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Abstract 
 
Chemokine receptors play a key role in the inflammatory response, facilitating immune cell 

migration and recruitment via G-protein-mediated signalling triggered by chemokine 

recognition. Despite the immunogenic role that the CC chemokine receptor CCR5 plays in 

signal transduction, CCR5 has been implicated in the pathogenesis of a range of diseases, 

notably acting as a key facilitator of the HIV-1 lifecycle. In addition, the CCR5-CCL5 

chemotactic axis has been implicated in the formation of pro-tumorigenic 

microenvironments. Therapeutic targeting of CCR5 has seen the development of successful 

HIV-1 therapeutics considered for repurpose in cancer treatment. However, the advent of 

resistant HIV-1 strains necessitates our continued understanding of CCR5 behaviour and its 

interaction with binding partners. With several conformational pools being reported and little 

known of individual receptor characteristics, phenotypic investigations would benefit from 

advanced biophysical techniques capable of probing the receptor on a super-resolved and 

single-molecule level.  

Structured illumination microscopy was used to visualise the super-resolved spatial 

distribution of CCR5 in adherent cells, revealing non-randomly distributed CCR5-enriched 

puncta across the membrane. Investigations employing a novel cell-line and imaging 

technique, tailored to the single-molecule investigation of adherent cells, revealed the 

number of constituent receptors within individual puncta, indicating the presence of dimeric 

CCR5 sub-units.  

Extension of these techniques to the study of CCL5, alongside the HIV-1 therapeutic 

Maraviroc and alternative prospective therapeutics, allowed the visualisation of CCL5 cell-

association and ligand-induced effects on CCR5 presentation. Thereby affording insights 

into CCL5-induced internalisation and the interference of CCR5-targetting therapeutics on 

this process. These investigations provided evidence suggesting the CCL5-induced 

reorganisation of CCR5 assemblies coinciding with internalisation and the non-interference 

of Maraviroc on redistribution despite its demonstrable antagonistic effect. Finally, this thesis 

presents findings from the attempted development of alternative CCR5-expressing cell lines 

tailored to assays of increased complexity and biological relevance. 
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1. Introduction 

1.1. Background immunology  

1.1.1. The immune system 

Living organisms are capable of surviving in an environment that contains a threat of 

exposure to a wide range of pathogens that can cause harm. This survival is dependent on a 

given organism's ability to defend against constant exposure to pathogens. This defence 

exists within all animals in its most primitive form, however complex vertebrates exhibit a 

more advanced system of immunity. This complex immune system can be described as a 

network of cells, chemicals and processes, which orchestrate the protection of the body 

against foreign substances, such as toxins, microbes and cancerous cells. The mammalian 

immune system is a multilayered system comprising three main defence mechanisms. The 

first line of defence consists of both physical and chemical barriers such as the skin, 

mucosal membranes and stomach acids blocking the entry of pathogens into the body. 

Beyond these preventative barriers, the body is thought to exhibit two further lines of 

defence, the innate and adaptive immune responses2,3.  

1.1.2. The innate immune response 

The distinction between the early stage innate response and its later stage adaptive 

response can be characterised by the difference in their ability to recognise antigens and the 

timeline over which they perform their functions. The innate immune response comprises 

non-specific (antigen-independent) processes that serve to provide rapid defence against 

any pathogens. Although this system can respond immediately to threat, it lacks any 

immunological ‘memory’ and is unable to execute a learning process that may aid future 

defence against a given pathogen should it be encountered again. The cells involved in the 

innate immune system comprise tissue resident cells such as macrophages and dendritic 

cells, as well as circulating cells such as monocytes and neutrophils. Cells of the innate 

immune system use phagocytosis to engulf and destroy pathogens using stored digestive 

enzymes and reactive oxygen species produced within the cell4,5. These cells can recognise 

pathogens through cell receptors known as pattern-recognition receptors (PRRs) which can 

interact with pathogen-associated molecular patterns (PAMPs), a series of molecular 

structures common to a set of pathogens, such as bacterial cell wall components6. Innate 

immunity forms the basis of the inflammatory response in which phagocytic cells are 

recruited rapidly to a site of infection. This process is dependent on the ability of non-
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lymphoid cells such as macrophages to recognise pathogens and in response secrete small 

proteins known as chemokines that serve to direct the migration of circulating phagocytes to 

the site of infection. The phagocytic nature of the innate immune response not only provides 

the clearance of pathogens, dead cells and antibody complexes within the body, it also 

serves to activate the adaptive immune response through the facilitation of antigen-

presenting cell (APC) activation and mobilisation, whereby phagocytic macrophages and 

dendritic cells, upon activation, are able to inform cells of the adaptive immune response2. 

1.1.3. The adaptive immune response 

Despite the efficacy of the innate immunity to carry out a rapid response to pathogens, 

complexity within the life cycle of many pathogens necessitates a more sophisticated 

response that displays specificity to a wider range of pathogenic markers and an 

immunological ‘memory’ that aids in the response to repeated exposure to the same 

pathogen. Many pathogens display a high mutation rate that allow evasion from the limited 

range of PRRs expressed by cells of the innate immune response. Further, intracellular 

replication of certain pathogens limits the utility of PRR-mediated detection7. Heightened 

response to pathogens is provided by the adaptive immune response, with the principal cells 

of this response being a class of white blood cells produce in the bone marrow known as 

lymphocytes, including T-cells activated by APCs and B cells which, upon activation, 

differentiate into plasma cells to facilitate the production of antibodies8.  

 

Antibodies constitute a set of proteins which display an exceptional level of diversity, with 

each member possessing a distinctive binding site for a complementary antigen. Individual 

B-cells express copies of a unique antibody in the form of a cell surface B-cell receptor 

(BCR) with the innate ability to recognise a single antigenic molecule9. In the event of 

stimulation of a given B-cell by its complementary antigen, differentiation and division of the 

cell into plasma cells and memory B cells occurs. Activated plasma cells can return to the 

bone marrow to produce large amounts of the corresponding antibody into the bloodstream, 

these circulating antibodies can coat the pathogen, preventing their movement and subject 

the pathogen to the complement system which in turn attracts phagocytic cells. Unlike 

plasma cells, which undergo apoptosis upon elimination of the inciting pathogen, memory B 

cells survive long after infection and can produce a rapid antibody response upon re-

exposure to the pathogen10.   

 

Although providing a highly specific and long-lived response to a wide range of pathogens, 

the antibody-mediated immune response lacks the ability to effectively manage intracellularly 
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replicating pathogens such as viruses due to the inability of large antibody proteins to cross 

the plasma membrane3. In such cases, the adaptive immune response relies on the cell-

mediated immune response characterised by the interaction of T-cells and APCs. T-cells 

express antigen-binding receptors on their surface, known as the T-cell receptor (TCR). T-

cell antigen recognition is facilitated by APCs major histocompatibility complex (MHC) 

molecules. These complexes exist in two distinct classes, the first of which Class I MHC are 

expressed on all nucleated cells and serve to present endogenous peptides either from self 

or from internal pathogens. Class II MHC molecules, however, are expressed on the surface 

of APCs and serve to present exogenous antigen fragments often associated with 

pathogens taken up by phagocytosis8. TCR activation by an antigen loaded MHC complex 

and formation of an immunological synapse11,12 leads to T-cell activation and/or 

differentiation to perform a range of tasks. CD8+ T-cells (cytotoxic) recognise MHC I 

complexes, killing infected and cancerous cells, while CD4+ T cells perform effector functions 

(T-helper or Th cells), maximising the immune response through the recruitment and 

direction of a range of other immune cells via the release of cytokines. Both CD8+ and CD4+ 

T cells can modulate the host response to prevent overzealous inflammation, such as that 

seen in autoimmune disorders, via a subset of T regulatory cells (Tregs)13. Adaptive immune 

cells can differentiate into memory cells to facilitate the response to repeated infection2,3,8. 

1.1.4. Signalling in immunity  

Both the innate and adaptive immune responses rely on the spatiotemporal control of 

immune cells both within the lymphoid organs, such as the bone marrow and thymus, as well 

as in the peripheral tissues. Communication between immune cells is generally controlled 

through their interaction with inflammatory mediators. These constitute a wide range of 

molecules such as small proteins, lipids and peptides that induce and regulate immune cell 

response, migration, positioning and cell-cell interactions. The primary intercellular 

messengers within the immune response are a wide range of small proteins known as 

cytokines. Produced by all nucleated cells, cytokines facilitate the orchestration of immune 

cells into an effective immune response through their interaction with cytokine-specific 

receptors on cell surfaces. The migration of immune cells within the body is controlled mainly 

by a subset of cytokines known as chemokines (chemotactic cytokines). The release of 

chemokines can be induced at the site of infection during an active immune response to 

promote the recruitment of immune cells to the site. Further, chemokines play a homeostatic 

role in the migration of cells during tissue development, lymphocyte trafficking and immune 

surveillance. Chemokines are distinguished from other cytokines by the presence of 

conserved cysteine residue motifs that form disulfide bonds in the protein14. In general, these 
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soluble extracellular cellular proteins interact with immune cells via a chemotactic branch of 

the family of transmembrane proteins known as G-protein coupled receptors (GPCRs) 

which, upon activation, can induce a pro migratory response via intracellular signalling 

cascades15. However, a second group of chemokine receptors known as atypical chemokine 

receptors also play a role in the downregulation of the inflammatory response through 

chemokine scavenging in a G-protein independent manner16. 

1.2. GPCRs and chemokine receptors 

1.2.1. G-protein coupled receptors  

GPCRs are proteins embedded in the membrane of eukaryotic cells that serve to transduce 

chemical signals into the cell from the surrounding extracellular environment. This family of 

proteins forms the largest group of human membrane proteins with roughly 800 members 

being described17. Common features of this family of proteins include a 7-transmembrane 

structure that facilitates the transduction of signals, originating from external stimuli, through 

the plasma membrane, thereby allowing a subsequent intracellular signalling cascade to 

occur. Signal transduction depends on the ability of the transmembrane structure to undergo 

a major conformational reorganisation upon ligand binding. Through the rearrangement of 

the transmembrane helices, namely the 6th transmembrane helix (TM6), ligand induced 

reorganisation facilitates the exposure of an intracellular binding pocket favouring the 

membrane-resident G proteins that lend this family of receptors its name. Through this 

mechanism, this family of proteins can recognise a plethora of molecules ranging from 

chemokines to small hormones17–20. 

1.2.2. G protein activation 

Prior to GPCR mediated activation, G-proteins exist at steady state as a heterotrimer 

consisting of three sub-units, Gα, Gβ and Gγ. The formation of this heterotrimer requires the 

binding of energy transfer protein guanosine diphosphate (GDP) to the sub-unit Gα which 

allows this complex to bind with a dimer formed between Gβ and Gγ sub-units. Inactive 

Gαβγ heterotrimers reside on the intracellular side of the plasma membrane, anchored by 

the Gγ sub-unit via a fatty acid chain inserted in the membrane and may or may not be pre-

coupled with a GPCR. Upon ligand-induced activation of the GPCR, the conformational 

changes within the GPCR facilitate binding with Gαβγ, instigating a loss of GDP on the Gα 

sub-unit. Due to the high concentration of guanosine triphosphate (GTP) found within cells, 

binding of GTP to the now nucleotide-free Gαβγ occurs rapidly. GTP binding facilitates a 
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conformational change to the Gα, which in turn results in the dissociation of the GTP-bound 

Gα sub-unit and the Gβγ dimer. These two complexes represent the active forms of the G-

protein sub-units, with each capable of enacting distinct signalling cascades. GTP-bound Gα 

sub-units target effector enzymes such as adenylyl cyclases and phospholipase C, whereas 

Gβγ sub-units can additionally serve to activate and regulate ion channels and kinases18,21–

23. 

 

1.2.3. G protein and GPCR regulation 

The ability of Gα to act as a GTPase allows activated Gα sub-units to eventually hydrolyse 

their bound GTP to GDP. Upon hydrolysis, the now inactive Gα can bind to a Gβγ dimer to 

reform the inactive Gαβγ heterotrimer. This activation cycle can be regulated through the 

presence of GTPase-activating proteins (GAPs) which serve to increase GTP hydrolysis and 

thereby moderate GPCR related signalling24. Repeated activation of a GPCR by ligand 

stimulation results in further activation of G proteins, however after a period of sustained 

activation, GPCRs eventually undergo phosphorylation by receptor kinases, followed by 

inactivation via the binding of the GPCR adaptor protein β-arrestin. As well as halting further 

interaction of the GPCR with G proteins, β-arrestin serves to facilitate the navigation of these 

GPCRs to sites of internalisation, which for a large number of receptors are clathrin-coated 

pits mediating endocytosis leading to later recycling or degradation of these GPCRs18,25,26. 

1.2.4. GPCR ligands 

GPCR-facilitated signal transduction across the plasma membrane can access many distinct 

downstream signalling pathways via G proteins, however the specificity of this response is 

fundamentally controlled by the individual ligand able to activate a GPCR, also known as an 

agonist18. In addition to agonistic ligand activators of GPCRs, antagonistic ligands can 

interfere or regulate the signalling activity of GPCRs. Antagonists can prevent the binding of 

agonistic ligands either through the occupation of the GPCR binding site (inverse agonists) 

or by affecting conformational changes within the GPCR through allosteric binding27,28. 

1.2.5. Chemokine receptors  

Although sharing the same transmembrane structure and G-protein dependent signalling 

activity, the GPCR family of receptors displays a large range of diversity associated with a 

wide spectrum of utility within the body. One subset of the GPCR family, for which this study 

focuses, is that of the aforementioned chemokine receptors. The primary function of these 

receptors is to facilitate the recruitment and migration of immune cells. This is achieved via 

the recognition of small protein chemoattractants known as chemokines, which act as 
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agonist ligands for G-protein activation. Chemokine receptors are classified into four distinct 

groups according to the class of chemokines with which they interact. Chemokines 

themselves are distinguished from within the wider class of cytokines by the presence of 

conserved N-terminal cysteine residue motifs with most displaying four invariant cysteine 

residues, with the arrangement of the first two residues dictating the subfamily to which the 

chemokine belongs, CXC, CC, XC and CX3C. At least 19 conventional G protein coupled 

chemokine receptors exist within the four classes, with seven CXC, ten CC, one XC and one 

CX3C associated receptors being so far identified14,29–31. The pro-migratory role of 

chemokine receptors within the innate inflammatory response is vital and relies on the 

release of chemokines by both immune and non-immune cells. Upon recognition of PAMPs, 

patrolling immune cells, such as monocytes, secrete chemokines32. The release of 

chemokines at the site of infection establishes a chemokine gradient capable of guiding 

immune cell movement. The activation of chemokine receptors by secreted chemokines 

induces polarisation of the cell and the subsequent alignment of chemokine receptors 

towards the cell leading edge, allowing directed cell migration along the chemokine gradient 

to the site of chemokine production, thereby resulting in the recruitment of immune cells to 

the site of infection32. 

 

The role of chemokine receptors within the immune response is not limited to the innate 

response however, antigen presenting dendritic cells can be directed to lymphoid tissues via 

chemokine receptors CXC chemokine receptor 4 (CXCR4) and CC chemokine receptor 7 

(CCR7) upon which they can attract naive T-cells as part of the adaptive immune 

response33. T-cells are attracted to these antigen presenting cells via the interaction between 

the CC chemokine receptor 5 (CCR5) and its agonist ligands chemokine (CC motif) ligand 3 

(CCL3), chemokine (CC motif) ligand 4 (CCL4) and chemokine (CC motif) ligand 5 

(CCL5/RANTES), upon which, in the case of naive CD4+ T-cells, they can be activated to 

form Th cells.  

 

In addition to mediating the activation of immune cells, chemokines are also known to play a 

large homeostatic role in both immune and non-immune cells. For example, the proliferation 

of progenitor cells and the maturation of innate immune cells is in part governed by 

chemokine receptor signalling34. Further, the maturation and migration of adaptive immune 

cells to secondary lymphoid tissues is governed by chemokine signalling, such as the 

migration of T-cells to the thymus via CCR7 and CC chemokine receptor 9 (CCR9) signalling 

and subsequent migration to lymph nodes35. 
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1.3. Chemokine receptor CCR5 

1.3.1. CCR5 structure 

This thesis focuses on the chemokine receptor CCR5, which is expressed primarily on 

leukocytes from the human immune system, facilitating cellular migration and activation36. 

The 2D and 3D structure of CCR5 is demonstrated in Figure 1-1 a,b. As with other CC 

chemokine receptors, such as CC chemokine receptor 2 (CCR2) with which CCR5 shares a 

71% sequence identity, CCR5 binds with chemokines that exhibit two adjacent cysteines at 

their N termini37,38. Chemokine receptors in general undergo post-translational modifications 

that impact their tertiary structure and subsequently their binding ability. During post-

translational modification, CCR5 undergoes palmitoylation of specific cysteine residues on 

its C-terminal tail (on residues 321, 323 and 324) which is theorised to reduce the tail 

flexibility via the formation of a fourth intracellular loop39,40. The palmitoylation of these three 

residues has been found to greatly affect the function of CCR5 in both its trafficking to and 

from the plasma membrane and its ability to mediate signalling39. As with other chemokine 

receptors, the recognition of chemokines by CCR5 happens extracellularly and is thought to 

be a two-step process involving interaction of the N terminus, extracellular loops and 

transmembrane domains. The Initial chemokine recognition site is thought to be formed 

between the chemokine core and the N terminus and 2nd extracellular loop (ECL2) of 

CCR541. Upon core binding, the chemokine N-terminus can bind the secondary recognition 

site within the transmembrane helix bundle42–44. The stability of the receptor into a 

conformation conducive with chemokine binding is thought to be influenced by the presence 

of a disulfide bridge formed between cysteine residues on the N-terminus and the 3rd 

extracellular loop (ECL3)37.  Alternative binding partners such as small molecule antagonists 

may access CCR5 independently of the receptor N terminus through interaction with the 

major binding pocket, consisting of 3rd, 4th, and 6th transmembrane helices (TM3, TM4, TM5 

and TM6), and the minor binding pocket, consisting of 1st, 2nd, 3rd and 7th transmembrane 

helices (TM1, TM2, TM3 and TM7), thereby allowing allosteric antagonism45. Like CCR2, 

CCR5 is a promiscuous receptor that can bind with multiple different chemokines. In 

contrast, alternate chemokine receptors, such as CXCR4, display a higher specificity and 

bind a single primary chemokine. Differences in promiscuity may be partially explained using 

structural comparisons of the receptors, with previous studies demonstrating a shift in the 

position of both the N-terminus and ECL2 that result in partial coverage of the binding pocket 

in CXCR4 when compared with CCR546. 
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Figure 1-1: Demonstration of the 2D and 3D structure of CCR5. a) Illustration of the 2D structure 

of CCR5, highlighting the 7 transmembrane helices, N and C termini and all extracellular loops (ECL) 

and intracellular loops (ICL). In particular, the extracellular N terminus acts as the primary binding site 

for the fluorescent tags employed in this study. Further, the initial chemokine recognition site is formed 

between the N-terminus and 2nd extracellular loop (ECL2). This Illustration is based on diagrams and 

data from previous studies47,48. b) 3D structure of two CCR5-rubredoxin fusions, each bound to the 

small-molecule reversible CCR5 antagonist Maraviroc, determined using X-ray diffraction. CCR5 is 

coloured blue, rubredoxin is coloured light cyan, Maraviroc is represented as orange spheres, zinc 

ions are represented as grey spheres and disulfide bonds are represented as yellow sticks. 

Transmembrane helices are denoted using numerals I-VII (VIII denotes a short α helix observed in the 

C-terminus of the receptor). The presence of both rubredoxin and Maraviroc aid in the crystallographic 

determination of receptor structure, with rubredoxin facilitating crystalisation and Maraviroc stabalising 

receptor conformation. The presence of two CCR5 molecules in this example is the result of crystal 

packing, with two receptors being observed per asymmetric unit. This 3D structure was reprinted from 

previous studies46. 

1.3.2. CCR5 signalling 

Like other chemokine receptors, CCR5 serves to transduce signals across the plasma 

membrane via extracellular agonist binding inducing an intracellular response. As a GPCR, 

CCR5 can carry out G-protein-mediated intracellular signalling in which CCR5-activated G-

protein subunits can trigger signalling cascades such as those involving adenylyl cyclase 

and phospholipase. These mechanisms have far reaching physiological scope, with the 

ability to induce the formation of intracellular signalling mediators such as inositol-1,4,5-

trisphosphate (IP3) and the mobilisation of intracellular calcium. In the case of T-cell 

function, for which the involvement of CCR5-mediated signalling is well known, CCR5 

signalling mediates the activation of the lipid kinase phosphatidylinositol 3-kinase (PI3K) and 
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protein tyrosine kinases PTK2 and PTK2b all of which are thought to be essential for cell 

migration37,49–52. In addition, CCR5-mediated activation of Ras homolog family member A 

(RhoA) GTPases facilitates cytoskeletal rearrangement vital for cell polarisation37,53 and 

CCR5-mediated activation of members of the mitogen-activated protein kinase (MAPKs) 

family underpins aspects of T-cell proliferation40,54.    

 

However, the ability of chemokines to transduce signals across the plasma membrane is not 

limited to G-protein dependent pathways. In the case of CCR5, G-protein independent 

signalling can take place in conjunction with β-arrestin acting as a scaffolding protein. 

Evidence suggests that CCL4-mediated migration of CCR5 expressing cells is enacted 

through G-protein independent activation of extracellular signal-regulated kinases (ERK 1/2) 

and a further kinase complex consisting of the lipid kinase P13K and protein kinases Lyn 

and PTK2b via a β-arrestin scaffold50. 

1.3.3. CCR5 regulation and trafficking 

In the event of prolonged activation, CCR5 undergoes internalisation via a process known as 

downmodulation. In the case of chemokine stimulation, CCR5 typically undergoes 

internalisation via homologous downmodulation whereby residues on the C-terminal CCR5 

tail are phosphorylated by a member of the G-protein receptor kinase (GRK) family, 

preventing subsequent G-protein binding. These phosphorylated sites facilitate the binding 

of the β-arrestin scaffolds that, in turn, allow interaction of CCR5 with the adaptor protein 

complex AP2 that marks the receptor for internalisation55,56.  

 

The negative regulation of CCR5 can also be carried out by signals not related to the original 

agonist via heterologous downmodulation involving protein kinase C (PKC), a secondary-

messenger-activated protein kinase that is activated downstream of the receptor. Agonist-

independent downmodulation is often the result of negative crosstalk between receptors, an 

example in the case of CCR5 being its negative cross-talk with G-protein coupled chemokine 

receptor CXCR457. Similarly to GRK-related downmodulation, heterologous downmodulation 

sees the phosphorylation of CCR5 thereby, inciting β-arrestin binding and subsequent 

internalisation. Both of these phosphorylation mechanisms can be considered as rapid, 

however the half-life of PKC-mediated phosphorylation is considered to be an order of 

magnitude lower than that of GRK mediated phosphorylation58.  

 

The second and minute time scales over which these mechanisms occur are vital to 

providing a rapid cellular response to temporally changing signalling environments. 
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However, long term positive and negative regulation of receptor expression, can be exerted 

through modification of CCR5 mRNAs expression as well as epigenetic changes such as 

histone acetylation and methylation59. 

 

The mechanism by which CCR5 undergoes β-arrestin mediated internalisation leads to 

resensitisation with return of the active receptors to the plasma membrane in a process 

known as recycling. Endocytosis of CCR5 is generally facilitated by the coat protein 

clathrin56,60–62, with CCR5-bound β-arrestin interacting with the clathrin adaptor molecule 

AP2. This adaptor allows for the localisation of CCR5 into clathrin rich areas of the plasma 

membrane known as clathrin coated pits which, upon interaction with the GTPase dynamin, 

can be cleaved to form vesicles that act to transport the internalised receptors to early 

endosomes for sorting. Clathrin-independent transportation of CCR5 to early endosomes 

may also be carried out via the membrane protein caveolin, whereby CCR5 is instead 

transported to caveolin-rich membrane invaginations known as caveolae56.  

 

Upon delivery to the early endosomes, CCR5 destined for recycling is transported to the 

endocytic recycling compartment and is subsequently returned to the plasma membrane via 

recycling endosomes63. A major determinant of the recycling pathway of CCR5 is the 

existence of a PDZ ligand motif on the C-terminal tail which is thought to allow for the 

interaction of internalised CCR5 with PDZ domain-expressing sorting machinery. Further, 

upon sorting of the receptor into the recycling pathway, the PDZ motif of internalised CCR5 

allows for interaction with receptor recycling proteins, namely the ezrin-radixin-moesin 

(ERM)-binding phosphoprotein 50 (EBP50), also known as Na+/H+ Exchanger Regulatory 

Factor (NHERF-1)64,65. Unlike many ligand-receptor interactions, where rapid ligand 

dissociation occurs as a result of the low pH environment of the endosome, CCR5 ligand 

dissociation occurs in a slow pH-independent manner that allows for repeated recycling 

events to occur without dissociation63,66. Further, the identity of the instigating CCR5 agonist 

has been shown to affect the resultant receptor fate, with CCR5 demonstrating an agonist-

specific distribution along its recycling pathway. For example, CCR5 activation by the CC 

chemokine ligand 5 (CCL5/RANTES) results in accumulation of CCR5 in the recycling 

endosomes and subsequent movement to the plasma membrane63. However, CCR5 

activation by N-terminally modified analogues of CCL5 such as PSC-RANTES, AOP-

RANTES and MET-RANTES result in spatiotemporal alterations in CCR5 behaviour along 

the recycling pathway63,67,68. 
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1.3.4. CCR5 presentation  

The investigation of CCR5 in living cells has revealed that CCR5 has the potential to adopt a 

variety of conformational sub-states that affect its function and membrane presentation. 

Considering the varying structural domains of CCR5 and their relative roles in CCR5 ligation, 

activation and internalisation, it is clear that the orientation and subsequent availability of 

these sites are vital to receptor behaviour. 

 

Interrogation of CCR5 conformational states has been studied through the technique of 

immunolabeling, whereby fluorescent antibodies specific to distinct receptor domains are 

used to provide a readout of the intensity, and sometimes location, of the respective binding 

site availability. These studies utilise extracellular binding sites such as the N-terminal region 

and the extracellular loops. Previous studies in the Signoret lab sought to elucidate 

information on the distribution of conformational states by employing a variety of CCR5 

specific fluorescent antibodies in the study of both human immune cells and model cell lines. 

This study provided evidence that two distinct antibodies (MC5 and CTC5) that both 

recognise an overlapping region of the receptor N-terminus demonstrated differential 

binding. Further, unlike in the case of MC5, CTC5-bound receptors displayed resistance to 

downmodulation when exposed to CCL5, suggesting the existence of two independent pools 

of receptors that exhibit a disparity in their functionality69. 

 

Additional immunofluorescent studies interrogating the spatial distribution of CCR5 on the 

plasma membrane similarly revealed a disparity in presentation, dependent on the ligand 

employed. Investigations employing antibodies specific to ECL2 (2D7 and 45531) revealed 

distinct ligand-specific presentation of CCR5, with 2D7-bound CCR5 displaying a uniform 

distribution across the membrane and 45531-bound CCR5 residing in a pattern of puncta 

across the membrane. Further, investigations employing antibodies specific to the N-

terminus and a tyrosine-sulphated version of the N-terminus (MC5 and PA11, respectively) 

revealed further ligand-dependent variance of receptor presentation into uniform or 

punctuated distributions, with MC5 binding to uniformly distributed CCR5 and PA11 binding 

to CCR5 distributed into puncta. These studies also provided evidence that varying 

conformational pools of receptors may access their available endocytic pathways (clathrin or 

caveolin mediated) in a conformation specific manner70.  

 

In addition to variance in the conformational states of individual receptors and the associated 

changes in function and spatial arrangement, a full understanding of CCR5 presentation 

requires the consideration of the ability of receptors to oligomerise and the potential effects 
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this may have on receptor function. GPCRs are known to operate not only as individual 

monomeric units but also as oligomers71,72. Further, chemokine receptors themselves have 

been shown to operate in both a homo-oligomeric fashion as well as forming hetero-

oligomers with distinct receptors73. Investigations into the oligomeric state of CCR5 have 

provided conflicting insights into the ability of CCR5 to form oligomers in the steady state 

and upon exposure to agonists. Further, the role of oligomerisation in CCR5 functionality and 

the factors by which this oligomerisation is influenced remain a topic of debate. 

 

Early studies into the oligomeric state of CCR5 suggested that CCR5 can undergo dynamic 

agonist-modulated dimerisation both in the form of homodimers and in the form of 

heterodimers with the chemokine receptor CCR274–77. However, more recent studies suggest 

that CCR5 can exist in a constitutive dimeric state on the plasma membrane without the 

need for chemokine binding or receptor activation. Our current understanding of CCR5 

oligomerisation is backed up by a body of investigations that employ a range of traditional 

biological and biophysical techniques, each with their respective advantages and 

disadvantages. Classic biological studies have employed immunoprecipitation assays of 

cross-linked samples, providing evidence of constitutive CCR5 dimers and implicating N-

terminal residues as a potential dimerisation interface78–80. However, these studies provide a 

limited breadth of information, with no information gained regarding the spatiotemporal 

characteristics of the receptors. Further, bulk ensemble techniques such as these provide 

only an averaged view of the receptor oligomerisation and offer limited information on the 

distribution of rare species.  

 

In recent years, more advanced techniques have been employed to evidence the existence 

of constitutive CCR5 dimers within the cell. Studies employing bimolecular fluorescence 

complementation (BiFC), which sees the use of two fluorescent sub-units that only emit upon 

association, support the existence of constitutive dimers65,81. However, due to the 

requirement of successful and irreversible sub-unit association, under-estimation of 

dimerisation events is possible and the ability of transiently interacting receptors to 

dissociate may be affected, thereby limiting the ability of this method to probe transient 

association82,83. These results do however, in part, agree with studies employing the 

alternative technique of bioluminescence resonance energy transfer (BRET) which sees the 

employment of bioluminescent doner and fluorescent acceptor molecules that engage only 

when in close proximity (<10nm). These studies support the existence of agonist-

independent constitutive dimers and larger oligomers and suggest the potential 

oligomerisation of CCR5 within the endoplasmic reticulum (ER) during CCR5 biosynthesis84–

86. However, BRET assays similarly suffer from the inherent restrictions of interrogating a 
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population of homodimers whilst relying on the interaction of two distinct signalling 

molecules, rendering the accurate quantification of dimer populations impossible. More 

advanced methods utilising the proximity-dependent transfer of resonance energy to report 

on oligomerisation have been employed in the form of time resolved Forster resonance 

energy transfer (FRET) experiments which see the employment of interacting fluorescent 

molecules that require excitation but often display a heightened brightness, in contrast to 

older techniques. Although these investigations similarly suggest the presence of CCR5 

dimers and larger oligomers87, this technique too suffers from similar disadvantages to BRET 

and BiFC and although principles of resonance energy transfer can be employed within 

advanced microscopy techniques to probe dimers on an individual level, the investigations 

outlined above rely on a bulk ensemble readout that lacks single molecule precision. 

 

From this large body of investigations, it can be argued that the existence of constitutive 

homodimers of CCR5 in the steady state is likely. However, the existence of larger oligomers 

of CCR5 and the role that chemokine binding has on the existence of these varying reported 

species is still a matter of debate. It is clear however, considering the range of reported 

CCR5 conformational and spatiotemporal states as well as the complex and often conflicting 

readouts of receptor oligomerisation, that CCR5 demonstrates a high level of heterogeneity 

and represents a clear case study for the employment of cutting-edge biophysical 

techniques capable of super-resolution determination of CCR5 positioning and single-

molecule determination of oligomeric state.  

1.4. Disease and therapeutics 

1.4.1. Role in immunity 

The chemokine receptor CCR5 is known to be involved in a range of aspects of the human 

immune response, with the most notable of these being its regulation of T-cell activation. T 

cells exhibit the ability to migrate towards antigen presenting cells within the lymph nodes via 

CCR5-mediated interaction with CCL3 and CCL4 chemoattractants88,89. Further, upon 

interaction of T cells and antigen presenting cells to form a TCR-MHC mediated 

immunological synapse, high expression of CCR5 localised at the synaptic cleft indicates 

CCR5-mediated communication between the interacting cells90. Although CCR5 expression 

is a shared feature of leukocytes, increased levels of CCR5 have been associated with 

several subtypes of T-cells such as Tregs and T-helper 1 (Th1) T-cells that employ CCR5 

mediated signalling for migration to sites of infection to carry out their anti-inflammatory and 

pro-inflammatory functions respectively91–93. 
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The involvement of CCR5 and its ligands within immune cell function is not however limited 

to T-cells but instead to a range of immune functions related to both lymphocytes and 

myeloid cells. In the case of B-cells, production of CCL5 has a role in T-cell recruitment and 

is postulated to serve an autocrine function, with CCL5 being found to encourage both cell 

proliferation and the production of antibodies within B-cells in vitro94. Within myeloid cells 

such as monocytes and neutrophils, CCR5 is responsible for both the development of cells 

within the bone marrow as well as the migration of cells towards inflammation sites. 

Differentiation of monocytes into M1 type macrophages is linked with increased levels of 

CCR5 at the plasma membrane95 while upregulation of CCR5 in neutrophils upon activation, 

alongside changes in the expression of other chemokine receptors, is linked with the 

induction of phagocytic behaviour96. 

 
The importance of CCR5, as a mediator of immune cell trafficking, is exemplified in its role in 

disease prevention. The chemotactic axis formed between CCR5 and CCL5 is believed to 

play an essential role in the response to a range of bacterial, parasitic and viral infections. In 

the case of bacterial infections such as chlamydia, T-cell migration to sites of infection, such 

as the genital mucosa in the case of Chlamydia trachomatis infection, is facilitated through 

CCR597. The response to parasitic infections such as toxoplasmosis similarly relies on CCR5 

for myeloid and lymphocyte recruitment to the intestine98. Further, a clear example of the 

involvement of CCR5 in the response to viral infection can be seen in that of influenza, in 

which early expression of CCR5 and secretion of CCL5 by lung-resident macrophages 

facilitates the migration of phagocytic cells to the site of infection. Subsequent recruitment of 

activated lymphocytes to the site of infection is likewise controlled via the CCR5/CCL5 

chemotactic axis99. 

1.4.2. CCR5 in pathology 

Despite its function in disease prevention, CCR5 involvement has been implicated in the 

pathogenesis of a large range of diseases, with both the inappropriate chemotactic function 

of the receptor and the hijacking of normal chemotactic function by foreign pathogens being 

thought to play a role100,101.  

 

Due to the importance of CCR5 in chemotaxis, the receptor is considered to play a large role 

in a range of non-infectious diseases linked with the inflammatory response. Chronic 

inflammatory disorders including allergies and autoimmune disorders such as rheumatoid 

arthritis can be characterised by a dysfunctional recruitment of immune cells leading to a 
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disproportionate immune response. The inappropriate response that underpins these 

disorders can often be, in part, attributed to mis-regulation of the receptor and the availability 

of agonists. Further, the inappropriate response of CCR5-mediated immune cells within 

infectious diseases can likewise lead to elevated pathology and symptoms. In the case of 

influenza, excessive levels of CCR5-mediated signalling can lead to disproportionate 

recruitment and activation of immune cells in the lungs that can facilitate permanent damage 

to the respiratory system99. Dysfunctional CCR5-mediated signalling can also play an 

immunosuppressant role in diseases through inappropriate recruitment of suppressor 

immune cells, such as in the case of chronic endometriosis where this dysfunction acts to 

prevent the proper regulation of endometrial tissue and allows disease proliferation102. 

 

Normal functionality of CCR5 has also been implicated in the pathology of some diseases. A 

key example of this, and one of the main motivations behind a large portion of CCR5 

investigations, is the vital role that CCR5 plays in human immunodeficiency virus (HIV) 

infection. Through a large body of investigations, CCR5 has been implicated as a key 

facilitator of the HIV life cycle, acting as an HIV coreceptor and providing entry of HIV into 

the cell36,103. This mechanism is thought to be carried out by the most common type of the 

virus (HIV-1) through the targeting of CCR5 expressed on CD4+ cells, such as helper T cells 

and macrophages. HIV-1 is thought to bind with CD4 on the plasma membrane of these 

cells using the virus-surface envelope glycoprotein gp120. A CD4 binding-induced 

conformational change in gp120 allows subsequent binding of CCR5 due to the revelation of 

an otherwise inaccessible binding site. Upon CCR5 binding and formation of trimolecular 

complexes with CD4 and gp120, further conformational changes activate HIV-1 to trigger 

fusion between the viral and host cell membrane and thereby allow viral entry into the host 

cell104. Interestingly, studies investigating the varying conformational states reported for the 

CCR5 receptor suggested that the CCR5-mediated permissibility of HIV-1 may in fact be 

conformation dependent, with distinct pools of CCR5 molecules displaying a varying 

capacity to engage with gp12087.  

1.4.3. CCR5 in tumorigenesis 

As a key mediator of immune cell trafficking, the importance of the role that CCR5 plays in 

cancer suppression is evident. However, despite the immunogenic characteristics of the 

CCR5-CCL5 axis, recent studies have suggested that CCR5-mediated signalling can also 

play a pro-tumorigenic role105,106. Current research indicates that cancer cells possess the 

ability to manipulate chemokine networks to support tumour progression through the 

‘hijacking’ of chemotactic axes, such as that of CCR5 and CCL5, in order to recruit and re-
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educate immune cells. This function is thought to play a key role in the formation of a tumour 

microenvironment (TME), a pro-tumorigenic buffer region that facilitates immune evasion 

and promotes cancer proliferation107–112. The TME is often, in part, composed of recruited 

Tregs which perform an immunosuppressive function through the release of anti-

inflammatory cytokines. These immunosuppressive signals allow for discouragement of 

cytotoxic T-cell recruitment and the subsequent evasion of immunosurveillance110. In 

addition, release of CCL5 by cells of the TME is postulated to stimulate CCR5-mediated 

tumour growth, whereby CCR5 is thought to induce various growth pathways and enhance 

glucose uptake113–115. 

 

The formation of the immunosuppressant TME has become a well-studied phenomenon in a 

range of cancers, examples of which include leukaemia, breast cancer, prostate cancer and 

pancreatic cancer. However, the role of CCR5 in cancer progression is not considered to be 

confined to TME formation. In a similar manner to the paracrine CCL5 signalling associated 

with the TME, CCR5-mediated tumour growth is thought to be facilitated through autocrine 

signalling of CCL5116. Further, CCR5-mediated signalling is considered to play a functional 

role in cancer cell migration, invasion and dissemination through the body, as observed in 

prostate cancer that sees the promotion of invasion through CCL5-induced rearrangement of 

the extracellular matrix117 and in breast cancer where paracrine CCL5 signalling induces 

cancer cell motility and recruitment to various areas of the body118,119.  Beyond TME-

associated recruitment and facilitation of metastatic migration, the pro-tumorigenic features 

of CCR5 extend to the promotion of angiogenesis, metabolic adjustments and therapeutic 

resistance through both autocrine and paracrine CCL5 signalling106,113,120–122. 

 

Overexpression of CCR5 and CCL5 in the context of cancer can be a result of both 

oncogenic transformation of cells and the accumulation of CCR5 expressing and CCL5 

secreting cells within the TME123,124. Endogenous upregulation of CCR5 within cancer cells is 

evidenced by the detection of CCR5 and CCL5 overexpression within tumours resulting from 

a wide range of cancers, including but not limited to breast cancer, hodgkin lymphoma and 

lymphocytic leukaemia106,116,123–126. The determination of the CCR5/CCL5 chemotactic axis 

as the primary chemotactic actor in the progression of cancer, coupled with the poor 

prognosis of patients exhibiting upregulation of CCR5 has highlighted the CCR5 receptor as 

a promising target for the development of cancer therapeutics. However, the role of CCR5 in 

cancer progression is complicated and our understanding of the function of CCR5 in varying 

tumour types remains incomplete 
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1.4.4. CCR5 targeted therapeutics  

The revenue associated with the development and sale of pharmaceutical therapeutics is 

estimated at trillions of US dollars globally127. However, approximately one-third of all Food 

and Drug Administration (FDA) approved therapeutics target G-protein coupled receptors128, 

with a large portion of these drugs being designed to target chemokine receptors, due to 

their importance in the human immune response. In the case of CCR5, many of the 

investigations into CCR5-targeting therapeutics have been aimed at the development of an 

effective HIV treatment.  

 

Early inspiration for the development of CCR5-targeting HIV therapeutics came from the 

observation of individuals displaying a simultaneous defect in CCR5 expression and 

increased resistance to HIV infection. This mutation, known as the CCR5-Delta-32 mutation 

(∆32), sees the removal of 32 nucleotides from the CCR5 gene, resulting in a receptor 

whose structure is lacking in transmembrane domains and displays ineffective G-protein 

binding characteristics, thereby effectively disabling the receptor function103. Individuals 

displaying the ∆32 mutation can be homozygous individuals that are unable to express 

functional CCR5, or heterozygous individuals that, despite expressing some CCR5 

functionality, see a large reduction in the number of functional receptors. Additionally, the 

ability of functional CCR5 to form dysfunctional dimers with CCR5∆32 leads to further 

suppression of normal CCR5 function relative to wild type individuals.  

 

Although Individuals displaying the ∆32 mutation experience lower risk of infection relative to 

the wild type129, the disruption of normal CCR5 function has far reaching effects on 

downstream immune function and can leave the individual susceptible to a large range of 

other viruses, parasites and bacteria. This compromise between the desired alteration of 

CCR5 function and the minimisation of the potential inflammation and immune suppression 

that stem from these alterations has become the hallmark of CCR5-targeted therapeutic 

development. It is clear then that the development of safe and effective CCR5-targeted 

therapeutics requires the understanding of CCR5 conformation and behaviour and any 

changes that these therapeutics may affect. 

 

The first, and most notable, successful CCR5-targeting HIV therapeutic is the small-

molecule reversible CCR5 antagonist Maraviroc (MVC), which was developed by Pfizer and 

received FDA approval for treatment of patients with CCR5 tropic HIV-1 in 2007130. Evidence 

suggests that the binding site for MVC exists as a deep binding pocket within the 

transmembrane bundle, independent of the chemokine and gp120 binding sites. Structural 
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analysis of the CCR5-MVC complex suggests that this binding site is formed between key 

residues on the transmembrane domains TM1, 2, 3, 5, 6 and 7. Under this regime of 

allosteric binding, it is expected that MVC induces a conformational change within the 

receptor that inhibits its function. The inactive CCR5 state that MVC effectively stabilises is 

thought to be characterised by several structural changes, such as key tryptophan and 

tyrosine residues that appear in conformations distinct from those of functional CCR5 and 

close packing of helices within the transmembrane bundle allowing subsequent stabilisation 

of the inactive conformation through salt-bridge interactions46. The suggestion that MVC and 

other small nonpeptidic CCR5 ligands, such as TAK-779 (TAK), acts as allosteric modulators 

is supported by biochemical, structural and mutagenesis studies45,131,132 and current 

understanding suggests that the MVC binding pocket, although distinct from the gp120 

binding site and the primary chemokine binding site, may overlap with the secondary 

chemokine binding site described in the two-step model46. This would suggest that MVC may 

inhibit the binding of the chemokine N-terminus to the secondary chemokine binding site but 

that it may not inhibit the initial binding of the chemokine core to the primary binding site. 

 

Although MVC has seen effective use in the treatment of CCR5 tropic HIV-1, due to 

mutations in GP120 and outgrowth of CXCR4-tropic variants, strains of HIV which display 

resistance to MVC treatment have developed133,134. This has provided motivation for the 

discovery of novel CCR5-targeted HIV-1 entry inhibitors. Several of these prospective 

therapeutics have been analogues of CCL5 formed through the alteration of the CCL5 N 

terminus. One such analogue is PSC-RANTES, which sees the incorporation of several non-

natural structures at the CCL5 N-terminus135. Despite displaying high levels of potency as an 

HIV-1 inhibitor, the super-agonistic behaviour of PSC-RANTES provides an increased risk of 

mucosal inflammation136,137. In addition, the requirements of synthetic structures in PSC-

RANTES production results in a high cost of drug treatment138. Several CCL5 analogues 

have been produced subsequently using random mutagenesis of the CCL5 N terminus, 

namely 6P4-RANTES (6P4), 5P12-RANTES (5P12) and 5P14-RANTES (5P14), with all 3 

analogues reported to have anti-HIV potency comparable to that of PSC-RANTES138. While 

6P4 is reported to have a similar agonistic effect to that of PSC-RANTES, 5P12 and 5P14 

are reported to display no G Protein-linked signalling activity, with 5P14 continuing to induce 

internalisation and 5P12 displaying no induction of internalisation138–140. Thus, 5P12 and 

5P14 provide lower-cost therapeutic candidates with a lower risk of induced inflammation. 

 

Recent insight into the role of the CCR5/CCL5 chemotactic axis in the pathogenesis of 

cancer has highlighted CCR5 as a potential target for cancer therapeutics. As in the case of 

HIV treatment, therapeutics focus on the reduction of CCR5 activation using CCR5 
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antagonists like MVC, which is currently under re-assessment as a clinical treatment for 

cancer patients106,141,142. The utility of alternative CCR5 ligands such as PSC-RANTES, 5P12 

and 5P14 in the treatment of cancer remains to be seen but the continued development of 

CCR5-targeting therapeutics for the treatment of HIV, cancer and other CCR5-dependent 

pathologies has clear value. However, knowledge surrounding the effect of these CCR5 

ligands on the structure, conformation, cell presentation, internalisation and signalling 

behaviour of the receptor remains incomplete. 

1.5. Microscopy and fluorescence 

1.5.1. Light microscopy 

The advent of microscopy forms a key pillar in the study of Biology and our understanding of 

life on the microscopic scale. The ability to visualise subjects under a heightened 

magnification has allowed scientists a window into otherwise unobservable systems and the 

advancement of microscopy techniques over time has resulted in the ability to study biology 

over a remarkable range of length scales at an ever-increasing level of detail. The simplest 

of techniques that could be considered microscopy employ a singular lens. The history of 

these lenses is long and uncertain, but it has been speculated that their origins lie in the 

roman empire at the turn of the 1st century, where their name can be linked with the lentil 

with which they share a similar double convex shape143. 

 

A more recognisable interpretation of a microscope can be found in early examples of the 

compound microscope which employs multiple lenses in series to facilitate proper 

observation of the magnified image. The earliest compound microscope to be developed is 

credited to Hans and Zacharias Janssen who, in the turn of the 16th century combined two 

positionable lenses in a tube to allow variable magnification144. Following this development, 

the polymath Robert Hooke, employing his own compound microscope, achieved the 

accolade of being the first credited scientist to investigate biology at the microscopic scale 

and in the mid-17th century released his book ‘Micrographia’ which illustrated biological 

samples under magnification and forms a key milestone in the history of biological study145. 

One of the first scientists to be considered a microscopist, Antonie van Leewenhoek saw the 

continued advancement of magnification and, using his single lens microscopes, that offered 

up to 266x magnification, subsequently described the existence of human, bacterial, plant 

and yeast cells in the late 17th century146–149. Since this time, the light microscope has seen 

continuous development and has served a role in a vast range of key biological discoveries. 

They have attained a commonplace role in clinical and scientific settings for the routine 
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observation of microscopic structures as well as continuing to provide vital visual 

confirmation and contradiction of theoretical models at the cutting edge of biology. 

 

Modern light microscopy can broadly be broadly split into two categories, those that provide 

an image using the illuminating light source after the light has interacted with the sample and 

those that use an illuminating light source to stimulate fluorescence within the sample, the 

emitted light from which is used to form the image. These two categories have distinct 

underlying principles and they each display a range of subtypes developed to address 

distinct requirements in sample analysis, however they often share common optical 

components and can be used in conjunction on the same microscope150.  

 

The former of these categories includes techniques such as brightfield microscopy in which 

a light source and the objective, the core optical element of modern light microscopes that 

facilitates the initial collection and focusing of light from the sample, are placed on opposite 

sides of the sample. The sample can then be imaged by its effect on the illumination through 

absorption, scattering and deflection. When imaging thin or transparent samples, such as in 

the case of cellular imaging, brightfield is often limited in its capability to resolve details, 

especially in the absence of cellular staining. Increased detail can be resolved within 

transparent samples via contrast enhancing forms of microscopy such as phase contrast. 

This method employs the use of phase rings that serve to convert sample-induced phase 

differences in the illuminating light into differences in brightness, thereby providing a visual 

indication of optical density through the sample151. While techniques such as brightfield 

usually employ white illumination, the latter of the aforementioned categories, known in 

general terms as ‘fluorescence microscopy’, employs illumination in a wavelength band 

specific to the fluorescent reporter that is being used in the sample. This illumination is often 

supplied using LEDs, arc lamps and lasers with additional optical filters designed to ensure 

that only the appropriate band of wavelengths are permitted for both the illumination and 

collection paths. This form of microscopy offers key enhancements in the specificity and 

resolution of cellular imaging but requires key consideration in the preparation of 

experimental set-up151. 

1.5.2. Fluorescence  

Fluorescence is a phenomenon whereby a molecule can undergo the nanosecond-scale 

emission of light upon absorption of electromagnetic radiation, typically light from an external 

source, where the emitted light displays a longer wavelength than that of the light being 

absorbed152. Electrons display an ability to increase in energy upon absorption of a photon, 
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thereby facilitating the promotion of the electron into an excited state. Excited states tend to 

be short-lived with electrons returning to lower energy states through the release of energy 

in the form of photon emission and non-radiative processes such as vibration. The 

wavelength of a given photon is inversely proportional to its energy and due to the discrete 

levels in which excited electrons may exist, the wavelength of photons associated with the 

relaxation of electrons into lower energy states is similarly discrete. The disparity in 

wavelength between exciting photons and emitted photons is known as the Stokes shift and 

is caused by the relaxation of electrons through non-radiative means, which thereby reduces 

the energy available to photons upon emission. The promotion and relaxation of electrons 

through singlet excited states, so called due to the constraint of electron pairs to reside with 

opposite spin states cancelling out their overall magnetic moment, is not the sole mechanism 

for energy transfer, however. Electrons display an ability to undergo forbidden transitions 

into triplet excited states, a transition that does not offer a preferable route back to the singlet 

ground state. In brief, triplet states exist when electrons in separate orbitals display parallel 

spins, resulting in a magnetic moment that can be parallel, anti-parallel or perpendicular to 

the magnetic field and thereby offering three forms of differing energy in which the molecule 

can exist. Triplet states are relatively long lived and effectively disable the fluorescent 

emission of the molecule while occupied. Further, these states are heavily associated with 

the photochemical reactions that result in photobleaching, the irreversible loss of the ability 

of a molecule to fluoresce152–154.  

 

The Stokes shift of fluorescent light is a key element in the utility of fluorescence-based 

approaches to the study of biology. The utility of a given investigatory tool can be measured 

by its ability to distinguish between the desired signal and the non-desired background of 

your subject. Due to the Stokes shift, fluorescence-based techniques, provided the 

employment of optical filters, allow for the differentiation of fluorescent emission (signal) from 

the excitation light and other background light (background). In the case of microscopy, the 

use of fluorescent molecules known as fluorophores allows for the visualisation of specific 

constituents of a given biological sample, such as proteins distributed throughout the 

sample, or entire regions such as the cell nucleus or plasma membrane. The specificity that 

fluorescence microscopy facilitates, when compared with traditional light microscopy, drives 

its commonplace use in biological research, with this technique providing vital information 

regarding the location and proportion of a given biomolecule within a sample. However, the 

use of fluorophores is not limited to microscopy, with fluorophores being employed in various 

other techniques such as fluorescence spectroscopy and flow cytometry155–157. Regardless 

of the technique being employed, fluorescence-based assays require the careful 

complementation of fluorophores with the available light sources and filter sets to maximise 
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signal, limit fluorophore photobleaching and reduce background from sources such as 

cellular autofluorescence152. 

1.5.3. Fluorophores and cellular imaging 

Since the advent of fluorescence microscopy and other fluorescence-based assays, a wide 

body of research has been conducted into the development of effective fluorophores for use 

in biological investigations, resulting in a large range of candidates each displaying certain 

benefits and applicability to different investigatory pursuits. A notable example of a 

fluorescent probe that has seen widespread employment in biological investigation is the 

Green fluorescent protein GFP, which was first isolated from the jellyfish Aequorea Victoria 

in the 1960s158–160. Like other fluorescent proteins, GFP exhibits a -barrel structure with a 

central alpha helix that forms a ring structure exhibiting the conjugated double bonds that are 

a hallmark of fluorescent probes (chromophore). Mutations in the number of conjugated 

bonds has led to the development of fluorescent proteins that emit light of a differing 

wavelength to GFP, with the addition of bonds leading to increased emission wavelength, as 

in the case of the yellow fluorescent protein YFP161. Further, GFP saw enhancements 

through site directed mutagenesis. This mutant, known formally as enhanced GFP (EGFP), 

displays increased brightness and folding efficiency and has thus become the common form 

of GFP used in cell biology applications159. 

 

A given fluorophore’s brightness is governed by the product of its quantum yield and 

extinction coefficient, the former of these values represents the ratio of photons emitted to 

photons absorbed while the latter is a measure of how much excitation light can be absorbed 

at a specific wavelength162. Due to its relatively high quantum yield, GFP exhibits a 

brightness that is higher than many other commonplace reporters, such as luciferase163. 

Further, the -barrel structure of GFP serves to protect the chromophore, thereby limiting the 

effect of the external environment on the fluorescence, and the auto-catalytic generation of 

the GFP chromophore limits the existence of free dye contributing to non-specific 

background, as can be found in alternate labelling techniques164,165. The creation of GFP 

vectors have allowed for the production of GFP-biomolecule fusions that offer high 

expression within mammalian cells, complete biomolecule specificity and a brightness in 

biomolecule reporting that can be distinguished above cell autofluorescence. These 

advancements have rendered GFP ideal for the tracking of biomolecules of interest within 

cells, with several studies employing GFP as a reporter for the CCR5 receptor166,167.  
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The use of GFP fusions is not without its disadvantages and concerns, however. The 

excitation and emission spectrum of GFP shares overlap with that of autofluorescence 

stemming from intracellular endogenous fluorophores, such as nicotinamide adenine 

dinucleotide (NADH)168, resulting in increased background signal in comparison to assays 

employing probes of a longer wavelength169. Further, within fluorescent microscopy 

investigations it is often desirable to image samples with multiple fluorophores offering 

distinct and distinguishable fluorescent wavelengths to decipher the interaction of 

independent biomolecules or pools of biomolecules. Although fluorescent proteins offering 

alternative fluorescent wavelengths exist, they often, as in the case of the red fluorescent 

protein mCherry, offer a reduced brightness170. Additionally, the expression of fluorescent 

protein fusions within cells requires techniques such as transfection to integrate the fusion 

expressing vector into the host cell171. This process applies strain to cellular populations and, 

in the pursuit of a population of mammalian cells that express the fusion stably, requires the 

employment of immortalised cell lines172. This process can be time intensive and can raise 

further concerns regarding the impact of the fluorescent protein on the function of the 

biomolecule and the effect of the expression level on the biomolecule in relation to 

endogenous levels. However, the employment of immortalised cell lines allows for the 

selection of overall cell behaviour and shape, allowing for the isolated study of biomolecules 

in the absence of distinct and otherwise endogenous biomolecules in a conformation that is 

conducive with advanced microscopy techniques, as in the case of Chinese hamster ovary 

(CHO) cells which offer a flat basal membrane and ready adhesion to glass coverslips60,63. 

 

The advent of fluorescent probes that offer an increased brightness and range of fluorescent 

wavelengths, coupled with the mainstream use of alternative and less-invasive labelling 

techniques means that there are a wide range of options available to current biological 

investigations. Within the modern assortment of fluorescent probes exist synthetic dyes that 

have been developed for their applicability to biological assays173. A commonly employed 

example of these dyes is the Alexa Fluor family of probes developed by Molecular Probes 

and now provided by Invitrogen174,175. The member of this family most comparable with GFP 

is Alexa Fluor 488 which was developed through the chemical modification of the organic 

dye fluorescein and was designed to address the issues of photobleaching and pH-

dependent intensity apparent in its predecessor. This dye offers roughly twice the brightness 

of GFP due to advancements in both quantum yield and extinction coefficient and this dye, 

alongside others from the Alexa Fluor family and alternate families such as DyLight, see 

commonplace use in modern fluorescent microscopy. In general, organic dyes are employed 

alongside labelling techniques that rely on specificity gained from biomolecule-specific 

antibodies or modern self-labelling proteins such as SNAP-tag, and do not rely on the 
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cellular production of the fluorescent probe. In the case of immunofluorescent assays, dye 

conjugated antibodies can be designed that offer specificity to the biomolecule of interest 

and provide a rapid method for the preparation of samples without the requirement of 

transfection176. This method facilitates the imaging of primary and otherwise non-transfected 

cells, however, antibody labelling offers a reduced level of label specificity in comparison 

with fluorescent protein fusions due to the non-specific binding of antibody conjugates to the 

sample and the presence of unbound dye resulting in background signal and an increased 

uncertainty in the true level of biomolecule expression. The more recent employment of self-

labelling proteins, in which cells are transfected to produce a biomolecule of interest fused to 

a constituent part of a self-labelling protein binding pair, such as SNAP-tag and its 

corresponding ligand, combine the high-brightness probe compatibility and ease of end-point 

labelling of immunofluorescence with an increased labelling specificity177. However, the 

requirement of SNAP-tag integration into the cell results in constraints similar to those of 

fluorescent protein fusion techniques. An additional consideration in the choice of probe is its 

molecular weight, with an increased probe weight potentially affecting the dynamics and 

overall function of the target molecule. GFP has a significant molecular weight of 27 kDa178, 

whereas small dyes such as Alexa Fluor 488 have a much smaller weight of 0.643 kDa179. 

However, the labelling technique employed to introduce these dyes can contribute significant 

weight, with SNAP-tag contributing 19.4 kDa180 and antibody labelling contributing 

approximately 150 kDa181. Therefore, SNAP-tag labelling, when combined with small organic 

dyes, offers a lower weight alternative to GFP. 

 

Regardless of the technique employed in the labelling of a specific biomolecule, or whether 

the sample in use is of primary origin or is of an immortalised cell line, fluorescence 

microscopy can be conducted on live samples or samples that have undergone fixation by 

formaldehyde182. Although the study of live cells provides a heightened level of biological 

relevance and is necessary for the true study of biomolecule dynamics, fixation provides a 

method of halting cellular function and effectively immobilising all cellular constituents. This 

method is vital to a range of fluorescent microscopy techniques that require significant time 

periods for the acquisition of images, over which non fixed samples may display dynamics 

that jeopardise localisation. Further, fixation allows for the study of biomolecule presentation 

at specific timepoints, such as a specified time after an induced change in cellular 

environment. Finally, fixation allows for the safe storage of samples prior to the execution of 

microscopy and limits the effects of this execution, such as changes in temperature and CO2 

levels, on cell behaviour. 
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1.6. Advanced biophysical techniques 

1.6.1. Epifluorescence and confocal imaging 

The most common form of cellular fluorescence microscopy employs the direct illumination 

of a large area of a sample in a similar manner to the white light employed in brightfield. This 

method is known commonly as epifluorescence or widefield microscopy and, in the case of 

many biological studies, serves its purpose of detecting fluorescently tagged cell 

constituents rapidly and effectively151. However, this method is limited in its ability to resolve 

fluorophores mainly through the heightened level of background signal contributed by out of 

focus light. The development of new fluorescence microscopy techniques has often been 

driven by the desire to reduce the effect this out of focus light has on the techniques ability to 

resolve. In the case of confocal microscopy this is achieved by reducing the width of the 

illumination to a small point and detecting via a small pinhole that restricts the detection to 

emission from the desired focal spot, this illuminating area must then be scanned across the 

cell to build up a complete image of the desired sample area183. Techniques such as this 

provide a higher spatial resolution than traditional epifluorescence but require a longer 

period of time over which a single image can be acquired, thereby reducing the ability to 

accurately image dynamic structures and often necessitating the fixation of samples. This 

trade-off between spatial and temporal resolution is a hallmark of microscopy technique 

development, spatial and temporal resolution can be maximised, but often at the expense of 

one another, with comprehensive biological studies often employing multiple microscopy 

techniques. 

 

Although the development of fluorescence microscopy techniques has resulted in increased 

spatial resolution, this resolution has been historically restricted by the diffraction limit of 

light. Spatial resolution can be defined as the smallest distance over which two points can be 

distinguished. When imaged in the absence of aberrations, single fluorophores appear as a 

point spread function (PSF) which exhibits, in the imaging plane, as a pattern of concentric 

diffraction rings known as an airy disk. When located in close proximity to one another, the 

PSF of each fluorophore may overlap, resulting in difficulty distinguishing the location of 

individual fluorophores. Objects can be deemed to be just spatially distinguishable when the 

airy disk of one object is located over the first minimum of the airy disk of the second object, 

a rule known as the Rayleigh criterion184. The overall resolving power of an objective lens (d) 

is inversely proportional of its numerical aperture (NA), a measure of the range of angles 

over which the objective can gather light, and proportional to the wavelength of light being 

collected (λ) and can be described by the Abbe formula: d = λ/2NA185. However, these 
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constitute two of several different ways of defining the lateral spatial resolution in a given 

system. Fluorescence microscopy assays do not typically employ emission wavelengths less 

than 400-500 nm and the oil immersion objective lenses used typically display a NA roughly 

equal to 1.4, therefore the resolving power of traditional fluorescence microscopy is usually 

limited to 140-180nm, and in practice, this resolution is not always achieved. In recent years, 

techniques have been developed that allow for spatial resolutions that surpass the diffraction 

limit, with the 2014 Nobel prize in chemistry being awarded for the development of this, so-

called, super-resolution microscopy186. 

1.6.2. Structured illumination microscopy 

A range of super resolution techniques have seen development in recent years, with each 

displaying the ability to surpass the diffraction limit, alongside respective advantages and 

disadvantages in their application to biological questions187. One such technique is 

Structured illumination microscopy (SIM) which sees the resolving power increased by a 

factor of 2 relative to traditional techniques. This technique is based upon widefield 

fluorescence microscopy and achieves an increased resolution through the employment of 

patterned illumination188. A sample containing fluorophores that are closely located to one 

another can be considered to display patterned emission with a high and often unresolvable 

spatial frequency. Upon the interaction of patterned illumination and the fluorophore 

distribution, an interference pattern known as moiré fringes is formed, these fringes contain 

information regarding the two contributing light sources and display a lower and more easily 

resolvable spatial frequency than the two contributing light sources. As the patterned 

illumination is defined, computational deconvolution can be performed on the interference 

pattern to define the normally unresolvable high spatial frequency of the sample emission189.  

 

The resolution enhancements offered by SIM can be further explained by the consideration 

of Fourier space190. The observable region offered by uniform illumination in Fourier space is 

represented Figure 1-2a, where the radius of this circular region represents the spatial 

frequencies of emission light that can be captured by the objective, with the diffraction limit of 

an objective lens acting as a low pass frequency filter and limiting the radius of the 

observable region. The sinusoidal illumination patterns used in SIM generally have three 

Fourier components at 0 ± the inverse stripe spacing, where their offset can be optimised 

such that the outlying components sit close to the frequency limit of the objective lens, as 

represented by the three red dots in Figure 1-2b. Upon interference of the patterned 

illumination and the sample, the subsequent moiré fringes represent information that has 

effectively shifted position in Fourier space from a normally unobservable high spatial 
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frequency position into the passband of the objective lens, as shown in Figure 1-2c. Precise 

knowledge of the frequency and orientation of the illumination pattern allows for the 

weighting and shift of these mixed frequencies to their proper place in Fourier space, 

consequently increasing the observable area. To increase the observable region, which is 

analogous to the resolving power, by a factor of two, three phase-stepped sinusoidal 

illumination patterns must be employed, with the orientation of each pattern being shifted 

through 360°, as illustrated in Figure 1-2d, thereby resulting in 9 raw images for each SIM 

reconstruction191,192. 

 

 

Figure 1-2: Illustration demonstrating key concepts in SIM. a) Observable region offered by 

uniform illumination in Fourier space. b) The three Fourier components of a sinusoidally striped 

illumination pattern (red dots). c) Expanded region observable as moiré fringes. d) Observable region 

increased by a factor of two through the employment of three phase stepped illumination patterns, 

each shifted through 360°. 

 
The widefield foundations of SIM have facilitated its incorporation into multi-functional 

microscopes and its ease of use in biological assays that previously relied on more 

traditional fluorescence microscopy techniques. Unlike alternative super-resolution 

techniques, such as stochastic optical reconstruction microscopy (STORM), which rely on 

the photoswitchable characteristics of certain tailored fluorophores, SIM does not require 

alteration in the preparation of biological samples beyond the use of the bright and 

photostable fluorophores commonly used in traditional techniques187,193. Further, techniques 

that rely on the selective and temporal excitation of individual fluorophores to induce 

temporary separation of emitters often require the acquisition of tens of thousands of raw 

images over tens of minutes194. In comparison, the 9 raw images required for each SIM 

reconstruction provides a much higher usability and applicability to live samples. However, 
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the application of SIM to highly dynamic structures that display a high diffusion coefficient 

remains limited. 

1.6.3. Single molecule techniques 

Among the plethora of biological assays available, relatively few display the ability to 

interrogate individual biomolecules, with most assays offering an average readout of a 

desired metric that is instead influenced by the characteristics of the most common form of a 

given biomolecule. These bulk ensemble techniques offer very little information regarding 

rare events and are incapable of reporting on the heterogeneity that may exist within the 

biomolecule population. Recent years have seen the advent of single-molecule techniques 

which aim to report on individual biomolecules within a sample, thereby unveiling any 

heterogeneity within the population and allowing the investigation of rare and potentially vital 

species195. In the case of fluorescence microscopy, single molecule techniques aim to define 

characteristics of single biomolecules through the detection and tracking of individual 

fluorophores. These techniques benefit by the employment of a one-to-one binding ratio of 

fluorophores to biomolecules, such as can be found in the aforementioned fluorescent 

protein fusions, to ensure that an individual fluorophore can effectively be equated to a 

single biomolecule. This can provide metrics such as overall copy number, diffusion 

coefficients and localisation on a single molecule level196. 

 

A major benefit of these techniques is the ability to report on biomolecule stoichiometry 

through the tracking of the intensity of biomolecular assemblies over time. This relies on the 

principle of photobleaching, whereby a fluorophore undergoes the irreversible cessation of 

fluorescence after a certain level of exposure to excitation light. If the intensity of a given 

fluorescently tagged biomolecular assembly can be tracked accurately as its constituent 

fluorophores undergo photobleaching then the number of constituent fluorophores, and 

subsequently the number of biomolecules, provided a one-to-one binding ratio, can be 

counted197. This counting can be conducted either through the division of the initial assembly 

intensity by the intensity of a single fluorophore, provided that both of these values can be 

accurately defined, or through the technique of stepwise photobleaching198. This technique 

requires the analysis of the temporal intensity trace of a given assembly for characteristic 

steps in intensity reduction which correspond to single photobleaching events. By 

determining the number of photobleaching steps within a given trace, the number of 

constituent fluorophores and corresponding biomolecules can be inferred199.  
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Single molecule techniques require not only the high spatial resolution offered by modern 

fluorescence microscopy, but also high temporal resolution to ensure that the location and 

intensity of fluorophores can be tracked with fine scrutiny. In the case of photobleaching-

dependent measurements of assembly size, this temporal resolution is key to the 

determination of initial fluorophore intensity and the accurate counting of photobleaching 

events, with a reduction in this resolution likely inducing an underestimation of initial intensity 

and overall fluorophore count. Techniques which see the improvement of spatial resolution 

through the use of patterned illumination or photoactivatable dyes display a reduction in the 

temporal resolution that limits their applicability to single molecule assays. In order to benefit 

from both the high spatial and temporal resolution required by single molecule assays, 

investigations seek to increase the signal to noise ratio (SNR) of their sample whilst retaining 

a high frame rate. Previous studies have achieved this through the use of slimfield 

microscopy, an adapted form of widefield microscopy which employs the use of high-

powered laser excitation, reduced fields of view and high frame rate cameras which has 

seen employment in the investigation of biomolecules in a variety of sample types200–206.  

 

Slimfield microscopy is particularly suited to the employment of inclined illumination 

techniques that can facilitate optical sectioning and increased SNR. Techniques such as 

highly inclined and laminated optical sheet (HILO) microscopy see the introduction of the 

excitation beam at an angle relative to the coverslip surface207,208. Provided a restricted 

beam width, this can provide selective excitation of a thin section of a sample, thereby 

reducing the excitation of off-target fluorophores and the subsequent background light 

stemming from out of focus emission. HILO is particularly useful for the study of 

biomolecules located within intracellular compartments, especially in cases of high 

autofluorescence or the presence of off-target fluorophores. The angle of incidence that is 

employed in highly inclined and laminated optical sheet (HILO) microscopy varies based on 

the desired focal plane. However, once the angle of incidence reaches the critical angle for a 

glass water interface, the illumination undergoes total internal reflection, limiting the 

transmission of illumination and creating an evanescent energy field. This energy field 

provides an enhanced source of fluorophore excitation that decays exponentially in the axial 

direction and forms the basis of total internal reflection fluorescence (TIRF) microscopy196,209. 

TIRF illumination effectively provides an enhanced excitation of fluorophores located within 

approximately 200 nm of the coverslip surface whilst limiting the excitation of fluorophores 

located deeper in the sample. This excitation enhancement and restriction of penetration 

depth result in TIRF being particularly useful for in-vitro assays that see the immobilisation of 

biomolecules to the coverslip surface199. However, investigation into biomolecules which 

reside in the membrane of cells can benefit from the utility of TIRF, provided the membrane 
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is closely adhered to the coverslip surface. Using these techniques, biomolecules can be 

imaged with a maximised signal to noise ratio and frame rate, and, provided that the 

population of fluorophores is not over-crowded, individual biomolecules, or assemblies of 

biomolecules, can be computationally tracked with a temporal resolution that is conducive 

with the determination of assembly dynamics and size1. 

1.7. Aims 

In summary, the CC chemokine receptor CCR5 plays a key role in immune function and 

forms a therapeutic target for a range of diseases. CCR5 is known to conduct its role via the 

recognition of extracellular ligands, inducing conformational change and downstream 

internalisation of the receptor, with therapeutic binding partners being designed to interfere 

with this function. However, our understanding of the overall spatial arrangement of CCR5 

populations and oligomeric state of constituent receptors, both in the steady state and under 

ligand-induced activation, remains incomplete. Reported range in the conformational state of 

CCR5 sub-populations, alongside range in reported oligomeric state of CCR5 suggests a 

high level of heterogeneity. However, previous investigations of CCR5 behaviour have relied 

on diffraction-limited and bulk-ensemble readouts. The continued investigation of CCR5 

behaviour in the steady state and upon interaction with natural and therapeutic ligands would 

benefit from the application of cutting-edge biophysical techniques capable of the super-

resolved determination of CCR5 spatial arrangement and the single-molecule determination 

of CCR5 oligomeric make-up. Given the literature, the key unknows we wish to address are 

the spatial arrangement of CCR5 in mammalian cells on a super-resolved level, the 

oligomeric make-up of CCR5 on a single-molecule level and the effect that CCR5 agonists 

and antagonists have on the spatial and oligomeric characteristics of CCR5.  For this 

purpose, this thesis aims to: 

 Examine the overall spatial arrangement of steady state CCR5 in an existing 

adherent mammalian cell model using super-resolution microscopy  

 

 Develop a CCR5-expressing cell model and slimfield-based imaging technique 

tailored to the single-molecule investigation of CCR5 in adherent mammalian cells 

 

 Examine the behaviour and oligomeric state of steady state CCR5 using single-

molecule techniques 
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 Examine the effect of CCL5, small molecule antagonists and CCL5 analogues on 

the behaviour of CCR5 

 

 Develop additional CCR5-expressing cell models to boost the breadth and biological 

relevance of future investigations 
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2. Materials and methods 

2.1 Reagents and consumables 

Tissue culture reagents and plastics were purchased from Invitrogen Life Technologies, 

(Paisley, UK), and chemicals from Sigma-Aldrich Company Ltd (Poole, UK), unless 

otherwise indicated. 

2.2. Cell culture 

The CHO-K1 cells employed in this study were gifted by Professor Paul Kaye (The Hull York 

Medical School). CHO-K1 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

(ThermoFisher) supplemented with Fetal calf serum (FCS) (ThermoFisher) at a final 

concentration of 10%, alongside penicillin (100 U/ml), streptomycin (0.1 mg/ml) and L-

glutamine (4 mM) (ThermoFisher). Cells were incubated at 37°C and 5% CO2. 

The CHO-CCR5 cells (Dihydrofolate reductase (DHFR)-deficient CHO cells stably 

transfected for the expression of CCR5210) employed in this study were cultured in 10% (v/v) 

FCS-MEM eagle, α modification (Sigma-Aldrich) supplemented with FCS at a final 

concentration of 10%. Cells were incubated at 37°C and 5% CO2. 

 

The CHO-GFP-CCR5 cells (CHO-K1 cells stably transfected for the expression of GFP-

CCR5) employed in this study were cultured in DMEM supplemented with FCS at a final 

concentration of 10%, alongside penicillin (100 U/ml), streptomycin (0.1 mg/ml), L-glutamine 

(4 mM) and the selection antibiotic hygromycin-B (400 ug/ml) (Invitrogen). Cells were 

incubated at 37°C and 5% CO2. 

 

The Jurkat cells employed in this study were gifted by Professor Dimitris Lagos (The Hull 

York Medical School). Jurkat were cultured in RPMI 1640 (ThermoFisher) supplemented 

with FCS at a final concentration of 10%, alongside penicillin (100 U/ml), streptomycin (0.1 

mg/ml) and L-glutamine (4 mM). Cells were incubated at 37°C and 5% CO2.  

The CHO-SNAP-CCR5 cells (CHO-K1 cells stably transfected for the expression of SNAP-

CCR5) employed in this study were cultured in DMEM (Thermo Fisher) supplemented with 

FCS at a final concentration of 10%, alongside penicillin (100 U/ml), streptomycin (0.1 

mg/ml), L-glutamine (4 mM) and the selection antibiotic G418 (1 mg/ml). Cells were 

incubated at 37°C and 5% CO2.  
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The passage of cells was carried out upon the cells reaching confluence. In the case of 

adherent cells grown in a 10 cm dish, cell media was aspirated prior to the addition of 2 ml of 

sterile phosphate-buffered Saline buffer (PBS). This PBS wash was aspirated prior to the 

addition of 2 ml of Trypsin-Ethylenediaminetetraacetic acid (EDTA) and subsequent 37oC 

incubation for detachment. Rounding of cells was confirmed using a compound microscope 

prior to the addition of 8 ml of culture medium. The complete detachment of cells from the 

dish was encouraged through the pipetting of the culture medium up and down, ensuring the 

break-down of clumped cells. A portion of this cell solution was added to culture medium at a 

ratio of 1:5, 1:10 or 1:20 dependent on cell type and desired plating density, this lower 

concentration cell solution was added to a new 10 cm dish and allowed to rest at 37oC for 

reattachment and growth. Plating density was informed through the process of cell counting, 

whereby 50 µl of the original cell solution is added to a haemocytometer alongside 50 µl of 

Trypan blue solution. The number of live cells within the haemocytometer were counted and 

used to estimate the overall cell density in the original dish. 

 

In the case of non-adherent cells grown in a T-25 culture flask, cell suspension was agitated 

through pipetting the suspension up and down to separate clumped cells and allow an even 

cell distribution throughout the suspension. A portion of this cell solution was added to 

culture medium at a ratio of 1:5, 1:10 or 1:20 depending on desired plating density, this lower 

concentration cell suspension was added to a new T25 flask and allowed to rest at 37oC for 

growth. 

2.2.1. Transfection and generation of CHO-GFP-CCR5 

CHO-GFP-CCR5 cell lines were generated by transfecting CHO-K1 with a pCDNA3.1 

Hygro-GFP-CCR5167 construct that lacked the presence of a strong pre-promoter 

amplification region, using the TransIT-X2 transfection reagent from Mirus (MIR 6003), 

according to manufacturer protocols. CCR5 expression within mixed populations was 

maintained by culturing cells in the presence of 400 µg/ml hygromycin. The creation of clonal 

CHO-GFP-CCR5 populations was carried out through the isolation of single cells from the 

mixed population for expansion. This process was achieved through limited dilution, whereby 

mixed population cells were detached and seeded in a 96-well plate at an average density of 

1 cell per well in the presence of hygromycin. Wells were inspected using brightfield 

microscopy to identify wells that contained a single cell. Well inspection continued every few 

days to determine which wells exhibited successful growth of clonal colonies. Initial 

inspection of GFP-CCR5 expression was carried out using an upright fluorescent 

microscope. Once confluent, colonies under consideration were expanded in 24 well plates. 
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Further characterisation of expression was characterised using flow cytometry with CHO-K1 

control cells.  

2.2.2. Transfection and generation of CHO-SNAP-CCR5 

CHO-SNAP-CCR5 cell lines were generated by transfecting CHO-K1 with a SNAP-CCR5 

construct211 using either the TransIT-X2 transfection reagent from Mirus (MIR 6003) or the X-

tremeGENE HP reagent from Sigma Aldrich (6366236001). SNAP-CCR5 plasmid (pFLAG-

SNAP-CCR5-WT) was originally made by Cisbio212 and was provided by Dr. Anne Brelot 

(Institut Pasteur, Paris France). SNAP-CCR5 plasmid underwent bacterial amplification prior 

to purification using a midiprep and subsequent concentration categorisation using a 

NanoDrop (Thermofisher). SNAP-CCR5 expression was maintained by culturing cells in the 

presence of 1 µg/ml G418 and SNAP-CCR5 expressing cells were isolated for single-cell 

cloning through the process of limited dilution cloning, as described above. Selection of 

specific populations based on their clonality, and expression levels was aided through the 

characterisation of Alexa Fluor 647-associated signal using flow cytometry against non-

transfected CHO-K1 controls employing both the monoclonal antibody FLAG-M2 and anti-

CCR5 primary antibodies 2D7 and MC-5. Further characterisation of both stably and 

transiently transfected populations employed SNAP-Surface Alexa Fluor 647 from New 

England Biolabs (S9136S). Transient transfection of CHO-SNAP-CCR5 took place using the 

same methods as above, however these mixed populations did not receive exposure to 

selection antibiotics. 

2.2.3. Transfection and generation of Jurkat-GFP-CCR5 

Jurkat cell lines were transfected with either the pCDNA3.1 Hygro-GFP-CCR5 construct 

employed in CHO-GFP-CCR5, a construct solely coding for GFP or a an alternate GFP-

CCR5 construct that does not code for antibiotic resistance167. Cells were transfected using 

a Nucleofector II device (LONZA) alongside the Cell Line Nucleofector Kit V (LONZA), 

following the manufacturer protocol. Cell transfection was carried out using Nucleofector 

modes that either prioritise cell viability post transfection (high viability) and those designed 

to prioritise protein expression at the cost of cell viability post-transfection (high expression). 

Determination of GFP expression post-transfection was carried using Flow cytometry against 

non-transfected Jurkat controls.  
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2.3. Flow cytometry 

2.3.1. Flow cytometry of CHO-GFP-CCR5  

Upon reaching confluence, CHO-GFP-CCR5 underwent cell detachment following the steps 

outlined above. In place of Trypsin-EDTA, the PBS wash was instead replaced using PBS 

containing 10mM EDTA (PBS-EDTA) prior to incubation at 37oC for detachment. A portion of 

the detached cell solution was used for the determination of cell density using cell counting, 

as outlined above. The remaining cell solution was transferred to a 50 ml Falcon tube and 

underwent a 6-minute centrifugation at 10g to form a cell pellet. The supernatant was 

aspirated to remove any remaining EDTA and the cell pellet was resuspended at 2 x 

106cells/ml. 50 µl of this cell solution was added to a single well of a non-tissue culture 

treated 96-well u-bottom plate. The number of wells which received cell solution 

corresponded to the number of conditions to be studied using flow cytometry.  

 

The 96-well plate underwent a 3-minute centrifugation at 10g and 4oC to form a cell pellet 

and the supernatant was removed through flicking the plate. Cell pellets were broken down 

using a vortex mixer and cells were resuspended in 200 µl of FACS buffer (PBS, 1% FCS, 

0.05% sodium azide). In the case of GFP-expression analysis in fixed cells, cells again 

underwent centrifugation and supernatant flicking to remove this initial FACS buffer wash. 

Cells were resuspended in FACS buffer containing 3% formaldehyde for the fixation of cells 

and were stored at 4 oC for 20 mins. In the case of overnight fixation, cells were 

resuspended in FACS buffer containing 1% formaldehyde and were stored at 4 oC overnight. 

Fixed cells were washed and resuspended in 200 µl FACS buffer before analysis using flow 

cytometry. 

 

In the case of immunofluorescent labelling of cells, cells were resuspended in 50 µl FACS 

buffer containing the respective primary antibody at a concentration of 2.5 µg/ml following 

the initial FACS buffer wash and were placed on a shaker at 4 oC for 1 hour prior to being 

centrifuged as before for the removal of supernatant. Unlabelled and secondary only controls 

underwent the same treatment using FACS-buffer in the absence of primary antibodies. Cell 

washing was performed as before, with cells being resuspended in 200 µl FACS buffer and 

undergoing a 3-minute centrifugation at 4 oC, 3 washes were performed following primary 

antibody staining. Cells underwent fixation as described above prior to being washed and 

resuspended in 100 µl NH4Cl free aldehyde quenching solution (10mM NH4Cl in PBS) for 30 

minutes at 4 oC. Following 2 FACS buffer washes, cells were resuspended in 50 µl FACS 

buffer containing the respective secondary antibody at a concentration of 4 µg/ml and were 
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placed on a shaker at 4 oC for 1 hour. Unlabelled control cells underwent the same treatment 

using FACS buffer in the absence of secondary antibodies. Cells underwent an additional 3 

washes and were resuspended in 200 µl prior to the analysis of fluorescence intensity using 

flow cytometry.  

2.3.2. CHO-GFP-CCR5 calcium flux assay 

CHO-GFP-CCR5 were detached using PBS-EDTA and counted, as described above, prior 

to receiving two PBS washes and being resuspended in PBS at a concentration 2 x 

106cells/ml. Quest Fluo-8 AM (AAT Bioquest) was introduced to the cells at a final 

concentration of 2.5 mM and cells underwent a 30 min incubation at room temperature in the 

dark. After incubation, cells underwent two further PBS washes for the removal of excess 

dye and cells were resuspended in HBSS buffer solution (1.26 mM CaCl2) (ThermoFisher) at 

a concentration of 1 x 106cells/ml. Cell solution was portioned into 500 µl aliquots and were 

kept on ice until analysis by flow cytometry. A portion of aliquots saw the addition of TAK-

779 at a final concentration of 400nM to determine the effects of CCR5 antagonist pre-

exposure. Cell aliquots underwent aspiration by the cytometer prior to the addition of CCL5 

to determine the baseline level of fluorescence. Cells were exposed to CCL5 at a 

concentration of 10nM, a concentration deemed optimal in previous investigations213. 

Aspiration continued upon the addition of CCL5 and continued for the remainer of the 

induced-response, acquisition was repeated as required. A blank stimulation control 

underwent acquisition to account for the mechanical impact of the instrument on the 

readings. Data was presented as the fluorescent signal (fluo-8-Ca2+-FITC) against time, with 

successive gates of 5 s intervals for the duration of the response. These results were 

reported as the fluorescent signal normalised to the baseline signal of each sample before 

stimulation. Data was plotted using Prism v9.4.1 (GraphPad Software Inc., La Jolla, USA). 

Experimentation was performed by Dr Nathalie Signoret. 

2.3.3. CHO-GFP-CCR5 internalisation assay 

CHO-GFP-CCR5 were detached in PBS-EDTA and counted, as described above. Cells 

were resuspended in binding medium at a concentration of 2 x 106cells/ml and underwent 

incubation at 37oC for up to 60 minutes either in binding medium (RPMI 1640 without 

bicarbonate, containing 0.2% BSA and 10 mM Hepes, pH 7.0) alone or in the presence of 

100 nM PSC-RANTES (gifted by Prof. Oliver Hartley, University of Geneva). Aliquots of cells 

were taken at each time point (5, 15, 30 and 60 minutes) and were transferred to a non-

tissue culture treated u-bottom 96 well plate kept on ice. Each time condition was split 

between two wells to allow separate primary antibody labelling with 2D7 (BD biosciences) in 
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FACS buffer or an anti-GFP monoclonal antibody (proteintech) in FACS buffer, respectively. 

Samples underwent 1% formaldehyde overnight fixation and labelling with the secondary 

antibody GAM-DyLight 650 (ThermoFisher), as described above, prior to analysis by flow 

cytometry. The percentage of fluorescent signal for each condition was calculated using the 

specific mean fluorescence intensity (CCR5-asoociated mean fluorescence intensity 

subtracted for background signal) Experimentation was performed in triplicate by Dr Nathalie 

Signoret. 

2.3.4. Flow cytometry of Jurkat 

Transfected Jurkat cells underwent preparation for flow cytometry 64 hours after being 

transfected. Transfected cells were observed using a compound microscope to confirm the 

presence of healthy cells. Cells were transferred to a round bottom polypropylene 

centrifugation tube and underwent a 6-minute centrifugation at 10g and 4 oC to form a cell 

pellet. Cells underwent a wash through the resuspension of cells in 250 µl of FACS buffer 

following a 3-minute centrifugation at 10g and 4 oC. Supernatant was aspirated and cells 

were resuspended in 250 µl of FACS buffer prior to analysis using flow cytometry. 

2.3.5. Flow cytometry of CHO-SNAP-CCR5 

In the case of stably transfected CHO-SNAP-CCR5 clones and mixed populations, confluent 

cells were prepared for labelling in a non-tissue culture treated 96-well u-bottom plate using 

the steps outlined above for CHO-GFP-CCR5. In the case of immunofluorescent staining, 

cells likewise underwent labelling using the steps outlined above for CHO-GFP-CCR5. The 

protocol for the immunofluorescent staining of CHO-SNAP-CCR5 saw alteration, as outlined 

in the final results chapter of this thesis. This adapted protocol saw the extension of primary 

antibody labelling to a 2-hour period at 4 oC and the fixation of cells taking place after both 

primary and secondary antibody labelling. 

 

In the case of labelling using SNAP-surface Alexa Fluor 647, cells were detached and 

transferred to a non-tissue culture treated 96-well u-bottom plate as outlined above. Cells 

were washed, as above, but using 200 µl of binding medium and a 3-minute centrifugation at 

10g and 37 oC. Cells were resuspended in 50 µl of binding medium containing SNAP-surface 

Alexa Fluor 647 at a concentration of 5 µM and underwent a 30-minute incubation at 37 oC. 

Cells underwent three additional washes in binding medium to remove unbound SNAP-

surface Alexa Fluor 647. Cells underwent a further wash using 200 µl of FACS buffer prior to 

a 20-minute incubation in 200 µl of FACS buffer containing 3% formaldehyde for the fixation 

of cells. Fixation solution was removed using a final FACS buffer wash and cells were 
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resuspended in 200 µl of FACS buffer for analysis by flow cytometry. The protocol for SNAP-

surface Alexa Fluor 647 labelling saw alteration, as outlined in the final results chapter of this 

thesis. This adapted protocol saw the reduction of the concentration of SNAP-surface Alexa 

Fluor 647 employed from 5 µM down to 62 nM and the absence of fixation prior to analysis. 

The choice of adapted SNAP-surface Alexa Fluor 647 concentration was informed through 

flow cytometry analysis of non-transfected CHO-K1 cells that underwent labelling as outlined 

above using a range of SNAP-surface Alexa Fluor 647 concentrations created through serial 

dilution. 

 

In the case of transiently transfected CHO-SNAP-CCR5, cells were prepared for labelling 

using the steps outlined above for stably-transfected cell lines. Cells underwent preparation 

48-hours after the transfection of cell populations that displayed either a high or low level of 

cell confluence. Once prepared, these cells underwent either immunofluorescent staining or 

SNAP-surface Alexa Fluor 647 labelling using the adapted protocols outlined above. 

2.3.6. Flow cytometry analysis 

Flow cytometry of cells was performed on a CytoFLEX S (Beckman Coulter) system in the 

Technology Facility (University of York). Analysis of flow cytometry data was performed 

using CytExpert (Beckman Coulter). 

 

2.4. SIM imaging 

2.4.1. Preparation of CHO-CCR5 for SIM imaging 

CHO-CCR5 were grown in a 10 cm dish to confluency prior to being detached using Trypsin-

EDTA following the detachment protocol outlined above. Cells were seeded onto #1.5 grade 

round coverslips (standardised thickness of approximately 0.17 mm) seated in a 24-well 

tissue culture plate at a concentration of 1:20 in 250 µl of culture medium. Seeded coverslips 

were incubated at 37 oC and 5% CO2 for 48 hours to allow cell reattachment and growth to a 

confluence of approximately 30%. 

 

Prepared coverslips were inspected using a compound microscope to ensure cell health and 

attachment. Culture medium was aspirated and replaced with 400 µl of PBS which was in 

turn aspirated, forming a PBS washing step. PBS washing was carried out 3 times prior to 

the addition of 250 µl of PBS containing 3% formaldehyde for 20 minutes for the fixation of 
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cells. In the case of CHO-CCR5 exposed to CCL5, initial culture medium was replaced with 

250 µl of binding medium containing CCL5 (Peprotech) at a concentration of 100 nM and 

cells were incubated at 37 oC for the desired perturbation time. When several CCL5 

perturbation times were required in one sample preparation, 250 µl of binding medium was 

added to each well prior to the addition of 50 µl of binding medium containing CCL5 at 6 

times the desired concentration to the well corresponding to the longest CCL5 exposure. All 

wells underwent incubation at 37 oC and binding medium containing CCL5 was added to the 

remaining wells corresponding to their respective exposure times, such that all wells 

received fixation at the same time point. Cells underwent a 20-minute fixation through the 

addition of 300 µl of PBS containing 6% formaldehyde, providing a final concentration of 3% 

in 600 µl. In studies employing a labelled form of CCL5, CHO-CCR5 were exposed to either 

10nM Alexa Fluor 647-CCL5 (R&D Systems) or a 1:100 ratio of Rhodamine-CCL5 to 

unlabelled CCL5 at a concentration of 100nM, following the steps described above. 

 

In the case of CHO-CCR5 exposed to CCL5 alongside pre-treatment of cells using 

antagonists and CCL5-analogues, initial culture media was replaced with 250 µl of binding 

medium containing the corresponding pre-treatment, with MVC, TAK, 5P12 and 5P14 being 

present at a concentration of 10 µM, 800 nM, 100 nM and 100 nM respectively (5P12 and 

5P14 were gifted by Prof. Oliver Hartley, University of Geneva). Cells underwent a 30-minute 

incubation at 37 oC. Non-pre-treated samples were handled in the same way using binding 

medium in the absence of pre-treatment. Subsequent CCL5 exposure was carried out as 

described above, with 50 µl of binding medium containing CCL5 at 6 times the desired 

concentration being added to each well at the corresponding timepoint and cells undergoing 

fixation, as described above. 

 

After fixation, cells underwent 3 PBS washes and a single extended PBS wash in which the 

PBS was left for 5 minutes prior to aspiration. Cells received 250 µl of NH4Cl free aldehyde 

quenching solution for 30 minutes. Quenching solution was replaced with 250 µl of PBS 

containing 1% FCS for 30 minutes to minimise non-specific binding of antibodies. This 

solution was replaced with 250 µl of PBS containing 1% FCS alongside DyLight 650-MC5 or 

Alexa Fluor 488-MC5 at concentration of 2 µg/ml and cells were stored on a shaker for 60 

minutes. Cells underwent 3 extended PBS washes whilst remaining on the shaker. 

Coverslips were mounted on glass slides using mowial mounting medium, as employed in 

previous studies214, and were allowed to dry at 37 oC. MC5 is an anti-CCR5 monoclonal 

antibody produced from a hybridoma and purified by Prof. Matthias Mack63. Non-interference 

of this antibody with CCL5 binding, as well as CCR5 conformation, activation and 

internalisation, has been validated by previous studies60,63,166. In previous in-house 
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development, MC5 was directly coupled with DyLight 650 and Alexa Fluor 488 at a dye to 

protein ratio of 1.57:1 and 0.8:1 respectively, using the Dylight-650 NHS ester coupling kit 

(Thermofisher) and Alexa Fluor 488 antibody labelling kit (Invitrogen). 

2.4.2. CHO-CCR5 imaging by SIM 

SIM imaging was performed on a custom system located in The National Physical 

Laboratory. This SIM system is built on an Olympus IX71 inverted widefield epifluorescence 

microscope, as described in previous studies1,191,192. This system employs the projection of 

illumination patterns onto samples, generated using the spatially filtered image of a binary 

phase grating displayed on a liquid-crystal-on-silicon spatial light modulator (SXGA-3DM, 

Forth Dimension Displays). Images of CHO-CCR5 were acquired using a 60x/1.3 silicone 

immersion objective lens (UPLSAPO, Olympus) alongside a quad-band fluorescence filter 

cube (TRF89901-EM, Chroma) and excitation provided by either a 488 nm, 515 nm or 638 

nm diode laser (Luxx, Omicron Laserage), with an effective (Abbe) resolution of ~ 170 nm 

under 638 nm excitation. 

 

Images of CHO-CCR5 were recorded using a scientific CMOS camera (ORCA Flash 4.0, 

Hamamatsu Photonics) with the global exposure period of the camera being synchronised 

with the spatial light modulator. Nine raw images were captured using a series of sinusoidal 

illumination patterns to allow the final reconstruction of a super resolution image. These 9 

patterns comprised of three orientations, each separated by 120°, and three pattern phases, 

separated by 2𝜋/3 per orientation. High-pass filtering was used to suppress out-of-focus 

information close to the centre of each separated Fourier space information passband191 

prior to passbands being shifted and combined as described in previously studies215. Images 

were acquired across several planes of the cell in order to form a z-stack of images 

demonstrating expression throughout the cell. Image z-stacks were acquired starting from 

the basal membrane and moving up towards the apical membrane. Images were acquired 

with 200-500 nm step sizes between each acquisition. 

2.4.3. Intensity analysis of CHO-CCR5  

Image stacks of CHO-CCR5 obtained using SIM underwent maximum z-axis intensity 

projection using ImageJ with the Fiji platform (ImageJ/Fiji) to give representation of overall 

cell expression. Cell boundaries were determined using ImageJ/Fiji to segment cells from 

the extracellular environment and bordering cells. Cell segments were created using global 

Otsu thresholding to determine the cell circumference. ImageJ measure function was 

employed to record the average intensity of the cell normalised to the area of the cell. 



  
 

 53 
 

Estimation of background signal was determined using the average intensity of a circular 

area of 100-pixel radius set within the extracellular space over several images. Estimations 

of background signal were used to quantify the mean cell intensity above a baseline 

background level. Within a given condition, the overall intensity of each cell was used to 

calculate the mean average intensity for this condition, with the error associated with this 

mean average being reported as the standard error of the mean. In the case of the 

determination of CCL5-associated intensity, analysis was carried out in an identical manner, 

employing the cell boundary determined using the CCR5-associated signal of the same cell. 

In the case of cell projections displayed using a photobleaching correction, images captured 

at different focal offsets were corrected for photobleaching by scaling using an exponential 

decay curve measured by repeated imaging of the same region of a cell under identical 

conditions. All images displayed within the same figure are contrast matched unless 

otherwise stated. 

2.4.4. Cluster analysis in SIM images 

CHO-CCR5 images of the basal membrane underwent cell boundary segmentation, as 

described above. Images then underwent binarisation using a combination (in parallel, 

followed by an AND operation) of global Otsu thresholding and local Otsu thresholding with a 

rolling ball radius of 25 pixels using ImageJ/FIJI. The binary images revealed objects 

corresponding to local enrichment of CCR5. The ‘Analyse Objects’ function of ImageJ/Fiji 

was used to determine the number of objects, alongside the area, centroid and circularity of 

each object. The number density of objects was calculated using a 2D kernel density 

estimate of the object centroid coordinates, with kernel width of the widefield lateral 

resolution, ~180 nm, as described previously1.  

 

Centroid coordinates of foci were analysed using ClusDoc software216. The relative 

clustering or dispersal of objects was assessed for each individual cell using the Ripley H 

function. The Ripley H function is equal to the Ripley L function less the radius, H(r) = L(r)-r, 

where L(r) is the radius of a circle in which the experimentally counted points inside would 

otherwise be uniformly distributed217. Thus, Ripley H is a measure of the deviation from 

uniform distribution, H(r) = 0, with positive deviations corresponding to ‘‘attractive’’ clustering 

of objects. The clustering results were validated against simulated negative and positive 

controls, which were point clouds generated respectively from random 2D coordinates or 

points on a square lattice with rms noise of half the lattice spacing (MATLAB). Nearest 

neighbour distances were calculated using the minimum value of H(r) associated with the 

initial negative H(r) values, values were averaged over all cells to provide a mean value ± 
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standard error of the mean. Clustering gradients were determined as the peak of a kernel 

density estimate of gradient values calculated pairwise between adjacent H(r), with a kernel 

width of 0.001. Cluster analysis was performed in collaboration with Dr Alex Payne-Dwyer. 

 

2.5. Confocal and traditional fluorescence imaging 

2.5.1. Confocal imaging of CHO-CCR5 

Samples of CHO-CCR5 labelled with Alexa Fluor 488-MC5 and exposed to Alexa Fluor 647-

CCL5, both with and without pre-treatment with MVC and TAK, were prepared using the steps 

outlined above (2.3.1 Preparation of CHO-CCR5 for SIM imaging).  

 

Cells were imaged using an LSM 980 laser scanning confocal microscope (Zeiss) in the 

Technology facility (University of York) employing Zen imaging software (Zeiss). Optically 

sectioned images were taken from the basal membrane through to the apical membrane of 

the cell. Images underwent LSM plus deconvolution (Zeiss) to improve signal-to-noise ratio 

and resolution. Image stacks of CHO-CCR5 obtained using confocal underwent maximum z-

axis intensity projection using ImageJ/Fiji to give representation of overall cell expression. 

Maximum z-axis intensity projections corresponding to CCR5 signal and those corresponding 

to CCL5 signal were overlaid for each cell to create dual-colour images. 

2.5.2 Traditional fluorescence imaging of CHO-SNAP-CCR5 

Transiently transfected CHO-SNAP-CCR5 labelled with SNAP-Surface Alexa Fluor 647 were 

prepared using the steps outlined above (2.3.1 Preparation of CHO-CCR5 for SIM imaging). 

Cells were imaged using an Axiovert inverted widefield epifluorescence microscope (Zeiss) 

combined with a Retiga E7 CMOS camera (Teledyne). Images underwent contrast matching 

using ImageJ/Fiji. 

 

2.6. PaTCH imaging 

2.6.1. Preparation of CHO-GFP-CCR5 for PaTCH imaging 

CHO-GFP-CCR5 were grown in a 10 cm dish to confluency prior to being detached using 

Trypsin-EDTA following the detachment protocol outlined above. Cells were seeded onto 1.5 

mm thick round coverslips seated in a 24-well tissue culture plate at a concentration of 1:20 
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in 250 µl of culture medium. Seeded coverslips were incubated at 37 oC and 5% CO2 for 48 

hours to allow cell reattachment and growth to a confluence of approximately 30%. 

 

Prepared coverslips were inspected using a compound microscope to ensure cell health and 

attachment. Culture medium was aspirated and replaced with 400 µl of PBS which was in turn 

aspirated, forming a PBS washing step. PBS washing was carried out 3 times prior to the 

addition of 250 µl of PBS containing 3% formaldehyde for 20 minutes for the fixation of cells. 

After fixation, cells underwent 3 PBS washes and coverslips were mounted on glass slides as 

outlined above (2.3.1 Preparation of CHO-CCR5 for SIM imaging). 

2.6.2. Preparation of CHO-SNAP-CCR5 for PaTCH imaging 

Transiently transfected CHO-SNAP-CCR5 labelled with SNAP-Surface Alexa Fluor 647 were 

prepared using the steps outlined above (2.3.1 Preparation of CHO-CCR5 for SIM imaging). 

2.6.3. imaging of cells using PaTCH microscopy 

Imaging was performed on a custom-built single-molecule Slimfield microscope developed in 

the lab of Professor Mark Leake (University of York), as previously described1,200,201,206. 

Alteration of this microscope for Partially TIRF-coupled HILO (PaTCH) microscopy 

acquisition saw the optimisation of the angle of excitation beam delivery for the imaging of 

the basal membrane of mammalian cells218, thereby distinguishing this mode from the 

traditionally used TIRF and HILO modes. The angle of incidence of the excitation beam in 

the PaTCH imaging mode was set to a sub-critical angle of 55° by translation of a telescope 

lens, as calibrated using the lateral displacement of the beam downstream of the focal 

plane199. At this angle, it was estimated that approximately 30% of the incident light is 

coupled into a reflected TIRF mode, with the associated enhancement of the excitation field 

at the surface. The remaining light couples into transmitted HILO modes, which extend the 

excitation field into regions of the basal membrane not directly contacting the coverslip, but 

not the interior of the cell.   

 

The samples were illuminated using either brightfield illumination or using a 488 nm 

wavelength laser (Coherent OBIS LX) that was spatially filtered to the TEM00 transverse 

mode. The objective lens utilised was a 100x, NA 1.49 oil-immersion lens (Nikon ApoTIRF,). 

The illumination area was approximately 60 µm wide in the sample plane as characterised 

using a sample of immobilised standard fluorescent microbeads (Promega), this width 

corresponds to the distance from the beam axis over which the intensity of the illumination 
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drops to 1/e2 of the peak intensity. The laser power at the source was 30 mW, corresponding 

to an excitation intensity of approximately 0.5 kW/cm2 at the sample plane.  

 

The approximate focal plane corresponding to the basal membrane of mammalian cells was 

determined using brightfield illumination. The focal plane was fine-tuned using a sacrificial 

cell under 488 nm illumination. Field of view was shifted to a neighbouring cell using 

brightfield illumination prior to 488 nm imaging of this cell, thereby minimising any undesired 

photobleaching within the cell prior to image capture. A single sequence of images was 

captured for each field of view in OME TIFF format using a Prime 95b camera (Teledyne 

Photometrics). The exposure time was 10 ms per frame, during which the laser was digitally 

triggered, and a total framerate of 77 fps over 1000 - 3000 frames at 53 nm/pixel 

magnification. The estimated lateral resolution is 180 nm, while the localisation precision of 

each focus is approximately 40 nm219. The detection performance was characterised using in 

vitro recombinant GFP (abcam) immobilised to a coverslip220–222. 

2.6.4. Stoichiometry analysis of PaTCH images 

PaTCH images underwent processing using the custom in-house software suite ADEMScode 

(MATLAB, MathWorks) (GitHub)1,223. Within each frame of a given image sequence, foci were 

identified as local maxima in fluorescent intensity inside a circular region of interest (ROI) with 

an 8-pixel radius above the local background signal, averaged over a surrounding square ROI 

with an area of 17 x 17 pixels. The super-resolved centroid, width and integrated intensity 

(sum of pixel values with background subtraction) of each focus was established through the 

fitment of a gaussian intensity mask and all foci underwent thresholding using signal-to-noise 

ratio (SNR). The SNR of a given focus was defined as the background-subtracted integrated 

intensity of the circular ROI divided by the standard deviation of pixel values displayed by the 

respective square ROI, with the minimum SNR for foci to be accepted being 0.4201,224. Foci 

identified in consecutive frames were linked into tracks if they displayed both a persistent 

overlap of 75-100% and an intensity ratio of 50–200%. Once tracks were identified, the initial 

intensity of each track was determined through backwards linear extrapolation across the first 

5 frames of the image sequence to the time point of initial laser exposure. 

 

The characteristic intensity associated with a single GFP (iSingle value) was estimated as the 

modal brightness of foci after a period of sufficient photobleaching, thereby ensuring the 

presence of single molecules222. This value was sense-checked through comparison with 

values of single-molecule brightness obtained through the imaging of immobilised 

recombinant GFP and values obtained via the determination of monomeric intensity intervals 
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of tracks undergoing stepwise photobleaching, identified by a Chung–Kennedy edge-

preserving filter206,225–227. In order to determine the number of GFP-CCR5 fusions present 

within each tracked focus, the initial intensity of the track was divided by the characteristic 

intensity of a single GFP, as determined above228. Analysis of track stoichiometry was limited 

to tracks determined in the first 10 frames of the image sequence in order to avoid the 

underestimation of track stoichiometry due to photobleaching. 

 

The representation of the collated stoichiometries of all tracks for a given condition used kernel 

density estimate (KDE) plots. The employment of KDE plots served to reduce subjective bias 

in the determination of heterogeneity, relative to histograms, where an excess of bins can lead 

to the suggestion of increased heterogeneity, while too few bins can mask heterogeneity229. 

The kernel width associated with these plots was set as 0.6 molecules, a value which 

corresponds to the root mean squared (rms) detection sensitivity of the integrated intensity of 

a single GFP molecule in a focus. Alternatively, collated values of stoichiometry were 

represented, alongside number of tracks per cell, as violin distributions with overlaid jitter 

distributions, alongside bars boxes and whiskers denoting the median, interquartile range 

(IQR) and 2.5 x interquartile range respectively (MATLAB). Collated values of stoichiometry 

were also represented using a jitter distribution, overlaid with the mean intensity of the 

respective condition (Origin). Jitter distributions displayed dots spread horizontally to allow 

individual visualisation. 

 

The periodicity associated with the collated stoichiometries of a given condition was calculated 

by sorting the stoichiometry values230 and taking the nearest neighbour differences224. 

Stoichiometry intervals were likewise represented using a KDE plot with a kernel width of 0.6 

molecules. The resultant periodicity was determined as the modal peak value within this plot. 

The error in the periodicity estimate was determined as the product of 0.6 molecules and the 

square root of the ratio of the mean stoichiometry and the number of extrapolation points, 

divided by the number of tracks contained in the modal peak. 

2.6.5. Intensity analysis of PaTCH images 

Image sequences of CHO-GFP-CCR5 and CHO-SNAP-CCR5 cells were represented as 

maximum intensity projections. Projections were taken after an initial period of photobleaching 

(100th frame to the final frame) to facilitate the determination of cell boundaries and subsequent 

segmentation of cells. Segmentation and intensity measurements were carried out as 

described above (2.3.3 Intensity analysis of CHO-CCR5). Collated values of intensity across 

all cells were displayed as Jitter plots to facilitate the determination of cell sub-populations.  
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2.6.6. Comparison of PaTCH, TIRF and HILO imaging modes 

CHO-GFP-CCR5 were imaged using Slimfield microscopy given a varied angle of incidence 

of the excitation beam, corresponding to HILO (45o), PaTCH (55o) and TIRF (62o) imaging 

modes, as described1. In order to minimise the effect of photobleaching in the comparison of 

imaging modes, cells underwent a 10 s (750 frame) pre-bleach under epifluorescence 

illumination. Image sequences comprising 100 frames were acquired under HILO, PaTCH and 

TIRF imaging modes sequentially. Image stacks were represented as maximum intensity 

projections under each condition. GFP-CCR5 puncta were localised and segmented using 

intensity thresholding, with the resultant spatial distribution of puncta being overlaid between 

conditions and thereby allowing the identification of puncta present across imaging modes. 

The signal of puncta was determined as the raw integrated density captured within a circular 

window 6-pixels in diameter. The associated background was determined as the raw 

integrated density under the same circular window shifted to the adjacent area surrounding 

the puncta. Both signal and background measurements underwent global background 

subtraction, with global background being determined as the average raw integrated density 

present in the extracellular area across all three imaging modes. Mean values for the signal 

to background ratio of puncta were determined using 10 puncta for each imaging mode. Error 

associated with these averages is the standard error of the mean. 

 

2.7. Figures and graphs 

Figures were created using MATLAB, Origin, CytExpert, Zen or ImageJ/FIJI, unless 

otherwise stated. Illustrative figures were created using Microsoft PowerPoint or 

Biorender.com. 

 

2.8. Statistics  

For statistical tests reported in Figure 4-11, MATLAB was used to perform the nonparametric 

Brunner-Munzel test, as reported1. A conservative Bonferroni-adjusted significance level was 

employed to account for multiple comparisons within samples (ɑ = 0.05/5 = 0.01). Values for 

N and p are reported alongside the figure, with N representing either the number of cells or 

the number of foci in the sample. Significant stochastic inequality of the populations under 
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comparison is denoted using an asterisk (*) indicating that p < 0.01. Brunner-Munzel statistical 

tests were performed by Dr Alex Payne-Dwyer. Due to the underlying distributions and 

variances not being known a priori, a target sample size of n ≤ 5 cells (and n ≤ 24 tracks) per 

condition was estimated. These targets were based on a minimum detection level of 1 sd at 

80% power under normal statistics for a one-tailed or two-tailed Z-test respectively. Cell 

cultures were assigned randomly for ligand ± groups, as described1. 

 

Statistical evaluation of variance amongst overall cellular intensities in populations of CHO-

CCR5 and CHO-GFP-CCR5 was carried out in Origin (OriginLab) using the nonparametric 

Kruskal–Wallis one-way analysis of variance (KW-ANOVA) test alongside subsequent Dunn’s 

testing, results were determined relative to a significance level of 0.05 (ns - P > 0.05, * - P ≤ 

0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P ≤ 0.0001). 
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3. Revealing the super-resolved spatial distribution of 
CCR5 and the effect of agonists and antagonists on 
CCR5 behaviour 

3.1 Introduction 

Previous investigations of the chemokine receptor CCR5 have employed immortalised cell 

lines modified for the over-expression of CCR5. In the case of fluorescence microscopy-

based experiments, these cell lines have been studied using immunofluorescence staining to 

enable receptor detection. Using these techniques, previous studies have aimed to 

determine characteristics of CCR5, such as its expression levels and overall cellular 

distribution60,63,66. However, these investigations have relied upon traditional fluorescence 

and confocal microscopy techniques which offer a resolution that is limited by the optical 

diffraction limit of light. The restricted spatial resolution that traditional techniques offer can 

provide basic information regarding overall CCR5 characteristics but is unable to resolve 

finer details in the arrangement of receptor assemblies.  

 

The advent of super-resolution techniques, which can surpass the optical diffraction limit of 

light, has provided a clear advancement opportunity in the determination of CCR5 

characteristics. Utilising a CHO cell line stably expressing CCR5 at a high level (CHO-

CCR5), coupled with fluorescent antibodies specific to the CCR5 receptor, this project aims 

to provide hitherto unseen super resolution detail of CCR5 behaviour. Utilising structured 

illumination microscopy (SIM), we aim to unveil the super-resolved spatial distribution of 

CCR5 in mammalian cells, thereby revealing characteristics of the CCR5 receptor that are 

inaccessible using traditional techniques. Previous studies comparing receptor conformation 

and internalisation in both CHO-CCR5 and a variety of human immune cells indicate cell-

type specific regulation of CCR569. As the difference in behaviour between CCR5 expressed 

within human immune cells and CCR5 expressed in non-immune cell models are not fully 

understood, extensive investigation of the receptor would benefit from the use of a range of 

human immune cells. However, the lack of endogenous CCR5 and related chemokine 

receptors within the CHO cell line63, coupled with the flat adherent cell morphology and 

amplified receptor expression offered, highlights CHO-CCR5 as an ideal model for the 

isolated study of CCR5 using super-resolution techniques. 

 

These techniques also afford the ability to investigate ligand-mediated changes in the spatial 

distribution of CCR5. In the case of the CCR5 agonist CCL5, it is expected that CCL5-
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mediated activation leads to CCR5 endocytosis. However, the changes in CCR5 distribution 

and overall surface levels upon exposure to CCL5 have yet to be studied in super-resolution. 

In addition, super-resolution investigations of CCR5 antagonists, such as the FDA approved 

HIV therapeutic Maraviroc (MVC)130, would allow for insight as to how MVC impacts on 

CCR5 to inhibit CCL5-mediated activation. The small molecule MVC is thought to bind deep 

within the CCR5 transmembrane bundle, inducing a conformational change that inhibits 

receptor function. The identification of MVC, alongside the alternative small-molecule TAK-

779 (TAK), as allosteric modulators of receptor function are supported through biochemical, 

structural and mutagenesis studies, although it remains unclear whether MVC inhibits the 

initial binding of the chemokine-core to the primary binding site45,46,131,132. This study also 

aims to extend super resolution investigation to the study of the prospective therapeutics 

5P12 and 5P14 on CCR5-CCL5 interactions. 5P12 and 5P14 are N-terminally altered 

analogues of CCL5 initially developed as HIV therapeutic candidates, with both being 

reported not to induce G protein-linked signalling activity. However, they vary in their ability 

to mediate CCR5 internalisation, with 5P14 being reported to induce CCR5 internalisation 

and 5P12 being reported to display no induction of CCR5 internalisation137,139,140. The use of 

fluorescently labelled CCL5 will allow the determination of CCL5-cell association, alongside 

the determination of CCR5 spatial distribution, in the presence of these small molecule 

antagonists and CCL5-analogues, thereby helping to interpret and confirm their respective 

modes of action. 

3.2. Structured illumination microscopy reveals CCR5 expressed evenly 
across the basal membrane of CHO-CCR5 

Super-resolution investigations into mammalian cells benefit from the maximisation of signal 

while retaining a high level of specificity to the target biomolecule, thereby increasing the 

achievable signal to background ratio. For this purpose, SIM studies investigating CCR5 

employed CHO-CCR5 cells, for which previous bulk ensemble and diffraction-limited studies 

had been performed60,63,66,210. Fluorescent emission intensity and biomolecule specificity was 

ensured through the employment of CCR5-specific surface immunolabelling using the CCR5 

Monoclonal antibody MC-5, itself labelled with the fluorophore DyLight 650 (see methods 

2.4.1). The employment of CHO cells above other immortalised cell lines was informed by 

characteristic traits of CHO cells, such as ready adherence to glass surfaces and flat uniform 

morphologies when fixed, that highlight them as an ideal candidate for microscope-based 

studies of membrane proteins. As illustrated in Figure 3-1a, in preparation of the microscopy 

studies detailed in this chapter, larger cultures of CHO-CCR5 are divided and cultured 

directly onto circular glass coverslips that are housed within isolated wells of a multi-well 
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plate. The direct growth of cells onto coverslips allows for the optimisation of cell density and 

flatness of the basal membrane. Additionally, the placement of coverslips into individual 

wells of the same 24-well plate allows for selective treatment of individual samples whilst 

minimising extraneous variables between samples. Once the cells have undergone 

treatment, they are fixed and immune-stained (see methods section 2.4.1), coverslips are 

mounted on glass slides for microscopy. 
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Figure 3-1: Experimental outline underpinning mammalian cell SIM imaging. a) Illustration 

demonstrating the preparation of CHO-CCR5 for fixed cell imaging. (Illustration created with 

BioRender.com). b) SIM image of a representative CHO-CCR5 cell labelled with DyLight 650-MC5. 

Image acquired at the basal membrane of the CHO-CCR5 cell with a bordering cell located below and 

to the right. Image demonstrates white cell boundary segmentation that aids in downstream analysis 

and includes a magnified inset of the basal membrane demonstrating the spatial distribution of CCR5. 

(Scale bar 2 µm, (magnified insets 1 µm)). 

 
Initial study of the basal membrane of CHO-CCR5 using SIM revealed a distinct expression 

of CCR5 throughout the basal membrane, as demonstrated in the representative image 

shown in Figure 3-1b. The expression of CCR5 populations within defined puncta can be 

seen across the basal membrane, with the number of these puncta being spread across the 

membrane and the size and proximity of puncta showing variance. Further, this image 

demonstrates the flat and adherent nature of the basal membrane of CHO-CCR5, allowing 

for the segmentation of individual cells. The cell highlighted in Figure 3-1b neighbours a 

bordering cell to its right and open coverslip to its left, demonstrating the isolation of 

fluorescence to CCR5-expressing membrane. Further, the inclusion of a magnified inset of 

the basal membrane highlights the shape and proximity of CCR5 puncta. 

 

Certain cells sampled presented variance in their morphologies, including the presence of 

membrane protrusions. Although these filopodia are not of high biological relevance to this 

investigation, the extensions of the representative cell shown in Figure 3-2 serve to illustrate 

the higher spatial resolution and image contrast of SIM over traditional widefield microscopy. 

Employing traditional widefield techniques for the study of CHO-CCR5 allows for the 

approximate investigation of cell morphology and general CCR5 distribution, as shown in 

Figure 3-2a. However, the employment of SIM reconstruction reveals the finer structure of 

CCR5 expression within the membrane, as shown in Figure 3-2b. This improved image 

quality, coupled with the optical sectioning property of SIM, aid quantitative analysis of image 

data and enable puncta of CCR5 assemblies to be isolated from the cellular background 

through intensity thresholding. 

 



  
 

 65 
 

 

Figure 3-2: Comparison of spatial resolution between widefield and super resolution 

techniques. a) Widefield image of a representative CHO-CCR5 cell labelled with DyLight 650-MC5. 

Image was acquired at the basal membrane of the CHO-CCR5 cell and was selected for 

demonstration due to the fine filopodia structure displayed by this cell. b) SIM reconstruction of the 

cell shown in a), demonstrating the improvement in spatial resolution upon reconstruction. (scale bar 

2 µm). 

3.3. 3D visualisation of the membrane reveals that CCR5 is evenly 
dispersed across the entire cell membrane  

The optical sectioning capabilities of SIM allows for super resolution images to be acquired 

in distinct planes along the Z-axis. By imaging from the basal membrane through to the 

apical membrane, CCR5 expression on CHO-CCR5 was visualised across the whole cell 

using 3D representations, as shown in Figure 3-3. Similar to the single plane SIM images 

shown in the previous figures of this chapter, the cell shown in Figure 3-3 is a representative 

example of CHO-CCR5 labelled with the DyLight-650-MC5. This time, the extension of 

analysis to multi-plane images requires the correction of photobleaching effects on the 

fluorescence intensity between planes to accurately represent the 3D distribution. Further 

representation of these images included the exclusion of background fluorescence located 

outside the cell. 

 

From the images displayed in Figure 3-3, we see further demonstration that membrane-

bound CCR5 assemblies appear as distinct puncta uniformly distributed along the basal 

membrane. However, these images also demonstrate the expression of CCR5 assemblies 

as puncta across the entire plasma membrane. Due to the external labelling of CCR5, in 
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cross-sectional images corresponding to planes above the basal membrane puncta are only 

visible within annulus-shaped regions of the cell surface. Despite the increase in intracellular 

background signal seen in Figure 3-3g due to photobleaching correction, the annular 

distribution of fluorescent foci is clearly retained. Finally, acquisition of optically sectioned 

slices allowed the reconstruction of colour depth projections and 3D images, as shown in 

Figure 3-3h,i. These reconstructions enabled the visualisation of this annular distribution of 

cell surface CCR5, thereby revealing the topology of the cellular exterior while further 

highlighting the uniformity of the CCR5 distribution. 

 

 

Figure 3-3: SIM images of CHO-CCR5 cells labelled with DyLight 650-MC5 across several focal 

planes. a - g) Individual SIM image planes of a representative CHO-CCR5 cell, from the basal 

membrane through to the apical membrane in 500 nm steps (ranging from 0 - 3.0 µm above the basal 

membrane), displaying cell boundary segmentation (white) and magnified insets. h) Colour depth 

projection over the images shown in a-f). i) 3D reconstruction of cell images shown in a-g). (Scale bar 

2 µm, (magnified insets 1 µm)). 
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3.4. Ripley’s clustering analysis of the basal membrane reveals a non- 
random spatial distribution 

As demonstrated in Figure 3-2, the utilisation of SIM allows for clear improvement in our 

ability to resolve localised clusters of CCR5 assemblies. This improved image quality allows 

for the quantitative analysis of image data and enables puncta of CCR5 assemblies to be 

isolated from the cellular background through intensity thresholding (see methods 2.4.4), as 

shown in Figure 3-4b. The investigation of isolated puncta revealed distinct ‘hot spots’ in the 

overall spatial distribution of puncta (Figure 3-4c), indicating the existence of spatial 

clustering in the distribution of individual puncta. To examine the spatial arrangement of 

puncta, clustering analysis was performed using Ripley’s H function217 on centroids 

determined for individual puncta. As represented in Figure 3-4d, analysis is based on the 

counting of objects at an increasing distance averaged over all possible origin points inside 

the cell and can be used to describe the level of clustering, uniformity or dispersion of points 

within a distribution. Visualising the Ripley’s H values as a function of radius over the 

diameter of the cell membrane, we see that a net clustering of objects is characterised by 

the accumulation of positive Ripley’s H values across this diameter, as shown in Figure 3-

4e,f. The modal clustering gradient thereby provides an estimation of the spatial correlation 

of CCR5 puncta throughout the basal membrane. Within the basal membrane of CHO-

CCR5, this analysis revealed a positive modal average gradient of dH(r)/dr = 0.004 ± 0.001. 

Additionally, the initial minima displayed in the Ripley’s H value distribution provides an 

estimate for the nearest neighbour distance between CCR5 puncta, with the average for 

CHO-CCR5 being measured at 290 ± 10 nm across 10 cells. 
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Figure 3-4: Images and quantitative clustering metrics of CCR5 in the basal membrane of CHO-

CCR5 cells labelled with DyLight 650-MC5. a) SIM image of the basal membrane of a 

representative CHO-CCR5 cell (scale bar 2 µm). b) Binarised mask of the SIM image displaying 

CCR5 puncta isolated through intensity thresholding. c) Number density distribution of individual 

puncta centroids, ranging from 0 - 6.4 μm-2. d) Illustration demonstrating the function of Ripley’s H 

analysis in the investigation of uniform, clustered and dispersed point distributions. e) Distribution of 

Ripley’s H values for a real representative CHO-CCR5 cell (magenta) and a generated 2D map of 

points whose displacement separations are sampled from a random Poisson distribution (blue). Also 

shown is an illustrative curve depicting the expected results of a generic dispersed point distribution 

(green dotted). Inset shows the same distribution of Ripley’s H values for the CHO-CCR5 cell 

(magenta) and random point distribution (blue) over a range of 0 - 1 μm and provides an average 

nearest-neighbour distance for binarised CHO-CCR5 puncta (N=10 cells). f) The gradient of the 

distribution of Ripley’s H values for the CHO-CCR5 cell represented in f) which provides a modal 

average clustering gradient for CHO-CCR5 (N=10 cells). As this gradient is the derivative of H(r) with 

respect to the radius, this value is unitless. 
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3.5. Intensity analysis of CCR5 expression confirms agonistic effects of 
CCL5 and the antagonistic effects of MVC and TAK 

The investigation of CCR5 spatial distribution was extend to the study of CCL5-induced 

effects on the behaviour of the receptor. This study saw the application of SIM to reveal the 

expression of cell-surface CCR5 both in the steady state and upon exposure to CCL5 over a 

range of exposure times. Additionally, through the provision of exposure to the small 

molecule antagonists MVC or TAK within sample-subsets prior to CCL5 exposure, this study 

aimed to directly visualise the antagonistic effects of these ligands. As shown in Figure 3-

5a,e a qualitative decrease in the fluorescence intensity of representative CHO-CCR5 cells 

can be seen corresponding to the extent of CCL5 exposure. Additionally, as shown in Figure 

3-5f,g, the pre-treatment of CHO-CCR5 with either MVC or TAK before 30-minute exposure 

to CCL5 interferes with the CCL5-associated reduction in cell surface CCR5. These results 

are quantified by measuring the mean fluorescence intensity of cell surface CCR5 within 

each condition after cells have undergone segmentation, as shown in Figure 3-5h. Figure 

3-5i thereby shows a quantifiable reduction in the presence of cell surface CCR5 as a 

function of CCL5 exposure time, with the mean fluorescence intensity of cell surface CCR5 

showing a 42% reduction after 30 minutes of CCL5 exposure. In contrast, cells pre-exposed 

to MVC and TAK, prior to 30 minutes of CCL5 exposure, showed a 10% and 5% reduction in 

intensity. 
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Figure 3-5: Investigating the perturbation of CCR5 with agonist CCL5 and antagonists MVC 

and TAK using SIM. a) SIM image of a representative fixed CHO-CCR5 cell labelled with DyLight 

650-MC5, shown as a maximum intensity z-axis projection of optically sectioned slices acquired from 

the basal through to the apical membrane (scale bar 2 µm). b-e) SIM images of representative cells 

from CHO-CCR5 samples exposed to 100nM CCL5 for discrete lengths of time ranging between 5 

and 60 minutes. f-g) SIM images of representative cells from CHO-CCR5 samples exposed to CCL5 
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for 30 minutes after a 30-minute pre-exposure to antagonists maraviroc (MVC) and TAK-779 (TAK) 

respectively. h) SIM image of a representative cell from a CHO-CCR5 sample exposed to CCL5 for 30 

minutes after a 60-minute pre-exposure to maraviroc demonstrating a cell segmentation overlay. i) 

Bar chart representing the mean fluorescence intensity of DyLight 650-MC5 labelled CHO-CCR5 cells 

from the samples represented in a-g) across multiple cells from up to 2 separate experiments. (n 

represents number of cells, error bars represent SEM and intensity values are normalised with 

respect to the control sample (0 min)). 

 

3.6. Intensity analysis of rhodamine-labelled CCL5 tracer demonstrates 
antagonist induced inhibition of CCL5-cell association 

SIM investigations were further extended to allow the direct visualisation of the cell-

association characteristics of CCL5 through the employment of fluorescently labelled CCL5. 

Through the DyLight 650-MC5 surface labelling of CHO-CCR5 cells after a 30-minute 

perturbation with CCL5 and a rhodamine-labelled CCL5 tracer, simultaneous measurements 

of the spatial distribution of CCR5 and CCL5 were possible. Similar to the experiment 

outlined above, CCL5 perturbation was conducted at a 100 nM concentration but with the 

employment of a 1:100 ratio of rhodamine-labelled to non-labelled CCL5, as informed by 

optimisation tests employing higher ratios which resulted in a high extracellular binding of 

rhodamine-CCL5 to the coverslip. The excess extracellular binding seen in the use of higher 

concentrations of rhodamine-CCL5 may be the result of CCL5 aggregation and binding to 

glycosaminoglycans (GAGs) present in the extracellular matrix, with both the oligomerisation 

and GAG-binding of chemokines providing roles in the formation of chemokine gradients231. 

As shown in Figure 3-6a,b, the spatial distribution of DyLight 650-MC5-CCR5 was used to 

create cellular segmentations. As shown in Figure 3-6c, these segmentations allowed the 

isolation of cell-associated rhodamine signal, thereby allowing the quantification of cell-

associated CCL5. Further, through the provision of exposure to antagonists MVC and TAK 

within sample-subsets prior to rhodamine-CCL5 exposure, this study aims to investigate 

CCR5-antagonist binding. As shown in Figure 3-6-d, a quantifiable reduction in cell-

associated rhodmaine-CCL5 can be seen after 30 minutes of agonist exposure, provided 

antagonist pre-treatments. MVC and TAK pre-treatment can be seen to cause a 13% and 

19% reduction in cell-associated rhodamine-CCL5 respectively, thereby suggesting a 

potential MVC and TAK induced reduction in CCL5 binding. 
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Figure 3-6 Investigating the cell-association of labelled CCL5 using SIM. a) SIM image of a 

representative fixed CHO-CCR5 cell labelled with DyLight 650-MC5, shown as a maximum intensity 

z-axis projection of optically sectioned slices acquired from the basal through to the apical membrane 

(scale bar 2 µm). b) demonstration of cell segmentation over which CCR5-associated fluorescence 

can be qualitatively seen, overlaid onto the cell seen in a). c) SIM image of rhodamine-CCL5 present 

on the cell shown in a) after 30 minutes exposure, demonstrating the segmentation over which CCL5-

associated fluorescence is quantified. d) Bar chart representing the mean fluorescence intensity of 
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cell-associated rhodamine-CCL5 on DyLight 650-MC5 labelled CHO-CCR5 cells after 30 minutes of 

agonist exposure, with or without pre-exposure to antagonists MVC and TAK. Data acquired across 

multiple cells from up to 2 separate experiments. (n represents number of cells, error bars represent 

SEM and intensity values are normalised with respect to the control sample (No antagonist pre-

treatment)). 

3.7. Intensity analysis of CCR5 expression confirms the agonistic effects 
of CCL5 and the effects of an extended range of CCR5 antagonists 
and CCL5 analogues  

Extension of dual colour studies benefitted from the optimisation of fluorescently labelled 

perturbations to address the low signal and high background seen in previous results 

employing rhodamine-CCL5. This was achieved through employment of a commercially 

available CCL5 that is coupled with the bright Alexa Fluor 647 dye. Initial experimentation 

employing this dye aimed to determine the optimal concentration of Alexa Fluor 647-CCL5 to 

visualise CCL5-dependent changes in CCR5 presentation while reducing background signal. 

These experiments were performed on a confocal microscope, a system that provides a 

lower resolution than SIM but facilitates the rapid course screening of CCR5 and CCL5 

associated fluorescence within sample sets. Figure 3-7 shows representative examples of 

the CCR5 and CCL5 distribution in CHO-CCR5 cells with or without 30 min exposure to 

10nM CCL5 and with or without pre-exposure to the CCR5 antagonists MVC and TAK, with 

all images shown as dual-colour maximum intensity z-axis projections of optically sectioned 

slices throughout the cell. 
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Figure 3-7: Confocal-based screening of Alexa Fluor 647-CCL5 concentration on CHO-CCR5. a) 

Confocal image of a representative fixed CHO-CCR5 cell labelled with Alexa Fluor 488-MC-5 (scale 

bar 2 µm). b) Confocal image of a representative cell from a CHO-CCR5 sample exposed to 10 nM 

Alexa Fluor 647-CCL5 for 30 minutes. c-d) Confocal images of representative cells from CHO-CCR5 

samples exposed to Alexa Fluor 647-CCL5 for 30 minutes after a 30-minute pre-exposure to 

antagonists maraviroc (MVC) and TAK-779 (TAK) respectively. e) Confocal image of a representative 

cell from a CHO-CCR5 sample that did not receive antibody staining. f) Confocal image of a non-

CCR5-expressing CHO cell labelled with Alexa Fluor 488-MC-5 and exposed to Alexa Fluor 647-

CCL5 for 30 minutes. All images are shown as maximum intensity z-axis projections of optically 

sectioned slices acquired from the basal through to the apical membrane with both 488 and 647 

associated fluorescence displayed. All images are contrast matched with respect to one another in 

both 488 (green) and 647 (magenta) channels. 

 

As can be seen in Figure 3-7a, confocal-based images of CHO-CCR5 reveal a similar 

CCR5 (green) distribution to those found using SIM but at a lower resolution. Further, the 

absence of 647-associated fluorescence (magenta) in this dual-colour image indicates a 

negligible level of cellular autofluorescence captured in the 647 channel. Upon exposure to 

CCL5, a decrease in the intensity of CCR5 can be seen alongside strong binding of CCL5, 

with bound CCL5 distributed in distinct puncta throughout the cell, indicating CCL5-mediated 

internalisation of CCR5, as shown in Figure 3-7b. In contrast, cells that received pre-
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exposure to the CCR5 antagonists MVC and TAK display a negligible signal in the 647 

channel and retain a high level of CCR5 expression, with cells exposed to MVC displaying a 

slightly higher expression, as shown in Figure 3-7c,d, thereby indicating the ability of these 

antagonists to interfere with CCL5 binding and subsequently inhibit effective CCR5-CCL5 

binding and associated downstream internalisation. The inclusion of non-labelled control 

cells reveals that CHO-CCR5 displays negligible 488-associated autofluorescence in the 

absence of CCR5-labelling and the inclusion of labelled and CCL5-perturbed non-CCR5 

expressing CHO cells reveal a negligible level of non-specific Alexa Fluor 647-CCL5 binding, 

as shown in Figure 3-7e,f. Comparison of this data with those obtained using a low ratio 

rhodamine-CCL5 tracer in the previous figure presents a much stronger indication of CCL5-

CCR5 interaction. This disparity may indicate the effect of a higher total concentration of 

CCL5 on the strength of aggregation and GAG-association.  

 

The employment of the improved protocol for dual colour CCR5-CCL5 imaging was 

extended to SIM in order to provide an increased spatial resolution and quantifiable metrics 

on CCL5 binding alongside CCR5 surface expression, with the addition of samples pre-

exposed to a wider range of CCR5 antagonists providing further insight into their function. 

The range of CCR5 antagonists employed in this study was extended to include the CCL5-

analogues 5P12-RANTES (5P12) and 5P14-RANTES (5P14), which were initially developed 

as candidates for an effective CCR5-targeted HIV therapeutic138. Figure 3-8 shows 

representative SIM images of the CCR5 distribution in CHO-CCR5 provided varying 

exposure to CCL5 and with or without pre-exposure to the CCR5 antagonists MVC and TAK, 

5P12 and 5P14, with all images shown as single-channel maximum intensity z-axis 

projections of optically sectioned slices throughout the cell. As shown in Figure 3-8a, non-

perturbed CHO-CCR5 cells display high expression of CCR5 with minimal extracellular 

background fluorescence. Upon exposure to CCL5, the overall surface expression of CCR5 

can be seen to reduce proportionally to the extent of CCL5 exposure (Figure 3-8b,e), 

thereby supporting our previous results obtained in SIM studies employing non-labelled 

CCL5 and confocal studies employing labelled CCL5. Samples exposed to CCL5 for 30 

minutes following pre-exposure to antagonists MVC and TAK provide support to previously 

shown SIM and confocal studies, with both antagonists effectively preventing CCL5-induced 

internalisation of CCR5, and likewise suggest a MVC-induced enhancement of CCR5 

expression, as shown in Figure 3-8f,g. 
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Figure 3-8: 488-based SIM imaging of CHO-CCR5 exposed to labelled CCL5 and a range of 

CCR5 antagonists and other CCL5 analogues. a) SIM image of a representative fixed CHO-CCR5 

cell labelled with Alexa Fluor 488-MC-5 (scale bar 2 µm). b-e) SIM images of representative cells from 

CHO-CCR5 samples exposed to 10 nM Alexa Fluor 647-CCL5 for discrete lengths of time ranging 

between 5 and 60 minutes. f-i) SIM images of representative cells from CHO-CCR5 samples exposed 

to Alexa Fluor 647-CCL5 for 30 minutes after a 30-minute pre-exposure to small molecule antagonists 

maraviroc (MVC) and TAK-779 (TAK), as well as CCL5 analogues 5P12 and 5P14 respectively. All 

images are shown as maximum intensity z-axis projections of optically sectioned slices acquired from 

the basal through to the apical membrane. All images are contrast matched with respect to one 

another. 

Studies of the extended range of CCR5 antagonists confirm that 5P12 operates as an 

efficient inhibitor of CCL5-induced internalisation, with resultant CCR5 expression at a 

similar level to cells pre-exposed to TAK, as shown in Figure 3-8h. However, as seen in 
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Figure 3-8i, cells that received pre-exposure to 5P14 prior to CCL5 exposure display a 

drastic reduction in CCR5 surface expression that surpasses that of 30 min of lone CCL5 

exposure, confirming that 5P14 induces significant CCR5 internalisation as previously 

reported138.  

 

Quantification of this study was achieved through the measure of total cellular CCR5 

expression, with many cells imaged per sample allowing for an average to be calculated in 

each condition. As in previous experiments, overall CCR5 intensity was calculated in each 

optically sectioned image by measuring the average intensity within a segmented maximum 

intensity z-axis projection. As shown in Figure 3-9 a quantitative decrease in the 

fluorescence intensity of CHO-CCR5 cells can be seen corresponding to the extent of CCL5 

exposure, a result that supports previous SIM findings employing DyLight 650 labelled CCR5 

and non-labelled CCL5. Additionally, these results show a large reduction in CCR5 

expression after 10 minutes of CCL5 exposure, with a 27% reduction in CCR5-associated 

fluorescence when compared with the non-perturbed sample. In comparison, there is a 32% 

and 36% reduction in CCR5-associated fluorescence after 30 and 60 minutes of CCL5 

exposure, respectively, indicating 10 minutes as the time interval over which the majority of 

CCL5-induced internalisation takes place, beyond which rate of internalisation reduces.  As 

in previous experiments, the pre-treatment of CHO-CCR5 with either MVC or TAK can be 

seen to induce the effective inhibition of CCL5-induced internalisation. However, pre-

treatment with MVC is shown to induce a 17% increase in the surface expression of CCR5 

relative to the non-perturbed control, with TAK inducing no change. Study of the CCL5-

analogue 5P12 reveals it as an effective inhibitor of CCL5-induced internalisation, albeit with 

an efficiency lower than that of both MVC and TAK, allowing for a 17% reduction in CCR5-

associated fluorescence when compared with the non-perturbed control. Finally, these 

results confirm that the alternate CCL5-analogue 5P14 acts as a potent driver of CCR5 

internalisation, with cells exposed to both 5P14 and CCL5 displaying an average CCR5 

intensity that is greatly lower than cells exposed to CCL5 alone, showing an average 

reduction of 71% with respect to the non-perturbed control 
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Figure 3-9: Quantitative analysis of 488-based SIM images of CHO-CCR5 exposed to labelled 

CCL5 and a range of CCR5 antagonists and other CCL5 analogues. Bar chart representing the 

mean fluorescence intensity of segmented Alexa Fluor 488-MC-5 labelled CHO-CCR5 cells from the 

samples represented in Figure 3-8 across multiple cells ranging from 16 to 20 cells per sample. 

Symbol n represents the number of cells sampled for the corresponding condition, error bars 

represent SEM and intensity values are normalised with respect to the control sample (0 min CCL5 

exposure (green cross-hatched)). 

3.8. Intensity analysis of Alexa Fluor 647 labelled CCL5 reveals CCL5 
binding landscape in CHO-CCR5 and confirms the effects of a range 
of antagonists on CCL5 binding 

The employment of fluorescently labelled CCL5 in the study of CCR5 perturbation allows for 

the determination of changes in the binding behaviour and distribution of CCL5, provided a 

varying extent of CCL5 exposure and the presence of, or lack thereof, alternate CCR5 

binding partners. This study therefore sees the extension of SIM-based intensity analysis to 

the CCL5 binding landscape, using Alexa Fluor 647-CCL5. As shown in Figure 3-10a, 
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control CHO-CCR5 cells that have undergone CCR5-specific 488 staining but have not been 

exposed to CCL5 show a minimal intensity in the 647 channel, demonstrating a negligible 

level of autofluorescence and negligible detection of Alexa Fluor 488-associated 

fluorescence in the 647 channel. Upon exposure to CCL5, we see an increase in intensity 

proportional to the extent of CCL5 exposure (Figure 3-10b,e). This CCL5-associated 

emission appears confined to the cell boundary with minimal non-specific binding to the 

extracellular space. The binding landscape displayed in these images suggests that CCL5 is 

distributed throughout the cell in the form of distinct puncta, in a similar structure to that seen 

in the CCR5 surface distribution. The study of CHO-CCR5 that have received pre-treatment 

with CCR5 antagonists prior to being exposed to CCL5 suggest that all tested antagonists 

and other CCL5 analogues are effective in inhibiting the binding of CCL5, with each 

condition demonstrating CCL5-associated intensity that is comparable with the control, as 

can be seen in Figure 3-10f,i. 
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Figure 3-10: 647-based SIM imaging of CHO-CCR5 exposed to labelled CCL5 and a range of 

CCR5 antagonists and other CCL5 analogues. a) SIM image of a representative fixed CHO-CCR5 

cell labelled with Alexa Fluor 488-MC-5 (scale bar 2 µm). b-e) SIM images of representative cells from 

CHO-CCR5 samples exposed to 10 nM Alexa Fluor 647-CCL5 for discrete lengths of time ranging 

between 5 and 60 minutes. f-i) SIM images of representative cells from CHO-CCR5 samples exposed 

to Alexa Fluor 647-CCL5 for 30 minutes after a 30-minute pre-exposure to small molecule antagonists 

maraviroc (MVC) and TAK-779 (TAK), as well as CCL5 analogues 5P12 and 5P14 respectively. All 

images are shown as maximum intensity z-axis projections of optically sectioned slices acquired from 

the basal through to the apical membrane. All images are contrast matched with respect to one 

another. 

The quantification of the extent of CCL5-cell association, reflecting both the binding and 

endocytosis of labelled CCL5, within each condition was achieved using the same method 

previously applied to CCR5 quantification, with overall CCL5 intensity being calculated in 
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each optically section image by measuring the average intensity within a segmented 

maximum intensity z-axis projection, utilising the segmentation defined using the CCR5-

associated 488 emission. As shown in Figure 3-11 a quantitative increase in the CCL5-

associated fluorescence intensity can be seen corresponding to the extent of CCL5 

exposure, a result that is in contrast to the corresponding decrease in CCR5-associated 

fluorescence found in prior results analysing Alexa Fluor 488 labelled CCR5. Additionally, 

these results show a sustained increase in intensity from 5 minutes through to 60 min, 

indicating the continued increase of CCL5-cell association despite a previously determined 

deceleration of CCR5 internalisation. As in previous experiments employing rhodamine-

labelled CCL5, the pre-treatment of CHO-CCR5 with either MVC or TAK can be seen to 

interfere with the binding of CCL5, with an 86% and 85% reduction in CCL5-associated 

fluorescence when compared with cells that were exposed to only CCL5 for 30 minutes. 

Similarly, the study of the CCL5-analogues 5P12 and 5P14 are shown to interfere with CCL5 

binding, with a comparable reduction in CCL5-associated fluorescence of 88% and 89%, 

respectively, despite the greatly differing effects of 5P12 and 5P14 on the internalisation of 

CCR5. These results suggest that the large reduction in CCR5 surface expression upon 

exposure to both 5P14 and CCL5 is affected solely by 5P14, implicating it as an effective 

CCL5 competitor. 
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Figure 3-11: Quantitative analysis of 647-based SIM images of CHO-CCR5 exposed to labelled 

CCL5 and a range of CCR5 antagonists. Bar chart representing the CCL5-associated mean 

fluorescence intensity of segmented Alexa Fluor 488-MC-5 labelled CHO-CCR5 cells from the 

samples represented in Figure 3-10 across multiple cells ranging from 16 to 20 cells per sample. 

Symbol n represents the number of cells sampled for the corresponding condition, error bars 

represent SEM and intensity values are normalised with respect to the control sample (0 min CCL5 

exposure (green cross-hatched)) 

3.9. Discussion 

Investigations into the spatial distribution of the CCR5 receptor on mammalian cells were 

carried out using an established line of CCR5 expressing CHO cells that had been utilised in 

preceding studies60,63,66,210. Our study aimed to unveil the distribution of CCR5 using super 

resolution SIM microscopy, thereby allowing the precise quantification of CCR5-associated 

fluorescence and determination of ligand-induced changes in CCR5 behaviour. The resulting 

3D image data, which captured DyLight 650-MC5 labelled CCR5 assemblies from the basal 
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to the apical membrane, revealed that CCR5 is expressed in distinct puncta throughout the 

entire plasma membrane. Through the localisation of the intensity centroids of these puncta 

we were able to quantify the level of clustering in the CCR5-puncta distribution using 

Ripley’s H-function. Comparing these results with that of a randomly generated distribution 

of points, we found that CHO-CCR5 exhibits a clustered distribution with a modal clustering 

gradient of 0.004 ± 0.001. These results indicate that the puncta in which CCR5 appear to 

collect are in a non-random spatial distribution over the plasma membrane. Additional 

investigations are needed to determine whether the location of CCR5 puncta is correlated to 

a biological process and whether this organisation serves specific cellular roles. Finally, 

analysis of Ripley’s H values over a short range facilitated the determination of the nearest 

neighbour separation of CCR5 puncta with the mean distance being 290 ± 10 nm, a result 

that further guides the characterisation of CCR5 expression. 

 

These investigations were extended through the super resolution study of CCR5 behaviour 

provided temporally varying perturbation with the CCR5-agonist CCL5. This study reveals 

the time dependant CCL5-induced reduction in CCR5 associated fluorescence at the cell 

surface, thereby indicating CCR5 internalisation corresponding to the extent of CCL5 

exposure. Further, through the investigation of 30-minute pre-exposures of samples to the 

CCR5 antagonists Maraviroc and TAK-779, prior to subsequent exposure to CCL5, this 

study reveals antagonist-induced inhibition of CCR5 internalisation, with the mean 

fluorescence intensity of cell surface CCR5 showing a 42% reduction after 30 minutes of 

CCL5 exposure, whilst showing only a 10% and 5% reduction in intensity in samples that 

were pre-treated with MVC and TAK respectively, results that corroborate the expected 

action of CCL5, maraviroc and TAK on CCR5 internalisation. This study was further 

extended through the investigation of the CCL5 binding landscape both with and without pre-

treatment with antagonists. By employing rhodamine labelled CCL5, these results exhibited 

the quantification of the fluorescent intensity of cell associated CCL5, with a quantifiable 

reduction in fluorescence being seen after 30 minutes of CCL5 exposure, provided 

antagonist pre-treatments. MVC and TAK pre-treatment can be seen to cause a 13% and 

19% reduction in cell associated CCL5 respectively, thereby indicating the binding of 

antagonists to CCR5, in place of CCL5. Although these results corroborate the expected 

antagonistic effects of MVC and TAK, low binding efficiency and significant non-specific 

binding of rhodamine CCL5 forms a clear limitation. 

 

The investigation of CCR5 surface expression and CCL5 binding characteristics using SIM 

was concluded through the employment of the alternate fluorescently labelled CCL5 Alexa 

Fluor 647-CCL5 and the complimentary CCR5 label Alexa Fluor 488-MC-5. This study 
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provided further confirmation of the time-dependent nature of CCL5-induced internalisation 

of CCR5 under an increased magnitude of cell sampling, with the average CCR5-associated 

fluorescence intensity dropping 27%, 32% and 36% after 10, 30 and 60 minutes 

respectively. These results correspond to a time dependent increase in the population of cell 

bound CCL5, with bound CCL5 being seen to collect in distinct puncta in a similar structure 

to those previously outlined for CCR5. The inclusion of MVC and TAK pre-exposures within 

these experiments provided further evidence of their efficacy as CCR5 antagonists, with 

results showing a 17% increase in CCR5 surface expression provided pre-exposure to MVC 

and no significant change in expression provided pre-exposure to TAK. These results 

respectively correspond to an 86% and 85% reduction in CCL5-associated fluorescence 

confirming their function as inhibitors of CCL5 binding. In the case of the allosteric binding of 

MVC, these results suggest that, although the MVC binding pocket is thought to solely 

overlap with the secondary chemokine binding site of the two-step model, MVC is able to 

inhibit the initial binding of the chemokine core to the primary binding site. As the pre-

exposure of cells to MVC occurs over a significant timescale of 30 minutes, it is possible that 

while MVC-bound CCR5 are unable to internalise, CCR5 within recycling pathways may 

continue to be turned over to the membrane surface. Therefore, observations of MVC-

induced increases in CCR5-associated signal may be due to an accumulation of CCR5 at 

the cell surface. In addition to MVC and TAK, this study allowed for the investigation of the 

alternate CCR5 antagonists and CCL5 analogues 5P12 and 5P14. Although pre-exposure to 

5P12 resulted in an outcome more similar to those of MVC and TAK, allowing for a 17% 

reduction in CCR5 expression after 30 minutes of CCL5 exposure but resulting in an 88% 

reduction in CCL5 binding, pre-exposure to the alternate CCL5-analogue 5P14 resulted in a 

71% reduction in CCR5 expression alongside an 89% reduction in CCL5 binding. These 

results agree with previous findings outlining the behaviour of 5P14 in which it was found to 

induce significant internalisation at an intermediate level between that of CCL5 and the 

known super-agonist PSC-RANTES, albeit with no associated downstream signalling138–140.  
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4. Revealing the characteristics of CCR5 presentation on 
the single molecule level 

4.1 Introduction 

Advancement in experimental technique has seen the development of assays that are 

capable of interrogating biomolecules on an individual basis. These single molecule 

techniques offer key advantages in the characterisation of biomolecules due to their ability to 

detect rare species and events. In the study of biomolecules that display heterogeneity, the 

employment of these techniques allows for a more accurate characterisation of receptor 

presentation, in contrast to traditional bulk-ensemble techniques which provide insight into 

the average characteristics of the biomolecule with limited ability to distinguish between 

heterogeneous species. 

 

Investigations outlined in the previous chapter revealed the overall presentation of CCR5 

across the membrane, with CCR5 being found to exist in distinct assemblies throughout the 

cell and treatment dependent changes in presentation being demonstrated. However, these 

investigations reported solely on the cell-wise spatial distribution of CCR5 and did not 

interrogate the make-up of individual CCR5 assemblies. To better understand this distinctive 

presentation of CCR5, we seek to characterise these CCR5 assemblies on an individual 

basis. Through the employment of single molecule biophysical techniques, we aim to 

determine the oligomeric composition of individual receptor assemblies, the distribution of 

assembly sizes across the cell and potential changes in cell-wise assembly distributions that 

may accompany the ligand-dependent shifts in CCR5 presentation that were demonstrated 

in the previous chapter. This is achieved through microscopy techniques that utilise the 

photobleaching effect of fluorophores and rely on a high signal to noise ratio and temporal 

resolution in order to accurately track individual biomolecule assemblies and estimate the 

number of constituent biomolecules within a given assembly. These techniques provide clear 

utility in the accurate characterisation of assembly organisation but possess unique 

experimental requirements. As the techniques outlined here are objective-based, in a similar 

fashion to the microscopy techniques outlined in Chapter 3, the use of adherent cells 

expressing CCR5 is ideal. However, the optimal use of these techniques requires the 

creation of a tailored cell line that fulfil three essential characteristics: i) having a low level of 

CCR5 expression, ii) a one-to-one receptor-to fluorophore ratio and iii) a broadly consistent 

level of expression across cells in a given population in order to detect individual receptors, 

minimise background fluorescence and obtain consistent observations.   
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Single molecule microscopy techniques, such as those employed here, often involve the 

selected excitation of a thin depth of a biological sample in order to reduce out of focus 

fluorescence and thereby raising the achievable SNR. In the case of investigations into 

intracellular structures, studies are often based on HILO, where a distinct intracellular plane 

can be selectively excited. However, investigations into biomolecules located close to the 

coverslip surface benefit from the employment of TIRF, an inclined excitation microscopy 

that provides an excitation field enhancement but is limited in the selectivity of the excitation 

plane, with this technique being ideal for the in-vitro study of coverslip-bound biomolecules. 

In the study of membrane-bound biomolecules, such as CCR5, TIRF is capable of providing 

excitation to the basal membrane of flat and adherent cells. However, despite the 

characteristic flatness of adherent cells, such as CHO, they can be seen to display a ruffled 

basal membrane topology whose extremities can extend beyond the TIRF depth of field 

(~100-200 nm)199. This study therefore introduces an adapted form of inclined excitation 

microscopy that aims to benefit from the basal membrane excitation of TIRF while increasing 

the depth of excitation to include all foci contained in the basal membrane of adherent 

mammalian cells. Using this new imaging mode, coupled with established single molecule 

tracking techniques we aim to reveal key insights into the finer structure of CCR5 

assemblies. 

 

4.2. Generation of model cell line for the expression of GFP-CCR5 

Chapter 3 saw the investigation of the CCR5 receptor using a non-clonal CHO cells stably 

expressing CCR5 at a high expression level (CHO-CCR5). Although this model has proven 

extremely useful in the characterisation of CCR5 using super resolution microscopy 

techniques, the extension of studies to alternate techniques requires improvements and 

adaptations to the suite of CCR5 expressing cell models available. In the case of single 

molecule microscopy assays employing techniques such as TIRF and HILO, the 

maximisation of signal to noise ratio is vital for the tracking of individual receptor assemblies. 

However, the ability to isolate individual receptor assemblies within images captured using 

these techniques relies on the total copy number of the fluorescently tagged receptor lying 

below a certain limit, beyond which individual assemblies would be so crowded as to not 

allow accurate tracking. Further, the receptor counting techniques employed in this study 

rely on a consistent receptor to fluorophore binding ratio, without which, estimates of 

stoichiometry may be vastly over or underestimated. For these purposes, this study saw the 

development of a clonal cell line which expresses a one-to-one N-terminally tagged GFP-
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CCR5 fusion to a level that is suitable for single-molecule studies. Due to the optimal 

characteristics of CHO cells within microscopy applications, this cell line was chosen for 

transfection for GFP-CCR5 prior to undergoing single-cell cloning for the creation of several 

populations with consistent expression that vary relative to one another (see methods 2.2.1). 

Figure 4-1 shows analysis of one such clonal population of CHO-GFP-CCR5, chosen due to 

its optimal GFP-CCR5 expression for single molecule applications. As shown in Figure 4-

1a,d, despite being developed for a relatively low level of GFP-CCR5 expression, this clonal 

population can be seen to display GFP-associated fluorescence that is significantly higher 

than that of a non-labelled CHO control sample, as determined using flow cytometry. 

Further, extension of the characterisation of CHO-GFP-CCR5 to fluorescence microscopy 

reveals detectable GFP expression within CHO-GFP-CCR5 that cannot be seen in control 

samples, as shown qualitatively in Figure 4-1b. 

 

 

 
Figure 4-1: Characterisation of GFP-CCR5 expression in transfected CHO cells using flow 

cytometry and fluorescence microscopy confirms increased fluorescence above control 

samples. a) Distribution of GFP emission intensity over several thousand cells for both control and 
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GFP-CCR5 positive samples. b) Fluorescence microscopy images of the basal membrane of both 

control and GFP-CCR5 positive cells. Cell boundary segmentation shown in white. (Scale bar 2 µm). 

c) Scatterplot of GFP-range emission intensity against the forward scatter area of both control and 

GFP-CCR5 positive cells. a) and c) show cell populations after gating to remove debris and doublets. 

Fluorescent intensity is recorded in the FIT-C channel corresponding to the fluorescent protein (GFP). 

d) Illustration of GFP located on the N-terminus of CCR5. (Illustration created in 

https://BioRender.com) 

Although the expression of GFP within CHO-GFP-CCR5 has been determined using flow 

cytometry and microscopy, the employment of this cell line in the study of CCR5 

characterisation requires the confirmation of CCR5 presence. Further, confirmation is needed 

of the effect, if any, of GFP on the accessibility of key binding sites on the CCR5 receptor. In 

particular, the presence of GFP on the extracellular N-terminus of CCR5, as illustrated in 

Figure 4-1d, necessitates confirmation of the accessibility of the N-terminus and chemokine 

binding site. For this purpose, CHO-GFP-CCR5 were analysed using flow cytometry after 

immunolabelling with primary antibodies specific to the CCR5 N-terminus (MC-5) and 

chemokine binding site (2D7). Experimental controls included the analysis of cells exposed 

solely to the secondary fluorescent antibody (Alexa Fluor 647) in the absence of primary 

antibody, as well as cells exposed only to media. Additionally, a third non-anti-CCR5 primary 

antibody (FLAG-M2) was employed as an isotype control. As shown in Figure 4-2, a large 

shift in Alexa Fluor 647-associated fluorescence can be seen in populations of cells exposed 

to MC-5 when compared to populations that were exposed solely to Alexa Fluor 647, thereby 

indicating a strong specificity of MC-5 to CHO-GFP-CCR5 and indicating the presence and 

accessibility of the CCR5 N-terminus. Similarly, a large shift can be seen in populations of 

cells exposed to 2D7 when compared to populations that were exposed solely to Alexa Fluor 

647, thereby indicating a strong specificity of 2D7 to CHO-GFP-CCR5 and indicating the 

presence and accessibility of the CCR5 chemokine binding site. In contrast, populations that 

were exposed to the isotype control show no such shift relative to the other controls, providing 

validation of the CCR5-specificity of MC-5 and 2D7. Lastly, minimal shift can be seen when 

comparing cell populations that were exposed solely to Alexa Fluor 647 and populations that 

received no labelling, indicating an insignificant level of background labelling in this 

experiment. 
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Figure 4-2: Characterisation of GFP-CCR5 expression in transfected CHO cells using flow 

cytometry and anti-CCR5 fluorescent antibodies confirms CCR5 expression and binding site 

availability. Distribution of Alexa Fluor 647 emission intensity over several hundred cells for CHO-

GFP-CCR5 samples labelled with Goat anti-Mouse Alexa Fluor 647 secondary antibodies, with and 

without pre-labelling with primary antibodies 2D7, MC-5 and FLAG M2, compared with non-labelled 

control samples. Figures show cell populations after gating to remove debris and doublets. 

Fluorescent intensity is recorded in the APC channel corresponding to the secondary fluorescent 

antibody employed (Alexa Fluor 647). Orange – cells exposed to both primary antibody and 

secondary fluorescent antibody. Blue – cells exposed to secondary fluorescent antibody in the 

absence of a primary antibody. Black – cells exposed to neither primary or secondary antibodies. 
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Further characterisation of the newly created CHO-GFP-CCR5 cell line sought the 

conformation of CCR5 functionality. For this purpose, a flow-cytometry based calcium flux 

assay was carried out in which changes in calcium associated fluorescent signal were 

monitored in CHO-GFP-CCR5 during live exposure to the CCR5 ligand CCL5, with any such 

changes being likely to be associated with CCL5-mediated activation of CCR5 and thereby 

inferring CCR5 functionality. In order to confirm any changes were due to CCL5 mediated 

activation, cell populations with and without pre-exposure to the CCR5 antagonist TAK-779 

were studied. As shown in Figure 4-3, this study revealed an increase in calcium signalling-

associated fluorescence upon exposure to CCL5 in the absence of antagonist. In contrast, 

populations that received pre-exposure to TAK-779 did not display an increase in calcium-

associated fluorescence upon exposure to CCL5. These results suggest a functional 

response of GFP-CCR5 to CCL5 in agreement with results found in previous studies167. The 

extent of calcium flux observed in this study is low in comparison to that of previous studies, 

however this result is representative of the relatively low GFP-CCR5 expression for which 

this cell line was developed. 
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Figure 4-3: GFP-CCR5 functionality determined through changes in calcium flux upon ligand 

stimulation. Flow cytometry-based calcium flux assay in which the change in calcium associated 

fluorescent signal is monitored within samples of CHO-GFP-CCR5 during live exposure to 10 nM 

CCL5, with and without pre-exposure to the CCR5 antagonist TAK-779. Values of fluorescent signal 

are reported normalised to the average baseline fluorescence prior to CCL5 exposure. Figure shows 

data from a single experiment n =1. 

 

Although confirmation of agonist-mediated activation of CCR5 provides an indication of CCR5 

functionality within the GFP-CCR5 fusion, further characterisation of this functionality is 

necessary to determine the ability of GFP-CCR5 to undergo the internalisation that is expected 

upon agonist stimulation. This was carried out using a flow cytometry-based assay in which 

the accessibility of both GFP and CCR5 to respective specific antibodies was determined after 

distinct periods of exposure to the super-agonist PSC-RANTES, thereby indicating the extent 

of agonist-induced GFP-CCR5 internalisation, if any. Although GFP fluorescence is detectable 

using flow cytometry, it does not allow discrimination between cell surface and internalised 

GFP-CCR5. The employment of post-agonist anti-GFP labelling allows the isolated 

determination of cell surface GFP at a given time point. As shown in Figure 4-4, fluorescent 

signals associated with antibodies bound to GFP (anti-GFP) and the CCR5 chemokine binding 

site (2D7) were measured within CHO-GFP-CCR5 cells that underwent fixation after varying 

levels of exposure to the PSC-RANTES. A decrease in both the accessibility of the GFP 

epitope and the availability of the chemokine binding site can be seen over the course of 60 
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minutes. These results indicate the successful binding of PSC-RANTES to the chemokine 

binding site and the subsequent internalisation of GFP-CCR5. However, the rate at which 

GFP-CCR5 undergoes PSC-RANTES-induced internalisation is low relative to previous 

studies employing non-tagged CCR566, thereby indicating that, although the presence of N-

terminal GFP may not inhibit CCR5 internalisation, GFP may reduce the speed at which CCR5 

internalisation can take place. 

 

 
Figure 4-4: GFP-CCR5 ability to internalise determined through changes in GFP and CCR5 

accessibility upon ligand stimulation. Flow cytometry-based downmodulation assay monitoring 

fluorescent signals associated with anti-CCR5 and anti-GFP antibodies within CHO-GFP-CCR5 cells 

fixed after varying levels of exposure to the super-agonist PSC-RANTES at a concentration of 100 

nM. Experiment was performed in triplicate and data are expressed as the mean values ± SEM. 

 

4.3. Slimfield microscopy reveals CCR5 expressed evenly across the 
basal membrane of CHO-GFP-CCR5 

Initial investigation of the newly developed and characterised CHO-GFP-CCR5 cell line aimed 

to determine the spatial distribution of CCR5 in comparison to the established CHO-CCR5 cell 
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line. For this purpose, CHO-GFP-CCR5 were imaged using a slimfield-based approach 

concurrent with the single-molecule techniques to be applied within this study. Due to the low 

level of CCR5 expression within CHO-GFP-CCR5, any such investigation employing SIM 

would yield a signal to noise ratio that is not conducive with accurate reconstruction. A 

comparison between the two cell lines is therefore best made using the independent 

microscopy techniques for which the two lines are respectively best suited. As shown in Figure 

4-5a, CHO-GFP-CCR5 displays CCR5 expressed in distinct puncta across the basal 

membrane in a qualitatively similar distribution to that of the DyLight 650-MC5 labelled CHO-

CCR5 cell shown in Figure 4-5b. Further comparison reveals that the overall expression of 

CCR5 assemblies in CHO-GFP-CCR5 is lower than that of CHO-CCR5, providing the 

increased average separation of CCR5 assemblies that is required for single molecule 

investigations. Although further studies are required into the accurate determination of puncta 

diameter in both respective cell lines, the general uniformity in the size of CCR5 puncta 

between both cell models provides confidence that any spatial dependence in CCR5 

expression between these two lines is related. 

 

 

 

Figure 4-5:Comparison of CCR5 expression in CHO-GFP-CCR5 cell line against established 

CHO-CCR5 cell line. Qualitative images showing the basal membrane spatial distribution of 

fluorescently labelled CCR5 in a a) CHO-GFP-CCR5 cell imaged using slimfield-based microscopy 

and b) DyLight 650 labelled CHO-CCR5 cell imaged using SIM. Cell boundary segmentation shown in 

white. Magnified insets (bottom right) originate from the areas indicated by white boxes located on the 

respective cell membrane. (Scale bar 2 µm, (magnified insets 1 µm)).  
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4.4. Development of novel microscopy technique PaTCH 

Although the increased spatial resolution of SIM imaging provides a more detailed insight into 

CCR5 spatial characteristics and allows for improved segmentation of individual CCR5 puncta 

for the determination of cluster arrangement, investigations into the make-up of individual 

clusters requires the employment of single-molecule microscopy techniques. These methods 

rely on microscopy techniques that prioritise temporal resolution whilst retaining a high signal 

to noise ratio, often necessitating optical sectioning to reduce out of focus background light. 

This can be achieved through the inclination of the excitation beam in methods such as HILO 

and TIRF. As illustrated in Figure 4-6, microscopes developed for use in TIRF applications 

can commonly be used in three distinct modes. Epifluorescence microscopy allows for the 

direct excitation of the sample but can result in extraneous background fluorescence stemming 

from excited fluorophores lying above or below the focal plane. Inclining the excitation beam 

allows for HILO microscopy, in which excitation is more efficiently restricted to the focal plane 

and sees successful employment in the investigation of intracellular molecules. Inclination of 

the excitation beam beyond the critical angle of the glass-water interface results in total 

internal reflection of the excitation path and the creation of an evanescent energy field that 

extends a short distance into the sample, thereby resulting in TIRF microscopy. TIRF finds 

successful application in the investigation of molecules located in close proximity to the 

coverslip surface. 

 

 
Figure 4-6: Demonstration of key differences in epifluorescence, HILO and TIRF imaging 

modes. Illustration demonstrating the excitation path of light (blue) through the objective, coverslip 

and sample in three distinct imaging modes (epifluorescence (EPI), HILO and TIRF). 
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Although TIRF provides the necessary SNR and temporal resolution to perform single 

molecule studies, the restricted distance over which the evanescent field can extend into the 

sample provides a limitation of this technique. In the case of adherent mammalian cells such 

as CHO, the basal membrane topology can result in a large part of the membrane being 

retracted from the evanescent field, with only the strongest adhered footprint of the cell being 

excited. In order to retain the optical sectioning required for single molecule techniques, whilst 

ensuring the excitation of the entire basal membrane, this study sought the development of a 

novel imaging mode tailored to the study of basal membrane-bound molecules on adherent 

cells. This technique, known as Partially TIRF-coupled HILO (PaTCH) microscopy, utilises an 

intermediate angle of incidence lying between that of traditional HILO and TIRF modes, with 

a portion of the excitation coupled into a TIRF mode and a portion coupled into a HILO mode, 

thereby benefiting from the evanescent energy field associated with TIRF and the increased 

penetration depth achievable in HILO. In order to quantify the improvements seen in PaTCH 

over its contemporary imaging modes, images of CHO-GFP-CCR5 were analysed to provide 

a readout of the signal of individual GFP-CCR5 assemblies relative to their adjacent 

background. As shown in Figure 4-7a,b, a representative CHO-GFP-CCR5 was imaged using 

TIRF, PaTCH and HILO modes. Qualitatively, an increase in GFP-CCR5 signal can be seen 

in puncta excited by PaTCH when compared with HILO. Additionally, the overall excitation of 

the basal membrane using PaTCH is seen to be more uniform when compared with TIRF. 

Figure 4-7c sees the quantitative comparison of signal and background between puncta that 

are excited by both HILO and PaTCH imaging modes (puncta 1-3), and between puncta that 

are excited by both TIRF and PaTCH imaging modes (puncta 4-6). These results demonstrate 

that puncta imaged using PaTCH benefit from a signal enhancement relative to HILO, 

alongside a reduction in background fluorescence. Further, although TIRF is capable of 

providing enhanced signal relative to PaTCH, as seen in punctum 4, this restricted illumination 

mode can result in a higher background fluorescence, likely originating from fluorescent 

material bound to the coverslip surface. Additionally, TIRF provides a lower signal from puncta 

located further from the coverslip surface, such as in puncta 5 and 6. These results, combined 

with the average signal to background ratio of 1.8 ± 0.1, 3.6 ± 0.6 and 2.4 ± 0.4 for puncta 

imaged using HILO, PaTCH and TIRF respectively, demonstrate the general increase in 

fluorescent signal and reduction in fluorescent background offered by PaTCH in the imaging 

of the basal membrane. Mean values for the signal to background ratio of puncta were 

determined using 10 puncta for each imaging mode (see methods 2.6.6). Error associated 

with these averages is the standard error of the mean. 
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Figure 4-7: Comparison of HILO, PaTCH and TIRF imaging modes for the single molecule 

detection of GFP-CCR5 in CHO-GFP-CCR5. a) CHO-GFP-CCR5 cell imaged using HILO, PaTCH 

and TIRF microscopy. (Scale bar 2 µm).  b) Circular overlays highlighting CCR5 assemblies present 

in both HILO/PaTCH images and in both TIRF/PaTCH images. Overlays are numbered to facilitate 

further analysis. c) Comparison of signal and background between HILO and PaTCH imaging modes, 

in puncta labelled 1-3, and between TIRF and PaTCH imaging modes, in puncta labelled 4-6. 

Intensity represents the raw integrated density, captured using a 6-pixel diameter circle, above a 
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mean global background calculated using the extracellular space. Measurements of signal were taken 

directly over the puncta, while measurements of local background were taken adjacent to puncta. 

 

4.5. Tracking of individual receptor assemblies imaged using PaTCH 

Through the employment of high temporal techniques such as PaTCH, it is possible to track 

the intensity of individual clusters of a given fluorescently tagged molecule over time with an 

accuracy that allows for the approximation of initial cluster intensity and the observation of 

discrete photobleaching events. These metrics underpin techniques developed for the 

determination of cluster size and molecular stoichiometry. As illustrated in Figure 4-8, a 

given fluorescent complex of an unknown size can be characterised through observation of 

the cluster intensity over time. In this illustration, the complex is shown to undergo three 

distinct reductions in its intensity over time, corresponding to three independent 

photobleaching events and inferring the presence of three fluorophores within the complex. 

Additionally, this trimeric complex can be characterised by dividing the initial complex 

intensity by the characteristic intensity of a single fluorophore, provided an accurate 

approximation of the initial complex intensity prior to excitation and an accurate 

determination of the intensity of a single fluorophore. 
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Figure 4-8: Demonstration of the utility of stepwise photobleaching for estimates of cluster 

sizes. Illustration demonstrating the concept of stepwise photobleaching, in which knowledge of the 

initial intensity of a fluorescent complex, combined with the counting of individual photobleaching 

events can be used to determine the number of fluorophores are that contained within the fluorescent 

complex. (Illustration created with BioRender.com) 

 

In order to determine the initial intensity of a given fluorescent complex, the characteristic 

intensity of a single fluorophore and the time-dependent reductions in fluorescent intensity, 

PaTCH-based imaging employs the use of tracking software that is capable of isolating 

individual fluorescent complexes and recording their intensity over time. As can be seen in 

Figure 4-9a, the tracking ability of ADEMScode is demonstrated through overlaying foci 

isolated by ADEMScode (white) onto an image of the corresponding CHO-GFP-CCR5 cell 

imaged using PaTCH. Each focus is tracked frame by frame with the position and 

fluorescent intensity of the focus being recorded. As shown in Figure 4-9b, the temporal 

changes in intensity can be plotted to demonstrate the stepwise changes corresponding to 

photobleaching events. The representative traces shown here exhibit fluctuations in 

intensity, however this effect is accounted for in the determination of stoichiometry through 

the approximation of initial foci intensity and determination of the fluorescent intensity of a 

single GFP in these imaging conditions. One such trace, highlighted in green, shows an 
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example of a GFP-CCR5 assembly whose intensity underwent decay with minimal 

fluctuation. The intensity of this trace can be seen to drop in a stepwise fashion from an 

apparent stoichiometry of 7 to 2, with the reduction in intensity between each step supporting 

the accuracy of the estimated brightness of a single GFP molecule through which the 

stoichiometry was calculated. 
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Figure 4-9: ADEMScode tracking of CHO-GFP-CCR5 reveals photobleaching steps. a) CHO-

GFP-CCR5 cell imaged using PaTCH micrscopy with an overlay (white) showing tracks determined 

by ADEMScode tracking (MATLAB). (Scale bar 2 µm). b) Chung–Kennedy edge-preserving filtered 

Intensity time traces revealing the photobleaching-induced intensity decay of tracked foci towards the 
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end of the photobleaching process. Inset trace (green) shows an example of a tracked GFP-CCR5 

assembly. 

 

4.6. Intensity analysis of tracked assemblies allows determination of 
assembly sizes and estimation of CCR5 stoichiometry 

Utilising the single-molecule sensitivity of PaTCH microscopy, we are able to identify the 

characteristic brightness of a single GFP as the modal intensity of single GFP-CCR5 

molecules following sufficient photobleaching, further confirmed through the quantification of 

single-molecule photobleaching steps in fluorescence intensity and the control imaging of 

recombinant GFP in vitro. This global value is used to normalise the initial intensity of GFP-

CCR5 foci in order to acquire estimates of stoichiometry. Further controls for each PaTCH 

experiment included the imaging of immobilised fluorescent microbeads to characterise the 

illumination and the imaging of non-transfected CHO cells to characterise the level of 

autofluorescence detectable and ensure false-positive foci are not present. Employing these 

techniques in the study of fixed CHO-GFP-CCR5 cells reveals a wide distribution of 

assembly stoichiometries over many cells and hundreds of tracked assemblies, as shown in 

Figure 4-10. These results are represented as kernel density estimates with the kernel width 

corresponding to the total uncertainty in the single molecule stoichiometry. This population of 

independent track-derived stoichiometries shows characteristic peaks, with the average 

nearest-neighbour interval between independent stoichiometry measurements revealing the 

typical periodicity inside oligomeric assemblies. Although the accurate measurement of small 

differences between two large stoichiometries is difficult, it is possible to successfully 

average those differences over many pairs. Thereby, for GFP-CCR5, we find the modal 

average periodicity to be 2.3 ± 0.5 CCR5 molecules. This periodicity value Indicates a strong 

tendency for CCR5 molecules to occur in dimeric subunits inside CCR5 assemblies. 
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Figure 4-10: Estimating number of GFP-CCR5 molecules within individual GFP-CCR5 

assemblies reveals homodimeric sub-units. Kernel density estimates of stoichiometry and (inset) 

periodic stoichiometry intervals of GFP-CCR5 associated foci (N = 460 tracks) detected by PaTCH 

microscopy in fixed CHO-GFP-CCR5 cells (N = 9 cells). Kernel width = 0.6 molecules, corresponding 

to the total uncertainty in the single molecule stoichiometry, rather than statistical fluctuations. 

Measured intervals in probability density or stoichiometry are therefore more reliable at lower 

stoichiometry. 
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4.7. PaTCH based investigations of CCR5 assembly stoichiometry 
reveals ligand induced effects 

Extending the PaTCH-based investigation of CCR5 assemblies, this project sought to study 

the effects of CCR5 ligands on the behaviour of CCR5 in this context. Initial ligand 

investigations aimed to study CCL5-induced effects on GFP-CCR5 over a short perturbation 

time. The interaction between CCR5 and CCL5 is a process reported to induce 

internalisation, with CCL5 perturbed cells being expected to exhibit a reduction in cell 

surface CCR5. By limiting CCL5 exposure to 5 minutes, this study aims to determine any 

pre-internalisation reorganisation of CCR5. As shown in Figure 4-11a, the determination of 

the GFP-CCR5 stoichiometry distribution, provided 5 minutes exposure to CCL5, was 

carried out using the same method outlined in the previous section. Upon comparison with 

the non-perturbed control data, we see that assemblies of GFP-CCR5 retain a similarly wide 

distribution of sizes. Further, pair-wise periodicity analysis suggests that GFP-CCR5 retains 

dimeric sub-units, with the modal average periodicity to be 2.2 ± 0.3 CCR5 molecules, 

thereby indicating no change in the dimeric composition of CCR5 upon CCL5 exposure. 

 

Additional analysis of these distributions reveals that the presence of CCL5 does not tend to 

change the average number of CCR5 assemblies, with the mean number of tracks detected 

not significantly differing before and after CCL5 addition, as shown in Figure 4-11b ((46.1 ± 

4.8 and 51.1 ± 6.8 tracks per cell respectively) under the Brunner-Munzel (BM) test (n = 18, 

p = 0.429 | not significant at adjusted p < 0.01 level, NS)). Further, the mean stoichiometry of 

these assemblies lies in the vicinity of ∼20 molecules regardless of CCL5 addition, as shown 

in Figure 4-11c (BM test: 17.1 ± 0.4 and 18.6 ± 0.5 molecules before and after CCL5 

addition respectively, n = 920, p = 0.145 |NS). Taken together, these results suggest that the 

total amount of CCR5 present on the cell surface is approximately conserved under our 

experimental conditions. 

 

However, CCL5 appears to affect large and small assemblies of CCR5 differently, with a 

larger spread of stoichiometry of assemblies in perturbed cells than can be accounted for by 

any difference in sampling variance. At the lower end, assemblies are more commonly 

comprised of approximately 8 CCR5 molecules, while at the higher end CCR5 contributes 

toward the growth of larger assemblies of greater than approximately 36 molecules. These 

two sub-groups are populated at the expense of intermediate assemblies near the mean 

stoichiometry. This is confirmed by the difference in the means of each, before and after 

CCL5 addition (BM test at stoichiometry <15 molecules, n = 436, p = 0.0085|∗; at 
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stoichiometry >15 molecules, n = 480, p = 0.0053|∗), despite almost identical numbers of 

assemblies in each group. 
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Figure 4-11: Investigating the effect of limited CCL5 exposure on the stoichiometry of GFP-

CCR5. a) Kernel density estimates of stoichiometry and (inset) periodic stoichiometry intervals of 

GFP-CCR5 associated foci before (green) and after (magenta) the addition of 100nM CCL5 for 5 

minutes (N=460 or 507 tracks respectively) detected by PaTCH microscopy in GFP-CCR5 transfected 

CHO cells (N=9 and 11 cells respectively). Kernel width = 0.6 molecules, corresponding to the total 

uncertainty in the single molecule stoichiometry, rather than statistical fluctuations. Measured intervals 

in probability density or stoichiometry are therefore more reliable at lower stoichiometry. (BM test for 

difference in periodicity, p=0.479|* NS). b) Numbers of GFP-CCR5 tracks detected per cell, with and 

without CCL5 perturbation, represented as dots spread horizontally to allow individual visualisation (N 

= 9 or 11 cells, respectively). c) Violin distributions of the stoichiometry of GFP-CCR5 assemblies, 

with and without CCL5 perturbation, represented as dots spread horizontally to allow individual 

visualisation (N = 460 or 507 tracks respectively). Bars, boxes, and whiskers denote median, 

interquartile range (IQR), and 2.5× IQR respectively and the cross denotes the mean ± SEM for both 

b) and c). 

In order to further investigate the effect of CCR5 ligands on the behaviour of CCR5, this 

study aimed to investigate the extended exposure of CCR5 to the ligand CCL5, alongside 

the CCR5 antagonist MVC, using PaTCH. Initial studies focused on the determination of 

overall CCR5 expression through the quantification of total CCR5-associated fluorescent 

intensity, provided varying ligand exposure, over approximately 50 cells per condition. As 

shown in Figure 4-12a, the total CCR5-associated fluorescent intensity of non-perturbed 

CHO-GFP-CCR5 cells exhibit a broad range, however these can be seen to be grouped in 

three distinct bands. These bands may be indicated as low, mid and high levels of 

expression amongst the whole cellular population, relating to both the cells basal level of 

expression and the active state of the cell. Upon exposure to CCL5 for 30 minutes, the 

distribution of intensities can be seen to shift towards lower intensities, with the mean 

intensity dropping significantly, thereby indicating CCL5-induced internalisation of CCR5, in 

agreement with previous SIM studies employing CHO-CCR5. 

 

Upon exposure to CCL5 after pre-treatment with MVC, the intensity distribution can be seen 

to shift towards higher intensities, with the mean intensity increasing significantly above that 

of the non-perturbed sample, a result likewise in agreement with previous SIM studies 

employing CHO-CCR5. Upon exposure to MVC in isolation however, the distribution of 

intensities does not appear to shift, with the mean intensity not changing significantly, 

thereby indicating minimal effect of MVC on GFP-CCR5 expression. These results indicate 

that CCL5 and MVC may exhibit a combined effect on the intensity of GFP-CCR5 only when 

both are present in the sample. As shown in Figure 4-12b, with individual data points being 

grouped into high, mid and low intensity levels, it is possible to quantify changes in the 
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proportion of cells contain within these boundaries between each condition. These results 

show a similar distribution of cells between the non-perturbed condition and cells perturbed 

with MVC in isolation. However, a complete depletion in the population of highly expressing 

cells can be seen upon exposure to CCL5. Further, we see an 82% increase in the 

population of highly expressing cells, coupled with a 104% decrease in the population of low 

expressing cells, upon exposure to CCL5 provided pre-exposure to MVC. These results 

further exemplify the change in the distribution of cellular expression upon exposure to MVC 

and CCL5. 

 

 

 

Figure 4-12: Investigating the basal membrane fluorescent signal of fixed CHO-GFP-CCR5 

cells perturbed with various ligands using PaTCH microscopy. a) Jitter plots representing the 

fluorescence intensity of CHO-GFP-CCR5 with and without perturbations with various ligands. 

Intensity of CHO-GFP-CCR5 both with (Blue) and without (Green) exposure to CCL5, as well as 

Intensity of CHO-GFP-CCR5 given exposure to Maraviroc (MVC) both with (Orange) and without 

(Pink) subsequent exposure to CCL5 are represented by coloured points. Pre-treatment using MVC 

took place over 30 minutes. Subsequent exposure to CCL5 took place over 30 minutes. ~50 cells 

were analysed for each condition. Intensity measurements were taken within the cell as informed by 

cell segmentation masks. Intensity values are background subtracted. Bars represent the mean 

fluorescent intensity for a given plot. Dashed lines represent threshold boundaries between points 

deemed to represent low, mid and high expression. Points are spread horizontally to allow individual 

visualisation. Statistical analysis was carried out using a Kruskal–Wallis one-way analysis of variance 

(KW-ANOVA) test, ns - P > 0.05, * - P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P ≤ 0.0001. b) 

stacked bar chart representing the percentage of points within each condition that fall into the 

expression thresholds indicated in a). 
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PaTCH based investigations continued with the imaging of ligand perturbed CHO-GFP-

CCR5 samples for the estimation of assembly stoichiometry. Through cluster size analysis 

we aimed to extend our study of ligand induced changes from overall CCR5 expression to 

the make-up of individual assemblies through single molecule techniques. By determining 

the stoichiometry of individual assemblies expressed on CHO-GFP-CCR5 cells from varying 

conditions, this study aimed to determine the effects of extended CCL5 and MVC exposure 

on the makeup of CCR5 assemblies. As shown in Figure 4-13, the size of CCR5 assemblies 

were determined over many cells within each condition. A wide range in stoichiometry values 

can be seen within each condition and each condition can be seen to display a similar 

overall distribution, with the majority of assemblies displaying a size of 5 to 20 CCR5 

receptors and each condition displaying much larger assemblies. Upon comparison of the 

mean stoichiometry of each condition we see that upon 30 minutes of exposure to CCL5, the 

average stoichiometry reduces significantly, indicating the potential breakdown of larger 

assemblies. In contrast, we see that upon exposure to the antagonist MVC, no significant 

change can be seen when compared to the non-perturbed control. Finally, we see that upon 

exposure to CCL5, provided pre-exposure to MVC, the average stoichiometry reduces 

significantly relative to the non-perturbed control. However, this distribution shift shows no 

significant difference from the shift induced by CCL5 in isolation, thereby indicating that 

although MVC is capable of inhibiting CCL5-induced internalisation of CCR5, MVC has no 

significant effect on the CCL5 induced changes in the stoichiometry of CCR5 assemblies. 
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Figure 4-13: Investigating the stoichiometry of GFP-CCR5 assemblies in fixed CHO-

GFP-CCR5 cells perturbed with various ligands using PaTCH microscopy. Jitter plots 

representing the stoichiometry of GFP-CCR5 assemblies in fixed CHO-GFP-CCR5 with and 

without perturbations with various ligands. GFP-CCR5 stoichiometry with (Blue) and without 

(Green) exposure to CCL5, as well as cells given exposure to Maraviroc (MVC) both with 

(Orange) and without (Pink) subsequent exposure to CCL5 are represented by coloured 

points. Pre-treatment using MVC took place over 30 minutes. Subsequent exposure to CCL5 

took place over 30 minutes. ~40 cells were analysed for each condition. Bars represent the 

mean stoichiometry for a given condition. Points are spread horizontally to allow individual 

visualisation. Statistical analysis was carried out using a Kruskal–Wallis one-way analysis of 

variance (KW-ANOVA) test, ns - P > 0.05, * - P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P 

≤ 0.0001. 

4.8. Discussion 

This study sought the continued investigation of the CCR5 assemblies detected in the 

previous chapter through the employment of single-molecule biophysical techniques. In 

order to achieve these aims, development in both sample creation and microscopy 



  
 

 110 
 

techniques was necessary. The detection of single molecules presents distinct requirements 

in sample preparation, with molecules under investigation ideally presenting a fluorescent 

tag at a consistent one-to-one ratio and being expressed at a low level in line with single 

molecule detection. For this purpose, this study saw the successful creation of a CHO-cell 

line stably expressing a GFP-CCR5 fusion at a low level. Further, this cell line was 

successfully characterised for GFP-expression, CCR5 expression and CCR5 functionality 

through flow-cytometry-based assays. Although established microscopy techniques such as 

TIRF can facilitate effective single-molecule investigations of molecules located in close 

proximity to the coverslip surface, this study sought the development of a novel microscopy 

technique tailored to the basal membrane imaging of adherent mammalian cells with a 

capacity to limit excitation to the basal membrane whilst ensuring the extension of the 

excitation to account for uneven membrane topology. The increased ability of this novel 

technique to resolve fluorescent assemblies in the basal membrane, as well as the 

associated increase in signal and reduction in background fluorescence, with respect to the 

established techniques of TIRF and HILO were successfully quantified using the new CHO-

GFP-CCR5 line. This novel mode of imaging, coupled with a newly developed CCR5 

expressing cell line tailored for single-molecule applications, facilitated the successful single-

molecule investigation of CCR5 and provides an ideal model for future studies.  

 

Using PaTCH microscopy for the study of CHO-GFP-CCR5 allowed for the initial 

characterisation of the spatial distribution of GFP-CCR5, highlighting the similarity in GFP-

CCR5 presentation to the previously established CCR5-expressing cell line CHO-CCR5, 

with CCR5 retaining a punctated distribution across the basal membrane. This study saw the 

successful tracking of CCR5 assembly intensity over time with a high temporal resolution 

facilitating the estimation of assembly stoichiometry. GFP-CCR5 stoichiometry was found to 

vary across a wide distribution displaying characteristic peaks with an average periodic 

interval of 2.3 ± 0.5 molecules. The existence of this periodicity suggests that CCR5 

assemblies likely consist of homodimeric sub-units, a result that is in agreement with 

previous studies which report the existence of dimeric CCR5212,232. Recent studies have 

been conducted that similarly employ CCR5 fused with GFP expressed within CHO cells, 

providing validity to this method of reporting233, however these studies employ GFP coupled 

to the C-terminus of CCR5, as distinct from the N-terminus coupling employed in this study. 

Due to the existence of a PDZ binding domain on the C-terminus of CCR5, C-terminal 

coupling raises potential concerns regarding the downstream effect of PDZ masking on the 

behaviour of CCR564,65. 
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These single-molecule investigations were extended to study the behaviour of CCR5 upon 

exposure to the CCR5 agonist CCL5 and the CCR5 antagonist Maraviroc, both with and 

without subsequent exposure to CCL5. Initial studies aimed to investigate any pre-

internalisation changes in the structure of CCR5 assemblies induced by CCL5 over a short 

time frame of 5 minutes. Application of PaTCH based stoichiometry estimation revealed a 

similar distribution in assembly stoichiometry between cells exposed to CCL5 and non-

perturbed samples, with a pair-wise periodicity in stoichiometry values of 2.2 ± 0.3, thereby 

indicating the retention of the dimeric composition of CCR5 upon CCL5 exposure over this 

time frame. However, despite the total expression of CCR5 on the cell surface both with and 

without CCL5 exposure being approximately conserved, further analysis of the distribution of 

stoichiometry between the two conditions suggests a CCL5-induced shift, with both smaller 

and larger assembly populations increasing at the expense of intermediate assemblies. This 

shift may indicate the breakdown of intermediate assemblies present in the non-perturbed 

condition into smaller assemblies for relocation to sites of internalisation. 

 

Further studies were conducted to investigate the effects of extended ligand exposure on the 

behaviour of GFP-CCR5. Initial studies focused on the mean fluorescence intensity of GFP-

CCR5 at the basal membrane, provided a 30-minute exposure to CCL5 both with and 

without a 30-minute pre-treatment with MVC, alongside investigation of the lone effects of 

MVC, revealing that despite a broad range of cellular intensities exhibited in samples of 

CHO-GFP-CCR5 within each condition, cellular intensities may be associated with three 

distinct bands of intensity ranging from high to low expression. The distribution of cellular 

intensities can be seen to significantly reduce upon exposure to CCL5, with a complete 

depletion in the population of highly expressing cells, thereby indicating CCL5-induced 

internalisation as seen in previous SIM studies. Upon exposure to MVC in isolation, the 

distribution of intensities does not appear to shift significantly, thereby indicating minimal 

effect of MVC on GFP-CCR5 expression. However, upon exposure to CCL5 after pre-

treatment with MVC, the distribution can be seen to shift towards higher intensities, with the 

mean intensity increasing significantly above that of the non-perturbed sample, the 

population of highly expressing cells increasing by 82% and the population of low expressing 

cells reducing by 104%. These results indicate that CCL5 and MVC may exhibit a combined 

effect on the intensity of GFP-CCR5 when both are present in the sample, a result that is in 

agreement with previous SIM studies of CHO-CCR5. 

 

Finally, this study sought the quantification of assembly stoichiometry given extended 

exposure to CCL5 and MVC, with any resultant shift in the stoichiometry distributions 

indicating a ligand-induced reorganisation of assemblies. This study revealed a significant 
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reduction in the mean stoichiometry upon 30-minutes exposure to CCL5, indicating the 

CCL5-induced breakdown of larger assemblies. Further, despite the increase in basal 

membrane expression of CCR5 upon exposure to CCL5, provided pre-treatment with MVC, 

as reported in both PaTCH and SIM studies, this condition revealed a significant reduction in 

the mean stoichiometry, with this shift showing no significant difference from that induced by 

CCL5 in isolation. These results, coupled with the non-significant shift induced by MVC in 

isolation, suggest that MVC has no significant effect on the CCL5-induced reorganisation of 

CCR5 assemblies. 
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5. Development of new CCR5 expressing cell models for 
the advancement of CCR5 investigation 

5.1 Introduction 

Previous investigations saw the employment of an established line of CCR5-expressing 

adherent cells suited to the analysis of CCR5 spatial distribution using super resolution 

microscopy. Investigations into the makeup of CCR5 structures revealed using this model 

required the development of a new adherent cell line that expressed a GFP-CCR5 fusion at 

a level that facilitated single-molecule investigation. To facilitate further investigation of 

CCR5, this project sought the creation of additional bespoke cell models tailored to a range 

of biological assays. Although adherent cell-lines such as CHO offer an ideal morphology for 

fluorescent microscopy, CCR5 is endogenously expressed in non-adherent cells. The 

extension of available cell models to include a non-adherent CCR5-expressing cell line 

would provide opportunities for the validation of conclusions reached on CCR5 behaviour 

using an assay of increased biological relevance. Further, through the employment of an 

immortalised T-cell line in the creation of this new model, investigations could be extended to 

the study of CCR5 behaviour in the context of T-cell activation and in the interaction between 

cells. For this purpose, this study sought the creation of a Jurkat cell line which stably 

expressed the GFP-CCR5 construct employed in the previous chapter for the study of T-cell-

expressed CCR5 using single molecule techniques. 

 

In order to advance both the super resolution and single-molecule based investigations 

demonstrated in the previous chapters, this study additionally sought the creation of an 

adherent cell line which expresses CCR5 fused to a SNAP-tag self-labelling protein tag. 

Previous super resolution investigations relied on immunofluorescent staining for the 

localisation of CCR5. Although this technique has allowed the determination of the CCR5 

spatial distribution in adherent cells using SIM, immunofluorescent staining demonstrates 

limitations. These limitations are primarily concerned with label specificity, with 

immunofluorescent staining generally offering a lower specificity in comparison with 

fluorescent protein fusions due to non-specific binding of antibodies, the retention of 

unbound dye contributing to background signal, incomplete saturation of all receptors with 

the label and the potential inability of primary antibodies to recognise all forms of the 

receptor. Although the employment of fluorescent protein fusions, such as the GFP-CCR5 

studied in the previous chapter, provide an increased label specificity, the brightness of 
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fluorescent proteins is generally lower in comparison to modern organic dyes, thereby 

rendering cell models such as CHO-GFP-CCR5 sub-optimal for super resolution imaging.  

The advent of self-labelling protein tags such as SNAP-tag have allowed for the creation of 

cell models that benefit from both the high-brightness probes available from 

immunofluorescent staining and the higher labelling specificity associated with fluorescent 

protein fusions, thereby offering an adaptable suite of fluorophores while retaining a 

relatively low level of non-specific binding and a higher assurance of receptor recognition at 

a one to one binding ratio. Once more employing CHO cells, this study sought the creation 

of a CHO-SNAP-CCR5 cell line tailored for use in both PaTCH-based single molecule 

investigations and SIM-based super resolution investigations in order to facilitate correlative 

microscopy experiments and allow access to the wide range of fluorescent probes available 

in the SNAP-tag suite. 

 

5.2. Characterisation of Jurkat T-cell line transfected for the expression of 
GFP-CCR5 

In order to facilitate the extension of both future super resolution and single molecule 

investigations to the study of CCR5 in the context of a T-cell model, this project sought the 

creation of a non-adherent Jurkat cell line which expresses the GFP-CCR5 fusion employed 

in previous investigations (GFP-CCR5-PCDNA3.1). Initial attempts to create a Jurkat-GFP-

CCR5 line saw the employment of the chemical transfection techniques that allowed the 

successful creation of CHO-GFP-CCR5, however several attempts employing these 

techniques resulted in a lack of cell recovery post-transfection. Further attempts to develop 

Jurkat-GFP-CCR5 saw the employment of an electroporation-based transfection method 

known as nucleofection. As shown in Figure 5-1, Jurkat were analysed using flow cytometry 

64 hours after nucleofection to determine the GFP-associated fluorescence exhibited by the 

cells. Jurkat that underwent nucleofection for the production of GFP-CCR5-PCDNA3.1 were 

compared with several controls, including non-nucleofected Jurkat alongside Jurkat that had 

undergone nucleofection with H2O, a plasmid coding for GFP and an alternate plasmid 

coding for high-expression of GFP-CCR5 with the absence of antibiotic resistance. Further, 

analysis of Jurkat nucleofected to produce GFP-CCR5-PCDNA3.1 included samples which 

were nucleofected under conditions designed to prioritise cell viability post transfection (high 

viability) and those designed to prioritise protein expression at the cost of cell viability post-

transfection (high expression). As shown in Figure 5-1a, cells having undergone 

nucleofection using H2O in place of plasmid display a similar distribution to cells that have 

not undergone nucleofection. However, as shown in Figure 5-1b, cells having undergone 
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nucleofection for the production of GFP display positive GFP expression when compared 

with the H2O control. Despite this, as shown in Figure 5-1c-e, cells nucleofected using the 

alternate GFP-CCR5 plasmid, as well as cells nucleofected using the GFP-CCR5-

PCDNA3.1 plasmid, showed no GFP positivity when compared with H2O controls, regardless 

of nucleofection conditions. 

 

 

 

Figure 5-1: Determining the GFP-associated fluorescence of Jurkat that have undergone 

transfection for the expression of GFP-CCR5 using flow cytometry. a) Distribution of GFP 

associated emission intensity of non-transfected Jurkat and Jurkat transfected using H2O in place of 

any plasmid. b) Distribution of GFP associated emission intensity of Jurkat transfected for the 

production of GFP, compared with H2O control. c) Distribution of GFP associated emission intensity of 

Jurkat transfected for the production of GFP-CCR5 using a high-expression plasmid not coding for 

antibiotic resistance, compared with H2O control. d) Distribution of GFP associated emission intensity 

of Jurkat transfected for the production of GFP-CCR5-PCDNA3.1, a low-expression plasmid which 

codes for antibiotic resistance, compared with H2O control. This sample, alongside samples in a), b) 

and c), was transfected under conditions designed to prioritise cell viability post-transfection. e) 

Distribution of GFP associated emission intensity of Jurkat transfected for the production of GFP-

CCR5-PCDNA3.1, compared with H2O control. This sample was transfected under conditions 
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designed to prioritise protein expression at the cost of cell viability post-transfection. Dark grey 

indicates H2O control sample, Light grey indicates non-transfected Jurkat control sample and Orange 

indicates Jurkat sample which has undergone transfection with the respective plasmid. Figures show 

cell populations after gating to remove debris and doublets. 

5.3. Characterisation of CHO transfected for the expression of SNAP-
CCR5 at the mixed population level 

In order to facilitate correlative microscopy experiments benefiting from both super resolution 

and single molecule techniques, this project aimed to create a line of CHO cells which express 

CCR5 fused to a SNAP-tag self-labelling protein. For this purpose, a plasmid coding for the 

expression of SNAP-CCR5 was acquired prior to expansion and isolation using midi-prep. 

After confirmation of protein concentration using a NanoDrop spectrophotometer, CHO cells 

were transfected using the chemical transfection methods employed in the successful 

transfection of CHO-GFP-CCR5. Upon expansion of mixed population CHO-SNAP-CCR5 

cells held under antibiotic selection, single CHO-SNAP-CCR5 cells were isolated and 

expanded to form clonal populations, each expressing a uniform intensity. Initial 

characterisation of CHO-SNAP-CCR5 aimed to determine the expression of SNAP-CCR5 

within the mixed population using flow cytometry. Determining the fluorescent intensity of 

samples exposed to fluorescent antibodies specific to both CCR5 (MC-5 and 2D7) and the 

SNAP-CCR5 plasmid (FLAG-M2) would indicate the average expression of SNAP-CCR5 

amongst the mixed population when compared with a range of controls. As shown in Figure 

5-2a,b, a threshold may be applied to intensity distributions of each condition to indicate the 

shift in SNAP-CCR5-associated fluorescence. This threshold was calibrated to include the 

majority of cells within a non-transfected CHO control sample and is demonstrated using the 

shift in fluorescent intensity seen between samples labelled using 2D7 and a non-labelled 

CHO-SNAP-CCR5 control.  As shown in Figure 5-3c, minimal shift in fluorescent intensity is 

seen between both transfected and non-transfected control samples, demonstrating minimal 

background binding of Alexa Fluor 647 and a minimal effect of transfection on 

autofluorescence. Further, although an increase in intensity can be seen in cells exposed to 

Alexa Fluor 647-MC5 and Alexa Fluor 647-FLAG-M2, a similar increase can be seen in CHO 

exposed to Alexa Fluor 647-MC5 and Alexa Fluor 647-FLAG-M2. Finally, the largest increase 

in intensity is seen in cells exposed to Alexa Fluor 647-2D7, however, results relating to the 

intensity of CHO exposed to Alexa Fluor 647-2D7 are not available. These results therefore 

indicate the potential expression of SNAP-CCR5 within mixed population CHO-SNAP-CCR5, 

albeit accessible by only the 2D7 antibody. 
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Figure 5-2: Determining the CCR5 expression of mixed population CHO-SNAP-CCR5 using 

flow cytometry. a-b) Demonstration of arbitrary positive and negative thresholding of APC intensity in 

samples of CHO-SNAP-CCR5, calibrated to include the majority of cells within a non-transfected CHO 

control sample. c) Bar chart representing the percentage of single cells that display a fluorescent 

intensity above the threshold shown in a-b). Fluorescent intensity is recorded in the APC channel 

corresponding to the secondary fluorescent antibody used (Alexa Fluor 647). Samples shown include 

CHO-SNAP-CCR5 cells and CHO cells, each with secondary only controls to show non-specific 



  
 

 118 
 

binding of Alexa Fluor 647 and each with a double negative control to show the autofluorescence of 

the samples. CHO-SNAP-CCR5 are shown using primary antibodies specific to CCR5 (MC-5 and 

2D7) as well as primary antibodies specific to the FLAG sequence included in the SNAP-CCR5 

plasmid (FLAG-M2). CHO samples are shown using primary antibodies MC-5 and FLAG-M2, 2D7 

was not included in the CHO controls due to the high value and scarcity of this molecule. All primary 

antibodies were coupled with Alexa Fluor 647 as their corresponding secondary. Figures show cell 

populations after gating to remove debris and doublets. 

 

5.4. Characterisation of SNAP-CCR5 expression in clonal populations 
of CHO-SNAP-CCR5 using immunofluorescent labelling 

In order to continue the development of a stable CHO-SNAP-CCR5 line, this study sought 

the determination of SNAP-CCR5 expression within clonal populations. To maximise the 

likelihood of isolating a population that displayed a sufficient SNAP-CCR5 expression, 

approximately 50 individual clonal populations were analysed for Alexa Fluor 647-2D7 

associated fluorescence using flow cytometry with comparison to control samples including 

CHO-GFP-CCR5, CHO-SNAP-CCR5 and CHO cells exposed to Alexa Fluor 647-2D7 and 

Alexa Fluor 647 only. Of the ~ 50 clonal populations of CHO-SNAP-CCR5, several displayed 

varying levels of cells deemed positive when compared with CHO controls and secondary 

only controls. Of these positive populations, 6 were chosen for further cultivation that 

displayed high, medium and low expression levels relative to CHO-GFP-CCR5. As shown in 

Figure 5-3a,b, the previously developed CHO-GFP-CCR5 line displays positivity for both 

GFP-associated and Alexa Fluor 647-2D7-associated fluorescence. Further, Figure 5-3c 

demonstrates similar distributions for CHO exposed to Alexa Fluor 647-2D7 and Alexa Fluor 

647 only, suggesting minimal non-specific binding of 2D7. As shown in Figure 5-3d, all 

clonal CHO-SNAP-CCR5 populations chosen for further cultivation display positivity for 

CCR5, with the distribution of each population exposed to Alexa Fluor 647-2D7 showing a 

positive shift with respect to the samples exposed to Alexa Fluor 647 only and CHO controls. 

Populations deemed to display a medium level of expression show a similar distribution to 

the previously cultivated CHO-GFP-CCR5, while the high and low populations display a 

relative shift in expression. The final distribution displays an example of an isolated 

population that exhibits dual sub-populations, with one sub-population appearing negative 

and one sub-population appearing high in SNAP-CCR5 expression. Each clone chosen for 

further cultivation was named corresponding to its respective origin well, with the two high 

expression clones being named AE3 and AB9, the two medium expression clones being 
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named BF2 and AF9, the low expression clone being named BE10 and the dual expression 

population being named BF1. 

 

Figure 5-3: Determining the CCR5 expression of clonal populations of CHO-SNAP-CCR5 using 

flow cytometry. a) Distribution of GFP associated emission intensity for CHO-GFP-CCR5 exposed to 

Alexa Fluor 647-2D7, CHO-GFP-CCR5 exposed to Alexa Fluor 647 only and CHO exposed to Alexa 

Fluor 647-2D7. Recorded in the FITC channel. b) Distribution of Alexa Fluor 647 associated emission 

intensity for CHO-GFP-CCR5 exposed to Alexa Fluor 647-2D7, CHO-GFP-CCR5 exposed to Alexa 

Fluor 647 only and CHO exposed to Alexa Fluor 647-2D7. Recorded in the APC channel. c) 

Distribution of Alexa Fluor 647 associated emission intensity for both CHO exposed to Alexa Fluor 

647-2D7, and CHO exposed to Alexa Fluor 647 only. Recorded in the APC channel. d) Distribution of 

a) b) c) 

d) 
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Alexa Fluor 647 associated emission intensity for various clonal populations of CHO-SNAP-CCR5 

which have been exposed to either Alexa Fluor 647-2D7 or Alexa Fluor 647 only. These are shown 

alongside distributions for CHO cells exposed to Alexa Fluor 647-2D7. Clones are determined to have 

High, medium or low expression relative to the control. One clonal population displays characteristics 

of a dual population. Recorded in the APC channel. Dark grey indicates Alexa Fluor 647-2D7-CHO, 

Light grey indicates Alexa Fluor 647-CHO, Orange indicates Alexa Fluor 647-2D7-CHO-GFP-CCR5 

or Alexa Fluor 647-2D7-CHO-SNAP-CCR5 respectively and Blue indicates Alexa Fluor 647-CHO-

GFP-CCR5 or Alexa Fluor 647-CHO-SNAP-CCR5 respectively. Figures show cell populations after 

gating to remove debris and doublets. 

 

In order to verify the expression of SNAP-CCR5 within clonal samples of CHO-SNAP-CCR5, 

as well as ensuring the accessibility of the CCR5 N-terminus, flow cytometry investigations 

were repeated using not only 2D7, but the additional primary antibodies MC-5 and FLAG-

M2. Clonal populations were exposed to Alexa Fluor 647-2D7, Alexa Fluor 647-MC5 and 

Alexa Fluor 647-FLAG-M2 and were compared with a series of control samples including 

secondary only clonal controls and non-transfected CHO exposed to both primary and 

secondary antibodies. As shown in Figure 5-4, shifts in 2D7-associated signal appear 

reduced when compared to previous flow cytometry experiments, a result that is especially 

pronounced in populations AE3 and AB9, which had previously been categorised as highly 

expressing. Further, shifts in MC-5 and FLAG-M2 associated fluorescence above control 

samples are minimal in each clonal sample. Low levels of MC-5-associated fluorescence 

may be due to SNAP-associated masking of the CCR5 N-terminus, thereby restricting the 

accessibility of the MC-5 binding site. However, when combined with a low level of both 

FLAG-M2 and 2D7-associated fluorescent signal, these results suggest the loss of SNAP-

CCR5 expression in all clonal populations over time. 
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Figure 5-4: Determining the CCR5 expression of clonal populations of CHO-SNAP-CCR5 using 

flow cytometry-based analysis of 2D7, MC-5 and FLAG-M2 associated fluorescence. Distribution 

of Alexa Fluor 647 associated emission intensity for various clonal populations of CHO-SNAP-CCR5 

which have been exposed to either Alexa Fluor 647-2D7, Alexa Fluor 647-MC5, Alexa Fluor 647-

FLAG-M2 (Orange) or Alexa Fluor 647 only (Blue). These are shown alongside distributions of CHO 

cells exposed to Alexa Fluor 647-2D7, Alexa Fluor 647-MC5 and Alexa Fluor 647-FLAG-M2 

respectively (Grey). Recorded in the APC channel. Samples were fixed after exposure to primary 

antibodies and stored overnight. Samples were exposed to secondary antibodies the following day 

prior to analysis. Figures show cell populations after gating to remove debris and doublets. 

 

In order to maximise the specific binding of immunofluorescent labels while minimising any 

associated non-specific binding, flow cytometry investigations of clonal populations were 

repeated using an improved protocol. This new protocol saw the delay of sample fixation until 

exposure to the fluorescent secondary antibody had been carried out, thereby removing any 

effects of the fixation solution on the non-specific binding of dyes. Further this new protocol 

saw an increase in the amount of time that samples were exposed to their respective primary 

antibody up to two hours. By increasing this timeframe, it allows for any additional binding of 

the primary antibody that may not have been achievable after a shorter time scale. 

Additionally, this new protocol benefitted from the analysis of samples on the same day as 

sample preparation to minimise any transient loss of specific binding. As in previous 

experiments, clonal populations were prepared with primary and secondary antibodies prior 

to fixation and were compared with clonal samples with and without exposure to secondary in 

the absence of primary antibodies. Samples were analysed directly after sample preparation. 

As shown in Figure 5-5, small shifts can be seen in the intensity distribution of some clones, 

with the tail of higher expressing cells shifting slightly to the right in certain clones with certain 

primary antibodies. For example, BE10 displays a small peak shift in samples exposed to each 

primary antibody when compared with controls, whereas AE3 displays a small peak shift only 

upon exposure to 2D7. However, this does not constitute compelling evidence of the 

expression of SNAP-CCR5 within CHO-SNAP-CCR5 clonal samples. These results suggest 

that, although clonal populations display antibiotic resistance associated with successful 

transfection, the populations have undergone the transient loss of SNAP-CCR5 expression to 

a level that is not reliably detectable using immunofluorescent staining. 
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Figure 5-5: Determining the CCR5 expression of clonal populations of CHO-SNAP-CCR5 using 

flow cytometry-based analysis of 2D7, MC-5 and FLAG-M2 associated fluorescence, with 

extended exposure to primary antibodies. Distribution of Alexa Fluor 647-associated emission 

intensity for various clonal populations of CHO-SNAP-CCR5 which have been exposed to either Alexa 

Fluor 647-2D7, Alexa Fluor 647-MC5, Alexa Fluor 647-FLAG-M2 (Orange), Alexa Fluor 647 only 

(Blue) or no antibodies (Black). Recorded in the APC channel. Exposure of samples to their 

respective primary antibodies was increased to 2 hours. Samples fixed after exposure to both primary 

and secondary antibodies and analysed directly after preparation. Figures show cell populations after 

gating to remove debris and doublets. 

5.5. Characterisation of SNAP-CCR5 expression in clonal populations 
of CHO-SNAP-CCR5 using SNAP labelling 

Immunofluorescent staining-based investigations of clonal CHO-SNAP-CCR5 populations 

revealed an inability to reliably detect SNAP-CCR5. In order to ensure that this is not due to 

the SNAP-induced masking of antibody binding sites, this study sought to determine SNAP-

CCR5 expression using SNAP-Surface-Alexa Fluor 647, a fluorescent label specific to the 

SNAP-Tag. For this purpose, flow cytometry was carried out on clonal populations with cells 

being exposed to the label for 30 min at 37C prior to fixation, following the manufacturers 

recommended protocol. Further, clonal populations labelled with SNAP-Surface-Alexa Fluor 

647 were compared with unlabelled controls and labelled non-transfected CHO cells. As 

shown in Figure 5-6, despite a large increase in the Alexa Fluor 647-associated fluorescence 

in labelled clonal samples when compared with non-labelled samples, a similar increase can 

be seen in non-transfected CHO control samples that were exposed to the label. These results 

indicate a high level of non-specific binding of the SNAP-Surface-Alexa Fluor 647 label. 

Further, the small number of cells available for analysis indicates a sub-optimal SNAP-

Surface-Alexa Fluor 647 labelling protocol. 
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Figure 5-6: Determining the SNAP-CCR5 expression of clonal populations CHO-SNAP-CCR5 

using flow cytometry-based analysis of SNAP-Surface-Alexa Fluor 647 associated 

fluorescence. Distribution of Alexa Fluor 647 associated emission intensity for various clonal 

populations of CHO-SNAP-CCR5 which have been exposed to either SNAP-Surface-Alexa Fluor 647 

(Orange) or media only (Blue). These are shown alongside distributions of CHO cells exposed to 

SNAP-Surface-Alexa Fluor 647 (Black).  Recorded in the APC channel. Samples were labelled with 5 

μM SNAP-Surface-Alexa Fluor 647 for 30 min at 37C prior to fixation. Samples were analysed directly 

after preparation. Figures show cell populations after gating to remove debris and doublets. 

Due to the large level of non-specific binding and low level of cells viable for analysis 

resulting from the SNAP-Surface-Alexa Fluor 647 labelling protocol, this study sought the 

characterisation of the optimal labelling conditions in order to facilitate future investigations 

of SNAP-CCR5. This was achieved through flow cytometry-based analysis of non-

transfected CHO samples that had undergone labelling at varying concentrations of SNAP-

Surface-Alexa Fluor 647. Further, this experiment was conducted in both fixed cells and live 

cells to investigate the effect of fixation on cell count. As shown in Figure 5-7a,b, samples 

that have undergone fixation result in a much lower number of cells available for analysis 

when compared with cells that were analysed live. Further, as can be seen in Figure 5-7b, 

SNAP-Surface-Alexa Fluor 647-associated fluorescence reduces proportionally to the 

concentration of SNAP-Surface-Alexa Fluor 647, with a 1/81 reduction (62 nM) resulting in 

the lowest level of background binding when compared with non-labelled controls. These 

results indicate the possibility for the reduction of background binding to a level that is useful 
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in future investigations. It can be concluded therefore, that the labelling protocol for SNAP-

Surface-Alexa Fluor 647 may be improved through both the use of a lower concentration and 

the analysis of cells in the absence of fixation. 

 

 

Figure 5-7: Determining the minimal background binding of SNAP-Surface-Alexa Fluor 647 

using flow cytometry-based analysis of non-transfected CHO cells with varying labelling 

conditions. Distribution of Alexa Fluor 647 associated emission intensity for non-transfected CHO 

cells labelled using varying concentration levels ranging from 0 - 5 μM. Samples were analysed either 

after fixation a) or live without fixation b). Recorded in the APC channel. Samples were labelled with 

SNAP-Surface-Alexa Fluor 647 for 30 min at 37C prior to fixation or live analysis. Samples were 

analysed directly after preparation. Figures show cell populations after gating to remove debris and 

doublets. 

5.6. Characterisation of SNAP-CCR5 expression in transiently 
transfected populations of CHO-SNAP-CCR5  

Previous results demonstrated the transient loss of SNAP-CCR5 expression in stably 

transfected clonal populations. Continued development of CHO-SNAP-CCR5 samples 

suitable for correlative microscopy experiments sought the characterisation of transiently 

transfected cells that had undergone transfection to produce SNAP-CCR5 but did not receive 

selection antibiotics, samples were instead harvested for analysis by flow cytometry 48 hours 

after transfection. Samples were transfected whilst exhibiting varying levels of cell confluence, 

with samples following manufacturers recommended guidelines of high confluence being 

shown in Figure 5-8a and samples following an adapted protocol of low confluence being 
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shown in Figure 5-8b. Samples were labelled following the improved labelling protocol 

determined previously. As shown in Figure 5-8a a large shift in intensity can be seen in 

labelled transiently transfected samples when compared with non-labelled transiently 

transfected samples and both labelled and nonlabelled non-transfected controls. These 

results exemplify the ability of SNAP-Surface-Alexa Fluor 647 to access and report the SNAP-

CCR5 construct and indicate the increased expression of SNAP-CCR5 in transiently 

transfected samples. As shown in Figure 5-8a, although a similar peak shift can be seen in 

cells that displayed high confluence upon transfection, this shift is weak in comparison with 

the equivalent low confluence sample. These results suggest a higher transfection efficiency 

in samples when following the adapted protocol. 

 

 

Figure 5-8: Determining the SNAP-CCR5 expression of transiently transfected CHO-SNAP-

CCR5 using flow cytometry-based analysis of SNAP-Surface-Alexa Fluor 647 associated 

fluorescence. Distribution of Alexa Fluor 647 associated emission intensity for CHO cells transiently 

transfected to produce SNAP-CCR5 which have been exposed to either SNAP-Surface-Alexa Fluor 

647 (Orange) or media only (Blue). These are shown alongside distributions for CHO cells exposed to 

SNAP-Surface-Alexa Fluor 647 (Grey) or media only (Black). Samples underwent transfection under 

conditions of High confluence (a) or Low confluence (b). Recorded in the APC channel. Samples were 

labelled with 62 nM SNAP-Surface-Alexa Fluor 647 for 30 min at 37C with no fixation, optimal 

conditions as determined previously. Samples were analysed directly after preparation. Figures show 

cell populations after gating to remove debris and doublets. 

 

Further confirmation of the expression of the SNAP-CCR5 construct within transiently 

transfected samples of CHO-SNAP-CCR5 was carried out through the repeated analysis of 
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CHO-SNAP-CCR5 samples alongside control samples that had undergone transient 

transfection using H2O in place of the SNAP-CCR5 plasmid, thereby indicating any effect of 

the transfection reagent on SNAP-Surface-Alexa Fluor 647-associated fluorescence. As 

shown in Figure 5-9a,b, a shift in the H2O control relative to the Media only control indicates 

an increased level of background binding associated with the transfection reagent. Despite 

this, as shown in Figure 5-9b, a large shift can still be seen relative to the H2O control in 

CHO-SNAP-CCR5 that underwent transfection under low confluence, thereby confirming the 

ability of transiently transfected samples to express the SNAP-CCR5 construct. However, as 

shown in Figure 5-9a, no such shift can be seen in CHO-SNAP-CCR5 that underwent 

transfection under high confluence, further indicating a higher transfection efficiency in 

samples when following the adapted protocol. 

 

 

Figure 5-9: Confirming the SNAP-CCR5 expression of transiently transfected CHO-SNAP-CCR5 

using flow cytometry-based analysis of SNAP-Surface-Alexa Fluor 647 associated 

fluorescence. Distribution of Alexa Fluor 647 associated emission intensity for CHO cells transiently 

transfected for the production of SNAP-CCR5 which have been exposed to either SNAP-Surface-

Alexa Fluor 647 (Orange) or media only (Blue). These are shown alongside distributions for CHO cells 

that have undergone transfection using H2O and have been exposed to SNAP-Surface-Alexa Fluor 

647 (Grey). Samples underwent transfection under conditions of high confluence (a) or low 

confluence (b). Recorded in the APC channel. Samples were labelled with 62 nM SNAP-Surface-

Alexa Fluor 647 for 30 min at 37C with no fixation, optimal conditions as determined in previously. 

Samples were analysed directly after preparation. Figures show cell populations after gating to 

remove debris and doublets. 
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Upon confirmation of the accessibility of the SNAP construct within transiently transfected 

CHO-SNAP-CCR5, this study sought the confirmation of CCR5 accessibility and FLAG motif 

accessibility through the use of immunofluorescent staining employing the previously used 

primary antibodies 2D7, MC-5, and FLAG-M2. For this purpose, transiently transfected CHO-

SNAP-CCR5 cells were analysed after labelling with respective primary and secondary 

antibodies prior to fixation. These samples were compared with transiently transfected CHO-

SNAP-CCR5 cells that were exposed to secondary antibodies in the absence of primary 

antibodies, and H2O transfected samples that were exposed to both primary and secondary 

antibodies. As shown in Figure 5-10, large shifts can be seen in SNAP-Surface-Alexa Fluor 

647 associated fluorescence in labelled transiently transfected samples when compared with 

controls, regardless of the primary antibody employed. This result clearly indicates the 

presence of SNAP-CCR5 within transiently transfected samples and confirms the accessibility 

of the CCR5 chemokine binding site, CCR5 N-terminus and FLAG motif contained within the 

SNAP-CCR5 construct. 

 

 

 

Figure 5-10: Determining the CCR5 expression of transiently transfected CHO-SNAP-CCR5 

using flow cytometry-based analysis of 2D7, MC-5 and FLAG-M2 associated fluorescence. 

Distribution of Alexa Fluor 647 associated emission intensity for CHO cells transiently transfected for 

the production of SNAP-CCR5 which have been exposed to either Alexa Fluor 647-2D7, Alexa Fluor 

647-MC5, Alexa Fluor 647-FLAG-M2 (Orange) or Alexa Fluor 647 only (Blue). These are shown 

alongside distributions for CHO cells that have undergone transfection using H2O and have been 

exposed to either Alexa Fluor 647-2D7, Alexa Fluor 647-MC5, Alexa Fluor 647-FLAG-M2 (Grey). 

Samples underwent transfection under conditions of Low confluence, optimal conditions as 

determined previously. Recorded in the APC channel. Exposure of samples to their respective 

primary antibodies took place over 2 hours. Samples were fixed after exposure to both primary and 

secondary antibodies and analysed directly after preparation. Figures show cell populations after 

gating to remove debris and doublets. 
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Initial fluorescent microscopy studies into the presentation of CHO-SNAP-CCR5 utilised 

traditional fluorescent microscopy to confirm detectability of SNAP-CCR5. As shown in Figure 

5-11a, despite fluorescent emission being detected using a channel well suited to Alexa Fluor 

647 spectra (Cy5), a large level of fluorescence can also be seen in the Cy3 channel (emission 

peak at 568nm), indicating background fluorescence that is not specific to Alexa Fluor 647. 

Further, a large number of fluorescent intercellular puncta can be seen on the coverslip, with 

an emission most strongly captured in the Cy3 channel. As shown in Figure 5-11b, a 

comparable level of fluorescent emission can be seen in both labelled and unlabelled CHO-

SNAP-CCR5 as well as labelled H2O transfected cells, whereas non-transfected cells exhibit 

a much lower fluorescent emission regardless of the presence of Alexa Fluor 647. These 

results indicate that the background fluorescence observed is associated with the transfection 

reagent. Finally, as shown in Figure 5-11c, a small number of cells that express highly in the 

Cy5 channel are present in labelled CHO-SNAP-CCR5 samples. Although these highly 

expressing cells display signal in the Cy3 channel, the emission in each channel does not 

necessarily appear co-localised. These results suggest that the transient transfection of CHO-

SNAP-CCR5 produces samples that contain a low number of highly expressing cells.  

 



  
 

 131 
 

 

 

Figure 5-11: Representative images of the SNAP-CCR5 expression of transiently transfected 

CHO-SNAP-CCR5, acquired using traditional fluorescence microscopy of SNAP-Surface-Alexa 

Fluor 647 associated fluorescence. Fluorescent images of fixed CHO-SNAP-CCR5 cells labelled 

with SNAP-Surface-Alexa Fluor 647, compared with control samples of unlabelled CHO-SNAP-CCR5, 

labelled CHO that have undergone transient transfection using H2O and both labelled and unlabelled 

non-transfected CHO. Fluorescence was acquired using a standard upright fluorescent microscope 

with a 63X objective. Fluorescence was captured in both the Cy3 and Cy5 channels (the latter being 

suitable for Alexa Fluor 647 imaging). Brightfield images were captured to aid cell localisation. a) 

single field of CHO-SNAP-CCR5 shown using brightfield, as well as Cy3 and Cy5 fluorescent 

channels (not contrast matched). b) individual fields of unlabelled CHO, labelled CHO, labelled H2O 

transfection, unlabelled CHO-SNAP-CCR5 and labelled CHO-SNAP-CCR5 captured in Cy5 (contrast 

matched). c) single field of CHO-SNAP-CCR5 shown in brightfield, Cy3 and Cy5 displaying a high 

expression cell (contrast matched).  
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Due to the large level of transfection reagent-associated background fluorescence found 

previously, this study sought the analysis of CHO-SNAP-CCR5 that had undergone transient 

transfection using the alternate transfection reagent X-tremeGENE HP. As shown in Figure 

5-12a, flow cytometry investigations demonstrate a peak shift within labelled CHO-SNAP-

CCR5 when compared with unlabelled CHO-SNAP-CCR5 transfected cells and labelled H2O 

transfected cells. These results indicate a successful transfection of cells for the production of 

SNAP-CCR5 to a level comparable with that of the previously utilised transfection reagent 

TransIT-X2. As shown in Figure 5-12b, traditional fluorescent imaging of a field of CHO-

SNAP-CCR5 reveals Cy3 associated background fluorescence to a level comparable with that 

previously determined for TransIT-X2 transfected samples. Further, transiently transfected 

CHO-SNAP-CCR5 likewise demonstrate a small population of cells that express highly in the 

Cy5 channel. These results indicate that the alternate transfection reagent produces CHO-

SNAP-CCR5 populations with a similar transfection efficiency and level of reagent-associated 

background fluorescence to the previously utilised reagent. 

 

 

 

Figure 5-12: Flow cytometry analysis and representative images of the SNAP-CCR5 expression 

of transiently transfected CHO-SNAP-CCR5, using an alternate transfection reagent. a) flow 

cytometry-based analysis of transiently transfected CHO-SNAP-CCR5 labelled with SNAP-Surface-

Alexa Fluor 647 alongside unlabelled CHO-SNAP-CCR5 and labelled H2O transfection controls. 

Figure shows cell populations after gating to remove debris and doublets. b-d) single field of a fixed 
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transiently transfected CHO-SNAP-CCR5 sample labelled with SNAP-Surface-Alexa Fluor 647. 

Fluorescence was acquired using a standard upright fluorescent microscope with a 63X objective. 

Fluorescence was captured in both the Cy3 and Cy5 channels (the latter more suited for Alexa Fluor 

647 imaging). Brightfield images were captured for cellular location purposes. (contrast matched). 

Cells were transfected using an alternate transfection reagent (X-tremeGENE HP). 

 

5.7. Determination of SNAP-CCR5 presentation in transiently 
transfected populations of CHO-SNAP-CCR5 using PaTCH 
microscopy 

The study of transiently transfected CHO-SNAP-CCR5 was extended through the 

investigation of SNAP-CCR5 expression using PaTCH-based intensity analysis. As shown in 

Figure 5-13a, expression within labelled CHO-SNAP-CCR5 exhibits a similarly punctated 

fluorescence to those seen using traditional fluorescence microscopy. Further, these 

representative images show a similar distribution of fluorescent signal amongst samples 

regardless of the presence of SNAP-CCR5 plasmid upon transfection. As shown in Figure 5-

13b, although a small shift in the distribution of cell expression levels can be seen when 

comparing CHO-SNAP-CCR5 transfected cells with H2O transfected cells, the mean intensity 

of each condition does not vary significantly. These results indicate that the transfection of 

samples causes an increase in non-specific transfection-associated background signal, in 

agreement with previous qualitative results. 
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Figure 5-13: Investigating the basal membrane fluorescent signal of fixed CHO-SNAP-CCR5 

cells exposed to SNAP-Surface-Alexa Fluor 647 using PaTCH microscopy.  a) representative 

images of labelled transiently transfected CHO-SNAP-CCR5 alongside labelled CHO transiently 

transfected using H2O in place of plasmid. (scale bar 2 µm). b) jitter plots representing the 

fluorescence intensity of labelled transiently transfected CHO-SNAP-CCR5 (orange) alongside 

labelled CHO transiently transfected using H2O in place of plasmid (blue). SNAP-Surface-Alexa Fluor 

647 labelling took place over 30 minutes at 37C. Intensity measurements were taken within the cell as 

informed by cell segmentation masks. Intensity values are background subtracted. Bars represent the 

mean fluorescent intensity for a given plot. Each condition saw the analysis of ~6 cells. Statistical 

analysis was carried out using a Kruskal–Wallis one-way analysis of variance (KW-ANOVA) test, ns - 

P > 0.05, * - P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - P ≤ 0.0001. 
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Further investigation into the suitability of transiently transfected CHO-SNAP-CCR5 for 

PaTCH-based analysis of CCR5 saw the intensity analysis of samples transfected using the 

alternate transfection reagent X-tremeGENE HP. This investigation aims to reveal any 

changes in the previously detected transfection-associated background signal upon use of an 

alternate transfection reagent. As shown in Figure 5-14a, expression within labelled CHO-

SNAP-CCR5 exhibits a similarly punctated fluorescence to previous samples employing the 

transfection reagent TransIT-X2. Further, these representative images show a similar 

distribution of fluorescent signal amongst samples regardless of the presence of Alexa Fluor 

647 or the presence of SNAP-CCR5 plasmid upon transfection. As shown in Figure 5-14b, 

although a small number of highly fluorescent cells can be seen in labelled CHO-SNAP-CCR5, 

a similar number can be found in unlabelled CHO-SNAP-CCR5. Further, the mean intensity 

can be seen to remain consistent in all transfected samples, regardless of the presence of 

Alexa Fluor 647 or the presence of SNAP-CCR5 plasmid upon transfection. Non-transfected 

samples however display a lower intensity distribution and a significantly lower mean intensity 

that is unchanged in labelled and unlabelled samples. These results indicate that, although 

cells display a low level of background binding of SNAP-Surface Alexa Fluor 647, employment 

of the alternate transfection reagent led to non-specific transfection-associated background 

fluorescence in a similar manner to the original transfection reagent and highlight the 

unsuitability of transiently transfected CHO-SNAP-CCR5 for microscopy-based CCR5 

investigations. 
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Figure 5-14: Investigating the basal membrane fluorescent signal of fixed CHO-SNAP-CCR5 

cells exposed to SNAP-Surface-Alexa Fluor 647 using PaTCH microscopy, employing an 

alternate transfection method.  a) representative images of labelled and non-labelled transiently 

transfected CHO-SNAP-CCR5 alongside labelled CHO transiently transfected using H2O in place of 

plasmid. (scale bar 2 µm). b) jitter plots representing the fluorescence intensity of labelled (black) and 

non-labelled (red) transiently transfected CHO-SNAP-CCR5 alongside labelled CHO transiently 

transfected using H2O in place of plasmid (blue) and both labelled (green) and unlabelled (purple) 

non-transfected CHO. SNAP-Surface-Alexa Fluor 647 labelling took place over 30 minutes at 37C. 

Intensity measurements were taken within the cell as informed by cell segmentation masks. Intensity 

values are background subtracted. Bars represent the mean fluorescent intensity for a given plot. 

Each condition saw the analysis of ~7 cells. Cells were transfected using an alternate transfection 

reagent (X-tremeGENE HP). Statistical analysis was carried out using a Kruskal–Wallis one-way 

analysis of variance (KW-ANOVA) test, ns - P > 0.05, * - P ≤ 0.05, ** - P ≤ 0.01, *** - P ≤ 0.001, **** - 

P ≤ 0.0001. 
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5.8. Discussion 

This study saw the attempted development of alternate CCR5-expressing cell lines to 

facilitate the extended study of CCR5 behaviour under a range of microscopy techniques. 

The extension of the suite of CCR5-expressing models available was initially focused on the 

development of a non-adherent t-cell line that stably expressed the GFP-CCR5 fusion 

previously employed in CHO-GFP-CCR5. This development aimed to facilitate future 

investigations which would focus on the observation of CCR5 behaviour in the context of 

non-adherent cells, thereby allowing comparison of previously obtained results in adherent 

cells with those of a model displaying an increased biological relevance. Further, these 

studies aimed to observe the effect of T-cell activation on the behaviour of CCR5 at the 

membrane, with these studies seeing potential advancement to the observation of 

interacting cells in the context of immunological synapse formation. Transfection of Jurkat 

cells for the production of GFP-CCR5 using the chemical transfection methods employed in 

the creation of CHO-GFP-CCR5 resulted in no cell recovery post-transfection over several 

trials. This result necessitated the adoption of alternate transfection techniques, namely the 

use of nucleofection, a method that uses electroporation to deliver DNA to the nucleus. Flow 

cytometry-based analysis of transfected Jurkat cells revealed that this method was unable to 

successfully integrate either the GFP-CCR5 construct utilised in CHO-GFP-CCR5 or an 

alternate GFP-CCR5 construct which does not induce antibiotic resistance into Jurkat cells. 

However, the successful transfection of Jurkat for the production of GFP in isolation 

demonstrated the effectiveness of this method for the production of simpler molecules. The 

transfection of Jurkat for the production of complex biomolecules has previously been 

reported as notably difficult234. Therefore, extensions to the development of a stable Jurkat-

GFP-CCR5 line would require the employment of alternate techniques such as lentiviral 

transduction and spinoculation235. 

 

The extension of the suite of CCR5-expressing models available was continued through the 

development of an adherent CHO cell line which expresses CCR5 fused to a SNAP-tag self-

labelling protein tag. This development aimed to facilitate extended super resolution 

investigations that utilise the improved labelling specificity offered by the SNAP construct 

over traditional immunofluorescent techniques. Further, the successful creation of CHO-

SNAP-CCR5 would allow for the use of a range of bright labels whilst retaining the high level 

of receptor recognition and one-to one receptor-label binding ratio necessary for single-

molecule investigations, thereby allowing for correlative microscopy studies that benefit from 

both high spatial and temporal resolution microscopy techniques. Initial development of a 

CHO-SNAP-CCR5 model saw the creation of a mixed population of transfected cells 
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displaying antibiotic resistance and the isolation of individual clonal populations from this 

mixed population. Immunofluorescence-based flow cytometry was conducted on both mixed 

populations and clonal populations of CHO-SNAP-CCR5, with the former results providing 

early evidence of the presence of CCR5 through the binding of the CCR5 antibody 2D7. 

Analysis of clonal populations revealed a relatively high level of 2D7 binding in certain clonal 

populations allowing for the selection of a range of populations for further propagation. 

However, subsequent investigations of these populations using both 2D7 and alternate 

primary antibodies, MC-5 and FLAG-M2, suggested the rapid loss of CCR5 expression in 

clonal samples, despite the demonstration of continued antibiotic resistance, a result that 

was confirmed through repeated experimentation employing adapted protocols developed to 

maximise the specific binding and minimise the non-specific binding of fluorescent 

antibodies. Additionally, this loss of SNAP-CCR5 expression was confirmed through flow 

cytometry experiments employing SNAP-Surface-Alexa Fluor 647. 

 

The transient loss of SNAP-CCR5 expression in stably transfected cells necessitated the 

consideration of transiently transfected mixed populations of CHO-SNAP-CCR5 as a model 

for further investigation. However, future employment of any such model first required the 

optimisation of the SNAP labelling protocol, which was quantifiably shown to induce a high 

level of non-specific binding and reduce cell count during flow cytometry. An adapted 

protocol was developed that saw the recommended concentration of SNAP-Surface-Alexa 

Fluor 647 being reduced by a factor of 81 and the exclusion of fixation on samples due for 

investigation in flow cytometry experiments, thereby drastically reducing non-specific binding 

and increasing available cell counts. Using this adapted protocol, transiently transfected 

CHO-SNAP-CCR5 were shown to display a high level of specific SNAP-Surface-Alexa Fluor 

647 binding. Further, immunofluorescence-based flow cytometry demonstrated a high level 

of 2D7, MC-5 and FLAG-M2 binding in transiently transfected CHO-SNAP-CCR5. Taken 

together, these results suggest the accessibility of both the SNAP and FLAG motifs, 

alongside the N-terminus and chemokine binding site of CCR5, providing compelling 

evidence for the expression of SNAP-CCR5. 

 

Despite a high level of SNAP-CCR5 expression within samples, both traditional fluorescence 

and PaTCH-based microscopy of transient CHO-SNAP-CCR5 revealed a high level of 

transfection reagent-associated background signal that rendered this model incompatible 

with microscopy-based investigations. Further, the extension of these studies to investigate 

transient CHO-SNAP-CCR5 that underwent transfection with an alternate reagent 

demonstrated a similarly high expression of SNAP-CCR5 alongside a similarly high level of 

reagent-associated signal, detectable using both traditional fluorescence and PaTCH-based 
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microscopy. The successful creation of a SNAP-CCR5 expressing model compatible with 

advanced microscopy techniques would therefore require the continued development of a 

stable line that retains SNAP-CCR5 expression through the employment of alternate 

transfection techniques, such as nucleofection, or the reduction of reagent-associated 

fluorescence in transiently transfected cells through the use of alternate reagents. 
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6. General discussion 

6.1 Summary and major findings 

The first results chapter of this thesis saw the employment of an established line of CCR5-

expressing CHO cells for the determination of the super-resolved spatial distribution of 

CCR5 using SIM. These investigations demonstrated the collection of CCR5 into distinct 

large assemblies located across the cell membrane in three dimensions. Spatial analysis of 

these assemblies revealed a non-random orientation of assembly sites with respect to one 

another and allowed the determination of the average distance between assembly sites. 

Investigation into the effect of the CCR5 ligand CCL5 on this distribution demonstrated a 

significant reduction in cell surface CCR5 proportional to the extent of CCL5 exposure. 

Investigation into the effect of the small molecule CCR5 antagonist MVC demonstrated a 

large antagonistic effect that inhibited CCL5-induced reduction of cell surface CCR5 

alongside an amplification of CCR5-associated signal. Further, dual-colour investigations 

revealed an MVC-induced interference of CCL5 binding. Investigation of the alternate small 

molecule antagonist TAK-779 and the CCL5 analogue 5P12-RANTES demonstrated a 

similar antagonistic effect with each displaying a clear capacity to interfere with CCL5 

binding and to inhibit CCL5-associated reduction of cell surface CCR5. Finally, investigation 

of the additional CCL5-analogue 5P14-RANTES demonstrated a similar capacity for the 

interference of CCL5 binding but induced a loss of cell surface CCR5 greater than seen for 

CCL5, a result in line with previous characterisation of this ligand which established agonist 

activity with no associated downstream signalling138.  

 

The second results chapter of this thesis sought the creation of a new cell line designed for 

use in single-molecule applications and the development of a novel single-molecule 

fluorescent microscopy technique known as PaTCH, tailored to the investigation of 

biomolecules expressed on the basal membrane of adherent cells. Extensive 

characterisation of the new CHO-GFP-CCR5 model confirmed the expression of GFP-CCR5 

alongside both CCR5 functionality and accessibility of key CCR5 binding sites. Further, an 

improvement in the detection of GFP-CCR5 foci was determined using the new PaTCH 

imaging mode in comparison with established TIRF and HILO modes. PaTCH investigations 

of CHO-GFP-CCR5 revealed a similar spatial distribution to CHO-CCR5, with CCR5 being 

revealed to collect into distinct large assemblies located across the basal membrane. The 

high temporal resolution offered by PaTCH facilitated the tracking of GFP-CCR5 assemblies 

under conditions inducing photobleaching, thereby allowing the estimation of CCR5 

assembly size distributions across many cells. These investigations revealed a wide range of 
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assembly sizes, with the average assembly comprising approximately 10 to 20 GFP-CCR5 

fusions. Further, the distribution of assembly sizes was seen to display characteristic peaks 

with an average periodic interval of 2.3 ± 0.5 molecules. A result which suggests that CCR5 

assemblies likely consist of homodimeric sub-units. 

 

PaTCH-based investigation of CCL5-induced effects revealed a shift in the distribution 

CCR5 of assembly sizes over a short perturbation time tailored for the investigation of the 

pre-internalisation activation window. Although CCR5 assemblies were seen to retain a 

homodimeric sub-unit composition upon exposure to CCL5, the presence of both large and 

small subpopulations of CCR5 assemblies were seen to increase at the cost of assemblies 

of an intermediate size. Investigations of extended CCL5 exposure revealed a negative shift 

in the distribution of cellular CCR5 expression, alongside a significant reduction in the 

average assembly size, amongst populations exposed to CCL5 for 30 minutes. The study of 

MVC-associated effects on CCR5 presentation were extended through PaTCH-based 

investigation of MVC in isolation and in combination with CCL5. MVC in isolation was found 

to have no significant impact on the average cellular CCR5 expression or the distribution of 

assembly sizes within this population. However, MVC was further demonstrated as an 

effective inhibitor of CCL5-induced internalisation, with the average cellular CCR5 

expression increasing upon 30 minutes exposure to CCL5 provided MVC pre-treatment. 

Despite this, MVC was demonstrated to not restrict the CCL5-induced shift in assembly 

sizes, with the combined exposure of MVC and CCL5 inducing a negative shift in the 

distribution of assembly sizes that did not significantly differ from the shift induced by CCL5 

in isolation. 

 

The final results chapter of this thesis focused on the production of alternate CCR5 

expressing cell lines for the advancement of CCR5 investigation. The attempted 

development of a non-adherent model T-cell line expressing the GFP-CCR5 fusion 

employed in results chapter 2 aimed to facilitate the CCR5 investigation in the absence of 

adherence-associated effects and the investigation of CCR5 under the context of T-cell 

activation. Although the nucleofection of Jurkat cells for the production of GFP in isolation, 

successful integration of the GFP-CCR5 plasmid was not successful despite attempted 

optimisation of nucleofection parameters. The attempted development of an adherent cell 

line expressing CCR5 fused with the SNAP-tag self-labelling protein aimed to facilitate 

corelative microscopy studies in which super-resolved CCR5 spatial distributions and single-

molecule stoichiometry estimates could be determined within a single cell model. Despite the 

successful generation clonal populations of CHO-SNAP-CCR5 that displayed sustained 

resistance to selection antibiotics, the expression of SNAP-CCR5 within these clones was 
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determined to undergo rapid reduction. Optimisation of both the protocol underpinning both 

SNAP labelling and CCR5 immunofluorescent labelling allowed the successful determination 

of SNAP-CCR5 expression within transiently transfected cells, with flow cytometry-based 

assays revealing a high expression and availability of both key CCR5 and SNAP binding 

sites, thereby providing proof of concept for the employment of CHO-SNAP-CCR5 within 

future assays. However, a high level of transfection reagent-associated background signal 

was found within microscopy assays of these cells, suggesting the necessity of continued 

optimisation of CHO-SNAP-CCR5 transfection prior to the execution of correlative 

microscopy studies. 

 

In conclusion, this thesis has provided a super-resolved and single-molecule study into the 

presentation of CCR5 in mammalian cells, allowing the direct visualisation of the spatial 

distribution of CCR5, demonstrating the collection of CCR5 into distinct assemblies and 

quantifying the spatial organisation, size and oligomeric make-up of these assemblies. 

Additionally, this thesis has provided the direct visualisation of the effect of the CCR5 agonist 

CCL5 alongside the small molecule antagonists MVC and TAK-779 and CCL5 analogues 

5P12-RANTES and 5P14-RANTES on the spatial distribution and assembly size distribution 

of CCR5. Finally, this thesis presents a newly developed single-molecule fluorescent 

microscopy technique tailored for the investigation of molecules located on the basal 

membrane of adherent cells and a new CCR5-expressing cell line tailored for use in single 

molecule assays, alongside efforts in the extension of available lines for the study of CCR5 

in systems of increase complexity and biological relevance. 

6.2. Results in the context of CCR5 in the steady state 

Super resolution investigations revealed cell populations that exhibit a punctated expression 

of CCR5, with the receptor found to collect into large assemblies across the entire cell 

membrane. Although the demonstration of CCR5 puncta varied across cell populations, this 

is to be expected given the varying level of CCR5 expression demonstrated by the CHO-

CCR5 cell line employed in this study, with highly expressing cell populations seen to 

demonstrate a less punctated distribution. PaTCH-based investigation revealed a similarly 

punctated distribution of CCR5 that remained consistent across all cell populations, a result 

in line with the low and consistent expression of this clonal cell line. The punctated 

expression of CCR5 has additionally been demonstrated in alternative studies, with TIRF-

based investigations revealing a similar presentation of CCR5 across the basal membrane of 

adherent cells236.  
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The function of the spatial confinement of CCR5 into distinct puncta across the membrane 

remains unclear. However, the non-random orientation of puncta, as determined in chapter 

3, suggests the potential existence of a biological function for which this spatial organisation 

plays a role. One such potential function is the facilitation of successful ligand binding, with 

the spatial confinement of the receptor raising the probability of the co-localisation of the 

receptor with its given binding partner237. However, punctated expression may also be 

influenced by local variations in membrane topology, with recent single-molecule-

localisation-microscopy studies revealing a correlation between the variance in the local 

amount of membrane and the clustered-expression of a randomly distributed membrane 

molecule238. The confirmation of genuine CCR5 clustering would therefore benefit from 

additional dual-colour investigations which employ membrane markers to account for 

variations in the membrane topology.  

 

An additional aim of this study was the determination of the stoichiometry of CCR5 

assemblies. This study determined that CCR5 assemblies exist in a wide range of sizes and 

that these assemblies likely comprise dimeric sub-units of CCR5. The oligomeric state of 

CCR5 remains a topic of debate, however these results are supported by previous bulk 

ensemble studies that suggest the existence of CCR5 homodimers using a range of 

techniques65,81,84,86,87. However, the results presented here are limited by the employment of 

cell-fixation, thereby restricting the characterisation of CCR5 assemblies to their size and 

oligomeric make-up. The extension of this study to the investigation of live cells using 

PaTCH would allow for the determination of assembly dynamics. Any apparent trend in the 

relation between assembly size and mobility would provide insight into the existence of 

heterogeneous assembly sub-populations that may serve distinct roles. 

 

6.3. Results in the context of CCR5 and CCL5 

This study aimed to determine the effects of the CCR5 ligand CCL5 on receptor presentation 

through both super resolution and single-molecule investigations. CCR5 is expected to 

undergo activation upon interaction with CCL5, with this interaction inducing downstream -

arrestin mediated internalisation of the receptor55,56. Single molecule PaTCH-based 

investigations of the pre-internalisation behaviour of CCR5 revealed a shift in the distribution 

of CCR5 assemblies over short timescale CCL5 exposure. These results suggested a 

breakdown of intermediate sized assemblies with a potential recruitment towards larger 

sites. CCR5 endocytosis is generally facilitated by the coat protein clathrin, with CCR5-

bound arrestin interacting with the clathrin adaptor molecule AP2. This complex is then 
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expected to recruit towards areas of the plasma membrane coated by clathrin flat lattices, 

from which the receptor is removed by the formation of clathrin coated pits56,60–62. The 

demonstration of larger CCR5 puncta along the membrane could be, in part, due to the 

localisation of CCR5 within these sites of internalisation. In such a case, these results may 

suggest the CCL5-induced breakdown of otherwise steady state CCR5 assemblies with 

subsequent recruitment to sites of internalisation. The extension of this investigation to the 

study of live cells would facilitate the determination of assembly dynamics, providing insight 

into the potential recruitment of mobile assemblies towards larger stationary sites. Further, 

the application of dual-colour studies employing a clathrin reporter would allow the co-

localisation of clathrin lattices relative to CCR5 assemblies that form suspected sites of 

internalisation 

 

Super resolution investigation of extended CCL5 exposure demonstrated a clear reduction in 

the presence of CCR5, with this reduction being proportional to the extent of CCL5 

exposure. Further, studies employing labelled CCL5 facilitated the quantification of CCL5-

cell association with respect to the extent of treatment, demonstrating an increase in CCL5 

presence concurrent with the observed reduction in CCR5 presence. These results thereby 

demonstrate the binding of CCL5 over time and the resultant internalisation of CCR5. 

Additionally, these studies provide an indication of the likely time scale over which CCL5-

induced internalisation takes place in this model, with the majority of internalisation taking 

place after ten minutes and a plateau being formed after continued exposure, despite the 

continued increase of cell-associated CCL5 signal.. CCR5 labelling took place after 

exposure to CCL5 and therefore reports only membrane-bound CCR5 and not the presence 

of endocytosed receptors in the cell. In contrast, CCL5-associated signal stems from both 

CCL5 located at the membrane and CCL5 up taken through endocytosis, the continued 

increase in CCL5-signal post internalisation therefore likely stems from the combination of 

endocytosed CCL5 and the binding of CCL5 to receptors that have undergone recycling to 

the membrane63. Studies employing the newly developed CHO-GFP-CCR5 cell line 

demonstrated CCL5-induced internalisation through flow cytometry studies, however a 

slower rate of internalisation was seen in comparison to previous studies of CHO-CCR566 

indicating the potential effect of GFP presence on the CCR5 N-terminus. Despite this, CCL5-

induced reduction in cell surface GFP-CCR5 was quantified using single-molecule PaTCH 

microscopy, with the average GFP-CCR5 expression being seen to reduce after 30 minutes 

exposure to CCL5. The quantification of overall cell intensity revealed a range of GFP-CCR5 

expression amongst cell populations, with three distinct bands of expression being defined in 

the steady state population and CCL5 being seen to induce the loss of the highly expressing 

cell population. Extension of PaTCH investigations to the quantification of assembly 
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stoichiometry revealed a similar range of assembly sizes amongst cells exposed to CCL5 in 

comparison with the steady state. However, the distribution was seen to undergo a negative 

shift, with the average assembly size being significantly lower than that of the steady state. 

This result suggests that the overall loss of CCR5 presence induced by CCL5 is 

accompanied with an overall reduction in the average size of CCR5 assemblies. Further 

investigation employing clathrin reporters would provide insight as to the proportion of CCR5 

assemblies that may be identified as sites of internalisation upon extended CCL5 exposure. 

 

6.4. Results in the context of CCR5 and small molecule CCR5 
antagonists  

This study aimed to determine the effects of CCR5 antagonists on the CCL5-induced 

activation of CCR5. One such antagonist under investigation was the small molecule 

Maraviroc (MVC) which has seen success as a therapeutic for the treatment of CCR5 tropic 

HIV-1130. The expected function of MVC is the allosteric inhibition of CCL5-induced 

internalisation, with MVC believed to bind within a deep pocket of the CCR5 transmembrane 

bundle and induce a conformational change in the receptor that inhibits the binding of CCL5 

to its secondary binding site46. Super resolution investigation of MVC pre-treatment prior to 

CCL5 exposure revealed a clear inhibition of CCL5-induced internalisation, demonstrating 

MVC as an effective CCR5 antagonist in this study. Further, the level of CCR5 associated 

fluorescence intensity was seen to increase beyond that of the steady state. This result was 

similarly seen in PaTCH-based investigation of GFP-CCR5 expression, with MVC pre-

treatment being found to increase the average CCR5-associated fluorescence intensity 

relative to the steady state.  

 

The MVC-induced increase of CCR5-associated signal has been demonstrated in previous 

studies. Investigations that similarly employed an adherent cell line transfected for the 

production of CCR5 demonstrated an increase in binding of the CCR5 N-terminus antibody 

CTC8 upon 30 minutes exposure to MVC when compared to the steady state, alongside a 

reduction in binding of a range of ECL-specific MAbs using flow cytometry239. Additionally, 

investigations of primary T-cells demonstrated an MVC-induced increase in CCR5 density, 

albeit over a time scale of many hours240. These studies, combined with results shown here, 

demonstrate the potential MVC-induced upregulation of surface CCR5. However, given the 

conformational change associated with MVC binding, the increase in N-terminal label-

associated signal may also be due to an MVC-induced increase in the exposition of the 

CCR5 N-terminus enacted through this conformational change. 
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PaTCH-based investigation of CCR5-associated signal given exposure to MVC in isolation 

and in combination with CCL5 suggest that the MVC-induced increase in signal is only 

present in samples exposed to both MVC and CCL5. These results suggest the potential 

binding of CCL5 despite pre-exposure to MVC. Although MVC is expected to induce a 

conformational change that inhibits the internalisation of CCR5, the ability of CCL5 to bind to 

the primary chemokine binding site remains unclear46. Further evidence of continued CCL5 

binding was found through the investigation of assembly reorganisation in which CCL5 was 

observed to induce a negative shift in the overall distribution of assembly stoichiometries 

with respect to the non-perturbed sample. Likewise, a negative distribution shift was seen in 

samples exposed to CCL5, after pre-exposure to MVC, that did not differ significantly from 

the shift induce by CCL5 in isolation. These results are however in contrast with dual colour 

super resolution investigations which revealed a large reduction in CCL5-associated signal 

in cells pre-treated with MVC, suggesting an MVC-induced interference of CCL5-binding. 

These studies would be advanced through the extension of super resolution investigations to 

the lone effects of MVC to confirm whether the observed increase in CCR5 signal is present 

in the absence of CCL5. Further, extension of dual colour CCR5-CCL5 co-localisation within 

PaTCH-based assembly analysis would provide further insight regarding the ability of CCL5 

to bind CCR5 in the presence of MVC and the relation of bound assemblies to their size. In 

contrast, super resolution studies of the alternate small molecule antagonist TAK-779 (TAK) 

demonstrated a TAK-induced reduction of CCL5-induced CCR5 internalisation with no 

increase of CCR5 signal relative to the steady state. In addition, dual colour investigations 

demonstrated the effective TAK-induced interference of CCL5 binding at a level in line with 

MVC. Although TAK was confirmed to be an effective inhibitor of CCL5-induced CCR5 

activation using flow-cytometry based calcium flux assays in CHO-GFP-CCR5, continued 

investigation would benefit from PaTCH-based single molecule studies in CHO-GFP-CCR5 

to reveal the effect of TAK on CCL5-induced changes in assembly size for a more 

comparative study of the two small molecule antagonists. 

 

6.5. Results in the context of CCR5 and CCL5 analogues 

The development of HIV strains that display MVC resistance has motivated the study of 

novel CCR5-targeted HIV-1 entry inhibitors133,134 . One branch of potential therapeutics is 

formed of CCL5 derivatives differing through the alteration of the chemokine N terminus138. 

These CCL5 analogues present a potential advantage over small molecule antagonists due 

to their ability to fully engage the CCR5 active cleft and thereby limit potential HIV-1 gp120 
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mutation and the resultant development of resistant strains241. This study aimed to determine 

the effect of CCL5 analogues 5P12-RANTES (5P12) and 5P14-RANTES (5P14) on CCL5-

induced CCR5 internalisation using super resolution microscopy. Both 5P12 and 5P14 are 

reported to display anti-HIV potency and inhibition of G protein-linked signalling activity, 

however both displaying differing effects on CCR5 internalisation138–140. Investigation of 5P12 

demonstrated a clear reduction in CCL5-induced internalisation given 5P12 pre-exposure, 

albeit at a level lower than that of MVC and TAK. Further, dual colour investigations 

demonstrated the ability of 5P12 to interfere with CCL5 binding at a level in line with MVC 

and TAK. These results confirm 5P12 as an effective competitor of CCL5 binding and 

inhibitor of CCR5 internalisation, in line with previous investigations138–140. 

 

In contrast, investigation of 5P14 pre-treatment revealed a large reduction in the presence of 

CCR5 signal that greatly surpassed that of CCL5 in isolation. Further, dual-colour 

investigations demonstrated the interference of CCL5 binding at a level in line with 5P12 and 

small molecule antagonists. These results demonstrate 5P14 as an effective competitor of 

CCL5 binding and a potent driver of CCR5 internalisation in agreement with the previous 

characterisation of 5P14 that established agonistic activity without inducing downstream 

signalling of CCR5, with the level of 5P14-induced internalisation lying at an intermediate 

level between that of CCL5 and the known super-agonist PSC-RANTES138–140. The 

investigation of CCL5 analogues shown here were limited to super resolution intensity 

analysis. The extension of these studies to PaTCH-based analysis of CCR5 assembly 

redistribution would allow for more extensive insight into the effect of these ligands on CCL5-

induced assembly redistribution and a more comparative study of these prospective 

therapeutics relative to the established drug MVC. 

6.6. Development of biophysical tools and models 

In order to determine CCR5 characteristics on the single-molecule level, this study aimed to 

develop both cell models suitable for single-molecule investigation alongside a novel 

imaging mode tailored to the single molecule investigation of adherent cell lines that display 

uneven membrane topology. This aim was achieved through the successful development 

and characterisation of CHO-GFP-CCR5, alongside the development of PaTCH microscopy, 

with this technique being shown to provide an increase in recognition of GFP-CCR5 puncta, 

alongside an increase in signal to background ratio, within our system when compared with 

the established techniques of HILO and TIRF.  
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Employing these two developments, this study provided single molecule level insight into the 

behaviour of CCR5 both in the steady state and under exposure to a range of ligands. 

Alternative studies have recently been conducted that similarly employ CCR5 fused with 

GFP expressed within adherent cells, providing scope to this method of reporting233, 

however these studies employ a C-terminally tagged CCR5-GFP fusion. Due to the 

existence of a PDZ binding domain on the C-terminus of CCR5, C-terminal coupling raises 

potential concerns regarding the downstream effect of PDZ masking on the behaviour of 

CCR564,65. The slimfield microscope system, on which the PaTCH imaging mode was 

established, has seen employment in both TIRF and HILO based investigations of a range of 

biological subjects199,201,206, however the development of this new imaging mode may 

facilitate future investigations of membrane-bound biomolecules expressed in adherent 

mammalian cell lines. 

 

A limitation of this study lies in the sole employment of adherent cell lines for the expression 

of CCR5, with CCR5 being endogenously expressed in a range of cell types that may 

display type-specific variance in CCR5 behaviour. In order to facilitate the extension of this 

investigation to the study of CCR5 in a non-adherent membrane environment, this study 

sought the creation of a Jurkat T-cell line that expresses the GFP-CCR5 fusion. The non-

adherent nature of Jurkat would provide information regarding the characteristics of CCR5 in 

the absence of adherence-associated effects, such as increased membrane tension, and 

allow the extension of CCR5 characterisation to a more diverse cellular context. Further, the 

T-cell origin of Jurkat would aid future investigations concerned with the effect of cellular 

activation on the characteristics of CCR5 distributions. Upon failure to achieve a successful 

transfection using the chemical transfection techniques previously utilised in CHO-GFP-

CCR5 development, alternative techniques were employed in the form of nucleofection. 

Cells having undergone transfection were screened for GFP-CCR5 expression 64 hours 

later using flow cytometry. These results revealed that despite the successful transfection of 

Jurkat for the production of GFP, transfections for the production of GFP-CCR5 were not 

successful.  

 

The ease by which Jurkat integrate GFP when compared with the integration of GFP-CCR5 

is not surprising given the complex transmembrane structure of CCR5. However, by allowing 

the transfected cells longer time periods prior to analysis may reveal a higher level of GFP-

CCR5 expression. In contrast however, previous studies employing Jurkat transiently 

transfected for the production of GFP-CCR590 reported maximum expression after only 24 

hours. It is clear then that further investigations are needed into the expression of GFP-

CCR5 after varying timescales post-transfection. Additionally, given the reported difficulty of 
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the transfection of Jurkat for the production of complex biomolecules234, extensions to the 

development of Jurkat-GFP-CCR5 would benefit from the consideration of alternative 

techniques such as lentiviral transduction and spinoculation235.  

 

A further limitation of this study lies in the employment of two independent CCR5 expressing 

cell lines tailored for their use in separate microscopy conditions. In order to perform 

correlative microscopy experiments that allow for the determination of super-resolved spatial 

distributions and single molecule determination of receptor stoichiometry within the same cell 

model, this study sought the development of an adherent cell line expressing the SNAP-tag 

labelling protein fused to CCR5, as employed by other groups in the study of CCR5236. 

Previous studies investigating SNAP-tag fused cell membrane receptors242,243 exemplify the 

value of this labelling technique, with SNAP-tag being used to characterise the spatial 

distribution and stoichiometry of GPCRs such as beta-2-adergenic receptor244,245. Cells 

transfected to stably produce SNAP-CCR5 were successfully sorted into clonal populations 

but displayed a rapid reduction in expression over time. Further studies saw the successful 

characterisation of SNAP-CCR5 expression amongst transiently transfected samples via 

flow cytometry employing both anti-CCR5 and SNAP-Surface labelling. Although requiring a 

large amount of optimisation in labelling protocols, these investigations provided a proof of 

concept for the use of transiently transfected samples for future studies and the prospect of 

stable cell line development upon execution of improved sorting techniques. Further 

investigations into the expression of SNAP-CCR5 in transiently transfected cells, using both 

traditional and single molecule microscopy techniques, revealed a large level of transfection-

associated background fluorescence in samples transfected with two independent 

transfection reagents. Although these investigations suggest the limitations of transiently 

transfected samples for further analysis, the presence of a small number of cells displaying a 

high level of SNAP-CCR5 specific fluorescence further indicate the possibility of the future 

development of a stably expressing cell line through the employment of several rounds of 

consecutive clonal isolation of highly expressing cells using Fluorescence-activated cell 

sorting (FACS)246.  

 

In the absence of the successful creation of a stable line of CHO-SNAP-CCR5, studies may 

be successfully carried out using transiently transfected cells that have employed a 

transfection reagent that does not display an increase in non-specific fluorescence or using 

enriched populations of highly expressing transiently transfected cells isolated using FACS. 

Alternatively, correlative studies may be achievable through the use of CHO-GFP-CCR5 in 

combination with immunofluorescent staining with a high labelling ratio and bright organic 

dyes, thereby providing the photon budget required for super resolution microscopy. 
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6.7. Future direction of study 

The extension of this body of work would aim to address limitations demonstrated within this 

study and see the application and continued development of the tools shown here for the 

investigation of CCR5 in systems of increased complexity. As outlined above, the extension 

of PaTCH-based analysis of CCR5 assemblies in the context of an extended range of CCR5 

ligands would provide further clarity on the effect of potential therapeutics relative to MVC. 

Further, the extension of PaTCH investigations to the study of live cells would allow for the 

determination of CCR5 assembly dynamics, facilitating the characterisation of assembly sub 

populations and the spatial tracking of assemblies as they undergo CCL5-induced 

reorganisation. In addition, the extension of dual colour investigation to the determination of 

CCR5-CCL5 co-localisation within PaTCH-based investigations would provide insight into 

any existent correlation between CCL5 binding and CCR5 assembly sub-populations that 

display a distinct size or mobility. Moreover, the extension of these studies to the 

investigation of directed chemokine exposure through the employment of a chemokine 

gradient would allow the study of the spatiotemporal reorganisation of CCR5 assemblies at 

the leading edge of the cell. 

 

In addition, this investigation would be advanced through the employment of computational 

modelling. The advent of artificial intelligence modelling tools, such as AlphaFold, has 

formed a breakthrough in predicting the 3D structure of proteins. Studies using the 2nd 

iteration of AlphaFold have predicted the structure of CCR5, with results consistent with 

previously determined crystal structures247. The toolset has since evolved with AlphaFold 3, 

which can now predict the structure of multi-molecule complexes248. Extensions of this 

investigation would thereby benefit from the employment of AlphaFold 3 alongside classic 

modelling approaches, such as molecular dynamics simulation. Incorporating these methods 

into our biophysical toolset would allow further insight into the presentation and dynamics of 

steady-state CCR5, the effect of fluorescent labelling on receptor behaviour, the binding 

characteristics of CCR5 ligands and the structural changes that these ligands may affect in 

the receptor. 

 

The successful extension of available CCR5-expressing cell lines would allow for correlative 

microscopy studies that would provide a more robust characterisation of the spatial 

distribution and assembly make-up of CCR5 using a single cell displaying a consistent 

expression level. Further, the availability of a CCR5-expressing non-adherent cell line would 

facilitate the study of CCR5 in a model displaying a higher level of biological relevance in the 

absence of adherence-associated effects. However, the non-adherent nature of these cells 
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would require continued development of the microscopy toolset employed in this study. The 

spatial confinement of non-adherent cells for the purposes of imaging would require the 

immobilisation of cells through the use of slide coatings such as Poly-L-lysine199. 

Additionally, due to the lack of a flat membrane region, any such investigation would benefit 

from imaging in three dimensions with a high axial resolution.  

 

Finally, the development of Jurkat-GFP-CCR5 would facilitate the study of CCR5 in the 

context of T-cell activation and the formation of an immunological synapse, the stable 

interface between interacting immune cells which provides the spatial organisation and 

timescale for cytokine transfer between cells12,213,249. Initial studies within this context would 

aim to induce slide-based synapses by introducing CCR5-expressing cell lines to surfaces 

coated in antibodies specific to CD3 and CD28, the primary and secondary signalling 

components for T-cell activation250,251. The extension of these investigations would aim to 

study CCR5 behaviour within the synaptic cleft of interacting cells. However, this 

investigation would raise challenges in experimental technique, with the synaptic planes of 

interacting cells being unlikely to run parallel with the focal plane. This challenge may be 

addressed through the employment of a 3D microscopy technique that offers a high 

spatiotemporal resolution, such as lattice light sheet microscopy252. The application of 

PaTCH based investigation for the determination of receptor stoichiometry would be 

restricted to the basal membrane of interacting cells, however correlative study of basal 

membrane CCR5 reorganisation using PaTCH and the subsequent study of CCR5 

reorganisation within the synaptic cleft of the same cells using 3D super resolution 

microscopy may be achievable, provided cell identification through confinement or the use of 

marked coverslips. 

6.8. Conclusion 

The key role that CCR5 plays within the immune response, alongside its involvement within 

HIV pathology, highlights the importance of the continued characterisation of this receptor 

and its response to binding partners. Further, despite the immunogenic characteristics of the 

CCR5-CCL5 axis, recent studies have shown CCR5 to act as a double-edged sword in the 

progression of cancer, with CCR5-mediated signalling being found to play a pro-tumorigenic 

role105,253, thereby highlighting CCR5 as a promising target for future cancer therapeutics 

and the potential repurpose of CCR5-tagetting HIV therapeutics for the treatment of cancer. 

The identification of CCR5 as a potential target for cancer therapeutics, alongside the 

development of CCR5 tropic HIV-1 strains that display resistance to the established drug 

Maraviroc133,134 further highlight the importance of the continued development of our 
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understanding of the interaction of CCR5 with its binding partners. Additionally, the 

continued development of cutting-edge biophysical microscopy techniques has allowed for 

the determination of biomolecule characterisation at a level of detail previously unseen and 

the accessibility of these techniques to biological models of increasing complexity.  

 

This study has therefore taken place in an exciting time for the investigation of CCR5 

characteristics, as well as the use and development of biophysical toolsets. Application of 

these toolsets has allowed the direct visualisation of CCR5, both in the steady state and 

upon interaction with established and prospective CCR5-targeting therapeutics, with super-

resolved and single-molecule detail. Further, this study has facilitated the continued 

development of biophysical techniques for the investigation of membrane-located 

biomolecules within mammalian cells.  
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Abbreviations 
 
5P12: 5P12-RANTES 

5P14: 5P14-RANTES 

∆32: CCR5-Delta-32 mutation 

APC: Antigen presenting cell 

BCR: B-cell receptor 

BiFC: Bimolecular fluorescence complementation 

BM: Brunner-Munzel test 

BRET: Bioluminescence resonance energy transfer 

CCL3: Chemokine (CC motif) ligand 3  

CCL4: Chemokine (CC motif) ligand 4  

CCL5: Chemokine (CC motif) ligand 5  

CCR2: CC chemokine receptor 2  

CCR5: CC chemokine receptor 5  

CCR7: CC chemokine receptor 7  

CCR9: CC chemokine receptor 9  

CHO: Chinese hamster ovary  

CXCL16: Chemokine (CXC motif) ligand 16  

CXCL2: Chemokine (CXC motif) ligand 2  

CXCR4: CXC chemokine receptor 4  

DHFR: Dihydrofolate reductase  

DMEM: Dulbecco’s Modified Eagle Medium 

EBP50: Ezrin-radixin-moesin-binding phosphoprotein 50 

ECL2: 2nd extracellular loop 

ECL3: 3rd extracellular loop 
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EGFP: Enhanced GFP 

ER: Endoplasmic reticulum  

ERK: Extracellular signal-regulated kinase 

ERM: Ezrin-radixin-moesin 

EDTA: Ethylenediaminetetraacetic acid  

FACS: Fluorescence-activated cell sorting  

FCS: Foetal calf serum  

FDA: Food and Drug Administration 

FRET: Forster resonance energy transfer 

GAG: Glycosaminoglycan 

GAP: GTPase-activating protein 

GDP: Guanosine diphosphate  

GFP: Green fluorescent protein 

GPCR: G-protein coupled receptor  

GRK: G protein-coupled receptor kinase  

GTP: Guanosine triphosphate 

HILO: highly inclined and laminated optical sheet 

HIV: Human immunodeficiency virus 

KDE: Kernel density estimate 

KW-ANOVA: Kruskal–Wallis one-way analysis of variance  

MAPK: mitogen-activated protein  

MHC: Major histocompatibility complex 

MVC: Maraviroc 

NA: Numerical aperture 

NHERF-1: Na+/H+ Exchanger Regulatory Factor 

PAMP: Pathogen-associated molecular pattern 



  
 

 155 
 

PaTCH: Partially TIRF-coupled HILO 

PBS: Phosphate-buffered saline 

PI3K: Phosphatidylinositol 3-kinase 

PKC: Protein kinase C 

PRR: Patter-recognition receptor 

PSF: Point spread function 

PTK: Protein tyrosine kinase 

RhoA: Ras homolog family member A  

SIM: Structured illumination microscopy  

SNR: Signal to noise ratio 

STORM: Stochastic optical reconstruction microscopy 

TAK: TAK-779  

TCR: T-cell receptor 

Th cell: T-helper cell  

TIRF: total internal reflection fluorescence 

TM1: 1st transmembrane helix 

TM2: 2nd transmembrane helix 

TM3: 3rd transmembrane helix 

TM4: 4th transmembrane helix 

TM5: 5th transmembrane helix (none of these have been defined at first use) 

TM6: 6th transmembrane helix  

TM7: 7th transmembrane helix  

TME: Tumour microenvironment 

Treg: Regulatory T cell 

YFP: Yellow fluorescent protein 
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