 culture	and	electroporation	 transfection	methods	

(section	2.2.1).	Figure	7-9	shows	data	obtained	by	flow	cytometric	analysis	of	L1.2	cells	

around	18h	after	electroporation.	Although	GFP	was	readily	expressed	in	the	L1.2	cells,	

little	 expression	 of	 the	 GFP-tagged	 FBXL5	 was	 seen,	 with	 fluorescence	 levels	

comparable	to	the	mock	transfected	cells.	Given	the	poor	levels	of	expression,	I	carried	

out	 a	 time	 course	 using	 both	 L1.2	 (panel	 A)	 and	 CHO	 (panel	 B)	 cell	 lines	 to	 see	 if	

expression	 of	 the	 FBXL5-GFP	 construct	 could	 be	 optimised	 (Figure	 7-10).	 Flow	

cytometry	analysis	showed	increased	FBXL5-GFP	expression	levels	in	both	cell	 lines	

over	time,	with	the	highest	expression	levels	seen	72	hours	post-transfection,	although	

this	remained	modest	when	compared	to	GFP	expression.	No	differences	in	FBXL5-GFP	

expression	levels	were	observed	between	L1.2	and	CHO	cell	lines.		
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Figure	7-8	 Transformation,	 amplification	 and	 purification	 of	 FBXL5-GFP	

and	FBXL5-Myc	/DDK	tagged	plasmids	

Overview	of	generating	purified	FBXL5	-GFP	and	FBXL5	–Myc/DDK	tagged	plasmids.	

FBXL5-GFP	(green)	and	FBXL5-Myc/DDK	(purple)	tagged	plasmids	were	transformed	

into	E.	 coli	 and	 cells	 plated	 on	media	with	 ampicillin	 (Amp)	 and	 kanamycin	 (Kan),	

respectively	(1).	Colonies	were	picked	and	cultured	overnight	at	30°C	with	shaking	(2).	

DNA	 was	 then	 purified	 (3)	 followed	 by	 digestion	 with	 NotI	 and	 EcoRI	 restriction	

enzymes	to	confirm	plasmid	presence	by	gel	electrophoresis	(4).	Verified	mini-prep	

culture	was	then	expanded	to	a	maxi-prep	culture	(5).	DNA	was	purified	using	the	same	

methodology	 (6)	 and	 gel	 electrophoresis	 (7)	 and	 DNA	 sequencing	 (8)	was	 used	 to	

verify	successful	plasmid	generation.	
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Figure	7-9	 Transient	 expression	 levels	 of	 GFP-tagged	 FBXL5	 in	 L1.2	 cells	

using	electroporation		

L1.2	cells	were	transfected	with	GFP-tagged	FBXL5	(FBXL5-GFP)	plasmid	DNA	using	

electroporation	and	incubated	overnight	at	37˚C.	FBXL5-GFP	expression	levels	were	

then	assessed	using	flow	cytometry.	The	negative	control	cells	were	transfected	in	the	

absence	 of	 DNA.	 The	 positive	 control	 cells	 were	 transfected	 with	 5μg	 pmax	 GFP	

(Amaxa®)	 plasmid.	 Data	 presented	 are	 the	 mean	 ±	 SEM	 of	 three	 independent	

experiments.	
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Figure	7-10	 Transiently	 transfected	 FBXL5-GFP	 expression	 levels	 increase	

overtime	

Cells	were	transfected	with	FBXL5-GFP	plasmid	incubated	and	expression	levels	were	

measured	using	flow	cytometry	over	a	time	course	of	24hr,	48hr	and	72hr.	A)	L1.2	cells	

were	transfected	with	FBXL5-GFP	plasmid	and	expression	assessed	over	72hr.	B)	CHO	

cells	 were	 transfected	 with	 FBXL5-GFP	 and	 expression	 assessed	 overtime.	 The	

negative	control	cells	were	transfected	with	no	DNA.	The	positive	control	cells	were	

transfected	with	5μg	of	pmax	GFP	plasmid.	All	incubations	were	done	at	37˚C.	Data	are	

representative	of	one	experiment.	
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7.2.3 Verifying	CCR4	and	FBXL5	interaction	using	confocal	

microscopy		

With	 only	 modest	 levels	 of	 FBXL5-GFP	 expression	 levels	 observed	 from	

previously	described	experiments	measured	by	flow	cytometry,	I	chose	to	verify	CCR4	

and	FBXL5	protein	interactions	using	confocal	microscopy	(see	section	2.2.3.7).	This	

method	could	also	be	beneficial	in	identifying	the	spatial	organisation	of	the	proteins	

in	the	cell.		

	

I	used	the	CHO-CCR4	cell	line,	stably	expressing	CCR4	and	transfected	the	cells	

with	both	FBXL5	-GFP	and	-Myc/DDK	tagged	plasmids.	Cells	transfected	with	FBXL5-

GFP	had	low	transfection	efficiency	(data	not	shown).	Figure	7-11	illustrates	confocal	

images	from	CHO-CCR4	expressing	the	FBXL5-Myc/DDK	construct.	Briefly,	cells	were	

grown	to	~70%	confluence	on	glass	coverslips	before	being	transfected	with	FBXL5	

plasmid	 and	 incubated	 overnight	 at	 37˚C,	 5%	 CO2.	 Cells	were	 then	 fixed	with	 PFA,	

permeabilised	using	Triton-X100	and	blocked	with	5%	FCS	in	PBS,	prior	to	antibody	

staining.	 The	 FBXL5-Myc/DDK	 plasmid	 encodes	 a	 C-terminus	 DDK	 tag	 allowing	

identification	of	cells	using	an	anti-FLAG	antibody.	To	determine	endogenous	levels	of	

FBXL5	staining,	CHO-CCR4	cells	were	stained	with	either	anti-	Myc,	-FLAG,	or	-FBXL5	

primary	 antibodies	 followed	 by	 their	 corresponding	 secondary	 antibodies,	 which	

resulted	in	no	detection	of	FBXL5	protein.	This	ensured	any	staining	detected	in	FBXL5	

transfected	 CHO-CCR4	 cells	was	 from	 the	 target	 antigen	 and	 not	 from	 endogenous	

background	staining.	In	contrast,	I	found	FBXL5	transfected	cells	were	readily	stained	

by	the	anti-Myc,	anti-FLAG	and	anti-FBXL5	primary	antibodies,	with	the	anti-FBXL5	

antibody	giving	 the	most	pronounced	staining.	Furthermore,	 confocal	data	revealed	

FBXL5	 expression	 in	 punctate	 vesicular	 structures,	 however	 further	 investigations	

would	be	required	to	precisely	identify	their	location.	

	

Having	established	the	detection	of	FBXL5,	I	then	investigated	the	ability	of	the	

mAbs	to	detect	CCR4	and	FBXL5	co-localisation.	CHO	cells	stably	expressing	CCR4	and	

transfected	 with	 FBXL5,	 as	 previously	 described	 were	 probed	 with	 the	 relevant	

antibodies	 and	 expression	 detected	 using	 confocal	microscopy.	 Given	 our	 previous	

findings	 indicating	 that	 CCR4	was	degraded	via	 the	proteasome	 (see	 section	6.2.3),	
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along	with	FBXL5	undergoing	ubiquitin-dependent	degradation	(Moroishi	et	al.,	2014)	

as	a	precaution,	I	pre-treated	cells	with	the	proteasomal	inhibitor	MG132.	Cells	were	

then	 treated	 with	 or	 without	 ligand	 (CCL17	 or	 CCL22)	 before	 being	 prepared	 for	

confocal	analysis.	Figure	7-12	illustrates	cells	probed	for	FBXL5	and	CCR4	expression	

and	merged	confocal	images.	As	expected,	no	FBXL5	or	CCR4	protein	was	detected	in	

cells	with	no	primary	antibody	 (panels	A,	F,	K).	Equally,	FBXL5	expression	was	not	

detected	in	mock-transfected	cells	(panels	B,	G	and	L).	Interestingly,	untreated	(panel	

M)	and	CCL17	(panel	O)	 treated	cells	 showed	no	 indication	of	CCR4	and	FBXL5	co-

localisation.	In	contrast,	in	the	presence	of	CCL22	(panel	N),	FBXL5	and	CCR4	appeared	

to	 co-localise	 in	 intracellular	 punctate	 structures,	 suggesting	 that	 CCL22	 drives	 the	

endocytosis	of	CCR4	and	an	interaction	with	FBXL5.	

	

FBXL5	is	a	known	regulator	of	iron	homeostasis,	targeting	IRP2	for	proteasomal	

degradation	(Salahudeen	et	al.,	2009).	The	levels	of	FBXL5	are	thought	to	increase	in	

iron	and	oxygen	replete	conditions	and	conversely	decrease	in	the	absence	of	iron	and	

oxygen	(Salahudeen	et	al.,	2009;	Vashisht	et	al.,	2009).	I	investigated	the	effect	of	iron	

on	 the	 interaction	between	CCR4	and	FBXL5	using	 confocal	microscopy.	Cells	were	

prepared	 as	 previously	 described,	 pre-incubated	with	MG132,	 then	 incubated	with	

ammonium	iron	III	citrate	(FAC)	for	four	hours	to	obtain	iron	replete	conditions,	before	

being	incubated	with	or	without	chemokine.	Figure	7-13	showed	no	evidence	of	co-

localisation	between	CCR4	and	FBXL5	in	the	presence	of	no	ligand	or	with	CCL17.	In	

contrast,	co-localisation	between	CCR4	and	FBXL5	was	detected	in	cells	treated	with	

CCL22	 (panel	 F),	 indicating	 that	 the	 addition	 of	 FAC	 did	 not	 appear	 to	 interrupt	

interactions	between	CCR4	and	FBXL5	following	CCL22	binding	and	endocytosis.		
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Figure	7-11	 FBXL5	 transfected	 cells	 are	 readily	 detectable	 using	 confocal	

microscopy	

CHO-CCR4	 cells	 were	 transfected	 with	 a	 plasmid	 encoding	 FBXL5-Myc/DDK	 and	

probed	 with	 antibodies	 prior	 to	 detection	 using	 confocal	 microscopy	 (see	 section	

2.2.3.7).	For	 control	 conditions,	CHO-CCR4	cells	with	no	 transfected	FBXL5	plasmid	

were	stained	with	either	anti	-Myc	(A)	-FLAG	(B),	or	-FBXL5	(C)	primary	antibody.	In	

panels	A-C,	scale	bars	represent	25	µm.	FBXL5-Myc/DDK	transfected	cells	were	stained	

with	either	anti	 -Myc	(D)	-FLAG	(E),	or	 -FBXL5	(F)	primary	antibody.	 In	panels	D-F,	

scale	bars	 represent	5µm.	Corresponding	Alexa	Fluor	488	antibodies	were	used	 for	

secondary	antibody	staining.		

a-Myc	 a-FLAG	 a-FBXL5	

no	FBXL5	

FBXL5	

A	 B	 C	

D	 E	 F	
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Figure	7-12	 CCR4	and	FBXL5	co-localise	following	CCL22	binding		

CHO-CCR4	 cells	 were	 transfected	 with	 FBXL5-Myc/DDK	 plasmid	 and	 incubated	

overnight.	Cells	were	then	pre-treated	with	10µM	MG132	for	1	hour,	after	which	they	

were	 incubated	 with	 or	 without	 ligand	 (100nM	 CCL22	 or	 100nM	 CCL17)	 for	 30	

minutes.	All	incubations	were	done	at	37˚C.	Cells	were	then	probed	with	primary	anti-

FBXL5	or	anti-CCR4	antibodies.	Corresponding	Alexa	Fluor	488	(green:	FBXL5)	or	546	

(red:	 CCR4)	 antibodies	 were	 used	 for	 secondary	 antibody	 staining.	 As	 negative	

controls,	 cells	 were	 either	 not	 stained	 with	 primary	 antibodies	 or	 cells	 were	 not	

transfected	 with	 FBXL5	 plasmid.	 Scale	 bars	 denote	 5µm	 and	 for	 the	 images	 with	

primary	antibody,	scale	bars	denote	25µm.	Co-localisation	areas	shown	in	yellow	of	

merged	images	and	indicated	by	white	arrows.	
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Figure	7-13	 Iron	replete	conditions	do	not	effect	the	co-localisation	of	CCR4	

and	FBXL5	following	CCL22	binding		

CHO-CCR4	 cells	 were	 transfected	 with	 FBXL5	 plasmid	 and	 pre-treated	 with	 10µM	

MG132	for	1	hour,	before	incubation	with	100µM	FAC	(ammonium	iron	III	citrate)	for	

4	 hours.	 Cells	were	 then	 left	 untreated	 or	 incubated	with	 100nM	CCL22	 or	 100nM	

CCL17	 for	 30	minutes.	 All	 incubations	 were	 done	 at	 37˚C.	 Cells	 were	 stained	with	

primary	anti-FBXL5	or	anti-CCR4	antibodies.	Corresponding	Alexa	Fluor	488	(green:	

FBXL5)	or	546	(red:	CCR4)	antibodies	were	used	for	secondary	antibody	staining.	Scale	

bars	 denote	 5µm.	 Co-localisation	 areas	 shown	 in	 yellow	 of	 merged	 images	 and	

indicated	by	white	arrows.	
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A B C

D E F

G H I
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7.2.4 Investigating	the	effects	of	iron	on	CCR4	cell	surface	expression	

As	 previously	 mentioned,	 the	 stability	 of	 FBXL5	 has	 been	 shown	 to	 be	

dependent	upon	the	iron	and	oxygen	levels	of	the	cellular	environment	(Salahudeen	et	

al.,	 2009;	 Vashisht	 et	 al.,	 2009).	 Given	 that	 FBXL5	 is	 a	 master	 regulator	 of	 iron	

homeostasis,	along	with	our	evidence	of	an	interaction	between	CCR4	and	FBXL5	and	

CCR4	being	degraded	in	a	proteasomal-dependent	manner,	I	investigated	the	potential	

effects	that	iron	may	have	on	the	levels	of	CCR4	cell	surface	expression	levels.		

	

CHO	cells	stably	expressing	CCR4	were	treated	with	compounds	to	create	an	

iron	replete	or	depleted	environment	before	analysis	of	CCR4	cell	surface	expression	

using	flow	cytometry.	Figure	7-14A	shows	cell	treated	with	and	without	100	µM	FAC	

to	produce	an	iron	rich	environment,	evidently	preserving	the	stability	of	FBXL5.	In	

contrast,	cells	were	also	treated	with	or	without	100	µM	deferoxamine	mesylate	(DFO)	

(panel	 C)	 generating	 an	 iron	 deficient	 cellular	 environment,	 thereby	 increasing	 the	

instability	 of	 the	 FBXL5	 protein.	 No	 difference	was	 observed	 in	 cell	 viability	when	

treating	 cells	 with	 FAC	 (panel	 B)	 or	 DFO	 (panel	 D).	 I	 report	 that	 in	 iron	 replete	

conditions,	 CCR4	 cell	 surface	 receptor	 expression	 levels	 were	 trended	 towards	

reduced	 expression	 levels	 compared	 to	 untreated	 cells.	 In	 contrast,	 no	 observable	

differences	in	CCR4	expression	levels	were	noted	with	cells	treated	with	DFO.	From	

these	data	it	appears	that	an	iron-rich	cellular	environment	potentially	effects	the	cell	

surface	expression	levels	of	CCR4.	
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Figure	7-14	 Iron	replete	conditions	may	decrease	CCR4	receptor	cell	surface	

expression	

CHO-CCR4	 cells	 analysed	 for	 CCR4	 cell	 surface	 expression	 was	 flow	 cytometry	

following	treatment	with	ammonium	iron	III	citrate	(panel	A;	FAC)	or	deferoxamine	

mesylate	(panel	C;	DFO)	at	37˚C	 for	24	hours.	Cells	were	stained	with	the	1G1	anti-

CCR4	antibody	and	isotype	control.	B	and	D)	Percentage	of	cell	viability	of	untreated	

and	 treated	 cells.	 A)	 Data	 presented	 as	 mean	 specific	 fluorescence	 of	 receptor	

expression	 and	 are	 the	 mean	 ±	 SEM	 of	 five	 independent	 experiments.	 Statistical	

significance	was	evaluated	using	a	two-tailed.	C)	n=2.		
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7.2.5 Optimisation	of	FBXL5	Western	blotting	

Validating	 interactions	of	positive	 clones	 identified	 from	Y2H	system,	using	

other	techniques	is	standard	practice.	Consequently,	use	of	a	biochemical	approach	–	

co-immunoprecipitation	(Co-IP:	an	in	vitro	approach,	using	a	whole	cell	lysate	where	

proteins	 are	 in	 their	 native	 form)	 -	 would	 be	 a	 useful	 technique	 to	 confirm	 the	

interaction	between	the	CCR4	and	FBXL5	proteins.	

	

Having	 optimised	 conditions	 for	 detecting	 CCR4	 using	 Western	 blot	 (see	

section	6.2.1)	I	initially	attempted	to	detect	FBXL5	using	Western	blot	analysis.	Figure	

7-15	shows	data	from	CHO-CCR4	cells	transfected	with	the	FBXL5-GFP	plasmid	and	

assessed	for	expression	levels	using	flow	cytometry	(panel	A)	and	Western	blot	(panel	

B).	CHO-CCR4	cells	expressing	FBXL5	were	harvested	and	total	protein	lysates	were	

probed	 with	 anti-FBXL5	 antibody.	 However,	 I	 was	 unable	 to	 detect	 convincing	

expression	of	the	FBXL5-GFP	protein	using	either	technique.	

	

I	 subsequently	 transfected	 CHO-CCR4	 cells	 with	 FBXL5-Myc/DDK	 tagged	

plasmid	and	probed	for	FBXL5	expression	using	dot	blotting	technique.	Figure	7-16	

shows	 that	using	 two	different	antibodies	and	 two	separate	 lysate	concentrations,	 I	

was	able	to	detect	FBXL5	tagged	with	the	Myc/DDK	tag.	Subsequently,	I	ran	the	protein	

lysates	on	Western	blot	(Figure	7-17),	although	I	was	again	unable	to	detect	FBXL5	

with	 the	 anti-FBXL5	 antibody	 (panel	 A)	 and	 only	 detected	 unspecific	 bands	 when	

probing	with	anti-FLAG	antibody	(panel	B).		

	

Given	the	poor	expression	of	FBXL5	protein	using	transiently	transfected	cells,	

I	opted	to	generate	FBXL5	protein	using	a	eukaryotic	cell-free	expression	system	-	TNT	

quick	 coupled	 transcription/translation	 system	 (Promega,	 Southampton,	UK).	 In	 an	

initial	pilot	experiment,	Luciferase	T7	DNA	was	successfully	transcribed	with	the	kit,	

as	revealed	by	luminescence	assays	examined	with	the	TopCountTM	NXT	machine	(data	

not	shown).	The	kit	was	subsequently	used	to	transcribe	the	FBXL5-Myc/DKK	plasmid.	

Western	blotting	with	an	anti-FBXL5	mAb	was	then	used	to	detect	the	proteins	(Figure	

7-18).	Although	the	FBXL5-Myc/DDK	construct	was	readily	detectable,	the	FBXL5-GFP	

construct	was	not	visible.		
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Figure	7-15	 FBXL5-GFP	not	detected	using	Western	blot	analysis	

A)	CHO-CCR4	cells	 transfected	with	FBXL5-GFP	plasmid	(green	bar)	and	expression	

levels	assessed	using	flow	cytometry	after	a	72-hour	 incubation	period	at	37˚C.	The	

negative	control	cells	were	transfected	with	no	DNA.	The	positive	control	cells	were	

transfected	with	5μg	Amaxa	GFP	plasmid.	B)	Western	blot	analysis	of	the	transfected	

FBXL5-GFP	(lane	2	and	3)	and	negative	control	cells	(lane	4	and	5)	total	protein	lysates	

from	 transfected	 CHO-CCR4	 cells.	 The	 gel	 was	 probed	 using	 anti-FBXL5	 antibody	

(1:1000).	Expected	bands	at	78	kDa	of	FBXL5	were	not	detected.	All	samples	loaded	

were	 non-reduced	 and	 non-boiled.	 Secondary	 HRP	 antibody	 was	 used	 at	 1:50000.	

Protein	ladder	(20-120	kDa,	Thermo	Fisher)	was	used	in	lane	1.		
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Figure	7-16	 FBXL5-Myc/DDK	tagged	protein	is	detectable	via	dot	blot	

Dot	blots	were	first	probed	with	either	an	anti-FLAG	antibody	(1:100;	1:500;	1:1000)	

or	an	anti-FBXL5	polyclonal	antibody	(1:500	dilution).	For	detection,	an	HRP	antibody	

(PierceTM	Fast	Western	optimised	reagent)	was	used	at	1:50,000.	The	left	hand	panels	

show	the	detection	of	various	amounts	of	FLAG-BAP	fusion	protein	(Sigma-Aldrich)	as	

a	positive	control.	The	right	hand	panels	show	the	probing	of	lysates	made	from	either	

5	million	or	1	million	CHO-CCR4	cells	which	had	either	been	transfected	with	FBXL5-

Myc/DDK	tagged	plasmid	or	undergone	mock	transfection.	5µl	of	lysate	were	loaded	

in	each	case.		
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Figure	7-17	 Unspecific	 bands	 detected	 by	 Western	 blot	 from	 FBXL5-

Myc/DDK	tagged	lysates	using	anti-FLAG	antibody	

CHO-CCR4	cells	were	transfected	with	FBXL5-Myc/DDK	tagged	plasmid	followed	by	

72	hours	incubation	at	37˚C	and	were	harvested	(1	million	cells:	lane	2	and	5	million	

cells:	 lane	3)	and	lysed	to	obtain	total	protein	 lysate.	5µl	of	CHO-K1	cell	 lysate	from	

million	cells	was	loaded	and	used	as	a	negative	control	(lane	4).	Negative	control	CHO-

CCR4	cells	were	transfected	with	no	DNA	and	5µl	of	lysate	from	harvesting	5	million	

cells	were	loaded	(lane	5	and	6).	Positive	control	cells	(lane	7)	with	FLAG-BAP	fusion	

protein	(Sigma-Aldrich).	A)	Blot	probed	with	anti-FBXL5	polyclonal	antibody	(1:500),	

no	bands	were	detectable.	B)	Blot	probed	with	anti-FLAG	antibody	(1:500).	Unspecific	

bands	 detected	 in	 negative	 control	 lanes.	 FBXL5	 band	 size	 expected	 at	 78	 kDa.	 All	

samples	 loaded	 using	 non-reduced	 loading	 buffer	 and	 non-boiled.	 Secondary	 HRP	

antibody	was	used	at	1:50000.	Protein	ladder	(10-260	kDa,	Thermo	Fisher)	was	used	

in	lane	1.	
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Figure	7-18	 FBXL5-Myc/DDK	 tagged	 protein	 generated	 using	 PROMEGA	

TNT®	translation	system	verified	by	Western	blot	analysis	

Cell-free	 expression	 of	 FBXL5-Myc/DKK	 protein	 using	 TNT	 quick	 coupled	

transcription/translation	system	(Promega,	Southampton,	UK),	 followed	by	analysis	

using	Western	blot.	1µl	of	each	reaction	was	added	to	9µl	of	PBS	and	5µl	of	either	non-

reduced	 (lanes	 2-5)	 or	 reduced	 (lanes	 6-9)	 loading	 buffer.	 Lane	 2	 and	 6	 no	 DNA,	

negative	control;	lane	3	and	4	–	FBXL5-Myc/DDK;	lane	5	and	9	–	FBXL5-GFP.	The	gel	

was	probed	using	anti-FLAG	antibody	(1:1000).	All	samples	loaded	were	non-boiled.	

Secondary	HRP	antibody	was	used	at	1:50000.	Protein	ladder	(10-260	kDa,	Thermo	

Fisher)	was	used	in	lane	1.	Expected	FBXL5	band	size	78	kDa.	
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7.3 Discussion		

The	C-terminus	of	CCR4	has	been	shown	 to	play	 important	 roles	 in	 receptor	

expression	 and	 function.	 In	 the	 preceding	 chapter	 I	 showed	 that	 a	 C-terminus	

truncated	 CCR4	 mutant	 lead	 to	 an	 imbalance	 of	 receptor	 trafficking	 resulting	 in	

persistent	receptor	expression	at	the	cell	surface.	In	addition,	I	concluded	internalised	

CCR4	 was	 readily	 degraded	 likely	 in	 a	 proteasomal-dependent	 manner	 and	

replenished	at	the	cell	surface	by	de	novo	synthesis.	Given	the	important	roles	that	the	

processes	 of	 phosphorylation	 and	 ubiquitination	 play	 in	 targeting	 a	 protein	 for	

proteasomal	degradation,	along	with	residues	of	the	C-terminus	region	being	typically	

linked	to	these	processes,	I	investigated	further	the	role	of	the	CCR4	C-terminus.	

	

In	this	chapter,	I	sought	to	identify	novel	binding	partners	directly	interacting	

with	the	C-terminus	of	CCR4.	As	in	chapter	5,	a	Y2H	system	was	used	-	taking	advantage	

of	the	binding	and	activating	domains	of	GAL4	protein	to	identify	interactions	between	

prey	proteins	from	a	cDNA	library	and	the	CCR4	C-terminus	bait	protein.	Using	a	highly	

complex	 HLAM	 cDNA	 library	 generated	 through	 patented	 technology	 and	 highly	

sophisticated	 bioinformatics	 analysis	 (Hybrigenics	 Y2H	 system),	 the	 Y2H	 screen	

proved	successful	in	identifying	a	positive	novel	protein	interacting	physically	with	the	

C-terminus	of	CCR4.	The	screen	probed	over	90	million	potential	 interactors,	where	

FBXL5	was	identified	15	times,	with	each	independent	clone	being	assigned	with	the	

highest	 PBSÒ	 ranking,	 suggestive	 of	 a	 very	 high	 confidence	 of	 interaction	with	 bait	

CCR4	 C-terminus.	 Although	 eight	 other	 proteins	 were	 identified	 as	 potentially	

interacting	with	CCR4,	given	their	 lower	PSBÒ	 ranking	with	moderate	confidence	of	

interaction	 and	 increased	 chance	 of	 being	 false	 positives	 I	 opted	 to	 focus	 our	

investigations	 on	 FBXL5,	 a	 component	 of	 the	 SCF	 Ub	 E3	 ligase	 complex	 conferring	

substrate	specificity.		

	

Subsequent	1-by-1	Y2H	screen	analysis	revealed	a	positive	interaction	between	

the	CCR4	C-terminus	and	FBXL5.	Encouragingly,	this	interaction	was	maintained	at	a	

concentration	 of	 10mM	 3-AT	 indicating	 a	 strong	 binding	 affinity	 between	 the	 two	

proteins.	Furthermore,	 all	negative	and	positive	 control	 interactions	 tested	were	as	
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expected	-	meaning	neither	bait	nor	prey	plasmids	alone	autoactivated	the	reporter	

genes.	

	

I	further	verified	the	positive	interaction	between	CCR4	and	FBXL5	identified	

from	 the	 Y2H,	 using	 transient	 expression	 systems.	 I	 successfully	 optimised	 the	

detection	of	FBXL5	expression	in	the	CHO-CCR4	cell	line	using	confocal	microscopy	and	

concluded	using	the	anti-FBXL5	antibody	resulted	in	more	intense	staining	of	FBXL5	

compared	to	anti-	Myc	and	FLAG	antibodies.	FBXL5	was	detectable	in	distinct	punctate	

vesicular	 structures	 and	 co-localised	 with	 CCR4	 following	 incubation	 with	 CCL22,	

indicating	a	physical	interaction	between	this	E3	ligase	and	receptor.	Interestingly,	co-

localisation	between	FBXL5	and	CCR4	was	not	seen	following	CCL17	binding	–	hinting	

at	another	potential	level	of	complexity	and	biased	nature	between	these	two	ligands	

and	effect	on	CCR4	signalling.	 Similarly,	determining	 the	precise	 compartments,	 for	

instance	 using	 endosomal	 markers	 where	 CCR4	 and	 FBXL5	 localise	 and	 interact	

following	 CCL22-induced	 receptor	 endocytosis,	 would	 provide	 further	 clues	 about	

their	relationship	and	functionality.		

	

FBPs	typically	function	through	binding	short,	generally	phosphorylated	degron	

motifs	on	substrate	proteins	 (Stringer	and	Piper,	2011;	Guharoy	et	al.,	2016).	Thus,	

FBPs	provide	an	essential	connection	between	the	phosphorylated	substrate	protein	

and	 the	 E3	 SCF	 ligase	 complexes,	 which	 label	 the	 substrate	with	 specific	 Ub	 chain	

profiles	 that	 determine	 their	 fate,	 typically	 for	 proteasomal	 degradation	 or	 other	

cellular	functions.	

	

Our	 previous	 findings	 strongly	 indicate	 that	 internalised	 CCR4	 is	 readily	

degraded	 in	 a	 proteasomal-dependent	 manner.	 In	 light	 of	 this	 evidence,	 it	 is	

conceivable	that	the	E3	ligase,	FBXL5	which	I	have	shown	here	to	interact	with	CCR4,	

potentially	 facilitates	 the	 labelling	 of	 CCR4	with	 Ub,	 tagging	 the	 receptor	 following	

internalisation	for	degradation	via	the	proteasome,	thus	implicating	ubiquitination	as	

a	 mechanism	 for	 regulating	 CCR4	 receptor	 trafficking	 and	 cell	 surface	 expression	

levels.	Intriguingly,	the	confocal	data	showed	no	signs	of	co-localisation	between	CCR4	

and	 FBXL5	 in	 untreated	 cells	 –	 though	 I	 have	 shown	 untreated	 cells	 undergoing	

constitutive	CCR4	degradation.	Numerous	proteins	are	known	to	be	ubiquitinated	by	
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multiple	Ub	 ligases,	 that	 identify	 their	 targets	 using	 different	 degrons	 and	 possibly	

resulting	in	different	regulatory	pathways	(Stringer	and	Piper,	2011).	This	may	be	one	

plausible	 explanation	 for	 our	 observations	 here,	 where	 CCL22,	 and	 not	 CCL17	

stimulated	CCR4	expressing	cells	were	seen	to	interact	with	FBXL5.		

	

Moreover,	 direct	 association	between	ubiquitination	 and	 receptor	 regulation	

has	been	made	for	several	other	chemokine	receptors.	Initially	described	for	CXCR4,	

where	 ubiquitination	was	 found	 to	 be	 CXCL12-dependent	 -	mediated	 by	 the	E3	Ub	

ligase	AIP4,	which	 targets	specific	Ser	and	Lys	residues	at	 the	C-terminus	 -	 thereby	

acting	as	an	endosomal	sorting	signal,	directing	the	receptor	for	lysosomal	degradation	

(Marchese	and	Benovic,	2001;	Marchese,	2014).	In	contrast,	CXCR7	was	shown	to	be	

constitutively	ubiquitinated	a	process	which	was	key	for	the	correct	trafficking	of	the	

receptor	to	and	from	the	cell	surface.	CXCL12	stimulation	resulted	in	de-ubiquitination	

of	 the	 receptor.	Furthermore,	Ser/Thr	clusters	 in	 the	C-terminus	were	shown	 to	be	

essential	 for	 β-arrestin	 recruitment	 and	 CXCR7	 internalisation	 and	 determined	

subsequent	downregulation	of	the	receptor	(Canals	et	al.,	2012).	Thus,	given	the	data	

presented	 here	 for	 CCR4,	 it	 is	 plausible	 that	 this	 post-translational	 modification	

process	may	play	an	integral	role	in	the	receptor’s	life-cycle	following	ligand-induced	

endocytosis.		

	

As	 previously	 described,	 I	 was	 able	 to	 optimise	 Western	 blot	 conditions	 to	

successfully	detect	CCR4	protein	from	CHO-CCR4	cell	lysates	and	sought	to	optimise	

the	 conditions	 for	 FBXL5	 transfectants.	 Equally,	 I	 was	 successfully	 able	 to	 detect	

FBXL5-Myc/DDK	protein,	generated	using	a	cell	 free	system	by	Western	blot.	Thus,	

subsequent	Co-IP	experiments	could	employ	these	optimised	conditions	and	evaluate	

the	interaction	between	these	two	proteins.		

	

Given	 the	 significant	 role	 that	 FBXL5	 plays	 in	 iron	 homeostasis	 and	 the	

proposed	association	with	the	CCR4	C-terminus,	I	investigated	the	potential	effects	of	

iron	on	CCR4	cell	surface	expression	levels.	I	observed,	under	iron	replete	conditions	

CCR4	expression	trended	towards	a	decrease	compared	to	untreated	cells.	The	stability	

of	FBXL5	has	been	shown	to	be	directly	associated	with	cellular	iron	levels,	whereby	

its	stability	increases	in	an	iron-rich	environment	and	conversely	decreases	in	an	iron-
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depleted	 environment	 (Salahudeen	 et	 al.,	 2009).	 Moreover,	 under	 iron-replete	

conditions	co-localisation	between	FBXL5	and	CCR4	expressing	cells	stimulated	with	

CCL22	remained	intact.	Taken	together,	I	can	broadly	speculate	here	that	iron	levels	

may	effect	CCR4	cell	surface	levels,	by	maintaining	FBXL5	stability	and	its	association	

with	the	CCR4	C-terminus,	ultimately	tagging	the	receptor	for	degradation.		
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Chapter	8 General	discussion	
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8.1 General	discussion	

The	potency	and	efficacy	of	a	ligand	for	its	receptor	may	in	part	be	intimately	

linked	with	 the	 preferred	 activation	 of	 one	 pathway	 over	 another	 following	 ligand	

binding.	This	phenomenon	of	ligand	bias	(Steen	et	al.,	2014)	presents	a	further	layer	of	

complexity	 in	 understanding	 the	 promiscuous	 nature	 of	 the	 receptor/ligand	

relationship.	Similarly,	the	intracellular	facing	C-terminal	region	of	these	receptors	is	

pivotal	 in	 translating	 the	 effects	 of	 ligand	 binding	 and	 modulating	 downstream	

signalling	 functions.	 Indeed,	 these	 complexities	 add	 further	 hurdles	 to	 an	 already	

intricate	system	for	understanding	chemokine	receptor	function	and	drug	discovery	

but	equally,	provides	potential	for	the	development	of	more	innovative	drugs,	that	can	

stimulate	 one	 desired	 pathway	 in	 preference	 to	 another.	 Thus,	 signalling	 bias	 at	

receptors	warrants	further	research.	

	 	

In	this	project,	I	have	investigated	the	biology	of	chemokine	receptors	CCR3	and	

CCR4,	namely	receptor	modulation	via	their	C-termini	and	the	capacity	for	ligand	bias.	

The	first	part	of	this	project,	comprising	of	chapters	3-5,	investigated	the	role	of	the	

CCR3	C-terminus	and	ligand	bias	on	receptor	expression	and	function.	In	chapter	5,	a	

cDNA	library	was	constructed	and	probed	for	novel	binding	partners	of	the	CCR3	C-

terminus.	The	latter	part	of	this	project,	comprising	chapters	6	and	7,	investigated	the	

dynamics	 of	 CCR4	 internalisation,	 degradation	 and	 cell	 surface	 replenishment.	

Moreover,	I	explored	the	role	of	a	novel	C-terminus	binding	partner	of	CCR4,	FBXL5,	

which	was	discovered	using	the	yeast	two-hybrid	method.	
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8.2 CCR3	expression	and	function	

Given	 the	 incriminating	 roles	 eosinophils	 play	 in	 pathogenesis	 of	 allergic	

inflammation,	considerable	effort	has	been	made	to	understand	the	biology	of	these	

cells	 and	 their	 complex	 interactions	 with	 the	 CCR3/eotaxin	 axis.	 As	 described	

previously	(Pease	and	Williams,	2006;	Solari	et	al.,	2015),	CCR3	has	been	a	major	target	

for	pharmaceutical	intervention.	Thus	understanding	better	the	promiscuous	nature	

of	the	eotaxins	 ligands	and	the	 level	of	complexity	they	create	as	signal	transducers	

through	CCR3,	on	the	chemotactic	function	of	eosinophils	may	facilitate	improved	drug	

discovery.	

	

In	 terms	 of	 eosinophil	 recruitment,	 the	 CCR3	 ligands,	 CCL11	 and	 CCL24	 are	

reported	 to	 be	 the	 most	 potent	 of	 the	 eotaxin	 subfamily,	 followed	 by	 CCL26.	 For	

example,	studies	have	shown	that	CCL11	and	CCL24	display	similar	levels	of	potency,	

whereas	 CCL26	 elicited	 a	 response	 at	 concentrations	 which	 were	 an	 order	 of	

magnitude	higher	in	comparison	(Shinkai	et	al.,	1999;	Kitaura	et	al.,	1999).	In	contrast,	

in	 other	 studies	 CCL11	 has	 been	 described	 to	 be	 the	more	 potent	 CCR3	 ligand,	 for	

example	 in	 the	 mobilisation	 of	 eosinophils	 from	 the	 murine	 bone	 marrow	 to	 the	

circulation	(Palframan	et	al.,	1998).		

	

8.2.1 CCR3	mediated	chemotaxis	of	eosinophils	

In	 chapter	 3,	 I	 investigated	 the	 chemotactic	 ability	 of	 human	 eosinophils	 to	

migrate	along	gradients	of	the	eotaxins	using	real-time	in	vitro	imaging.	The	functional	

readouts	from	this	assay	-	directionality,	velocity	and	distance	travelled,	demonstrated	

similar	trends	for	eotaxin	potency	as	reported	in	the	literature	(Pease	and	Williams,	

2001),	with	CCL26	less	potent	than	CCL11	and	CCL24.	Moreover,	eosinophils	migrated	

towards	 increasing	 concentrations	 of	 eotaxin	 ligands	 in	 a	 similar	 fashion	 to	 that	

described	previously	–	whereby	cell	migration	increases,	then	peaks	and	falls	as	the	

ligand	concentration	increases	(figure	10-9).	These	findings	mimic	previous	findings	

reported	for	eotaxin	potencies	in	a	dose-dependent	manner	(Forssmann	et	al.,	1997;	

Sabroe	et	al.,	1998;	Shinkai	et	al.,	1999)	and	demonstrates	that	the	TAXIScanTM	assay	

is	a	robust	method	for	assessing	eosinophil	chemotaxis.		
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TAXIScanTM	technology	represents	a	novel	way	to	monitor	chemotaxis	in	real-

time	 in	 vitro	 allowing	 for	 an	 expanded	 understanding	 of	 the	 dynamics	 of	 cell	

movement.	 Furthermore,	 the	 technology	 also	 provides	 machinery	 allowing	 for	 the	

imagining	of	 fluorescently	 labelled	cells.	Such	that	 future	experiments	could	 further	

examine	CCR3	receptor	distribution	during	cell	polarisation	and	chemotaxis	towards	

various	 ligands.	 Further	 studies	 are	 needed	 to	 understand	 the	 intricate	 molecular	

mechanisms	 that	 can	account	 for	 the	 lag	period	observed,	which	may	shed	 light	on	

variations	in	cell	sensitivity	to	ligand.	Future	experiments	could	aim	to	replicate	and	

expand	 the	 study	 by	 Provost	 and	 colleagues	 (2013),	 using	 TAXIScanTM	 imaging	 to	

further	assess	migration	of	eosinophils	from	asthmatics	and	healthy	donors,	with	the	

additional	parameters	 this	assay	provides	and	 the	added	benefit	of	 requiring	 fewer	

cells.		

	

A	 caveat	 of	 using	 these	 systems	 to	 decipher	 the	 intricate	 mechanisms	 of	

chemotaxis	is	that	these	experiments	are	performed	in	vitro.	Naturally,	in	vivo	cells	are	

exposed	to	a	multitude	of	stimuli	and	factors	that	may	influence	the	overall	outcome	of	

cell	 migration.	 It	 is	 reasonable	 to	 assume	 here	 that	 eosinophil	 sensitivity	 and	

chemotactic	 responses	may	 vary	 between	 donor	 populations	 as	 has	 been	 noted	 in	

other	studies	(Nitta	et	al.,	2007).	Increasing	the	donor	population	size	of	experiments	

may	mitigate	part	of	 this	variation	and	allow	for	more	robust	data	analysis.	Despite	

some	 limitations,	 the	 overall	 advances	 in	 assay	 technology	 should	 allow	 further	

investigation	for	exploring	the	dynamics	of	chemotaxis.	

	

8.2.2 Ligand	bias	at	CCR3	

Despite	 all	 three	 eotaxins	 binding	 to	 CCR3	 there	 is	 mounting	 evidence	

suggesting	 that	 they	 exhibit	 diverse	 biological	 capabilities.	 In	 chapter	 3	 it	 was	

suggested	 that	 activation	 of	 CCR3	 by	 CCL11	 and	 CCL24	 results	 in	 β-arrestin	

recruitment,	whereas	stimulation	with	CCL26	does	not,	indicating	probable	ligand	bias.	

Future	experiments	could	investigate	further	the	relationship	between	ligand	biased	

β-arrestin	 recruitment	 and	 CCR3	 receptor	 internalisation.	 This	 is	 exemplified	 by	

studies	 of	 CCR7	 that	 showed	 in	 contrast	 to	 CCL21,	 CCL19	 stimulated	 β-arrestin	
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facilitated	 receptor	 internalisation	 (Bardi	 et	 al.,	 2001).	 Indeed,	 future	 experiments	

could	be	expanded	to	investigate	all	ligands	of	this	promiscuous	receptor	and	consider	

the	potential	kinetic	differences	in	β-arrestin	and	the	impact	biased	signalling	has	on	

downstream	cellular	responses.	For	instance,	with	CCL26	shown	to	meditate	migration	

of	eosinophils	of	asthmatics	more	effectively	 than	CCL11	and	CCL24	(Provost	et	al.,	

2013),	and	the	potential	of	β-arrestin	biased	signalling	surmised	here	may	translate	

into	 an	 opportunity	 to	 specifically	 target	 CCL26	 signalling	 and	 potentially	 be	 of	

therapeutic	benefit.	Using	total	internal	reflection	fluorescence	microscopy	(TIRFM),	

Song	and	colleagues	(2018)	proposed	CCR3	exists	as	a	mixed	population	of	monomers	

and	 dimers	 and	 that	 agonist	 binding	 modulates	 downstream	 signalling.	 Equally	

interesting	would	be	to	investigate	further	the	intricate	oligomeric	status	of	CCR3	and	

its	relationship	with	β-arrestin	biased	signalling.	As	with	other	GPCRs	CCR3	is	likely	to	

be	highly	dynamic	and	the	conformational	status	at	the	cell	membrane	as	monomers,	

dimers	 and/or	 oligomers	 likely	 modulates	 downstream	 signalling	 functions.	

(Martinez-Munzo	et	al.,	2016;	Song	et	al.,	2018).		

	

8.2.3 A	novel	CCR3	pharmacoperone		

As	 described	 previously,	 a	 study	 from	 our	 group	 showed	 that	 a	 non-

synonymous	 SNP	 (T971C),	 which	 resulted	 in	 a	 L342P	 substitution	 within	 the	 C-

terminus,	ablated	the	mutant	CCR3	cell	surface	expression	and	consequently	resulted	

in	 a	 loss	 of	 chemotactic	 responsiveness	 to	 CCR3	 ligands.	 Notably,	 the	 L324P-CCR3	

mutant	although	expressed	was	revealed	to	be	trapped	in	sub-cellular	locations	and	

was	 thus	unable	 to	 traffic	 to	 the	cell	 surface	 (Wise	et	al.,	2010).	 In	chapter	4	 it	was	

shown	that	a	known	CCR3	antagonist	–	UCB	35625	–	acts	as	a	novel	pharmacoperone	

rescuing	cell	surface	expression	of	this	CCR3	C-terminus	mutant.	I	infer	that	UCB	35625	

exhibits	selectivity	for	rescuing	this	mutant	expression,	as	another	CCR3	antagonist	–	

SB	297006	-	I	tested	did	not	act	as	a	pharmacoperone.		

	

A	 potential	 benefit	 of	 identifying	UCB	35625	 as	 a	 pharmacoperone	 is	 that	 it	

confers	receptor	specificity	compared	to	other	methods	of	rescuing	misfolded	proteins,	

such	 as	 using	 chemical	 chaperones	 that	 are	 non-selective	 and	 are	 considered	 less	

efficient	than	pharmacoperones	and	are	usually	used	at	much	higher	concentrations	
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making	 them	 less	 desirable	 in	 a	 clinical	 context	 (Tao	 and	 Conn,	 2014).	 Although	

pharmacoperones	confer	specificity	for	their	target	protein,	they	can	also	rescue	other	

mutant	variants	of	the	same	protein.	This	was	reported	previously,	where	the	receptor	

function	of	eight	mutants	of	the	V2	vasopressin	receptor	were	rescued	using	the	same	

antagonist	pharmacoperone	(Morello	et	al.,	2000).	

	

Conn	 and	 colleagues	 (2002)	 described	 the	 desirable	 features	 of	 a	

pharmacoperone	which	include:	the	ability	to	permeate	the	cell	membrane;	to	reach	

the	 intracellular	 location	of	 the	misfolded	protein;	 target	 specificity;	be	 itself	 stable	

long	enough	to	stabilise/correct	the	folding	of	the	target	protein	and	disassociate	from	

the	 target	 protein	 or	 not	 interfere	 with	 protein	 function	 (Ulloa-Aguirre	 and	 Conn,	

2012).	 Initial	 analyses	 presented	 here	 indicate	 UCB	 35625	 as	 being	 a	 suitable	

pharmacoperone	 rescuing	 L324P-CCR3	 receptor	 expression.	 However,	 further	

investigations	are	required	to	confirm	L324P-CCR3	function	following	treatment	with	

UCB	35625.	Typically,	pharmacoperones	that	are	antagonists	of	the	receptor,	as	I	infer	

here	 UCB	 35625	 is	 for	 L324P-CCR3,	 following	 restoration	 of	 mutant	 receptor	 cell	

surface	export,	would	need	to	be	disassociated,	primarily	by	endogenous	agonists	to	

restore	receptor	signalling	(Ulloa-Aguirre	and	Conn	2011;	Toa	and	Conn,	2014).	

	

The	 precise	 mechanism	 by	 which	 UCB	 35625	 acts	 to	 restore	 cell	 surface	

receptor	expression	remains	elusive.	However,	the	possible	modes	of	action	include	

direct	interaction	with	the	receptor;	interfering	with	quality	control	check	processes;	

influencing	 protein	 stability	 thereby	 preventing	 protein	 degradation;	 directly	 or	

indirectly	affecting	molecular	chaperone(s)	interaction	with	the	receptor	and	allowing	

redirecting	 of	 the	 receptor	 to	 the	 cell	 surface.	 I	 would	 hypothesis	 that	 UCB	 35625	

binding	to	L324P-CCR3,	alters	the	receptor	confirmation	thus	stabilising	it	adequately	

enough	 to	meet	 the	 quality	 control	 checks,	 escape	 the	 inspection	 of	 chaperones	 or	

allow	 interaction	with	chaperones	 that	 facilitate	 receptor	export	 to	 the	cell	 surface.	

Considering	the	finding	that	an	analogous	common	sequence	within	the	C-terminus	of	

CXCR2	is	vital	for	Hsc70	chaperone	protein	interaction	(Fan	et	al.,	2002),	it	supports	

the	suggestion	that	the	L324	region	within	the	CCR3	C-terminus	could	be	important	for	

generic	 or	 CCR3-specific	 chaperone	 binding	 and	 thus	 correct	 receptor	 folding	 and	

transport	(Wise	et	al.,	2010).	Notably,	Wise	et	al.,	showed	colocalisation	of	L324P-CCR3	
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with	Golgi	apparatus	and	lysosomes	markers	but	not	with	the	ER	marker	-	calnexin.	

This	supports	the	hypothesis	that	the	LLXXL	motif	(mutated	by	the	L324P	mutation)	

may	interact	with	chaperones	necessary	for	accurate	protein	folding.	Moreover,	they	

showed	the	analogous	point	mutation	in	CCR1	did	not	produce	the	ablated	receptor	

expression	 profile	 as	 seen	with	 CCR3.	 Collectively,	 it	 suggests	 a	 distinct	membrane	

export	pathway/mechanism	 through	 interactions	with	 specific	 chaperones	proteins	

that	aid	in	the	trafficking	of	CCR3	to	the	cell	membrane.	This	view	is	also	supported	by	

reports	 in	 the	 literature	 that	 suggest	 although	 chemokine	 receptor	 signalling	 and	

intracellular	 mechanisms	 are	 interrelated,	 they	 interact	 with	 specific	 proteins	 that	

facilitate	their	particular	trafficking	pathway	(Borroni	et	al.,	2010).		

	

8.2.4 Reciprocal	C-terminal	chimeric	CCR3	and	CCR1	expression	and	

function	

Generating	chimeric	receptors,	where	segments	of	the	receptor	are	swapped,	is	

an	effective	method	for	identifying	and	evaluating	the	roles	and	effects	of	that	specific	

region	on	receptor	function	(Alkhatib	et	al.,	1997;	Pease	et	al.,	1998).	Exemplified	by	

studies	using	reciprocal	C-terminal	chimeric	receptors	of	CCR4	and	CCR5	that	showed	

differences	 in	 agonist	 binding	 activity,	 where	 CCL22	 binding	 of	 chimeric	 CCR4-5	

reduced	agonist	potency	(Andrews	et	al.,	2008).	In	contrast,	CCL17	binding	to	chimeric	

CCR4-5	did	not	differ	 to	WT-CCR4	(Andrews	et	al.,	2008).	Similarly,	CCL4	and	CCL5	

showed	 reduced	 potency	 with	 chimeric	 CCR5-4	 compared	 to	 WT	 (Andrews	 et	 al.,	

2008).	More	recently,	Zweemer	and	colleagues	(2014)	engineered	CCR2	and	CCR5	C-

terminal	 reciprocal	 chimeras,	 to	 characterise	 the	 binding	 sites	 of	 three	 allosteric	

antagonists	 of	 CCR2,	 which	 resulted	 in	 the	 mapping	 of	 an	 allosteric	 intracellular	

antagonist	binding	site.		

	

	 In	order	to	investigate	further	the	role	of	the	C-terminus	of	CCR3,	I	generated	C-

terminus	reciprocal	chimeras	of	CCR1	and	CCR3.	Exchanging	the	C-terminal	regions	of	

CCR3	with	 that	 of	 the	 closely	 related	 receptor	CCR1	had	 little	 effect	 on	 cell	 surface	

expression	 and	 chemotaxis.	 Conversely,	 CCR1	 was	 intolerant	 of	 changes	 to	 the	 C-

terminus	with	 respect	 to	 cell	 surface	 expression	 but	 the	 chemotactic	 ability	 of	 this	

chimera	was	preserved.	Future	work	could	analyse	the	internalisation	and	degradation	
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of	 the	 chimeric	 receptors	 compared	 to	 WT	 CCR1	 and	 CCR3.	 Co-localisation	

experiments	could	be	used	 to	 locate	possible	CCR1.3	chimeric	receptor	retention	 in	

sub-cellular	compartments	and	explain	its	reduced	cell	surface	expression	compared	

to	WT-CCR1.	Furthermore,	the	subtle	effects	of	ligand-dependent	chemotaxis,	receptor	

down-regulation	 and	 the	 role	 of	 the	 C-terminus	 could	 be	 explored	 further	 of	 these	

reciprocal	chimeric	receptors,	using	ligands	that	activate	both	CCR1	and	CCR3,	such	as	

CCL5,	CCL7	or	CCL15.	

	

8.2.5 CCR3	yeast	two-hybrid	screen	

In	chapter	5	a	yeast	two-hybrid	system	(Y2H)	was	employed	to	discover	novel	

CCR3	binding	proteins,	with	the	CCR3	C-terminus	used	as	bait	to	screen	a	cDNA	library	

generated	 from	 a	 L1.2	 pre-B	 cell	 line.	 No	 novel	 candidate	 proteins	were	 shown	 to	

interact	with	the	CCR3	C-terminus	using	the	in-house	created	cDNA	library.	There	is,	

however,	convincing	data	in	the	literature	that	supports	our	hypothesis	that	nascent	

CCR3	may	be	assembled	and	trafficked	to	the	membrane	via	mechanisms	dependent	

upon	chaperones/proteins	specifically	expressed	by	leukocytes.	

	

As	previously	described,	the	Y2H	has	been	established	as	a	robust	system	for	

identifying	novel	interacting	proteins,	such	as	FROUNT	interacting	with	the	C-termini	

of	 CCR2	 and	 CCR5	 (Terashima	 et	 al.,	 2005;	 Toda	 et	 al.,	 2009)	 and	 as	 presented	 in	

chapter	7,	FBXL5	interacting	with	the	CCR4	C-terminus.	For	the	CCR3	Y2H	screen	here	

it	was	likely	that	the	cDNA	library	constructed	did	not	represent	the	minimum	number	

of	independent	clones	required	to	detect	novel	interactors.	Further	experiments	could	

focus	on	 troubleshooting	and	 repeating	 the	Y2H	screen.	For	 instance,	 repeating	 the	

screen	using	a	commercially	available	cDNA	leukocyte	 library	to	minimise	technical	

differences	in	constructing	an	in-house	library,	as	was	utilised	in	the	FROUNT/CCR2	

Y2H	screen.	Alternatively,	the	Y2H	screen	could	be	outsourced	entirely,	as	with	CCR4,	

taking	advantage	of	the	power	of	screening	ten	times	more	clones	and	optimised	Y2H	

output	 from	 a	 specialised	 and	 streamlined	 high-throughput	 process.	 Notably,	 a	

comparison	 of	 Y2H	 systems	 by	 Caufield	 and	 colleagues	 (2012)	 recommended	 that	

assays	 be	 repeated	 using	 several	 different	 vectors,	 swapping	 bait-prey,	 increasing	
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stringency	 to	 maximise	 the	 number	 of	 interactors	 detected	 and	 minimise	 false	

positives,	and	concluded	that	technical	differences	could	influence	reproducibility.	

	

8.3 CCR4	expression	and	function	

As	the	sole	receptor	for	CCL17	and	CCL22,	CCR4	and	its	ligands	are	implicated	

in	various	diseases	 involving	various	T-cell	subpopulations,	 including	TH2	cells,	TReg	

cells	and	TH17	cells.	Understanding	the	subtle	differences	between	CCL17	and	CCL22	

induced	 activation	 and	 internalisation	 of	 CCR4	 that	 may	 lead	 to	 biased	 agonism	

signalling,	may	offer	the	opportunity	to	selectively	influence	the	signalling	outcomes	of	

this	receptor	during	an	immune	response	and	may	provide	therapeutic	benefit.	

	

8.3.1 CCR4	internalisation	and	degradation	

In	 chapter	 6,	 I	 investigated	 the	 dynamics	 of	 CCR4	 endocytosis,	 cell	 surface	

receptor	 recovery	 and	 role	 of	 receptor	 degradation	 following	 ligand-induced	

internalisation.	The	data	showed	that	ligand-induced	internalised	CCR4	was	optimal	at	

37˚C,	with	CCL22	being	more	efficacious	 than	CCL17	 in	 inducing	CCR4	endocytosis.	

Moreover,	both	CCL17	and	CCL22	induced	internalised	CCR4	was	replenished	slowly	

at	the	cell	by	de	novo	synthesis.	Endocytosed	CCR4	was	found	to	be	readily	degraded	

by	the	proteasome.	To	determine	the	importance	of	the	CCR4	C-terminus,	I	generated	

a	stable	CHO	cell-line	expressing	a	previously	described	C-terminus	truncated	CCR4	

mutant	–	CCR4-Δ40	-	that	inhibited	ligand-induced	receptor	internalisation,	suggesting	

the	distal	40	residues	of	the	CCR4	C-terminus	is	critical	to	receptor	endocytosis.	

		

8.3.2 Ligand	bias	at	CCR4	

I	 report	 here	 differential	 effects	 of	 both	 CCL17	 and	 CCL22	 ligands	 on	 CCR4	

internalisation	and	dynamics	of	recycling	and	degradation,	thus	suggestive	of	further	

evidence	 to	 support	 the	 concept	 of	 bias	 agonism	 at	 CCR4.	 Moreover,	 it	 highlights	

potential	 avenues	 to	 exploit	 and	 selectively	 target	 these	 downstream	 signalling	

pathways	following	CCR4	activation.	Notably,	 the	discovery	of	CCR4	biased	agonists	

that	could	selectively	target	and	inhibit	CCL17-induced	receptor	activation	but	spare	

CCL22	activation,	maybe	be	therapeutically	advantageous.	Given	that	TReg	cells	serve	
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to	 dampen	 and	 terminate	 the	 inflammatory	 response,	 the	 ability	 to	 spare	 the	

recruitment	of	TReg	cells	may	be	beneficial	in	a	range	of	pathological	conditions.	

	

For	 example,	 in	 the	 airways	 of	 atopic	 asthmatic	 patients	 following	 allergen	

challenge,	levels	of	both	CCL17	and	the	vasodilator	αCGRP	were	shown	to	be	elevated	

(Bonner	 et	 al.,	 2013).	 Subsequent	 in	 vitro	 studies	 on	 bronchial	 epithelial	 cells	

demonstrated	that	CCL17	was	more	potent	than	CCL22	at	inducing	αCGRP	synthesis	

and	 release	 in	 a	 CCR4-dependent	manner	 (Bonner	 et	 al.,	 2013).	 This	 suggests	 that	

CCL17	and	CCL22	may	evoke	distinct	signalling	responses,	which	may	have	significant	

effects	in	a	disease	setting.	Moreover,	antibody	blocking	of	CCL22	activation	of	CCR4	

significantly	 reduced	blood	borne	human	CD4+	 CD25+	 TReg	 cell	migration	by	almost	

50%,	with	only	minor	effects	when	blocking	CCL17	(Iellem	et	al.,	2001).	Similarly,	in	

the	context	of	atopic	dermatitis,	studies	found	that	CCL17	was	released	from	inflamed	

endothelial	 cells	 and	 was	 shown	 to	 promote	 Th2	 cell	 recruitment,	 whilst	 CCL22,	

expressed	by	infiltrating	DC	recruited	TReg	cells,	dampened	the	Th2	immune	response	

(D’Ambrosio	et	al.,	2002).	This	study	further	revealed	that	both	ligands	differentially	

promoted	 integrin-mediated	 adhesion	 of	 human	 Th2	 cells,	with	 CCL22	 being	more	

efficient	than	CCL17	at	inducing	arrest	of	rolling	cells.		

	

Likewise,	 studies	 on	 CCR7	 have	 also	 shown	 evidence	 of	 biased	 agonism	

following	ligand	binding,	whereby	CCL19,	compared	to	CCL21	induced	differential	GRK	

recruitment	and	facilitated	differential	downstream	signalling	responses.	Specifically,	

CCL19	evoked	CCR7	activation	coupled	GRK3	and	GRK6,	which	led	to	robust	receptor	

phosphorylation,	 b-arrestin2-mediated	 trafficking	 to	 endocytic	 vesicles	 and	

subsequent	 receptor	 desensitisation	 (Kohout	 et	 al.,	 2004;	 Zidar	 et	 al.,	 2009),	

internalisation	(Bardi	et	al.,	2001)	and	recycling	(Otero	et	al.,	2006).	Conversely,	CCL21	

stimulation	of	CCR4	coupled	solely	to	GRK6	and	weakly	to	b-arrestin2	recruitment	and	

failed	 to	 induce	 adequate	 receptor	 phosphorylation	 to	 result	 in	 receptor	

desensitisation	and	internalisation	(Zidar	et	al.,	2009).	Future	investigations	on	CCR4	

could	 employ	 similar	 experiments	 as	 described	 for	 CCR7,	 to	 decipher	 potential	

differential	 activation	 of	 GRKs	 following	 ligand	 binding	 to	 CCR4	 and	 evaluate	 their	

significance,	if	any	on	receptor	downstream	signalling.	Equally,	further	investigations	

deciphering	precisely	which	C-terminal	residue(s)	of	CCR4	undergo	phosphorylation,	
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their	 role	 in	 subsequent	 endocytosis	 and	 potential	 biased	 agonism	 between	 these	

ligands	would	be	interesting.	Moreover,	classifying	phospho-barcode	patterns	(Liggett,	

2011)	for	CCL17	and	CCL22,	which	may	influence	physiologically	relevant	signalling	

outputs	would	 be	 intriguing	 and	 beneficial	 in	 developing	 therapeutically	 beneficial	

small	molecules	that	can	desirably	regulate	CCR4	trafficking	and	function.		

	

8.3.3 Novel	CCR4	C-terminus	binding	partner	

In	 order	 to	 investigate	 further	 the	 role	 of	 the	 C-terminus	 of	 CCR4	 and	 its	

interactions	with	other	proteins,	a	Y2H	assay	using	the	C-terminus	region	as	bait	and	a	

human	 leukocyte	 cDNA	 library	 as	 prey.	 The	 construction	 of	 the	 library	 was	

commissioned	and	represented	over	90	million	independent	clones.	As	demonstrated	

in	chapter	7,	the	screen	revealed	a	novel	CCR4	binding	protein	–	FBXL5,	a	member	of	

the	F-box	 family	of	proteins,	assigned	with	a	very	high	confidence	 to	an	 interaction	

with	 the	C-terminus	 region	of	CCR4.	Moreover,	 the	 strength	of	 interaction	between	

CCR4	and	FBXL5	was	 concluded	 to	be	a	 robust	 interaction	 in	yeast	 cells.	 Following	

optimisation	 of	 detecting	 FBXL5	 transiently	 expressed	 in	 CHO-CCR4	 cells	 using	

confocal	 microscopy	 it	 was	 established	 that	 CCR4	 and	 FBXL5	 co-localise	 following	

CCL22,	but	not	CCL17	binding.	Given	that	FBXL5	is	a	known	regulator	of	cellular	iron	

metabolism	and	it	is	itself	degraded	under	iron	deplete	conditions	(Salahudeen	et	al.,	

2009),	 experiments	 under	 iron	 replete	 conditions	 revealed	 that	 the	 interaction	

between	 CCR4	 and	 FBXL5	 was	 maintained.	 Furthermore,	 under	 iron	 replete	

conditions,	 where	 the	 stability	 of	 FBXL5	 is	 considered	 optimal,	 CCR4	 cell	 surface	

expression	was	decreased.	Collectively,	the	data	presented	strongly	predicts	this	novel	

interaction	between	the	CCR4	C-terminus	and	FBXL5	has	functional	consequences	and	

would	benefit	from	continued	investigation.		

	

Further	experiments	validating	this	novel	interaction	between	FBXL5	and	CCR4	

using	 other	 protein-protein	 interaction	detection	methods	would	 be	necessary.	 For	

instance,	having	optimised	Western	blot	conditions	for	successfully	detecting	FBXL5-

Myc/DDK	tagged	protein	and	CCR4	shown	here,	the	procedure	could	be	used	for	future	

Co-IP	 experiments	 to	 further	 prove	 their	 physiologically	 relevant	 interaction.	

Alternatively,	 in	 situ	 proximity	 ligation	 assays	 may	 also	 be	 used	 to	 verify	 this	
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interaction.	This	assay	uses	oligonucleotide-labelled	antibodies	as	probes,	which	when	

in	close	proximity	of	approximately	40nm,	generates	an	amplifiable	DNA	sequence	-	

corresponding	to	the	quantity	of	the	target	protein	-	and	fluorescent	signal	detectable	

using	microscopy	(Fredriksson	et	al.,	2002).	

	

Intriguingly,	 as	 FBPs	 typically	 play	 an	 integral	 role	 between	 the	 substrate	

protein	 and	 ubiquitination	 process,	 I	 predict	 here	 that	 FBXL5	 interacts	 with	 CCR4	

potentially	 ubiquitinating	 the	 C-terminus	 tagging	 it	 for	 proteasomal	 degradation	

following	 CCL22-induced	 endocytosis.	 As	 described	 previously,	 during	 the	

ubiquitination	process,	Lys	residues	are	essential	targets	for	Ub	ligases,	marking	and	

determining	the	fate	of	the	substrate	protein.	Mutational	studies	determining	precisely	

which	resides	are	critical	for	the	interaction	between	FBXL5	and	the	CCR4	C-terminus	

and	its	effects	on	receptor	endocytosis	and	degradation,	would	assist	in	determining	

the	 role	 of	 ubiquitination	 in	 regulating	 the	 fate	 of	 endocytosed	 CCR4.	 One	 way	 of	

assessing	 the	 role	of	 ubiquitination	would	be	 to	use	Co-IP	 techniques	 to	determine	

protein-protein	 interactions	 between	 cells	 expressing	 CCR4	 and	 HA-tagged	 Ub.	

Similarly,	 comparative	 studies	 between	 the	 CCR4-Δ40	 mutant	 and	 WT-CCR4	

interacting	with	FBXL5	would	be	informative.		

	

Indeed,	 future	 experiments	 investigating	 the	 effects	 of	 overexpression	 and	

knockdown	 of	 FBXL5	 on	 CCR4	 expression	 and	 chemotactic	 function	 would	 likely	

advance	our	understanding	regarding	the	mechanisms	by	which	the	CCR4	C-terminus	

modulates	receptor	function.	
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8.4 CCR3	and	CCR4	beyond	asthma	and	allergic	diseases	

Beyond	 asthma	 and	 allergic	 diseases,	 the	 roles	 of	 CCR3	 and	 CCR4	 and	 their	

ligands	extends	to	many	other	diseases,	as	is	evident	with	other	chemokines	and	their	

receptors.	Thus,	continued	research	in	their	biology	and	functionality	at	molecular	and	

cellular	levels	and	roles	within	the	immune	system	is	paramount.		

	

8.4.1 CCR3	and	age-related	diseases	

Recently	 the	 term	 “chronokine”	 has	 been	 coined	 to	 describe	 cytokines	

implicated	in	inflammation	and	neurodegeneration	associated	with	accelerating	aging	

(Alkahest,	CA,	USA).	CCL11	has	been	suggested	to	be	a	principle	chronokine,	associated	

with	diseases	outside	of	its	traditional	area	of	allergic	inflammation.	Increased	levels	

of	 CCL11	 were	 observed	 in	 the	 choroid	 of	 patients	 with	 age-related	 macular	

degeneration	 (AMD),	 notably	with	 an	 absence	 of	 eosinophils	 (Takeda	 et	 al.,	 2009).	

Supportive	 of	 a	 role	 for	 the	 CCR3:eotaxin	 axis	 in	 AMD,	 CCR3	 blockade	 reduced	

choroidal	neovascularisation	in	a	mouse	model	and	thus	may	be	a	potential	target	to	

reduce	vision	loss	in	patients	with	‘wet’	AMD	(Takeda	et	al.,	2009).	In	addition,	elevated	

levels	of	CCL11	in	the	plasma	of	young	mice	was	reported	to	correlate	with	a	decline	in	

adult	 cognitive	 function	 and	 neurogenesis	 (Villeda	 et	 al.,	 2011).	 Further	 studies	

reported	a	reversal	of	age-related	decline	in	cognitive	function	and	synaptic	plasticity	

in	aged	mice	administered	with	young	blood	plasma	(Villeda	et	al.,	2014).	Currently,	

human	clinic	trials	targeting	CCR3:eotaxin	signalling	in	wet	AMD,	Parkinson’s	disease	

and	Bullous	Pemphigoid	using	a	small	molecular	 inhibitor	of	CCR3	(AKST4290)	are	

underway	 (Clinicaltrialsregister.eu	 EudraCT	 number:	 2019-002738-36;	 2019-

001657-42;	2019-001059-37).	

	

8.4.2 CCL11	as	a	biomarker	

Furthermore,	 elevated	plasma	 levels	of	CCL11	 suggest	 its	use	 as	 a	 candidate	

biomarker	 in	 psychiatric	 disorders,	 such	 as	 schizophrenia	 and	 autism	 spectrum	

disorder	(Ashwood	et	al.,	2010;	Teixeria	et	al.,	2018).	Altered	levels	of	CCL26,	along	

with	CCL11	potentially	have	a	role	as	biomarkers	 for	patients	with	Alzheimer’s	and	

Huntington’s	disease	(Huber	et	al.,	2018).	
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8.4.3 CCR3	and	cancer	

Several	studies	support	the	emerging	role	of	CCR3	and	its	ligands	in	cancer	as	

an	 indicator	 of	 disease	 severity	 and	 as	 therapeutic	 target.	 For	 instance,	 Levina	 and	

colleagues	(2009)	proposed	CCL11	signalling	played	a	key	role	in	the	proliferation	and	

invasion	of	ovarian	cancer	cells.	Similarly,	elevated	serum	levels	of	CCL11	correlated	

with	 men	 with	 prostate	 cancer	 and	 is	 considered	 a	 promising	 diagnostic	 marker	

(Agarwal	et	al.,	2013)	and	later	as	a	factor	promoting	prostate	cancer	cell	invasion	and	

migration	 through	 CCR3-ERK	 signalling	 and	 subsequent	 upregulation	 of	 matrix	

metalloproteinase	 3	 expression,	 that	 has	 an	 established	 role	 in	 prostate	 cancer	

metastasis	(Kessenbrock	et	al.,	2010;	Zhu	et	al.,	2014).	Studies	show	CCL11-induced	

CCR3	signalling	promotes	 the	development	and	progression	of	 renal	 cell	 carcinoma	

(Johrer	 et	 al.,	 2005).	 More	 recently,	 CCL11	 signalling	 via	 CCR3	 was	 discovered	 to	

influence	the	progression	of	Glioblastoma,	a	 fatal	primary	brain	tumour	(Tian	et	al.,	

2016).	Equally,	activation	of	CCR3	via	CCL7	was	specified	to	promote	progression	and	

metastasis	in	colon	cancer	through	EMT	signalling	pathways	(Lee	et	al.,	2016).	

	

8.4.4 CCR4	and	multiple	sclerosis	

CCR4	in	disease	is	attracting	attention	outside	of	allergic	inflammation.	There	is	

growing	 evidence	 of	 CCL17	 and	CCL22	 acting	 through	CCR4	 in	 the	 pathogenesis	 of	

Multiple	sclerosis	(MS)	–	a	chronic	inflammatory	demyelinating	disease	of	the	central	

nervous	system	(CNS)	(Scheu	et	al.,	2017).	Levels	of	CCL17	and	CCL22	are	augmented	

in	 the	cerebrospinal	 fluid	 in	MS	patients	 (Narikawa	et	al.,	2003;	Scheu	et	al.,	2017).	

Moreover,	one	study	observed	elevated	 levels	of	CCL22	only	 in	 female	MS	patients,	

implying	a	unique	role	of	CCL22	in	the	development	of	MS	in	females,	potential	through	

intracerebral	recruitment	of	TH2	cells	(Galimberti	et	al.,	2008).	

	

8.4.5 CCR4	and	its	ligands	cancer	

TReg	cells	can	act	as	potent	suppressors	of	the	anti-tumour	immune	response	

and	promote	 tumour	 angiogenesis	 (Zou,	 2006;	 Facciabene	 et	 al.,	 2012).	 In	multiple	

cancers	where	elevated	TReg	levels	have	been	associated	with	poor	prognosis,	such	as	

breast	(Bates	et	al.,	2006;	Plitas	et	al.,	2016),	gastric	(Sasada	et	al.,	2003;Liu	et	al.,	2019)	
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and	 ovarian	 cancer	 (Curiel	 et	 al.,	 2004),	 targeting	 CCR4	 expression	 on	 TReg	 cells,	 is	

considered	 desirable	 in	 the	 context	 of	 cancer	 vaccination	 and	 immunotherapy	

(Facciabene	 et	 al.,	 2012).	 For	 instance,	 studies	 using	 an	 anti-CCR4	mAb	 (KM2160)	

selectively	depleted	 a	 terminally	differentiated	TReg	 subset	 (effector	TReg),	 primarily	

expressing	CCR4	in	ex	vivo	depletion	studies	 in	melanoma	patients	(Sugiyama	et	al.,	

2013).	The	authors	showed	elevated	levels	of	CCR4+	effector	TReg	cells	infiltrating	the	

tumour	 microenvironment	 compared	 to	 TReg	 in	 peripheral	 blood.	 They	 envisage	

controlling	the	degree	of	TReg	depletion	through	targeted	therapy	aimed	at	depleting	

CCR4+	effector	TReg.	Thus,	sparing	both	CCR4-	TReg	and	naïve	TReg	cells	may	potentially	

limit	adverse	effects	seen	from	the	complete	blockade	of	TReg	function.		

	

Production	of	CCL17	and	CCL22	in	the	tumour	microenvironment	by	cells	such	

as	DCs,	effector	T	cells	and	tumour-associated	macrophages	have	been	associated	with	

poor	prognosis	in	some	cancers	(Franciszkiewicz	et	al.,	2012).	For	instance,	in	ovarian	

cancer	evidence	suggested	tumour	cells	and	associated	macrophages	were	a	source	of	

CCL22,	that	led	to	CCL22-induced	CCR4+	TReg	infiltration,	thereby	suppressing	tumour-

specific	T	cell	immunity,	which	corresponded	to	tumour	growth	and	reduced	survival	

rates	 (Curiel	 et	 al.,	 2004).	 Comparably,	 tumour-infiltrating	 TReg	 were	 selectively	

recruited,	 through	 CCL22-induced	 CCR4	 activation	 within	 lymphoid	 infiltrates	 and	

activated	by	mature	DCs,	collectively	contributing	to	tumour	progression	in	primary	

breast	 cancer	 tumours	 (Gobert	 et	 al.,	 2009).	 Recently,	 the	 degree	 of	 CCR4+	 TReg	

infiltration	in	prostate	cancer	tissue	was	also	correlated	with	poor	disease	prognosis	

(Watanabe	et	al.,	2019).		

	

Similarly,	CCR4	and	its	ligands	have	been	implicated	in	the	pathology	of	various	

cancers,	 being	 over-expressed	 in	 ATLL,	 cutaneous	 T-cell	 lymphoma	 (CTCL)	 and	

peripheral	T-cell	lymphoma	(PTCL)	(Vela	et	al.,	2015).	Studies	have	found	activation	of	

CCR4	via	CCL17	in	colorectal	cancer	cells	stimulated	cell	migration,	thereby	potentially	

playing	 a	 critical	 role	 in	 tumour	 cell	 metastasis	 (Al-Haidari	 et	 al.,	 2013).	

Mechanistically,	more	recent	studies	have	shown	CCR4	signalling	through	the	ERK/NF-

κB/MMP13	 pathway	 acting	 downstream	 of	 TNF-α	 in	 colorectal	 cancer.	 Moreover,	

elevated	levels	of	CCR4	correlated	with	impaired	survival	and	demonstrated	inhibiting	

CCR4	signalling	attenuated	the	invasion	and	metastasis	(Ou	et	al.,	2016).	Likewise	the	
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CCL17-CCR4	axis	has	been	shown	to	contribute	 to	metastasis	 through	ERK/MMP13	

signalling	in	bladder	cancer	and	with	elevated	CCR4	expression	representing	a	viable	

prognostic	biomarker	for	bladder	cancer	(Zhao	et	al.,	2018).	Recently,	CCR4	expression	

was	positively	correlated	with	tumour	stage	and	poor	prognosis	in	patients	with	early-

stage	 node-negative	 oral	 tongue	 cancer	without	 lymphatic	metastasis.	 The	 authors	

predict	a	novel	role	of	CCR4	as	a	potential	prognostic	biomarker	in	patients	with	early-

stage	cancer	(Wang	et	al.,	2018).		

	

Along	 with	 CXCR4	 and	 CCR7,	 CCR4	 expression	 has	 been	 implicated	 in	

contributing	 to	 tumour-induced	 immunosuppression	 in	 gastric	 cancer	 (Yang	 et	 al.,	

2011).	One	study	found	75%	of	gastric	cell	lines	tested	expressed	functional	CCR4	and	

of	clinical	samples	tested	17%	expressed	CCR4,	which	correlated	with	poor	prognosis	

(Lee	 et	 al.,	 2009).	 Studies	 demonstrated	 CCR4	 expression	 in	 gastric	 cancer	 cells	 is	

enhanced	 through	 TNF-α-mediated	 NF-κB	 activation	 and	 is	 associated	with	 poorer	

prognosis	in	gastric	cancer	patients	(Bae	et	al.,	2008;	Yang	et	al.,	2011).		

	

	 	



 

   275	

8.5 CCR3	and	CCR4	as	therapeutic	targets	

Despite	being	considered	highly	promising	drug	targets	and	given	the	extensive	

efforts	 in	 drug	 development	 for	 chemokine	 receptors,	 to	 date	 only	 three	 drugs	

targeting	chemokine	receptors	have	been	approved	for	clinical	use	(Solari	et	al.,	2015).	

The	 lack	of	 success	 can	be	attributed	 to	a	variety	of	 reasons	 ranging	 from	receptor	

redundancy,	inappropriate	target	selection	and	inherent	differences	between	animal	

models	and	humans	presenting	further	challenges	in	validating	potential	drug	targets	

(Schall	and	Proudfoot,	2011;	Pease	and	Horuk,	2014;	Solari	et	al.,	2015).	Notably,	the	

dimerisation	capabilities	of	chemokine	receptors	and	potential	ligand,	receptor	and/or	

tissue	bias	signalling	effects	adds	further	layers	of	complexity	to	chemokine	receptor	

drug	development.		

	

Alongside	the	traditional	small	molecule	antagonists	 for	targeting	chemokine	

receptors	there	are	numerous	novel	therapeutic	strategies	being	employed	in	a	bid	to	

develop	 effective	 chemokine	 receptor	 drugs.	 For	 example,	 ASM8	 an	 inhaled	 drug,	

containing	two	antisense	oligonucleotides	developed	to	target	CCR3	and	the	common	

beta	 chain	 of	 the	 IL-3/IL-5/GM-CSF	 receptors	 is	 currently	 in	 clinical	 trials	 for	 the	

treatment	of	asthma	(Imaoka	et	al.,	2011;	ClinicalTrials.gov	identifier	NCT00822861).		

	

Similarly,	a	novel	mAb	based	therapy	targeting	CCR4	has	proved	successful	in	

treating	 patients	 with	 ATLL	 and	 CTCL.	 Mogamulizumab	 (Poteligeo®/	 KW-0761),	 a	

humanised	 defucosylated	 IgG1	mAb	 is	 currently	 the	 only	 CCR4	 approved	 drug	 for	

clinical	use	and	represents	 the	 first	 licenced	antibody	drug	against	GPCR	for	cancer	

therapy	(Subramaniam	et	al.,	2012;	Vela	et	al.,	2015).	Defucosylation	of	the	Fc	region	

functions	to	enhance	antibody-dependent	cellular	cytotoxicity	(ADCC),	thus	boosting	

lysis	of	CCR4+	ATLL	cells	(Ishii	et	al.,	2010).	In	Japan,	mogamulizumab	is	being	used	to	

treat	patients	with	relapsed	or	refractory	ATLL,	CTCL	and	PTCL.	A	phase	1a	clinical	

trial	indicated	following	mogamulizumab	infusion	the	levels	of	FOXP3+	CD4	TReg	were	

depleted	in	PBMCs	in	patients	with	CCR4-	lung	and	oesophageal	cancers	(Kurose	et	al.,	

2015).	Similarly,	a	clinical	trial	using	the	anti-CCR4	mAb	(mogamulizumab)	in	patients	

with	 CCR4-	 solid	 tumours,	 aiming	 to	 reduce	 TReg	 infiltration	 to	 the	 tumour	

microenvironment	 is	 being	 conducted	 (UMIN	 clinical	 trials	 registry	 identifier:	
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UMIN000010050;	Ishida	et	al.,	2013).	More	recently,	mogamulizumab	has	gained	FDA	

approval	for	therapeutic	use	in	patients	with	relapsed	or	refractory	mycosis	fungoides	

or	 Sezary	 syndrome	 (Moore	 et	 al.,	 2019).	 Adverse	 effects	 associated	 with	 this	

treatment,	include	autoimmune	complications	and	dermatological	drug	eruption	and	

in	severe	cases	Stevens-Johnson	syndrome	(Ishida	et	al.,	2013;	Moore	et	al.,	2019).	

	

More	recently,	a	novel	nanoparticle-biased	antagonist	(R321)	of	CCR3	has	been	

described	 to	 inhibit	 eosinophil	 recruitment	 and	prevent	AHR	 in	 a	murine	model	 of	

eosinophilic	 asthma.	 Mechanistically,	 the	 inhibitor	 selectively	 inhibits	 G-protein	

signalling	whilst	promoting	β-arrestin-mediated	CCR3	internalisation	and	degradation	

(Grozdanovic	 et	 al.,	 2019).	 This	 biased	 inhibition	 is	 considered	 favourable	 by	

permitting	receptor	endocytosis,	 thus	avoiding	sustained	receptor	expression	at	 the	

cell	surface	and	potentially	preventing	drug	tolerance.	In	comparison,	the	other	well	

characterised	 CCR3	 antagonists,	 UCB	 35625	 and	 SB	 328437	 blocked	 β-arrestin	

recruitment	 to	CCR3	and	 impaired	receptor	 internalisation	and	enhanced	CCR3	cell	

surface	expression	(Grozdanovic	et	al.,	2019).		

	

In	summary,	although	the	roles	of	both	CCR3	and	CCR4	and	their	ligands	have	

been	 extensively	 studied	 there	 is	 much	 yet	 to	 be	 understood	 in	 terms	 of	 the	

relationship	of	 the	 receptors	with	 their	 environment	not	only	 at	 the	molecular	 and	

cellular	but	also	a	systems	level.	Deciphering	the	intricate	roles	that	these	receptors	

play	in	coordinating,	regulating	and	influencing	immune	cells	may	lead	to	translational	

implications	 for	drug	discovery	 for	 the	many	disease	processes	 in	which	CCR3	and	

CCR4	signalling	is	implicated.	
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Table	10-1	 PCR	primers	and	conditions	for	CCR1.3	and	CCR3.1	chimeras	

Primer	 sequences	 used	 to	 amplify	 regions	 of	 receptor	 CCR1	 and	 CCR3	 to	 generate	

CCR1.3	(A)	and	CCR3.1	(B)	chimeras.	C)	Primer	conditions	used	to	amplify	the	region	

of	interest	needed	for	cloning.	

Step		 Temp.	°C	 Time	 Cycles	

Initial	
denaturation	 98	 30	sec	 1	

Denaturation	 98	 15	sec	
20	Annealing	 59	 30	sec	

Extension	 72	 1	min	
Final	

extension	 72	 10	min	 1	

A	

B	

C	

Primer	
Name Oligonucleotide	sequence

1)	CCR1
forward 5’- ATA	TGA	ATT	CGA	AAC	TCC	AAA	CAC	CAC	- 3’

2)CCR1.3	
overlap	
reverse

3’- AGG	TAC	TTC	CGG	AAC	CTC	TCT	CCA	ACG AAG	GCG	
TAG	ATC	ACT	GGG	- 5’

3)	CCR3	
overlap
forward

5’- GGA	GAG	AGG	TTC	CGG	AAG	TAC	CT	– 3’

4)	CCR3	
reverse

3’	– ATA	TCT	CGA	GCT	AAA	ACA	CAA	TAG	AGA	GTT	
CCG – 5’

Primer	
Name Oligonucleotide	sequence

5)	CCR3
forward 5’- ATA	TGA	ATT	CAC	AAC	CTC	ACT	AGA	TAC	A - 3’

6)	CCR3.1	
overlap	
reverse

3’- GGT	ACT	TCC	GGA	ACC	TCT	CAC	CAA	CAA	AGG	CGT	
AGA	TCA	CCG	GG - 5’

7)	CCR1	
overlap
forward

5’- GGT	GAG	AGG	TTC	CGG	AAG	TAC	C– 3’

8)	CCR1	
reverse

3’	– ATA	TCT	CGA	GGT	CAG	AAC	CCA	GCA	GAG	AGT	
TCA	– 5’
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Figure	10-1	 The	pcDNA3	plasmid	map	

Chemokine	receptors	CCR1,	CCR3,	their	respective	chimeras	(CCR1.3;	CCR3.1),	and	the	

point	mutant	CCR3-L324P	were	 inserted	 into	 the	pcDNA3	plasmid	at	 the	EcoRI	and	

XhoI	 restriction	 sites.	 Features	 of	 the	 plasmid	 include:	 the	 human	 cytomegalovirus	

promoter,	HA-tag,	ampicillin	and	neomycin	gene	resistance	genes.	

AAGCTTGCCACCATGTATCCATATGATGTCCCAGATTATAAAGAATTCXXXXXXXXXXXXXXXCTCGAG	T7	 Sp6	
HindIII 		KOZAC			Start	 	 						HA	Tag 	 													EcoRI 					Receptor	Insert										XhoI		
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Figure	10-2	 The	pGBKT7	bait	plasmid	map	with	CCR3	C-terminus	insert	

The	CCR3	C-terminus	(aa	303-355)	was	cloned	into	the	MCS	(multiple	cloning	site)	of	

the	pGBKT7	bait	plasmid	at	the	EcoRI	(1297-1302)	and	BamHI	(1307-1311)	restriction	

sites:	 pGBKT7-CCR3.	 The	 plasmid	 is	 expressed	 in	 Clontech’s	 Y2HGold	 yeast	mating	

strain.	Features	of	the	plasmid	include:	GAL4	DNA	binding	domain	(BD)	(762-1201);	

MCS	(1281-1334);	c-Myc	epitope	tag	(1248-1280);	Kanamycin	resistance	gene	-	Kanr	

–	 (4144-3222);	 T7	 sequencing	 primer	 (1213-1233);	 3’	 DNA-BD	 sequencing	 primer	

(1510-1487);	Tryptophan	gene	-	TRP1	-	(6031-6705).	 Image	adapted	from	Clontech	

manual	(Cat.	No.	630489).	aa:	amino	acid.	

EcoR1	

BamH1	

a.a.	305	

a.a.	355	

CCR3	
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Figure	10-3	 The	pGADT7	prey	plasmid	map	with	a	L1.2	cDNA	insert	

The	L1.2	 cDNA	generated	 for	 the	 library	 screen	was	 cloned	 into	 the	MCS	 (multiple	

cloning	site)	of	the	pGADT7-Rec	prey	plasmid,	using	homologous	recombination	at	the	

SMART	IIITM	and	the	CDS	III	terminus:	pGADT7-L1.2.	The	plasmid	was	linearised	at	the	

Sma1	 (2028)	 restriction	 site	before	 cloning.	The	plasmid	 is	 expressed	 in	Clontech’s	

Y187	 yeast	 mating	 strain.	 Features	 of	 the	 plasmid	 include:	 GAL4	 transcriptional	

activating	 domain	 (AD)	 (1561-1899);	 SMART	 III	 oligonucleotide	 sequence	 (2001-

2036);	CDS	III	primer	sequence	(2047-2071);	HA	epitope	tag	(1942-1968);	Ampicillin	

resistance	 gene	 –	 Ampr	 –	 (5646-6503);	 Leucine	 gene	 -	 LEU2	 –	 (2794-3885);	 T7	

sequencing	 primer	 (1905-1927);	 3’	 DNA-BD	 sequencing	 primer	 (2173-2154);	

Illustration	was	adapted	from	Clontech	Mate	&	Plate™	library	system	user	manual.	

L1.2	
cDNA	
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Figure	10-4	 	 Control	plasmid	maps:	pGBKT7-53	and	pGADT7-T	

A)	Positive	control	plasmid	pGBKT7-53	encoding	the	murine	p53	protein	(72-390	aa)	

fused	to	the	GAL4	DNA	binding	domain	(BD).	Cloning	was	done	at	the	EcoI1	and	BamHI	

restriction	 sites.	 B)	Negative	 control	 plasmid	pGADT7-T	 encoding	 the	 SV40	 large	T	

antigen	 fused	 to	 the	 GAL4	 transcriptional	 activating	 domain	 (AD).	 Illustration	 was	

adapted	from	Clontech	Matchmaker™	Gold	Y2H	system	user	manual	(Cat.	No.	630489).	

aa:	amino	acid.	

B	

A	
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Table	10-2	 CCR3	receptor	sequence	

The	table	shows	the	nucleotide	sequence	encoding	the	human	CCR3	receptor	(1068	

bp)	and	shows	the	C-terminus	in	red	(162	bp)	used	to	clone	into	the	yeast	pGBKT7	bait	

plasmid,	which	was	the	region	of	interest	for	finding	novel	CCR3	binding	partners.	The	

complete	amino	acid	sequence	is	shown	(355	aa)	and	the	C-terminus	highlighted	in	red	

(53	aa).	Sequence	data	from	Human	CCDS	number:	CCDS2738.1.	aa:	amino	acid.	

CCR3		
(1068	bp);	

	
C-terminal		
(162	bp;	red)	

1                                                                 70                                                                                        
ATGACAACCT CACTAGATAC AGTTGAGACC TTTGGTACCA CATCCTACTA TGATGACGTG GGCCTGCTCT
71                                                          140
GTGAAAAAGC TGATACCAGA GCACTGATGG CCCAGTTTGT GCCCCCGCTG TACTCCCTGG TGTTCACTGT
141                                           210
GGGCCTCTTG GGCAATGTGG TGGTGGTGAT GATCCTCATA AAATACAGGA GGCTCCGAAT TATGACCAAC
211                                               280
ATCTACCTGC TCAACCTGGC CATTTCGGAC CTGCTCTTCC TCGTCACCCT TCCATTCTGG ATCCACTATG
281                                         350
TCAGGGGGCA TAACTGGGTT TTTGGCCATG GCATGTGTAA GCTCCTCTCA GGGTTTTATC ACACAGGCTT
351                                                    420
GTACAGCGAG ATCTTTTTCA TAATCCTGCT GACAATCGAC AGGTACCTGG CCATTGTCCA TGCTGTGTTT 
421   490
GCCCTTCGAG CCCGGACTGT CACTTTTGGT GTCATCACCA GCATCGTCAC CTGGGGCCTG GCAGTGCTAG
491                                                           560
CAGCTCTTCC TGAATTTATC TTCTATGAGA CTGAAGAGTT GTTTGAAGAG ACTCTTTGCA GTGCTCTTTA
561                                                          630
CCCAGAGGAT ACAGTATATA GCTGGAGGCA TTTCCACACT CTGAGAATGA CCATCTTCTG TCTCGTTCTC
631                                                          700
CCTCTGCTCG TTATGGCCAT CTGCTACACA GGAATCATCA AAACGCTGCT GAGGTGCCCC AGTAAAAAAA
701                                                          770
AGTACAAGGC CATCCGGCTC ATTTTTGTCA TCATGGCGGT GTTTTTCATT TTCTGGACAC CCTACAATGT
771                                                    840
GGCTATCCTT CTCTCTTCCT ATCAATCCAT CTTATTTGGA AATGACTGTG AGCGGAGCAA GCATCTGGAC 
841                                                    910
CTGGTCATGC TGGTGACAGA GGTGATCGCC TACTCCCACT GCTGCATGAA CCCGGTGATC TACGCCTTTG
911                                                               980
TTGGAGAGAG GTTCCGGAAG TACCTGCGCC ACTTCTTCCA CAGGCACTTG CTCATGCACC TGGGCAGATA
981                                                   1050
CATCCCATTC CTTCCTAGTG AGAAGCTGGA AAGAACCAGC TCTGTCTCTC CATCCACAGC AGAGCCGGAA
1051  
CTCTCTATTG TGTTTTAG

CCR3		
(a.a	355);		

	
C-terminal	
(a.a.	53;	red)	

   10         20         30         40         50        60         70 
MTTSLDTVET FGTTSYYDDV GLLCEKADTR ALMAQFVPPL YSLVFTVGLL GNVVVVMILI KYRRLRIMTN 
        80         90        100        110        120        130        140
IYLLNLAISD LLFLVTLPFW IHYVRGHNWV FGHGMCKLLS GFYHTGLYSE IFFIILLTID RYLAIVHAVF 
       150        160        170        180        190        200        210        
ALRARTVTFG VITSIVTWGL AVLAALPEFI FYETEELFEE TLCSALYPED TVYSWRHFHT LRMTIFCLVL 
       220        230        240        250        260        270        280 
PLLVMAICYT GIIKTLLRCP SKKKYKAIRL IFVIMAVFFI FWTPYNVAIL LSSYQSILFG NDCERSKHLD 
       290        300        310        320        330        340        350
LVMLVTEVIA YSHCCMNPVI YAFVGERFRK YLRHFFHRHL LMHLGRYIPF LPSEKLERTS SVSPSTAEPE 
       360
LSIVF 
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Figure	10-5	 	 Verification	of	pGBKT7-CCR3	bait	clone	generation	

A)	Illustration	of	the	C-terminus	of	CCR3	cloned	into	the	pGBKT7	bait	plasmid	at	the	

EcoRI	and	BamHI	restriction	sites,	upstream	of	the	GAL4	DNA	binding	domain,	giving	

the	pGBKT7-CCR3	plasmid.	B)	The	table	shows	clone	5	DNA	sequence	(black)	from	the	

maxi-prep	 culture	 aligned	 with	 the	 expected	 sequence	 alignment	 of	 the	 bait	 clone	

(pGBKT7-CCR3	-	green	and	red,	respectively).	Base	pairs	not	aligned	shown	in	purple.		

pGBKT7	
(7304	bp)	

Ka
nr
	

TRP1	

GAL4	BD	

CCR3	C-terminal	

pGBKT7-CCR3	
(7462	bp)	

Ka
nr
	

TRP1	

GAL4	BD	

CCR3	C-terminal	

	

pGBKT7-CCR3
Clone 5
Clone 6

pGBKT7-CCR3
Clone 5
Clone 6 

pGBKT7-CCR3
Clone 5
Clone 6 

	
	

pGBKT7-CCR3
Clone 5
Clone 6 

pGBKT7-CCR3
Clone 5
Clone 6 

	

                                                              
1   ATGGAGGAGCAGAAGCTGATCTCAGAGGAGGACCTGCATATGGCCATGGAGGCCGAATTCTTTGTTGGAG 70 
           AGACAGAGCTGATCTCAGAGGAGGACCTGCATATGGCCATGGAGGCCGAATTCTTTGTTGGAG
           AGACAGAGCTGATCTCAGAGGAGGACCTGCATATGGCCATGGAGGCCGAATTCTTTGTTGGAG

71  AGAGGTTCCGGAAGTACCTGCGCCACTTCTTCCACAGGCACTTGCTCATGCACCTGGGCAGATACATCCC 140 
    AGAGGTTCCGGAAGTACCTGCGCCACTTCTTCCACAGGCACTTGCTCATGCACCTGGGCAGATACATCCC 
    AGAGGTTCCGGAAGTACCTGCGCCACTTCTTCCACAGGCACTTGCTCATGCACCTGGGCAGATACATCCC 

141 ATTCCTTCCTAGTGAGAAGCTGGAAAGAACCAGCTCTGTCTCTCCATCCACAGCAGAGCCGGAACTCTCT 210
    ATTCCTTCCTAGTGAGAAGCTGGAAAGAACCAGCTCTGTCTCTCCATCCACAGCAGAGCCGGAACTCTCT 
    ATTCCTTCCTAGTGAGAAGCTGGAAAGAACCAGCTCTGTCTCTCCATCCACAGCAGAGCCGGAACTCTCT 

211 ATTGTGTTTTAGGGATCCGTCGACCTGCAGCGGCCGCATAACTAGCATAACCCCTTGGGGCCTCTAAACG 280
    ATTGTGTTTTAGGGATCCGTCGACCTGCAGCGGCCGCATAACTAGCATAACCCCTTGGGGCCTCTAAACG
    ATTGTGTTTTAGGGATCCGTCGACCTGCAGCGGCCGCATAACTAGCATAACCCCTTGGGGCCTCTAAACG

281 GGTCTTGAGGGGTTTTTTG
    GGTCTTGAGGGGTTTTTTG
    GGTCTTGAGGGGTTTTTTG

T7	Terminator		

CCR3	C-terminal	

CCR3	C-terminal	

Stop	BamH1	

Start	 c-Myc	epitope	tag	 EcoR1	 CCR3	C-terminal	

T7	Terminator		

B	

A	
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Table	10-3	 PCR	conditions	for	yeast	two-hybrid	and	library	system	

A)	 PCR	 conditions	 for	 cloning	 the	 CCR3	 C-terminus	 in-frame	 with	 the	 GAL4	 DNA	

binding	domain	(BD)	in	the	pGBKT7	plasmid.	B)	PCR	conditions	used	for	amplification	

of	L1.2	cDNA	by	long-distance	PCR	(LD-PCR).	C)	Conditions	used	for	yeast	colony	PCR	

to	amplify	the	L1.2	cDNA	inserts	from	the	library	screen.	All	reactions	were	performed	

in	a	thermal	cycler	(MJ	Research,	USA).	

Step		 Temp.	°C	 Time	 Cycles	

Initial	
denaturation	 95	 2	min	 1	

Denaturation	 95	 1	min	

27	Annealing	 60	 30	sec	

Extension	 72	 30	sec	

Final	
extension	 72	 10	min	 1	

Step		 Temp.	°C	 Time	 Cycles	

Initial	
denaturation	 95	 30	sec	 1	

Denaturation	 95	 10	sec	
20	

Annealing	 68	 6	min+5	

Extension	 68	 5	min	 1	

Step		 Temp.	°C	 Time	 Cycles	

Initial	
denaturation	 95	 3	min	 1	

Denaturation	 94	 45	sec	

30	Annealing	 65	 30	sec	

Extension	 72	 3	min	

Final	
extension	

72	 10	min	 1	

A	

B	

C	
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Table	10-4	 PCR	 primer	 sequences	 for	 the	 yeast	 two-hybrid	 and	 library	

construction	system	

Oligonucleotide	 sequences	 for	 all	 primers	 used	 to	 generate	 (primer	 bait	 PCR)	 and	

verify	(primer	T7)	the	bait	plasmid	and	construct	the	L1.2	cDNA	prey	library	(primers	

SMARTTM	III	and	CDSIII/6;	5’	and	3’	LD-PCR).	Yeast	colony	PCR	was	used	to	screen	and	

eliminate	duplicate	clones	from	the	yeast	two-hybrid	screen	(primers	5’	and	3’	AD-LD	

PCR).	N:	any	base	pairs	A,	G,	C	or	T.	

Primer	
Name	 Oligonucleotide	sequence	

Bait	PCR		
5’-	GAG	AGA	ATT	CTT	TGT	TGG	AGA	GAG	GTT	CCG	-	3’	
	
3’-	GAG	AGG	ATC	CCT	AAA	ACA	CAA	TAG	AGA	GTT	CCG	G	-	5’	

T7	primer	 5’	-	TAA	TAC	GAC	TCA	CTA	TAG	GGC	-	3’	

5’	LD-PCR	
	
3’	LD-PCR	

5’	-	TTC	CAC	CCA	AGC	AGT	GGT	ATC	AAC	GCA	GAG	TGG	-	3’	
	
5’	-	GTA	TCG	ATG	CCC	ACC	CTC	TAG	AGG	CCG	AGG	CGG	CCG	ACA	-	3’	

SMARTTM	III	
	
CDSIII/6		

5’	-	AAG	CAG	TGG	TAT	CAA	CGC	AGA	GTG	GCC	ATT	ATG	GCC	GGG	-	3’	
	
5’	-	AAT	CTA	GAG	GCC	GAG	GCG	GCC	GAC	ATG	-	NNNNNN	-	3’		

5’	AD-LD	PCR	
	
3’	AD-LD	PCR	

5’	–	CTA	TTC	GAT	GAT	GAA	GAT	ACC	CCA	CCA	AAC	CC	–	3’	
	
5’	–	GTG	AAC	TTG	CGG	GGT	TTT	TA	GTA	TCT	ACG	ATT	–	3’	
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Table	10-5	 Primer	sequences	and	PCR	conditions	for	cloning	the	full-length	

protein	of	potential	interactors	into	pGADT7	plasmid	

A)	Oligonucleotide	sequences	for	forward	and	reverse	primers	used	to	generate	the	

full-length	candidate	clone	(UBA52,	PCBP2	and	PFN-1)	into	the	pGADT7	plasmid.	B)	

PCR	conditions	 for	cloning	 the	 full-length	protein	sequence	 in-frame	with	 the	GAL4	

activation	domain	(AD)	in	the	pGADT7	plasmid.	

Step		 Temp.	°C	 Time	 Cycles	

Initial	
denaturation	 98	 30	sec	 1	

Denaturation	 98	 15	sec	
30	Annealing	 59	 30	sec	

Extension	 72	 1	min	
Final	
extension	

72	 10	min	 1	

A	

B	

Primer	
Name Oligonucleotide	sequence

Clone	36	–
Ubiquitin A-52	
(UBA52)

5’- TGG	CCA	TTA	TGG	CCC	CAG	ATC	TTC	GTG	AAG	ACC	CTG- 3’

3’- GAC	ATG	TTT	TTT	CCC	TTA	TTT	GAC	CTT	CTT	CTT	GGG	GC- 5’

Clone	42	–
Poly(rc) binding	
protein	2	(PCBP2)

5’	- TGG	CCA	TTA	TGG	CCC	GAC	ACC	GGT	GTG	ATT	GAA	GGT		- 3’

3’- GAC	ATG	TTT	TTT	CCC	CTA	GCT	GCT	CCC	CAT	GCC	AC- 5

Clone	45	–
Profilin 1	(PFN-1)

5’- TGG	CCA	TTA	TGG	CCC	GCC	GGG	TGG	AAC	GCC	TAC	- 3’

3’- GAC	ATG	TTT	TTT	CCC	TCA	GTA	CTG	GGA	ACG	CCG	CA- 5’
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Figure	10-6		 Verification	 of	 CCR3	 receptor	 expression	 and	 function	 in	 L1.2	

cells	

Successful	 verification	 of	 CCR3	 receptor	 expression	 in	 L1.2	 cells	 and	 functional	

response	to	CCL11	ligand	were	assessed	using	flow	cytometry	and	chemotaxis	assay,	

respectively.	A)	Flow	cytometry	histogram	showing	L1.2	cells	transiently	transfected	

with	CCR3.	Primary	staining	was	performed	using	IgG2a	isotype	control	(grey)	and	rat	

anti-CCR3	mAb	 (red).	 Secondary	 staining	 was	 performed	 using	 an	 RPE-conjugated	

antibody.	 B)	 L1.2	 cells	 transiently	 expressing	 CCR3	 were	 assessed	 by	 a	 modified	

Boyden	chamber	for	their	chemotactic	responses	towards	increasing	concentrations	

of	CCL11.	Data	 shown	are	 from	a	 typical	 experiment	 and	are	 representative	of	 two	

independent	experiments.		
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Table	10-6	 CCR4	receptor	sequence	

The	table	shows	the	full	nucleotide	sequence	of	the	human	CCR4	receptor	(1083	bp)	

and	shows	the	C-terminus	region	in	red	(168	bp)	used	to	clone	into	the	yeast	pB66	bait	

plasmid,	which	was	the	region	of	interest	for	finding	novel	CCR4	binding	partners.	The	

complete	amino	acid	sequence	is	shown	(360	aa)	and	the	C-terminus	shown	in	red	(55	

aa).	aa:	amino	acid.

CCR4		
(1083	bp);	

	
C-terminal		
(168	bp;	red)	

1                                                                 70                                                                                        
ATGAACCCCA CGGATATAGC AGACACCACC CTCGATGAAA GCATATACAG CAATTACTAT CTGTATGAAA 
71                                                          140
GTATCCCCAA GCCTTGCACC AAAGAAGGCA TCAAGGCATT TGGGGAGCTC TTCCTGCCCC CACTGTATTC
141                                           210
CTTGGTTTTT GTATTTGGTC TGCTTGGAAA TTCTGTGGTG GTTCTGGTCC TGTTCAAATA CAAGCGGCTC
211                                               280
AGGTCCATGA CTGATGTGTA CCTGCTCAAC CTTGCCATCT CGGATCTGCT CTTCGTGTTT TCCCTCCCTT
281                                         350
TTTGGGGCTA CTATGCAGCA GACCAGTGGG TTTTTGGGCT AGGTCTGTGC AAGATGATTT CCTGGATGTA
351                                                    420
CTTGGTGGGC TTTTACAGTG GCATATTCTT TGTCATGCTC ATGAGCATTG ATAGATACCT GGCAATTGTG 
421   490
CACGCGGTGT TTTCCTTGAG GGCAAGGACC TTGACTTATG GGGTCATCAC CAGTTTGGCT ACATGGTCAG
491                                                           560
TGGCTGTGTT CGCCTCCCTT CCTGGCTTTC TGTTCAGCAC TTGTTATACT GAGCGCAACC ATACCTACTG
561                                                          630
CAAAACCAAG TACTCTCTCA ACTCCACGAC GTGGAAGGTT CTCAGCTCCC TGGAAATCAA CATTCTCGGA
631                                                          700
TTGGTGATCC CCTTAGGGAT CATGCTGTTT TGCTACTCCA TGATCATCAG GACCTTGCAG CATTGTAAAA
701                                                          770
ATGAGAAGAA GAACAAGGCG GTGAAGATGA TCTTTGCCGT GGTGGTCCTC TTCCTTGGGT TCTGGACACC
771                                                    840
TTACAACATA GTGCTCTTCC TAGAGACCCT GGTGGAGCTA GAAGTCCTTC AGGACTGCAC CTTTGAAAGA
841                                                    910
TACTTGGACT ATGCCATCCA GGCCACAGAA ACTCTGGCTT TTGTTCACTG CTGCCTTAAT CCCATCATCT
911                                                               980
ACTTTTTTCT GGGGGAGAAA TTTCGCAAGT ACATCCTACA GCTCTTCAAA ACCTGCAGGG GCCTTTTTGT
981                                                   1050
GCTCTGCCAA TACTGTGGGC TCCTCCAAAT TTACTCTGCT GACACCCCCA GCTCATCTTA CACGCAGTCC
1051  
ACCATGGATC ATGATCTCCA TGATGCTCTG TAG

CCR4		
(a.a	360);		

	
C-terminal	
(a.a.	55;	red)	

   10         20         30         40         50        60         70 
MNPTDIADTT LDESIYSNYY LYESIPKPCT KEGIKAFGEL FLPPLYSLVF VFGLLGNSVV VLVLFKYKRL 
        80         90        100        110        120        130        140
RSMTDVYLLN LAISDLLFVF SLPFWGYYAA DQWVFGLGLC KMISWMYLVG FYSGIFFVML MSIDRYLAIV 
       150        160        170        180        190        200        210
HAVFSLRART LTYGVITSLA TWSVAVFASL PGFLFSTCYT ERNHTYCKTK YSLNSTTWKV LSSLEINILG         
       220        230        240        250        260        270        280 
LVIPLGIMLF CYSMIIRTLQ HCKNEKKNKA VKMIFAVVVL FLGFWTPYNI VLFLETLVEL EVLQDCTFER
       290        300        310        320        330        340        350
YLDYAIQATE TLAFVHCCLN PIIYFFLGEK FRKYILQLFK TCRGLFVLCQ YCGLLQIYSA DTPSSSYTQS 
       360
TMDHDLHDAL
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FBXL5		
(2076bp)	

	

1                                                                 70                                                                                        
ATGGCGCCCT TTCCTGAAGA AGTGGACGTC TTCACCGCCC CACACTGGCG GATGAAGCAG CTGGTGGGGC 
71                                                         140
TCTACTGCGA CAAGCTTTCT AAAACCAATT TTTCCAACAA CAACGATTTC CGTGCTCTTC TGCAGTCTTT
141                                           210
GTATGCTACT TTCAAGGAGT TCAAAATGCA TGAGCAGATT GAAAATGAAT ACATTATTGG TTTGCTTCAA
211                                              280 
CAACGCAGCC AGACCATTTA TAATGTACAT TCTGACAATA AACTCTCCGA GATGCTTAGC CTCTTTGAAA
281                                         350
AGGGACTGAA GAATGTTAAG AATGAATATG AACAGTTAAA TTATGCAAAA CAACTGAAAG AGAGATTGGA
351                                                    420
GGCTTTTACA AGAGATTTTC TTCCTCACAT GAAAGAGGAA GAGGAGGTTT TTCAGCCCAT GTTAATGGAA
421   490
TATTTTACCT ATGAAGAGCT TAAGGATATT AAAAAGAAAG TGATTGCACA ACACTGCTCT CAGAAGGATA
491                                                          560
CTGCAGAACT CCTTAGAGGT CTTAGCCTAT GGAATCATGC TGAAGAGCGA CAGAAGTTTT TTAAATATTC
561                                                         603
CGTGGATGAA AAGTCAGATA AAGAAGCAGA AGTGTCAGAA CACTCCACAG GTATAACCCA TCTTCCTCCT
631                                                         700
GAGGTAATGC TGTCAATTTT CAGCTATCTT AATCCTCAAG AGTTATGTCG ATGCAGTCAA GTAAGCATGA
701                                                         770
AATGGTCTCA GCTGACAAAA ACGGGATCGC TTTGGAAACA TCTTTACCCT GTTCATTGGG CCAGAGGTGA
771                                                    840
CTGGTATAGT GGTCCCGCAA CTGAACTTGA TACTGAACCT GATGATGAAT GGGTGAAAAA TAGGAAAGAT
841                                                    910
GAAAGTCGTG CTTTTCATGA GTGGGATGAA GATGCTGACA TTGATGAATC TGAAGAGTCT GCGGAGGAAT
911                                                              980
CAATTGCTAT CAGCATTGCA CAAATGGAAA AACGTTTACT CCATGGCTTA ATTCATAACG TTCTACCATA
981                                                   1050
TGTTGGTACT TCTGTAAAAA CCTTAGTATT AGCATACAGC TCTGCAGTTT CCAGCAAAAT GGTTAGGCAG
1051  1120
ATTTTAGAGC TTTGTCCTAA CCTGGAGCAT CTGGATCTTA CCCAGACTGA CATTTCAGAT TCTGCATTTG
1121  1190
ACAGTTGGTC TTGGCTTGGT TGCTGCCAGA GTCTTCGGCA TCTTGATCTG TCTGGTTGTG AGAAAATCAC
1191  1260
AGATGTGGCC CTAGAGAAGA TTTCCAGAGC TCTTGGAATT CTGACATCTC ATCAAAGTGG CTTTTTGAAA
1261  1330
ACATCTACAA GCAAAATTAC TTCAACTGCG TGGAAAAATA AAGACATTAC CATGCAGTCC ACCAAGCAGT
1331  1400
ATGCCTGTTT GCACGATTTA ACTAACAAGG GCATTGGAGA AGAAATAGAT AATGAACACC CCTGGACTAA
1401  1470
GCCTGTTTCT TCTGAGAATT TCACTTCTCC TTATGTGTGG ATGTTAGATG CTGAAGATTT GGCTGATATT
1471  1540
GAAGATACTG TGGAATGGAG ACATAGAAAT GTTGAAAGTC TTTGTGTAAT GGAAACAGCA TCCAACTTTA
1541  1610
GTTGTTCCAC CTCTGGTTGT TTTAGTAAGG ACATTGTTGG ACTAAGGACT AGTGTCTGTT GGCAGCAGCA
1611  1680
TTGTGCTTCT CCAGCCTTTG CGTATTGTGG TCACTCATTT TGTTGTACAG GAACAGCTTT AAGAACTATG
1681  1750
TCATCACTCC CAGAATCTTC TGCAATGTGT AGAAAAGCAG CAAGGACTAG ATTGCCTAGG GGAAAAGACT
1751  1820
TAATTTACTT TGGGAGTGAA AAATCTGATC AAGAGACTGG ACGTGTACTT CTGTTTCTCA GTTTATCTGG
1821  1890
ATGTTATCAG ATCACAGACC ATGGTCTCAG GGTTTTGACT CTGGGAGGAG GGCTGCCTTA TTTGGAGCAC
1891  1960
CTTAATCTCT CTGGTTGTCT TACTATAACT GGTGCAGGCC TGCAGGATTT GGTTTCAGCA TGTCCTTCTC
1961  2030
TGAATGATGA ATACTTTTAC TACTGTGACA ACATTAACGG TCCTCATGCT GATACCGCCA GTGGATGCCA
2031
GAATTTGCAG TGTGGTTTTC GAGCCTGCTG CCGCTCTGGC GAATGA

FBXL5		
(a.a	691)	

  10         20         30         40         50         60         70 
MAPFPEEVDV FTAPHWRMKQ LVGLYCDKLS KTNFSNNNDF RALLQSLYAT FKEFKMHEQI ENEYIIGLLQ

  80         90        100        110        120        130        140
QRSQTIYNVH SDNKLSEMLS LFEKGLKNVK NEYEQLNYAK QLKERLEAFT RDFLPHMKEE EEVFQPMLME

 150        160        170        180        190        200        210
YFTYEELKDI KKKVIAQHCS QKDTAELLRG LSLWNHAEER QKFFKYSVDE KSDKEAEVSE HSTGITHLPP

 220        230        240        250        260        270        280
EVMLSIFSYL NPQELCRCSQ VSMKWSQLTK TGSLWKHLYP VHWARGDWYS GPATELDTEP DDEWVKNRKD

 290        300        310        320        330        340        350
ESRAFHEWDE DADIDESEES AEESIAISIA QMEKRLLHGL IHNVLPYVGT SVKTLVLAYS SAVSSKMVRQ

 360        370        380        390        400        410        420
ILELCPNLEH LDLTQTDISD SAFDSWSWLG CCQSLRHLDL SGCEKITDVA LEKISRALGI LTSHQSGFLK
       430        440        450        460        470        480        490
TSTSKITSTA WKNKDITMQS TKQYACLHDL TNKGIGEEID NEHPWTKPVS SENFTSPYVW MLDAEDLADI
       500        510        520        530       540         550        560 
EDTVEWRHRN VESLCVMETA SNFSCSTSGC FSKDIVGLRT SVCWQQHCAS PAFAYCGHSF CCTGTALRTM
       570        580        590        600        610        620        630
SSLPESSAMC RKAARTRLPR GKDLIYFGSE KSDQETGRVL LFLSLSGCYQ ITDHGLRVLT LGGGLPYLEH

  640        650        660        670        680        690        
LNLSGCLTIT GAGLQDLVSA CPSLNDEYFY YCDNINGPHA DTASGCQNLQ CGFRACCRSG E
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Table	10-7	 Human	FBXL5	sequence	

The	table	shows	the	full	nucleotide	sequence	of	the	human	FBXL5	protein	(2076	bp),	

which	was	the	novel	prey	protein	discovered	from	the	yeast	two-hybrid	screen	using	

CCR4	C-terminus	as	the	bait	protein.	The	complete	amino	acid	sequence	is	shown	(691	

amino	acids).	Sequence	data	from	Human	CCDS	number:	CCDS2656.1.	
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Table	10-8	 ULTImateTM	yeast	two-hybrid	clone	results		

Table	 showing	 results	 from	 the	 HLAM	 cDNA	 library	 screening	 with	 the	 CCR4	 C-

terminus.	 Potential	 interacting	 clones	 were	 ranked,	 using	 the	 Hybrigenics	 Global	

Predicted	Biological	Score	(PBS®)	ranking	method	(Rain	et	al.,	2001).	Data	from	Y2H	

screen	outsourced	to	Hybrigenics.	(Paris,	France.	Experiments	funded	by	GSK	as	part	

of	my	PhD).	PBS®	score	D:	moderate	confidence	in	interaction.			

Clone	name In	Frame Gene	Name PBS®

pB27_A-5 Y Homo	sapiens	– EXOG D

pB66_A-185 Y Homo	sapiens	– MTOR D

pB66_A-5 Y Homo	sapiens	– PML D

pB27_A-14 Y Homo	sapiens	– SETD5 D

pB27_A-182 Y Homo	sapiens	– SMURF1 D

pB66_A-264 Y Homo	sapiens	– SRC D

pB27_A-29 Y Homo	sapiens	– TRANK-1 D

pB27_A-33 Y Homo	sapiens	– ZNF276 D
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Figure	10-7	 FBXL5-GFP	tagged	plasmid	map	

The	 full-length	 human	 F-box	 and	 leucine-rich	 protein	 5	 (FBXL5)	 was	 cloned	 into	

pCMV6-AC-GFP	 (Origene,	 Maryland,	 USA)	 vector	 at	 the	 Sgf1	 and	Mlu1	 restriction	

cloning	 sites.	 Features	of	 the	plasmid	 include:	T7	promoter,	GFP	 tag	 and	ampicillin	

antibiotic	 resistance	 gene.	 Illustration	 adapted	 from	 Origene	 catalogue	 number	

RG216550.	
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Figure	10-8	 FBXL5-Myc/DDK	tagged	plasmid	map	

The	 full-length	 human	 F-box	 and	 leucine-rich	 protein	 5	 (FBXL5)	 was	 cloned	 into	

pCMV6-Entry	(Origene,	Maryland,	USA)	vector	at	the	Sgf1	and	Mlu1	restriction	cloning	

sites.	Features	of	the	plasmid	include:	T7	promoter,	Myc	and	DDK	tag	and	Kanamycin	

and	Neomycin	antibiotic	resistance	gene.	Illustration	adapted	from	Origene	catalogue	

number	RC216550.	
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Figure	10-9	 The	 three	 eotaxins	 elicit	 dose-dependent	 migration	 of	

eosinophils		

Real-time	 imaging	 used	 to	 measure	 the	 migration	 of	 eosinophils	 over	 a	 260μm	

distance,	 over	 a	 90-minute	 period	 for	 each	 ligand	 (CCL11,	 CCL24	 and	 CCL26)	 at	

increasing	 concentrations	 (0.05μM,	 0.5μM	 and	 5μM),	 using	 TAXIScanTM	 technology.	

Histogram	showing	the	total	number	of	cells	passing	the	finish	line,	“finishers”	plotted.	

Data	from	individual	tracked	cells	pooled	from	two	independent	experiments.	
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It	always	seems	impossible,	until	it	is	done.	

	

Nelson	Mandela	


