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Abstract

The plasma membrane serves as the cell’s front line for interactions with, and response to,
the external environment. The molecular mechanisms and regulation of cellular responses
to extracellular signals are determined by the spatial organisation and dynamics of the
various components comprising the plasma membrane. CD4 and CCR5 are two key cell
surface molecules with important roles in immune cell function and regulation. They are
also co-opted as the primary receptor and a co-receptor, respectively, by HIV. Biochemical
studies have provided a detailed understanding of the molecular mechanisms of these
interactions. Until recently, however, the small scale and rapid dynamics of these
interactions has meant that a detailed view of the topology of the cell membrane and the
organisation of receptors first encountered by the virus has been beyond the resolving
power of available tools. The increasing capabilities of the emerging and rapidly developing
super-resolution microscopy technologies are now optimally poised for us to address some
of these questions. In this work, I have applied single molecule localization microscopy to
unveil some of the nanoscale organisational properties of the cell surface receptors CD4
and CCR5. I have worked on the development of small labelling probes for CD4 and
addressed some of the key aspects of sample preparation and labelling that can artificially
alter the distribution of membrane associated target molecules. Here I report the first
quantitative characterisation of the nanoscale organisation of CD4 and CCR5 in lymphoid
cell plasma membranes, as well as how this organisation changes under different
conditions, such as in response to cell signal-mimicking stimulation, or exposure to HIV
envelope. This approach to characterising membrane receptor organisation can be further
applied to in-depth studies of early host cell-virus interactions, as well as to other cell surface
receptors and their organisation in the context of key cellular functions.
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Impact Statement

My PhD thesis describes the investigation and characterisation of the role of membrane
receptor distribution and dynamics in viral cell entry. Using HIV and its cell-surface receptors
CD4 and CCR5 as a model, I sought to elucidate the dynamics of these virus-receptor
interactions, and the influence of HIV on cell membrane topology and receptor nanoorganisation. This was pursued by the application of fluorescence and super resolution (SR)
imaging, associated developing technologies, as well as complementary biochemical
techniques and analytical research tools.

My work has provided the first quantitative insights into the nanoclustering and dynamics of
cell-surface receptors CD4 and CCR5. I describe the assay and tool development required
for extensive biological systems characterisation that unveils the surface receptor clustering
and re-organisation in response to chemical or agonist treatment as well as to HIV
engagement. This has made it possible to quantitatively demonstrate the importance and
subtleties of the complex interplay between HIV and the cell surface receptor (CD4) and
co-receptor (CCR5) required for successful viral engagement. This is expected to contribute
significantly to our understanding of the virus and may provide insight into the mechanisms
involved in virus-cell entry.

The work in this thesis also provides a methodological foundation for in-depth cellular
labelling and SR imaging, to investigate further questions such as the host cell entry
pathways favoured by HIV. The tools and technology developed in this work can be adapted
to investigate viral entry mechanisms in viruses other than HIV, and may also be of use in
studying other stages of the viral life cycle, such as assembly and budding. This work also
shows the feasibility of studying membrane protein engagement by SR for other pathogens
such as fungi or bacteria where questions still exist in host-pathogen interactions. Similarly,
it can be adapted for the assessment of cellular responses to small molecule treatments,
including drugs or therapeutics targeting specific cell-surface receptors. This can assist not
only in our basic understanding or cellular responses to different treatments, but may aid in
targeted therapeutics development.
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CHAPTER 1: Introduction
1.1 Viruses and Viral cell entry
Viruses are microscopic infectious agents unable to replicate outside of a host cell. They
are the most abundant organisms known on the planet (Bergh et al. 1989) and are able
to infect all other forms of cellular life, from bacteria and fungi to plants and large
multicellular animals. Some of the most common and dangerous human pathogens are
viruses, many of which have significant human health and economic impact. This ranges
from, for example, influenza viruses, and rhinoviruses, which are a major part of the
range of viruses known to cause the common cold, to many major human epidemics
which have been caused by viruses. Examples from recent years include severe acute
respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), both
caused by infection with coronaviruses (reviewed by de Wit et al. 2016); Ebola
haemorrhagic fever which is caused by the filovirus Ebolavirus; and acquired immune
deficiency syndrome (AIDS), often referred to as the “modern day plague,” the primary
causative agent of which is the retrovirus human immunodeficiency virus-1 (HIV) (BarréSinoussi et al. 1983).

All viruses contain the minimal molecular components of a nucleic acid genome
packaged into small particles of protective coat proteins, and in many cases, a lipid
membrane or envelope. Enveloped viruses also possess surface glycoproteins. Some
viruses may have additional non-essential accessory proteins, such as Nef in HIV.
Viruses display an enormous diversity in morphology, complexity, host range, and
mechanisms of infection and replication. Despite this variability, their minimal
components and structural simplicity also imposes important functional dependencies
for host cell processes. Viruses lack the molecular machinery to be fully metabolically
active and to replicate themselves. Thus, all viruses are obligate intracellular parasites,
dependent on their ability to infect cells and manipulate host cellular machinery for their
replication (reviewed in Raoult & Forterre 2008). This means that viral cell entry is thus
a critical first step in the viral infection and replication cycle.

Viral entry and its dynamics is a very active field of research, as investigators work to
understand multiple aspects. These range from the host and viral molecular machinery
required for cell entry, to the dynamics and stoichiometry of virus-receptor engagement,
as well as the interplay with cellular process such as endocytosis. For many viruses there
remain many open questions surrounding this.

With greater understanding of the
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mechanisms of viral entry and the underlying cell biology, we can develop more
sophisticated therapeutics tailored to inhibiting this process.

1.2 Plasma membrane organisation and virus entry
The plasma membrane (PM) of a eukaryotic cell plays a vital role in the regulation of
finely controlled interactions between the cell and its environment. This membrane is
more than just a physicochemical barrier to a cell, it also serves as a cell’s primary
interface with other cells and extracellular stimuli, and primary site of defence against
pathogens such as viruses. The regulation of many response mechanisms is dependent
on the topology and dynamics of the complex PM, where signals directing functions
ranging from cell growth and differentiation to immunity originate (reviewed in Grecco et
al, 2011). As obligate intracellular pathogens, viruses are dependent on their ability to
overcome the barrier imposed by the cell’s PM and deliver genetic material to the host
cell for the infection cycle to progress. Cell surface receptor engagement by viral surface
proteins initiates such entry processes (reviewed in Grove & Marsh 2011). Receptor
engagement is likewise a critical event for the cell and how it responds to the presence
of a virus. Thus, in order to understand the strategies evolved by viruses to achieve
access to intracellular machinery necessary for their propagation, knowledge of the
structure, organisation and dynamics of the PM is crucial.

1.2.1 The plasma membrane structure and organisation
The core model forming the basis of our understanding of the PM structure and function
is the Fluid Mosaic Model, first put forward by Singer and Nicolson in 1972. This model
describes cell membranes as asymmetric phospholipid bilayers, with membraneassociated and trans-membrane proteins thought to be randomly distributed, and able
to freely diffuse laterally within the fluid-phase lipid membrane (Singer and Nicolson,
1972). However, a large body of evidence suggests that membranes are not in fact
randomly organised, and our current understanding of cell membranes is that there is
compartmentalisation of membrane components into various microdomains (reviewed in
Nicolson 2014 and Saka et al. 2014) (Figure 1.1a). There are three key hypotheses of
membrane domain organisation: membrane rafts (van Meer & Simons 1982; Pike 2006),
protein islands (Lillemeier et al. 2006), and actin corrals (Kusumi et al. 2005b).
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Figure 1.1: Membrane structure and organisation. a) The PM and associated transmembrane
and glycoproteins are arranged into heterogenous domains referred to as protein islands or rafts,
depending on the proteins and lipid composition. The dense actin cortex just below the PM
interacts with and anchors different membrane protein components (adapted from Sezgin et al.
2017). b) The actin cortex serves as a ‘fence’ system, effectively partitioning the PM into functional
domains or corrals within which transmembrane protein diffusion is confined. Other proteins
interact directly with the cortex fibres, thus serving as ‘pickets’ on the fence to further limit diffusion
of both membrane-associated proteins and lipid components such as phospholipids (adapted
from Kusumi et al. 2005). Images reproduced with permission of the rights holders, Nature
Publishing Group (a) and Elsevier (b).

The membrane raft and protein island models of PM organisation are both based on the
premise that local patches of the PM are enriched with proteins and associated
molecules. The key difference between membrane rafts and protein islands is the lipid
composition surrounding the proteins; membrane rafts are defined as specifically
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enriched in sphingolipids (Lillemeier et al. 2006; Pike, 2006), whereas the lipid
composition of protein islands can vary. Together, these models describe the partitioning
of the PM into ~30-300 nm diameter compartments enriched in cholesterol and
membrane-associated protein. These compartments or patches may act as signalling
microdomains, with various membrane-associated components held in close proximity
of each other for efficient signal transduction. Such protein islands are also understood
to be dynamic and transient, and many have associated actin adaptor proteins, indicating
a close association with the actin cortex and cytoskeleton (Lillemeier et al. 2006; Pike,
2009).

The close association of the PM and protein islands with the actin cortex is thought to
provide a structural function, by stabilising domains that would otherwise be highly
transient (Pike, 2009). The closely abutting actin cortex effectively confines the diffusion
of many transmembrane proteins in a manner described by the actin corral model. This
describes the restricting effect on transmembrane proteins as their cytoplasmic domains
encounter actin filaments as a barrier to their lateral movement, temporarily restricting
their diffusion within confined membrane compartments of 30-700 nm in diameter
(Kusumi et al. 2005). Upon formation of a space between the membrane and actin
cortex, large enough to allow passage of the protein’s cytoplasmic domain, a
transmembrane protein can pass between two diffusion compartments, referred to “hop
diffusion”. This can allow longer-distance movement of transmembrane proteins through
the PM. In a related model, other transmembrane proteins may be directly or indirectly
tethered to the actin cortex, anchoring them in the PM. Such proteins effectively act as
a physical barrier, providing steric-hindrance to the diffusion of phospholipids and
associated proteins in the outer leaflet of the PM. This serves to confine nontransmembrane, outer leaflet-associated proteins to similar compartments as seen with
transmembrane proteins. This is referred to as the “picket fence model”, where the actin
cortex filaments serve as a “fence”, and cortex-anchored proteins are considered
“pickets”, to diffusing proteins (for example Freeman et al. 2018) (Figure1.1b).

1.2.2 Membrane and receptor trafficking
In addition to being subject to diverse structural and organisational conditions, the PM is
also dynamic. Membrane turnover and trafficking via endo- and exocytosis are critical
processes by which the cell regulates the lipid and protein composition at the cell surface
and takes up proteins and associated cargo from the cell surface and extracellular
environment.
19

Receptor-mediated cell signalling and endocytosis are closely linked. The cohort of
receptors presented on the cell surface for signalling is homeostatically controlled by
endocytic and exocytic processes and depends on aspects such as the cell’s metabolic
state and history of signalling activation (reviewed by Di Fiore & von Zastrow 2014;
Irannejad et al. 2015). Ligand-activated receptors are typically endocytosed at an
upregulated rate and delivered to endosomal compartments where they can be sorted
towards a degradative lysosomal compartment or recycled to the PM, in some cases
after first being shunted to the trans-Golgi network (e.g. Escola et al. 2010; Belenkaya
et al. 2008). Many signalling receptors are taken up via clathrin-mediated pathways
(Traub and Bonifacino, 2013) suggesting that, upon activation, part of the cell’s signalling
response may be the clustering of signalling complexes as they associate with clathrincoated structures and sites of pit assembly before internalisation (e.g. Grove et al. 2014).

1.2.3 Protein organisation and receptor clustering in the plasma membrane
The sequestering of membrane-associated proteins and compartmentalisation of the PM
is understood to be functionally significant for a range of cellular processes, such as
maintenance of cell shape and structure, membrane trafficking and fusion, and
particularly for cell-surface signalling. For example, the formation of T-cell receptor
signalling complexes is dependent on the distinct nanoclustering behaviour of each of
the regulatory components, including the TCR-CD3 complex, LAT, and CD4 (Roh et al.
2015; Sherman et al. 2011). In non-activated cells, spontaneous activation is prevented
via the spatial segregation of signalling component nanoclusters. These nanoclusters
are spatially distinct but intermixed across the PM, such that there is a large surface area
of neighbouring domain boundaries that allows for their very rapid mixing and strong
signal amplification upon activation (Roh et al. 2015).

Another example of functional membrane protein segregation in the immune system can
be seen in B cells. Small, densely arrayed B cell receptor (BCR) nanoclusters are present
on the surface of resting B cell lymphocytes (Lee et al. 2016). Upon activation, both IgM
and IgG BCRs pool together to form larger islands of BCR, the sizes of which may
account for some of the signalling differences observed between naïve and memory B
cells in response to antigen (Liu et al, 2010, Lee et al, 2016).

Macrophage phagocytosis has also been observed to be regulated by changes in
membrane nanocluster organisation, in this case via activating Fc gamma receptors
(FcγR) I and II and inhibitory signal regulatory protein α (SIRPα) (Lopes et al. 2017).
FcγRI nanoclusters are constitutively associated with SIRPα nanoclusters until FcR
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activation, upon which the nanoclusters dissociate, leaving discrete and spatially distinct
nanoclusters of FcγR and SIRPα in the macrophage PM (Lopes et al. 2017).

1.3 Virus cell entry – a process with many open questions
Virus cell entry is dependent on the virus being able to overcome multiple physical
barriers to infection presented by the cell, including the PM and dense actin cortex.
Viruses have evolved various mechanisms to bypass or penetrate these barriers,
frequently by exploiting intrinsic cellular properties (Figure 1.2) (Reviewed in Grove &
Marsh 2011). Virus-receptor binding can lead to conformational changes in the virus that
allow entry directly at the PM. This can also trigger signalling pathways that lead to actin
de-polymerisation, facilitating passage of the virus through the cortex. Alternatively,
bound viral particles can be transported via receptor-mediated endocytosis into cellular
compartments where environmental conditions, such as pH, can facilitate entry to the
cytoplasm across the internal membrane.

In some cases, additional aspects of virus-host cell surface interactions can play a further
regulatory role in the viral entry process. Many viruses, including adenoviruses,
herpesviruses, and HIV, are dependent on sequential interactions with multiple distinct
cell-surface components as receptors for their cell entry. In addition to increasing avidity
of the virus binding to the host cell, the step-wise engagement of multiple receptor
species can serve as a mechanism for the co-ordination of key steps in the entry process
(Grove and Marsh, 2011). Further, the kinetics of viral receptor engagement can be
modulated by the spatial organisation of the different receptor species. Conversely,
virus-receptor engagement has the potential to trigger clustering or rearrangement of
receptors. This may impact the dynamics of downstream fusion or endocytosis, sites of
viral penetration and subsequent processes in the viral replication cycle.

Local membrane environment is important for viral entry. The lateral motion of viruses
on the cell surface may bring the virus to regions of membrane where receptor numbers
and arrangements are sufficient for productive infection, or where the local environment
is more permissive to membrane penetration or endocytosis (Burckhardt and Greber,
2009; Sherer et al. 2010). The membrane lipid composition is also important in the
regulation of membrane fluidity and curvature, and therefore for processes such as
fusion or endocytosis. HIV, for example, is dependent on the presence of cholesterol in
the target cell membrane for fusion (Viard et al. 2002; Yang et al. 2015), as is Semliki
Forest Virus (Phalen and Kielian, 1991). Hepatitis C virus (HCV) interacts with multiple
cell surface components, some of which can bind and modify lipoproteins. This presents
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the possibility that HCV is able to induce changes in the local lipid environment after
binding to the PM, to facilitate its cell entry (Scarselli et al. 2002; Shimizu et al. 2011).
Other viruses may manipulate the host interaction site to their favour as well.

Figure 1.2: Receptor mediated viral entry pathways. Two common entry strategies enveloped
viruses use to enter cells are a) receptor mediated endocytosis and delivery to early (pH 6.0-6.5)
or late (pH 5.0-5.5) endosomal compartments, from which the virus escapes into the cytoplasm
via pH-dependent or -independent fusion; and b) receptor mediated signalling co-ordinating
disassembly of the dense actin cortex, allowing the virus to be delivered to the cytoplasm following
pH-independent fusion at the PM (From Grove & Marsh 2011). Image reproduced under Creative
Commons licence (CC BY-NC-SA 3.0).

Despite the key role of receptor engagement in the cell entry of many viruses, we know
little of the kinetics of receptor engagement and the role of membrane topology on these
processes. The stoichiometry of interactions between viral glycoproteins and host
receptors, how the multimeric receptor complexes are assembled, and the influence
variability in these parameters may have on viral entry remain poorly understood.
Molecular-scale high resolution characterisation of the organisation of cell surface
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components is thus far lacking for almost all viral receptors. Such mapping of receptor
distributions under normal conditions, as well as their modulation by ligand or viral
binding, can be expected to provide insight into the detailed roles of receptor
engagement in virus-cell entry. This would further uncover the extent to which membrane
topology and stoichiometry influences the determination of different cell entry pathways
used by viruses.

1.4 Human Immunodeficiency Virus
In 2016, there were approximately 1.8 million new HIV infections world-wide, with 36.7
million people living with HIV, of which 20.9 million were receiving anti-retrovirals (UN
AIDS fact sheet). The largest burden of these infections is borne by people of developing
nations, with Eastern and Southern Africa accounting for 43% of cases in 2016.

Following virus transmission via contact with bodily fluids, HIV invades the host’s CD4expressing cells to establish a sustained infection cycle with a reservoir of resting
infected cells. Without pharmacological intervention, this leads to sustained and
progressive depletion of the host’s immune system and increased susceptibility to a
range of opportunistic pathogens and immunological sequelae that eventually result in
death. Since the epidemic was first described in 1981, HIV/ AIDS is estimated to have
killed 76.2 million people (UNAIDS, 2016).

The international humanitarian crises triggered by the AIDS pandemic galvanised nearly
40 years of urgent biomedical research to understand, treat and prevent HIV infection.
The development of anti-retroviral therapy (ART) has been a triumph of this focus. For
those to whom ART is available, this has shifted HIV infection from a certainly-fatal
disease to a chronic medical condition with lifespan equitable to a new diagnosis of Type
2 diabetes (UNAIDS, 2016). However, despite breakthroughs at the frontline of medical
intervention, fundamental gaps in our knowledge of HIV’s interaction with the host
immune system persist. One such gap relates to the necessary interaction between HIV
and cell surface receptors on host cells prior to cell entry.

HIV has been particularly well characterised in terms of the biochemistry of its receptor
requirements and the mechanisms of receptor interactions resulting in fusion of the cell
and viral membranes. Despite this body of knowledge, the dynamics of HIV-receptor
interactions are unclear, and the cell entry pathway followed by HIV for productive
infection remains a point of debate. Thus, the study of HIV receptor engagement and cell
entry is a highly relevant question for in depth investigation. Greater insight into this
23

process would also be useful for the generation of a model for understanding the role of
membrane receptor topology and dynamics in viral entry. The spatio-temporal
requirements for HIV entry and the nanoscale organisation of the HIV receptors, CD4
and CCR5, have not yet been studied at the molecular scale. Only recently have
technologies capable of elucidating these parameters at the required molecular scale
and resolution become available.

1.4.1. HIV structure and replication cycle
HIV belongs to the Lentivirus genus, in the Retroviridae family (ICTV 2011). It has an
RNA genome typical of retroviruses that, upon infection of a new cell, is reversetranscribed and subsequently integrated into the host cell DNA. The HIV genome
encodes 9 open reading frames (gag, env, pol, rev, nef, tat, vif, vpr, and vpu) (reviewed
in Li & De Clercq 2016), only three of which are required for production of the structural
components of viral particles; gag, pol and env. The virus structure and minimal number
of components reflect the finely tuned relationship between structural necessity and
HIV’s remarkable ability to hijack a range of host-cell processes for its replication.

Mature HIV particles are 100–150 nm in diameter (Briggs et al. 2003), and consist of two
copies of a single stranded positive-sense RNA genome, encased in a conical capsid of
viral protein p24 and two of the viral enzymes, integrase and reverse transcriptase
(Briggs et al. 2006; Gelderblom et al. 1987) (Figure 1.3). The capsid is in turn encased
by a host-derived bilayer lipid envelope, which is coated on its inner face by the viral p17
matrix protein. The viral membrane contains between 7 and 14 envelope glycoprotein
complexes (Env) as well as a number of host membrane proteins acquired when the
virus buds from an infected cell (Chojnacki et al. 2012; Zhu et al. 2003) These Env
proteins are trimers of heterodimers of the transmembrane glycoprotein gp41, and the
heavily glycosylated distal cap component, gp120 (Merk and Subramaniam, 2013;
Munro and Mothes, 2015).

HIV targets CD4 positive (CD4+) T-cells, macrophages and other immune cells such as
microglia, for infection. Env proteins on the surface of the virus bind sequentially to cell
surface primary receptor, CD4, then to one of the co-receptors, CCR5 or CXCR4, via
gp120 (Kwong et al. 1998; Rizzuto et al. 1998). This allows for a conformational change
in gp41, which inserts its N-terminal fusion peptide into the target membrane before
folding back on itself (Chan et al. 1997; Weissenhorn et al. 1997). This pulls the virus
and target membranes close together to initiate re-organisation of the lipids in the outer
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leaflets of the viral and cellular membranes, leading to fusion (compare with further
details in Sections 1.5.3.1 and 1.5.3.2).

Figure 1.3: Simplified schematic of HIV virion structure. The ssRNA genome is packaged
through interaction with p7 nucleocapsid, along with viral proteins including Integrase and
Reverse Transcriptase, into the p24 capsid, and p17 matrix. This structure is covered in a
membrane envelope, studded with viral glycoprotein Env complexes which it uses to bind to host
cell receptors.

Membrane fusion allows the HIV capsid, containing the viral genome, to enter the target
cell cytoplasm. The viral genome is reverse-transcribed into cDNA as it is shuttled
through the cytoplasm, most likely still within the viral capsid (Jacques et al. 2016; Price
et al. 2014; Rasaiyaah et al. 2013). The resultant cDNA is delivered to the nucleus via
the nuclear pore, where it is integrated into the host genomic DNA in a process mediated
by viral integrase. Depending on the site of genome integration and its association with
different epigenetic factors, the proviral DNA can remain transcriptionally silent, initiating
latent infection, or drive the synthesis of new viral transcripts (Siliciano and Greene,
2011). Transcription of the proviral DNA is dependent on the presence of certain
transcription factors, such as NFκB, which is part of the inflammatory signalling and Tcell activation pathways. Thus, activation of T-cells against a pathogen also activates
expression of the latent viral pathogen. Viral gene transcripts are appropriately spliced
and exported to the cytoplasm, where some are translated into viral proteins for the
assembly of new virus particles. Unspliced, full length viral transcripts are bound by Gag
proteins and packaged into assembling particles as new genome copies (Figure 1.4)
(Daugherty et al. 2010; Gheysen et al. 2018; Ren et al. 2016).
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Gag and GagPol are trafficked to the inner leaflet of the PM, where they assemble to
form an immature Gag shell (Klein et al. 2007). The glycoprotein product of env, gp160,
is synthesised on the endoplasmic reticulum, where it undergoes trimerisation and
glycosylation, before being exported to the Golgi complex. Here it is cleaved into gp120
and gp41 by host furin, before being transported to the PM where it is presented on the
cell surface. Env is accumulated into sites of Gag/GagPol aggregation (Wyma et al.
2000), and immature viral particles are able to bud from these sites. Virus scission from
the PM is facilitated by recruitment of the ESCRT I and III complexes (Morita et al. 2018;
Van Engelenburg et al. 2014).

Figure 1.4: Simplified schematic of the HIV infection cycle. A mature HIV particle sequentially
engages with receptor CD4 and co-receptor CCR5 or CXCR4 on the surface of the target cell.
This leads to cell entry either by direct fusion at the PM or from an endosomal compartment
following receptor-mediated endocytosis (see Section 1.5.3 for detail). The viral ssRNA genome
is reverse-transcribed before uncoating from the viral core and delivery to the nucleus. Following
nuclear import, the reverse-transcribed proviral DNA is integrated into the host genome. Latent
infection may be established, or the integrated viral genome can be transcribed and differentially
spliced for the production of viral proteins. Unspliced viral RNA is exported from the nucleus and
packaged with protein components into assembling viral particles, where Gag/GagPol assembles
for virus budding. Assembled immature viral particles undergo scission from the host-cell
membrane and particle maturation, releasing mature HIV particles, ready for infection of another
cell.
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Concurrent with, or shortly after, budding Gag and GagPol polyproteins are processed
into matrix (p17), capsid (p24), nucleocapsid (p7), and p6 proteins during virus
maturation, mediated by the autocatalysis of the protease domain of Pol (reviewed in
Freed 2015). This protease activation is likely mediated by the crowded internal
environment of the virus particle and is necessary to generate the Gag-derived p24 and
p7 proteins that assemble around the genomic RNA to form the mature viral capsid.
During viral maturation, the proteolysis of Gag may also enable the rearrangement of
Env trimer on the virus surface (Figure 1.5). The C-terminal domain of gp41 is thought
to interact with the Gag lattice, restricting each Env trimer to a small membrane domain,
widely distributed on the surface of the virus. Release of the gp41 C-terminal domain
from restriction during maturation appears to allow Env trimers to form 1-3 clusters on
the viral surface (Chojnacki et al. 2017, 2012). Only mature virus particles are capable
of productive cell infection, suggesting that Env clustering may be required to achieve a
necessary local concentration of fusion complex formation (Chojnacki et al. 2012; Roy
et al. 2013). Infectious virus particles can proceed with the next round of the infection
cycle, either as cell-free virions, transmitted through the intercellular space, or presented
directly to target a cell from an infected cell, through what is referred to as cell-to-cell
transmission, mediated by virological synapses (reviewed in Sewald et al. 2016).

Figure 1.5: HIV viral structure and Env distribution changes upon viral maturation. The rigid
Gag structure of immature virus particles is degraded by viral protease, releasing the C-terminal
domain of Env, such that it can diffuse across the virus surface and cluster together (From
Chojnacki et al. 2012). Image reproduced with permission of the right holder, AAAS.

1.4.2 HIV cell-entry
1.4.2.1 HIV- receptor engagement and membrane fusion
Cell entry, the first step in the HIV replication cycle, begins with the binding of HIV to the
surface of target macrophages and CD4+ T-cells. This initial viral adhesion may be the
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result of relatively non-specific and receptor-independent interactions. HIV Env can
interact with various target cell surface components such as α4β7, pattern recognition
receptors such as DC-SIGN (Arthos et al. 2008; Cicala et al. 2009; Geijtenbeek et al.
2000), as well as charged surface heparin sulphate proteoglycans (Saphire et al. 2006).
Producer-cell derived proteins and glycolipids on the virus surface, such as the lectin
Siglec-7, can also facilitate virion adhesion (Varchetta et al. 2013). While not essential
for infection, these initial interactions are thought to bring the viral Env proteins closer to
cell surface CD4, and co-receptors, CCR5 and CXCR4, augmenting infectivity (Orloff et
al. 1991).

Following cell adhesion, Env gp120 and gp41 are the key viral components required for
cell entry (Figure 1.6). The gp120 monomer is a 120 kDa glycoprotein, consisting of five
conserved domains, C1-C5, and five variable surface displayed loops, V1-V5. Each loop,
with the exception of V5, is formed by a disulphide bond at its base. These variable loops
play important roles in receptor and co-receptor binding, as well as immune evasion
(reviewed in Hartley et al. 2005). The gp41 glycoprotein consists of an ectodomain, a
transmembrane domain, and a cytoplasmic domain. A key feature of the gp41
ectodomain is the hydrophobic N-terminal fusion peptide. In its non-fusogenic form, the
fusion peptide is buried at the interface between gp41 and gp120. This protects it from
interactions with membranes that are not the intended target. gp41 also has helical Nand C-terminal heptad repeats (N-HR and C-HR) that are key for fusion, separated by a
hinge region, as well as an antigenic membrane proximal external region (MPER) (Figure
1.6a).

As the first step essential in the HIV infection process, CD4 is bound by gp120. The CD4binding site sits in a depression at the interface between the inner and outer domains of
gp120 (Kwong et al. 1998; Maddon et al. 1986). This interaction triggers the stabilisation
of an open quarternary conformation in gp120 domains V1/V2, including the formation
of a four-stranded β-sheet bridging the two loops (Chen et al., 2005; Kwong et al., 1998),
and then in domain V3 (Tran et al. 2012). The bridging sheet allows the openconformation V3 loop to interact with the appropriate co-receptor, CCR5 or CXCR4,
which induces further conformational changes, exposing the hydrophobic gp41 fusion
peptide. The fusion peptide of gp41 inserts into the target cell membrane and gp41 folds
at the hinge region between N- and C-HR to form a stable 6-helix bundle (6HB) (Chan
et al. 1997; Weissenhorn et al. 1997). This 6BH formation pulls the membrane-anchored
amino-terminal and carboxy-terminal domains of gp41 towards each other, forcing close
apposition of the viral and host cell membranes. This leads to re-organisation of the lipid
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bilayers to drive the formation of a fusion pore through which the viral core can be
delivered into the host cytoplasm (reviewed Melikyan, 2008)(Figure 1.6b).

Figure 1.6: HIV Env-receptor engagement and fusion mechanism. a) Crystal Structure of
trimeric HIV Env trimer (PDB ID: 5FUU) with the membrane proximal external region (MPER),
transmembrane region domain (TMD) and cytoplasmic domain (CTD) of gp41 displayed as
simplified schematics. Highlighted in colour on the gp120/gp41 heterodimer crystal structure are:
gp41 in yellow, gp120 (blue), with variable loops V1/V2 (magenta) and V3 (green) involved in
interactions with receptors. The CD4 binding site is indicated with “CD4” on the ribbon diagram
(adapted from Ward & Wilson 2015). b) Cell membrane view of the trimeric HIV-Env trimer crystal
(PDB ID: 5FUU), highlighted are the same regions as in “a)”. c) Target membrane fusion
mechanism: HIV Env trimers on the surface of the virus (1), interact with the cell-surface receptor
CD4 via gp120 (2) triggering a conformational change in V3. This allows it to bind with the
coreceptor, triggering further conformational changes in gp120 so that the fusion peptide of gp41
is released to insert itself into the cell membrane (3), driving membrane fusion as the HR domains
of gp41 refold to form the six helix bundle (4) (adapted from (Wilen et al. 2012). Image (1.6b)
reproduced with permission of the rights holder, Cold Spring Harbour Laboratory Press.
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1.4.2.2 Sites of HIV membrane fusion
There is evidence to suggest that, prior to viral-cell fusion, HIV is able to move towards
membrane sites which have a favourable lipid and receptor composition for fusion. For
example, it has been proposed that HIV particles preferentially fuse at boundaries
between liquid-ordered and liquid-disordered membrane domains (Yang et al. 2015).
HIV may hijack cellular transport processes and cytoskeleton control mechanisms to be
able to “surf” laterally across the PM towards more infection-competent domains
(Lehmann et al. 2005; Sherer et al. 2010).

Further, it remains unclear where in the host cell network HIV fusion occurs for productive
infection; whether by fusion at the PM or following receptor-mediated endocytosis of
intact virions, or via both or either pathways, depending on the cell type and conditions.
Table 1.1 summarises some of the key evidence to date to support each possibility.
Advantages for the virus of fusion following endocytosis include rapid escape from the
extracellular host immune system and antiviral agents. It also provides a mechanism to
bypass the limiting actin cortex. Transport to endocytic compartments may also shuttle
the virion to intracellular membranes where the requisite receptors are more
concentrated and/or more stoichiometrically favourable for viral fusion. Taking
advantage of the host endocytic system would also allow for delivery of the fused virus
much closer to the nucleus for viral genome delivery and partially avoids exposure to
cytoplasmic innate immune mechanisms. By contrast, HIV fusion at the PM would be
independent of cell trafficking processes and avoids the risk of virus degradation in late
endosomal or lysosomal compartments.

Table 1.1: Summary of key studies into HIV cell entry route
HIV
cell
entry route
PM fusion

PM fusion

PM fusion**

PM fusion**

Cell type

HIV strain

Experiment type

Reference

T
lymphoblastic
cell line (VB)
HeLa cells

HIVLAV1

EM imaging; testing pH
dependence

(Stein et al.
1987)

HIV

(Maddon
al. 1988)

T-cell
line
(Jurkat)
&
primary CD4+
T-cells
T-cell
line
(Jurkat)
&
primary CD4+
T-cells

HIVLAI

Receptor
dependence,
antigen
localisation;
syncytia formation
Viral
&
host
immunolabelling;
fluorescence microscopy
Time lapse imaging of VS

(Martin et al.
2010)

HIVIIIB; HIVLAI

et

(Jolly et al.
2004)
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PM fusion

T-cell
lines
(CEMss,
SupT1-R5) &
primary CD4+
T-cells

HIVNL4-3;
HIV1MA.mCherry;
HIV1eGFP.Vpr

Receptormediated
endocytosis
Receptormediated
endocytosis
Dynamindependent
CME

T-cell
(CEM)

HIVLAV1-A

CME **

VS-mediated
endocytosis
**

VS-mediated
endocytosis
**

Dynamindependent
endocytosis

line

Infection
escape
from
temperature block or small
peptide fusion inhibitor;
Dynamin-2
mutant;
fluorescent
and
biochemical
infection
assays
CD4 binding inhibition by
antibody; entry kinetics and
EM imaging
Inhibition of endosomal
acidification

(Herold et al.
2014)

(Pauza and
Price, 1988)

HeLa indicator
cells

HIVSF2

HeLa

HIVNL4-3;
HIVSF2;
HIVIMVP8161

Dominant
Dynamin
mutants

negative
and
Eps15

(Daecke et al.
2005)

Monocytederived
dendritic cells
&
primary
CD4+ T-cells
T-cell
line
(Jurkat)
&
primary CD4+
T-cells, MT4
cells
T-cell
line
(Jurkat)
&
primary CD4+
T-cells, MT4
cells
TZM-bl
&
CEMss
cell
lines

HIVBAL

Chemical inhibition of entry
& viral capsid localisation

(ClotetCodina et al.
2009)

HIVNL4-3; HIV
Gag-iGFP

Chemical inhibition of viral
entry or actin dynamics;
Imaging and FACS

(Chen et al.
2007)

HIVNL4-3; HIV
Gag-iGFP

Fluorescent tracking of viral
core; TEM

(Hübner et al.
2009)

HIVJRFL;
HIVHXB2

Small molecule fusion
inhibitors or temperature
block, fluorescent tracking
of viral markers
Small molecule inhibitors of
dynamin, microscopy

(de la Vega et
al.
2011;
Miyauchi et
al. 2009)
(Jones et al.
2017)

Dynamin-2
TZM-bl
& HIVJRFL;
facilitated
primary CD4+ HIVHXB2
PMfusion
T-cells,
** result found for cell-cell HIV infection.

(Fredericksen
et al. 2002)

The disparity in HIV cell-entry pathways reported in the literature may be at least partly
attributed to the variety of cell types used, from CD4-expressing epithelial cells, to more
physiologically relevant T-cell lines, primary T-cells and macrophages (Table 1.1). HIV
entry in constitutively phagocytic macrophages is reported to occur via either
endocytosis (Carter et al, 2011) or macropinocytosis (Gobeil et al, 2013). Entry pathways
in primary T-cells may differ based on the activation state of the cell. For example, due
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to the thick actin cortex in resting T-cells, HIV may favour entry via a different pathway
than in activated T-cells, where the cortex appears to be less stable and cell signalling
may lead to local disruption of the cortex (Wu and Yoder, 2009). Recent evidence
suggests Env-mediated membrane fusion can be strongly augmented by the nonapoptotic cell-surface presentation of membrane lipid phosphatidylserine (Zaitseva et al.
2017). Such phosphatidylserine signalling is characteristic of multiple activation
pathways in immune cells and so may facilitate preferential HIV infection of activated
cells over resting cells.

1.4.2.3. Env-induced cell signalling in HIV infection
The HIV receptor CD4 normally functions as a co-receptor for the T-cell receptor (TCR)
and is involved in amplification of signals leading to T-cell activation (Turner et al. 1990;
reviewed in Love & Hayes 2010). The viral co-receptors CCR5 and CXCR4 are both Gprotein coupled chemokine receptors (GPCRs), involved in a range of functions including
cell growth, differentiation and migration (Gerard and Rollins, 2001; Yoshie et al. 2001).
Early results suggested that HIV infection has no impact on CD4 or CCR5/CXCR4
signalling, however more recent evidence has emerged that HIV receptor engagement
may nonetheless trigger signalling, subverting these normal cell functions to facilitate
viral entry and spread (for example Jiménez-Baranda et al. 2007; Vasiliver-Shamis et al.
2009; O’Brien et al. 2016).

The formation of virological synapses (VS) during cell-cell transfer of virus between
adjacent T-cells is dependent on the presence of Env on the infected cell surface. This
interacts with CD4 on the target cell, recruiting it to the VS (Len et al. 2017; VasiliverShamis et al. 2009). Env-CD4 interactions trigger signalling in the target cell that
promotes local cortical F-actin depletion at the center of the VS, facilitating HIV entry
(Vasiliver-Shamis et al. 2009). Interactions between Env and TCR in the VS may also
trigger downstream p56Lck-dependent TCR signalling pathways, enhancing virus spread
and replication (Len et al. 2017). The interactions of Env on the surface of endocytosed
HIV, with endocytosed CD4, may also trigger signalling pathways that alter the fate of
plasmacytoid dendritic cells and contribute to altered immune function and pathogenesis
of the virus (O’Brien et al. 2016).

A number of reports indicate that interactions between HIV Env and its receptor and coreceptors trigger downstream signalling changes in the Rho GTPase pathways. FilaminA, an adaptor protein, links CD4 and the co-receptors with F-actin, which plays an
essential role in the organisation and mobility of the cell-surface proteins. Env
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interactions with CD4, via filamin-A, transiently triggers cofilin inhibition via RhoA-ROCK
signalling (Jiménez-Baranda et al. 2007). This can facilitate changes in the organisation
of CD4, CCR5 and CXCR4, which have all been reported to pool or cluster at sites of
Env interactions and infection (Del Real et al. 2002; Gallo et al. 2001; Mañes et al. 2003;
Nisole et al. 2002). Env signalling via the co-receptor CXCR4 has been shown to activate
cofilin, which can also trigger local depolymerisation of the limiting actin cortex in resting
T-cells (Yoder et al. 2008). CCR5-mediated signalling activates Rac, leading to actin
polymerisation, which may play a role in the progression of viral entry beyond hemifusion, and downstream infection processes (Harmon et al. 2010). More recently, a small
molecule inhibitor screen has also shown that Env-binding triggered signalling through
CD4, and that CCR5 activates Rho family GTPases, in particular via Rac1 and Cdc42
(Lucera et al. 2017). This signalling plays an important role in the dynamics and
stabilisation of microtubules and can enhance post-fusion infection processes, such as
viral trafficking to the nucleus (Lucera et al. 2017).

HIV Env receptor engagement may not only trigger downstream changes within the cell,
but also within the virus itself. Pham et al. (2015) used both Cryo-electron microscopy
and super-resolution microscopy to study interactions between the Env CD4-binding site
and CD4. These interactions were observed to trigger structural changes in the viral
particle; both the outer matrix lattice and the inner capsid core expand in size and volume
by up to 26%. This size expansion might require a phase change in the densely-packed
lipid environment on the virus surface (Brügger et al. 2006) to account for the larger
surface area, and is postulated to serve as a form of priming of the virus prior to entry,
to enhance infection (Pham et al. 2015).

1.4.2.4. HIV Env-receptor binding stoichiometry and kinetics
The kinetics and stoichiometry of HIV Env-receptor binding and cell fusion are further
important factors in the regulation of HIV infection. Between one and eight functional Env
trimers per HIV particle are require for fusion (reviewed in Brandenberg et al, 2015). This
number can vary between Env strains, as well as based on a number of other factors
The need for multiple Env trimers to bind to cell receptors may be accommodated by the
clustering of Env that has been observed in mature HIV particles (Chojnacki et al. 2012).

In a similar manner, multiple CD4 molecules are likely to be involved in initial interactions
with Env gp120 (Layne et al. 1990), and there is evidence to suggest that CCR5 functions
allosterically as a co-receptor. This indicates that multiple CCR5 molecules would
function co-operatively to facilitate a single HIV entry event (Kuhmann et al. 2000; Platt
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et al. 2007). More knowledge of the precise stoichiometry of the host receptors, as well
as their spatial organisation or localisation within host cell membranes, is required to
understand HIV entry in full.

1.5 The function and organisation of HIV receptors CD4 and CCR5
1.5.1 CD4 structure and cellular function
CD4, a 51.1 kDa cell-surface transmembrane glycoprotein, is a member of the
immunoglobulin super-family. It consists of four immunoglobulin-like extracellular
domains (D1-D4) (Maddon et al. 1985), a transmembrane domain and a 50 amino acid
cytoplasmic tail that includes a Src kinase p56Lck-binding domain (Figure 1.7a). CD4 is
expressed on the surface of the T helper lymphocytic cell lineage of immune cells, as
well as macrophages and microglia. Resting lymphocytes typically express 6- 7x104 CD4
molecules on the cell surface, but this number varies with cell activation state (Lee et al.
1999; Viard et al. 2002).

Figure 1.7: Structures of HIV receptors CD4 and CCR5. a) Schematic of transmembrane
protein CD4 (orange), showing extra-cellular domains D1-D4, transmembrane domain and
cytoplasmic tail with associated tyrosine kinase p56lck (green). The D1 binding site of HIV gp120
and D1-D2 spanning MHCII binding sites are highlighted (light orange). b) Schematic of GPCR
chemokine receptor CCR5, showing the 7 α-helical transmembrane domains and intracellular
and extracellular loops (IL and EL 1-3). NTD and EL-2 gp120 binding sites are highlighted (light
purple); RANTES binds to the same EL-2 domain. CTD associated G protein complex (Gα, β and
γ; blues) and GDP (grey), key to CCR5 signalling, are also shown.

CD4 normally plays an important role in the enhancement of TCR-mediated signalling,
by binding to the β2 domain of the antigen-presenting major histocompatibility complex
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II (MHCII). Simultaneous binding of the MHCII α1/ β1 domain by TCR brings CD4 and
TCR into close proximity. This allows the CD4-associated p56Lck to phosphorylate the
conserved immune-receptor tyrosine-based activation motifs (ITAMs) in the cytoplasmic
tail of CD3 in the signalling complex, greatly amplifying the signalling cascades initiated
by TCR binding to MHCII. These cascades lead to NFκB transcription factor activation,
and to T-cell activation (reviewed in Love & Hayes 2010). CD4 interactions with MHCII
occur via a binding interface spanning CD4 domains in D1 and D2 (Harrison et al. 1992).
CD4 can also homo-dimerise via D4, a process that may increase the avidity of its
binding to MHCII (Wu et al. 1997). This important immune receptor is co-opted as the
primary cellular receptor for HIV (as described in Section 1.4.2.1), which interacts via a
small binding domain in CD4 D1 (Figure 1.7a).

1.5.2 Co-receptors CXCR4 and CCR5 structure and function
The chemokine receptors CCR5 and CXCR4 are membrane proteins of 40.5 kDa and
39.7 kDa, respectively. They belong to the super-family of GPCRs and consist of 7
transmembrane alpha-helical domains (TM-1 – TM-7) (Figure 1.7b). In addition to an
extracellular N-terminal domain and an intracellular C-terminal cytoplasmic domain, they
have 3 extracellular loops (EL-1 – EL-3) and 3 intracellular loops (IL-1 – IL-3) that
connect the transmembrane domains. The extracellular N-terminal domain and
extracellular loops, particularly EL1-2, are important for agonist and ligand binding and
a conserved amino acid sequence on the second intracellular loop is associated with Gprotein binding. The C-terminal domain features structural motifs important for liganddependent signalling, receptor trafficking and surface expression (reviewed in
Oppermann 2004 and Lederman et al. 2006), including serine and threonine residues
which can be phosphorylated.

The core signalling mechanism for CCR5 and CXCR4 follows the canonical GPCR
signalling mechanism (Oppermann 2004, reviewed by Ritter & Hall 2009). In the absence
of agonist signal, the cytoplasmic tail of the GPCR is bound by a heterotrimeric G protein
complex, consisting of an alpha, beta and gamma subunit. The alpha subunit is in turn
bound by guanosine diphosphate (GDP). Multiple different chemokine, a subfamily of
small cytokine signalling molecules secreted by cells, can bind to the same receptor
species. They bind to different structural domains formed by the extracellular loop
regions, triggering a conformational change in the receptor and activation of signalling
via the G protein complex. GDP is exchanged for guanosine triphosphate (GTP) on the
G protein alpha subunit, which dissociates from the GPCR, together with the betagamma subunit dimer. The dissociated G protein subunits remain membrane-associated
35

and are free to laterally diffuse and propagate signalling by interacting with other proteins
involved in signal transduction, until the alpha subunit-bound GTP is hydrolysed to GDP.
The inactive G protein complex then reforms, and once again associates with an inactive
GPCR.

Many chemokine receptor GPCRs are bound by multiple chemokines, and there is
evidence that stimulatory signals can also be transmitted, following ligand binding, via
G-protein independent pathways (Kraemer et al. 2013; Mondal et al. 2013). GPCR
function can be modulated by the local lipid environment and interactions with
surrounding membrane components, including G proteins and other receptors. GPCRs
display allosteric activity and their tendency to dimerise or oligomerise serves a
regulatory function (Mondal et al. 2013). These arrangements may also affect functional
selectivity on the GPCRs, where different oligomerisation forms allow the same
receptors to respond to different ligands with different signalling outputs, through
themselves and their oligomerisation partners (reviewed in Bartuzi et al. 2017).

CXCR4 is expressed primarily on the surface of T helper lymphocytes, haematopoietic
progenitor cells at ~500-1 x104 receptors per cell (Lee et al. 1999; Viard et al. 2002). It
is also expressed on B cells, monocytes and macrophages, albeit at lower levels. Binding
of cell- surface CXCR4 by ligand stromal cell-derived factor 1 (SDF-1 aka CXCL12)
specifically activates signalling and chemotactic activity in these cells, and plays an
important role in immune, circulatory and nervous system development and function
(Bleul et al. 1996; Oberlin et al. 1996). Ligand binding and stimulation of CXCR4 induces
rapid receptor downregulation via interactions with phosphorylation-dependent clathrin
adaptor protein AP2 and clathrin mediated endocytic pathways (Amara et al. 1997;
Signoret et al. 1997).

CCR5 is expressed at approximately 500-5 x104 cell-surface molecules per cell, in T
helper 1 lymphocytes, macrophages and PBMCs (Lee et al. 1999; Viard et al. 2002).
This receptor is bound by a number of chemokine agonists, including RANTES
(Regulated on Activation Normal T-cell Expressed and Secreted, also known as CCL5),
macrophage inflammatory proteins (MIP) -1α (CCL3) and -1β (CCL4), monocyte
chemotactic protein (MCP) -2 (CCL8), eotaxin (CCL11), HCC1 (CCL14), and HCC6
(CCL16) (reviewed in Balistreri et al. 2007 and Charo & Ransohoff 2006). In response
to agonist binding, CCR5 triggers a cascade of intracellular signalling responses to
regulate cell activation and chemotaxis. Agonist binding also stimulates clustering of
CCR5 and association with flat clathrin lattices (Grove et al. 2014), regions of membrane36

associated clathrin arranged in planar structures. These are thought to facilitate the
recruitment of endocytic cargo and nucleate the formation of invaginated clathrin-coated
pits and vesicles from their periphery (den Otter and Briels, 2011; Lampe et al. 2014). βarrestins and clathrin adaptor protein AP2 may help to couple the activated CCR5 to
clathrin (Aramori et al. 1997; Miller and Lefkowitz, 2001; Signoret et al. 2005), followed
by rapid CME of CCR5 (Signoret et al. 2000) and trafficking to recycling endosomal
compartments and the trans-Golgi network (Escola et al. 2010; Mack et al. 1998;
Signoret et al. 2005). Once resensitised, the receptors are delivered back to the cell
surface from these compartments.

Agonist binding of both co-receptors is known to inhibit HIV infection (Bleul et al. 1996;
Cocchi et al. 1995; Oberlin et al. 1996), in most cases by two distinct mechanisms.
Firstly, binding of the agonist can sterically hinder binding of the virus with the requisite
co-receptor. For example, following interaction with receptor CD4, HIV Env gp120 binds
to EL- 2 of CCR5, the same loop bound by agonist RANTES. Binding of CCR5 by
RANTES competes for HIV co-receptor binding and inhibits infection (Cocchi et al.
1995). Secondly, and perhaps as the primary mechanism of inhibition, agonist induced
internalisation of the co-receptors means that they are simply not available on the cell
surface for HIV to bind to, thus inhibiting viral infection (Alkhatib et al. 1997; Amara et al.
1997; Mack et al. 1998; Signoret et al. 2000, 1997).

The well-characterised Delta32 (∆32) 32 base-pair deletion in the CCR5 gene coding
region confers resistance to HIV. This deletion causes a frame shift mutation that results
in the production of a non-functional truncated protein that is not expressed on the
surface of cells (Samson et al. 1996). Individuals homozygous for this mutation have a
strong natural immunity to HIV, as the usual target cells are effectively rendered resistant
to R5-tropic HIVs that account for the majority of new HIV infections. ∆32-CCR5
heterozygotes present with lower viral loads and slower progression of HIV to AIDS in
the absence of ART. Other HIV-inhibitory mutations in CCR5, such as C101X and D2V
confer partial or complete resistance to HIV infection (Blanpain et al. 2000; Folefoc et al.
2010). This highlights the importance of CCR5 for HIV infection, indicating that CCR5 is
the salient co-receptor for HIV in initial infection. As such, there is a large body of
knowledge specifically relating to CD4 and CCR5, with a large molecular toolbox for their
study.
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1.5.3 CD4 and CCR5 membrane distribution
The lateral organisation, density and dynamics of CD4 and CCR5 molecules across the
cell membrane may affect both their signalling functions, similar to the examples
described in Section 1.2.1. These same properties could also affect the site and kinetics
of HIV receptor engagement, which may in turn impact the route and kinetics of viral
entry. CD4 is thought to be partly associated with liquid-ordered domains (Percherancier
et al. 2003), and electron microscopy (EM) studies suggest that CCR5 may likewise be
sequestered to similar types of domains (Singer et al. 2001). However, the extent of
intermixing or association between the two cell surface receptors molecules seems to
be dependent on cell type (Basmaciogullari et al. 2006; Xiao et al. 1999). Fluorescence
recovery after photobleaching (FRAP) assays have been used to measure the mobility
of CD4 and CCR5 in the membrane, with CCR5 seen to display a higher mobility
(Steffens and Hope, 2004). Further FRAP studies have shown that CD4 may modify the
mobility of CCR5, confining a portion of the co-receptor population to small membrane
domains enriched with both molecules (Baker et al. 2007). These membrane domains
might serve as platforms for binding and subsequent entry processes by HIV (Dumas et
al. 2014).

Surface-attached HIV has been observed to ‘surf’ along the cell membrane (McDonald
et al. 2003). It is not known if these virions are already bound to receptors, or if this
surfing behaviour represents the virions actively targeting receptor-containing
membrane domains. Alternatively, the dynamic nature of the cell membrane and the
mobility of CD4 and CCR5 may result in recruitment of the receptor and co-receptor to
regions of surface-attached virus, thus accumulating the numbers of receptors
necessary to form a functional fusion event. The membrane lipid content could also be
a determining factor for the targeting of specific domains by HIV. Lipid ordered domains
and associated cholesterol can modify membrane tension and the kinetics of membrane
fusion and trafficking processes (Markosyan, 2003). Cholesterol rich domains may be
necessary for HIV endocytosis in macrophages (van Wilgenburg et al. 2014),

There are still many unanswered questions regarding the interactions between HIV and
its receptor and co-receptors. For example, there is little quantitative data describing the
molecular distribution, clustering and dynamics of host cell receptors. The global and
local impact of HIV cell-surface binding on the spatiotemporal behaviour of these
receptors, in addition to the endocytic machinery and clathrin lattices, is also unclear. A
better understanding of such processes would provide insight into critical factors
underlying HIV cell entry kinetics and pathways.
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1.6 Super Resolution microscopy to study viral infection
Many contributions to our understanding of viral entry, including HIV, have been made
by biochemical investigations as well as microscopic studies. While biochemical
approaches provide key information on cellular events and molecular interactions, they
provide little information on the spatial organisation involved in cellular events. In order
to study the molecular-scale processes mediating viral entry, it is important to be able to
visualise the specific molecular effectors in their cellular context and, preferably, in
relevant living cells. Many questions surrounding membrane receptor organisation, viral
receptor engagement and entry mechanisms remain thus far unanswered due largely to
limitations in the available technologies to achieve this.

The spatial-temporal resolution attainable is particularly critical with regards to the tools
and techniques used to observe the nanoscale kinetics and spatial arrangements at
cellular events. A suite of novel fluorescence microscopy techniques called superresolution (SR) microscopy have opened up a range of new research options for
investigating the nanoscale organisations of multiple molecular species. In particular SR
techniques are very well suited for many of the questions open in virology research, due
to the sub-diffraction limit sizes of viruses and the scales at which they function.

There are a rapidly increasing number of instances of SR being applied to address
questions regarding viral entry and membrane organisation. HIV research has been
significantly advanced by the use of Stimulated Emission Depletion (STED) microscopy
to address the changes in virus particle structure and surface Env re-organisation
(Chojnacki et al. 2017, 2012). Single Molecule Localisation Microscopy (SMLM) has
revealed how the viral capsid appears to remain intact as the viral core is trafficked to
the nucleus, contributing to our understanding of the kinetics of uncoating (Soares et al.
2013). Further applications of SR to HIV and virology research are more extensively
reviewed in Grove (2014) and Hanne et al (2016). STED has also been used to directly
observe the nanodomains of differently labelled lipids in the PM (Eggeling et al. 2009),
important for understanding of cell surface receptor dynamics. Cell surface receptors
themselves have been studied with SMLM in the cases of FcγR clustering on the surface
of human macrophages (Lopes et al. 2017) and nano-clustering of the TCR signalling
complex and associated molecules upon activation of T-cells (Roh et al. 2015; Sherman
et al. 2011). Further applications and scope for SR technologies for the study of
membrane topology are reviewed by Stone et al (2017). SMLM and its application
specifically for the characterisation of membrane topology and viral entry dynamics is
39

described in more depth in the following sections.

1.6.1. Imaging resolution and super resolution microscopy
Fluorescence microscopy (FM) is an invaluable tool in the study of cell and molecular
biology. Its key advantages include specific labelling and detection of multiple target
molecules in a single sample, as well as the non-invasive nature of probing with visible
light. However, one drawback of fluorescence microscopy is its spatial resolution, which
renders it incapable of accurately spatially discriminating small molecular species, such
as ~130 nm-diameter HIV particles interacting with host molecules.

The spatial resolution for fluorescence microscopy is inherently limited due to the
diffraction of light through an optical system. As a point source of light, such as the
emission from a single fluorescent molecule, passes through a microscope objective it
undergoes diffraction. This results in a spatial broadening of the point source into a finitesized diffraction spot with a characteristic intensity distribution, referred to as the point
spread function (PSF) (Figure 1.8). The size and shape of the PSF depends on
characteristics of the microscope, such as the numerical aperture of the objective and
any aberrations within the light path, as well as the imaging wavelength.

Figure 1.8: Diffraction limit of light microscopy. a) A point source of light is diffracted through
microscope optics to form the PSF, shown here as an Airy disc in the lateral plane (scale bar =
200nm). b) Two points sufficiently spatially separated (greater than ~300nm) to be clearly
distinguished (left), or too close together (less than ~300nm) to be resolved (right). Red arrows
indicate the central positions of the resolvable PSFs; green dotted lines indicate bisecting plane
along which the signal intensity profile is plotted (black plot profile); red and blue dotted lines plot
intensity profiles corresponding to top and bottom PSF signal, respectively (from Herbert et al.
2012). Image reproduced with permission of the rights holder, Cambridge University Press.

The resolution limit of an optical microscope was first mathematically described by 19th
century German physicist, Ernst Abbe (Abbe 1874, English Translation). In this
description, the minimum observable separation between two objects (∆") is formulated
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as ∆" = %⁄2'( where % is the wavelength of the emitted fluorescence and '( is the
numerical aperture of the objective. Other mathematical descriptions of resolution
include the Rayleigh criterion, where resolution is defined as the minimal distance
between two point-sources of light whose PSFs can still be distinguished as separate
objects (Rayleigh, 1879). In general, however, the lateral resolution of a microscope can
be simply approximated to be half the wavelength of the collected fluorescence. Thus,
for imaging with visible wavelengths, the maximum lateral resolution is ~200-300 nm.
The spread of light along the axial dimension is worse than the lateral resolution and is
in the range ~500-800 nm (Török and Wilson, 1997; Zipfel et al. 2003).

By contrast, EM illuminates samples with a beam of electrons rather than visible light.
Although still subject to diffraction, the wavelength of the electron beam is many orders
of magnitude shorter than visible light and as such EM can achieve sub-nanometer
resolutions (Erni et al. 2009). However, this comes at the cost of live-cell imaging
capabilities, labelling specificity and sensitivity, as well as demanding sample
preparation protocols. As such, there has been a need for microscopy techniques which
can achieve higher resolutions than in conventional fluorescence microscopy, but while
maintaining the benefits of optical microscopy. This has led to the recent emergence of
the field of SR microscopy. SR microscopy techniques combine the labelling advantages
and live-cell capacity of fluorescence microscopy with the potential for resolving
intracellular structures with resolutions approaching that of EM (<10-100 nm).

There are three main families of SR microscopy: Structured Illumination Microscopy
(SIM), Stimulated Emission Depletion (STED) microscopy, and Single Molecule
Localisation Microscopy (SMLM). SIM (Gustafsson, 2000) and STED microscopy (Hell
et al. 1994), implement optical techniques to spatially modulate the fluorescence
emission from fluorophores, to achieve resolutions up to 100 nm or below 10 nm,
respectively. However, this overview will focus on SMLM techniques. SMLM
encompasses

a

suite

of

imaging

approaches,

including

Stochastic

Optical

Reconstruction Microscopy (STORM) (Rust et al. 2006), direct STORM (dSTORM)
(Heilemann et al. 2008) and Photoactivated Localisation Microscopy (PALM) (Betzig et
al. 2006). These techniques make use of advanced photochemical manipulation of
fluorophores and post-acquisition analytical processing to achieve up to nanometer scale
resolutions (e.g. Pertsinidis et al. 2010).
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1.6.2 Single Molecule Localisation Microscopy
SMLM uses high intensity laser illumination and carefully controlled chemical conditions
to manipulate the fluorophores labelling the structure of interest into cycling between
fluorescent and ‘dark’ states (a process known as photoswitching or ‘blinking’) (Figure
1.9). As a result, in a single acquired frame only a very small, random subset of
molecules are in an emitting state. On average, these molecules will be sparsely
distributed such that their imaged PSFs are spatially distinct. Thus, isolated molecules
can be computationally detected, and their positions localised with very high accuracy.
Due to the blinking behaviour of the fluorophores, the spatial distribution of emitting
molecules will vary on a millisecond timescale. Therefore, sequentially acquired frames
will contain a different population of emitting fluorophores. By acquiring a series of many
thousands of frames and analysing these, the majority of fluorophores labelling the
structure can be accurately localised. A SR image can then be reconstructed from these
accurately-measured molecule coordinates, with resolutions of ~20 nm.

Figure 1.9: SMLM imaging process. Representation of the image acquisition and image
analysis procedure. In SMLM the microscope acquires a sequence of diffraction-limited images
where only a small subset of spatially spaced fluorophores is switched on at each frame. The first
frames will have a high amount of naturally active photo-switchable fluorophores (which hinders
the immediate identification of single molecules). To solve this, a bleaching step is first performed
(Acquisition - t0). We then stimulate the sample with an appropriate light source and acquire the
sequence of images (Acquisition - t1, t2…). Using localisation algorithms these frames are then
analysed, which results in accurate fluorophore detection and localisation (Analysis - t1, t2...).
After drift and chromatic shift correction (the latter for multicolour acquisitions) a SR reconstruction
is obtained from all the localisations (Analysis – Reconstruction) (adapted from Pereira et al.
2015). Image reproduced with permission of the rights holder, Elsevier.

The photoswitching of the fluorophores between fluorescent and dark states is integral
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to SMLM and particularly dSTORM techniques. These techniques make use of organic
fluorophores, such as Cy5 and AlexaFluor 647, that can be induced to photoswitch under
certain conditions. Robust organic fluorophore photoswitching is achieved by controlling
the cycling of fluorophores through their singlet ‘on’ state where excitation and
fluorescence can occur, and the competing process of intersystem crossing to a longlived but chemically reactive triplet dark ‘off’ state. When in their off-state, which has a
lifetime several orders of magnitude longer than the on-state, fluorophores are incapable
of fluorescence. They remain dark until they return to the single ground state, where they
can be excited again. The kinetics of this photoswitching is dependent on an appropriate
chemical environment that stabilises fluorophores in the dark triplet state, reducing the
number of fluorophores detected in the on-state at any given time. Triplet state
fluorophores must also be protected from reacting with molecular oxygen, as this
reaction results in permanent photobleaching (Figure 1.10). This is most commonly
achieved by using an enzymatic oxygen scavenging imaging buffer. The addition of a
reducing agent is used to recover ionized triplet-state intermediates, repopulating the
ground state and avoiding photobleaching (Vogelsang et al. 2008).

Figure 1.10: Fluorophore photoswitching process in SMLM. A fluorophore is excited from
ground state (S0) to the singlet state (S1) by absorbtion of energy from a photon (ex). Fluorescent
light is emitted as the fluorophore returns to the ground state (fl). Alternatively, an excited
fluorophore can undergo intersystem crossing (isc) to the unstable triplet dark state (T), which it
escapes by relaxation back to the ground state (rel). Boxed region: The triplet state can also be
depleted by the addition of a redox buffering system. This ionises the fluorophore by either
oxidation (ox) or reduction (red) and then rescues the reactive intermediate from other reactive
species by the reciprocal reaction, to return the fluorophore back to the ground state (from
Henriques et al. 2011). Image (1.6b) reproduced with permission of the rights holder, Wiley &
Sons.

SMLM and dSTORM imaging provides several advantages over other SR techniques for
studying the nanoscale organisation of membrane-associated proteins such as receptors
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CD4 and CCR5. Firstly, SMLM is capable of consistently providing the highest resolution
outputs of the available SR suite of techniques. In addition, SMLM does not provide just
a higher resolution image of the molecule organisation, but also detailed information on
localisation co-ordinates, photon count and signal-to-noise ratio of every individual point
localisation mapped by the technique. This quantitative nanoscale resolution information
on the protein of interest allows for in depth statistical analysis of receptor distribution at
the near-single molecule level. This is not possible with other SR techniques.

1.6.3. Important considerations for SR imaging of membrane-associated
components
SR microscopy, particularly SMLM techniques, are very well suited for the nanoscale
characterisation of membrane-associated proteins. However, any imaging of membrane
structures and associated proteins requires careful optimisation and validation to avoid
the introduction of artefacts. Following acquisition, careful selection of analytical
approaches for the robust quantitative characterisation of SMLM data is important to
extract information that addresses the question at hand.

1.6.3.1. Sample preparation for SR of membrane-associated components
1.6.3.1.1 Sample fixation and permeabilisation
Chemical fixation for the crosslinking and immobilisation of the target molecules of
interest is a critical early step in immuno-labelling imaging experiments. Weak aldehyde
fixation of samples with paraformaldehyde (PFA) has been reported to not always be
sufficient to completely immobilise membrane-associated protein species (Tanaka et al.
2010; Whelan and Bell, 2015). This often results in artificial receptor redistribution within
the membrane, which has been observed during imaging, and artefactual receptor
clustering resulting from multivalent labels, such as antibodies, binding and crosslink the
proteins (Stanly et al. 2016). Stronger fixation by including, for example, 0.01-0.2%
Glutaraldehyde (GA) with PFA is often required to ensure proper fixation and avoid
introduction of clustering artefacts (Stanly et al. 2016; Tanaka et al. 2010). However, GA
can be a problematic reagent for use in sensitive imaging approaches such as SMLM,
as it is notorious for the introduction of sample autofluorescence. It is also damaging to
some particularly sensitive epitopes as well as any fluorescent proteins present
(Tagliaferro et al. 1997). Thus, careful optimisation of sample fixation is required to
ensure efficient immobilisation of the protein(s) of interest with minimal other fixation
artefacts introduced (Stanly et al. 2016; Whelan and Bell, 2015).

Extracellular epitopes can be easily accessed by labelled antibodies in both live and
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fixed cells without any need to permeabilise the cell membrane, allowing for imaging of
cell-surface receptors with minimal sample perturbation. However, the detection of
intracellular antigens by immunolabelling requires that a sample be membranepermeabilised after sample fixation, else the labelling molecules cannot efficiently
access intracellular compartments. This process is, by definition, disruptive to the PM
and has the associated risk of disturbing the nanoscale distribution of cell-surface
components (Oliver and Jamur, 2010), as well as extracting both PM and cytosolic
antigens. The extent to which membrane proteins are affected depends on the nature of
the permeabilising agent used, and the organisation and association of the proteins with
different composition membrane domains. Organic solvents, such as methanol and
acetone, effectively dissolve the lipid membrane, but may also extract lipid-associated
species. They are thus unsuitable for the preparation of samples with labelled membrane
proteins (Oliver and Jamur, 2010). Detergents, including Saponin, Triton-X 100 and
Tween-20 are commonly used as membrane permeabilising agents. Saponin is a plant
glycoside that specifically extracts cholesterol from cell membranes, leaving behind
holes of ~100 Å in diameter (Seeman et al. 1973). Saponin’s specificity for cholesterol
means it is considered one of the gentler extraction treatments, best able to preserve the
permeabilised membrane ultrastructure (Schnell et al. 2012). Tween-20 and Triton X100 are non-ionic detergents. They are non-specific in the lipid species that they extract,
such that their effects on membrane protein distribution are less predictable; in some
cases, they can extract the hydrophobic integral proteins with the membrane (Goldenthal
et al. 1985; Oliver and Jamur, 2010). Careful optimisation and assessment of the effect
that sample permeabilisation may have on protein nanoscale topology is necessary prior
to any assays that may require such permeabilisation.

1.6.3.1.2 Labelling approaches for SR of membrane-associated components
The type of label used to identify membrane-associated proteins can significantly impact
the protein’s distribution and mobility within the PM (Figure 1.11). Fluorescent protein
(FP) chimeras, while useful for live-cell imaging approaches, may modulate the protein
function and distribution. Addition of a FP moiety, usually on the cytoplasmic domain of
a membrane protein, may alter the receptor’s signalling capabilities. In addition, the large
FP (typically ~25 kDa in size) may artificially anchor the membrane protein within the
actin cortex, artificially constraining it within membrane domains and limiting its lateral
mobility and potential interactions with other membrane species. Extracellular
conventional labels, such as bivalent antibodies (~150 kDa in size), have the potential to
sterically inhibit interactions between the membrane receptor and ligands or other
species that may be of interest. In addition, if used at too low a concentration, each
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antigen-binding region on a single antibody may bind to separate membrane-associated
proteins, artificially cross-linking them and inducing receptor clustering.

Figure 1.11: Labelling strategies for cell-surface receptors. Common strategies for labelling
cell-surface receptors such as CD4 include production of fluorescent protein chimeras,
immunolabelling, and labelling with small peptides (all rendered to scale, except for Alexa Fluor
647 which is magnified for clarity). Fluorescent protein chimeras are preferable for live-cell
imaging but attachment of the fluorescent protein to the cytoplasmic domain may result in
anchoring in the dense actin cortex. Conventional immunolabelling allows for high molecular
specificity with minimal cell perturbation; however, the bivalent binding of antibodies may
artificially crosslink receptors. Antibodies are also very large and may cause steric hindrance
between receptor and ligand. Small peptide labels such as Fab fragments, nanobodies and
Affimers can be selected such that they bind epitopes distinct from ligand-binding domains. The
size of these labels also reduces the likelihood of significant steric hindrance and crosslinking,
and, for SMLM, allows for higher resolution by reducing the distance between receptor and
fluorophore. PDB accession codes used for protein rendering: YFP – 1YFP (Wachter et al. 1998),
CD4 extracellular domain – 1WIP (Wu et al. 1997), immunoglobulin G – 1IGT (Harris et al. 1997),
anti-buckminsterfullerene Fab fragment – 1EMT (Braden et al, 2000), llama VHH domain
nanobody – 1I3V (Spinelli et al. 2001), Affimer – 4N6T (Tiede et al. 2014).
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In addition to the modulation of receptor distribution by labelling approaches, the
resolution attainable with SR imaging is influenced by a number of factors including the
size of the labelling moieties used to target fluorescent dye molecules to the protein of
interest. The smaller the labelling structure used, the closer the fluorophore’s location
correlates to that of the target molecule, and the greater the precision that can be
attached to its localisation (Ries et al. 2012). In addition, small, monovalent labelling
molecules, such as nucleic acid-based labels (e.g. aptamers, typically 5- 15 kDa in size)
(Opazo et al. 2012), antigen-binding (Fab) fragments (~50 kDa in size), single domain
antibodies (nanobodies; ~30 kDa in size) (Pleiner et al. 2015; Ries et al. 2012) or
Affimers (~10-15 kDa in size) (Tiede et al. 2017) can more easily access target domains
within densely packed environments. This leads to minimal stearic hindrance compared
to large antibody complexes, and no crosslinking of receptors (Figure 1.11). Careful
choice of small molecule labelling strategies can also expand our capabilities for live-cell
fluorescence imaging with minimal perturbation of cellular integrity and normal molecular
organisation or function.

1.6.3.2 SR cluster analysis approaches
Clustering and grouping into nanodomains is a common organisational motif of many
receptor components. The localisation data obtained with SMLM has the potential to
allow for detailed quantitative characterisation of such molecular distributions through
the analysis of the localisation co-ordinates. There are a number of common co-ordinatebased methods for the analysis of localisation distribution. Broadly, the methods can be
considered correlation-based, which provide an unbiased statistical analysis of the global
clustering in a region or image, or threshold-based methods, which segment and
characterise individual clusters in a region or image, based on experimenter-defined
threshold values (reviewed in Coltharp et al. 2014).

1.6.3.2.1 Correlation based analysis
Pair-correlation function (PCF) (Sengupta et al. 2011; Veatch et al. 2012) and Ripley’s
K function (Kiskowski et al. 2009; Owen et al. 2010; Ripley, 1979) are both correlationbased methods that determine the probability of one localisation being found within a
circle of given radius from another. Based on this, they can determine whether clusters
are randomly distributed, clustered, or dispersed. For example, if more localisations are
found at smaller radii that anticipated, and fewer localisations at larger radii, this is a
positive indication of particle clustering. Both PCF and Ripley’s K function (or derivative
L or H functions) are plotted as curves, the shape of which is descriptive of the population
clustering behaviour. These functions, however, are most informative when the
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clustering behaviour in the data is relatively homogenous - that is, clusters are of the
same size and density. Furthermore, the interpretation of these curves for any
quantitative characterisation is dependent on their comparison to simulated curves,
based on experimenter-determined models of expected clustering behaviour. They are
thus limited in their quantitative value by the availability of accurate a priori knowledge
of the type of clustering that may be observed in the samples.

1.6.3.2.2 Threshold-based analysis
Model-independent threshold-based analytical methods use SMLM localisation coordinate lists for the segmentation or grouping of detections together in the same cluster.
Boundaries of clusters can be determined by signal intensity-based analysis, however,
application of such approaches to SMLM involve summing of grouped clusters to small
pixels. These approaches are known to affect image resolution and often require
advanced filtering and analysis that can be hard to replicate (Baddeley et al. 2010).
Image segmentation approaches based directly on the localisation data of SMLM
overcome these limitations. Such approaches may be determined based simply on
proximity between detected molecules, particularly in sparsely populated regions, or
based on local density of localisations, as is better suited in more densely populated
images (Coltharp et al. 2014). Density-based spatial clustering analysis with noise
(DBSCAN) (Ester et al. 1996) is a well-established cluster analysis approach which
classifies each of the particles in an image into clusters based on their density and
distance from neighbouring localisations. However, application of DBSCAN to SMLM
data presents particular challenges, due in part to the algorithm’s sensitivity to noise and
difficulties in experimentally determining the appropriate parameters for use with
localisation data (Deschout et al. 2014; Nan et al. 2013).

1.6.3.2.3 Voronoi diagram-based analysis
More recently particle segmentation, based on the plotting of Voronoi diagrams around
localisations, has been applied to SMLM data (Andronov et al. 2016; Levet et al. 2015).
Voronoi diagrams are plotted by the partitioning of the image plane into a continuous
mosaic layer such that each polygonal tessellation tile corresponds to a particular data
point or “seed” in the plane. The boundaries of each seed’s tessellation tile are defined
as including all spatial points in the image plane that are closest to that particular seed,
rather than to any other point. In a plane or region featuring multiple seed points, the
resultant Voronoi diagram is a mosaic of non-intersecting polygonal tiles centred on each
of the points (Voronoï 1908; English translation by Tiyapan K 2010). When applied to
SMLM data, each localisation serves as a seed for Voronoi tessellation, and each
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Voronoi tile represents the area of influence, or neighbourhood, of the localisation. Each
tile can therefore be used to describe the molecular neighbourhood of the seed and its
single molecule properties, including tile area, shape, local density, and mean and
minimum distances to the nearest seed (Levet et al. 2015). Particle segmentation is
based on the thresholding of one of these parameters, usually local density, calculated
as the inverse of the tile area (Andronov et al. 2016). Adjacent tiles that meet the
thresholded criteria are merged together as a single cluster or particle, and the
boundaries of the segmented region are assigned as the localisations associated with
the particle edges. Segmentation by Voronoi tessellation is independent of tessellation
shape and molecular organisation, and relatively insensitive to background and noise
(Levet et al. 2015). Such an approach thus allows non-biased SR segmentation for the
identification and quantitative description of individual clusters in a sample.

1.7 Conclusion & Objectives
In this work, I set out to apply SR imaging and associated developing technologies, as
well as complementary biochemical and analytical research tools, to investigate the role
of membrane receptor distribution and dynamics in viral cell entry. Using HIV as a model,
I seek to better understand the dynamics of these interactions, and the extent to which
HIV perturbs normal cell membrane topology and receptor nano-organisation in the
process. This will contribute significantly to our understanding of the virus and may
provide insight into the mechanisms involved in virus-cell entry. In addition, the tools and
technology being developed in this work can be easily applied for studies of different
viruses and cell types, and as well as studies of other steps in the viral life cycle such as
assembly and budding.

1.7.1. Research Aims
This PhD work aimed to characterise the membrane distribution of the HIV cell-surface
receptors CD4 and CCR5, and their dynamics in response to both chemical or agonist
stimulation, as well as initial engagement by HIV. From this I aimed to gain insight into
the effects of membrane composition and organisation on cellular function, downstream
cellular effects of HIV engagement, and the impact this may have on the infection
pathway. In order to address these questions, I made use of a combination of
biochemical approaches, fluorescence and SR imaging and in particular PALM/STORM
imaging and quantitative analysis.
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I have aimed to exploit important developments in imaging and SR, including the
development of novel labelling tools for cell surface receptors, implementation of novel
analytical tools for SR, and improved cluster analysis.

This project’s aims can be summarised as follows:
1. The development of small, non-inhibitory approaches for the fluorescent
labelling of host cell receptors in different cell types.
2. The establishment of imaging and analytical platforms for the characterisation
of CD4 and CCR5 nanoscale organisation under different experimental
conditions.
3. The characterisation of CD4 and CCR5 nanoscale membrane organisation in
untreated T-cells, agonist-treated T-cells, and cells with bound HIV (or subcomponents thereof).
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CHAPTER 2: Materials & Methods
2.1 Instruments & Equipment

C1000 Touch™ Thermal Cycler

Bio-Rad

ChemiDoc XRS+ Imager

Bio-Rad

Leica SP8

Leica

Li-COR Odyssey Imager

Azure Biosystems

LSE digital dry heat block

Corning

Mini Trans-Blot Cell

Bio-Rad

Mini-PROTEAN Tetra Electrophoresis cell

Bio-Rad

Nikon N-STORM

Nikon

Plate Reader

Perkin-Elmer

Sorvall WX 100s ultracentrifuge (SureSpin™ 630 Swinging ThermoFisher
Bucket Rotor)
Spectrophotometer, BioSpectrometer

Eppendorf

Stirring and Heat plate

IKA

Zeiss Elyra PS1

Zeiss

2.2 Materials & Reagents

#1.5 13mm round coverslips

Marienfeld-Superior

12 well plates

Nunc

2TY medium

Sigma-Aldrich

3,30,5,50-tetramethylbenzidine (TMB)

Seramun Diagnostica GmbH

30% Acrylamide/Bis Solution, 37.5:1

Bio-Rad

4 well plates

Nunc

4-α-Phorbol-12-myristate-13-acetate

(4-α- Sigma-Aldrich

PMA)
96 well plates

Nunc

Acetonitrile LC-MS CHROMASOLV

Sigma-Aldrich

Adhiron phage display library

Avacta

Amersham

ECL

Full-Range

Rainbow GE Healthcare

Molecular Weight Markers
Amicon spin columns (3, 10, 50 and 100 kDa) Merck-Millipore
51

Ampicillin (Amp)

Sigma-Aldrich

Anhydrous Dimethyl sulfoxide (DMSO)

Sigma-Aldrich

Bovine Serum Albumine (BSA)

Sigma-Aldrich

Carbenicillin

Sigma-Aldrich

Casein blocking buffer

Sigma-Aldrich

Catalase

Sigma-Aldrich

Coverslip holder

Sigma-Aldrich

DH5α E. coli

Kind gift from Dr. Chris Stefan Lab
(MRC-LMCB, UCL)

Dithiothreitol (DTT)

Pierce

DMEM/F12

Gibco

Dulbecco's

Modified

Eagle's

Medium Gibco

(DMEM)
EcoRI

Promega

Endotoxin-free maxi prep kit

Qiagen

ER2738 cells

Dr.

Darren

Tomlinson

(Leeds

University)
Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich

EZ-link NHS-SS-biotin

Pierce

Fab fragment preparation kit

Pierce

Fetal Bovine Serum (FBS)

ThermoFisher

Fugene 6

Promega

G418; Invitrogen

Invitrogen

Galacto-Star β-Galactosidase Reporter Gene Applied Biosystems
Assay System
Glucose

Sigma-Aldrich

Glucose Oxidase

Sigma-Aldrich

Glutaraldehyde

TAAB

Glycerol

Sigma-Aldrich

gp120

NIH AIDS reagents program

Horseradish peroxidase (HRP)

ThermoFisher

Human CD4 Protein

AcroBiosciences

Human soluble CD4

NIH AIDS reagents program

Imidazole

Bio-Rad

Isopropyl

β-D-1-thiogalactopyranoside Sigma-Aldrich

(IPTG)
52

KpnI

Promega

Lightning Link Antibody labelling kits

Innovabiosciences

Minimum Essential Media (MEM) -alpha

Gibco

NdeI

Promega

NheI

Promega

NHS ester- and Maleimeide AlexaFluor 647 Molecular Probes
(AF647)
NHS ester- and Maleimeide AlexaFluor 568

Molecular Probes

NHS ester- and Maleimeide Cy3

Lumiprobe

NHS ester- and Maleimeide Cy5

Lumiprobe

Nickel-Nitrilotriacetic acid (Ni-NTA) Agarose

ThermoFisher

Nitrocellulose membrane

GE Healthcare

Optimem

Gibco

Parafilm

Bemis NA

Paraformaldehyde

Alfa Aesar

PD MiniTrap G-25 desalting columns

GE Healthcare

Pen/strep

ThermoFisher

Perkin Elmer View Plate 6005225 or Cell Perkin Elmer
CarrierTM 96 Ultra 6055302).
Phorbol-12-myristate-13-acetate (PMA)

Sigma-Aldrich

Protein A/G/L Sepharose® (ab193264)

Abcam

PstI

Promega

PVDF membrane

GE Healthcare

QIAprep Spin Miniprep Kit

Qiagen

RANTES

ThermoFisher

Recombinant HIV-1 BaL gp120; ARP6007

National

Institute

for

Biological

Standards and Control (NIBSC)
Roswell Park Memorial Institute (RPMI) Gibco
media
Saponin

Sigma-Aldrich

Slide-A-lysers

ThermoFisher

Slides

VWR

Spectra™ Multicolor Broad Range Protein ThermoFisher
Ladder
Stbl2 E. coli competent cells (10268-019)

Invitrogen

TetraSpeck 0.1 μm Microspheres

Molecular Probes
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TLC plate

Merck-Millipore

Tris(2-carboxyethyl)phosphine hydrochloride ThermoFisher
(TCEP) coupled to agarose beads
Triton X-100

Sigma-Aldrich

Trypsin

MRC-LMCB

Tween-200

Sigma-Aldrich

Vectashield

Vectorlabs

Zeba™ Spin Desalting Column

ThermoFisher

β-mercaptoethanol (BME)

Sigma-Aldrich

µCuvette

Eppendorf

2.3 Buffers

Affimer buffer

50 mM phosphate buffer + 500 mM NaCl + 5% glycerol +
10 mM EDTA, pH 7.0

Bacterial lysis buffer

50 mM Tris, 150 mM NaCl, 1% (v/v) Nonidet P-40

Cell lysis Buffer

150 mM NaCl, 1% (v/v) Triton X-200, 50 mM Tris, pH 8.0

FACS buffer

PBS, 2mM EDTA, 1% FBS

PBS

37 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH 7.4.

Sample loading buffer, 2% (w/v) SDS, 10% (v/v) 2-mercaptoehtanol, 20% glycerol
denaturing

(v/v), 0.004% (w/v) bromophenol blue, 0.125 M Tris HCl

Sample loading buffer, 2% (w/v) SDS, 20% glycerol (v/v), 0.004% (w/v)
non-denaturing

bromophenol blue, 0.125 M Tris HCl

SDS running buffer

25 mM Tris, 192 mM glycine, 0.1% SDS

STORM Buffer 1

100 mM Tris, pH 7.0, 0.5 mg/ml glucose oxidase, 40 μg/ml
catalase, 35 μM 2-Mercaptoethylamine-HCl, 10% (w/v)
glucose, 10 mM NaCl.

STORM Buffer 2

150mM Tris, pH8, 1% glycerol, 1% glucose. 10mM NaCl,
1% beta-mercaptoethanol, 0.5 mg/ml glucose oxidase and
40 μg/ml catalase

TBST

0.1% Tween-20

TE buffer

10 mM Tris, pH 8.0, 1 mM EDTA

Towbin buffer

25 mM Tris, 192 mM glycine, 20% (v/v) Methanol
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2.4 Software

Columbus image analysis software

Perkin Elmer

Fiji distribution of ImageJ

(Schindelin et al. 2015, 2012)

FlowJo v10

FlowJo, LLC

Image Lab Software

Bio-Rad

LAS X SP8 software

Leica

NIS-Elements Ar including NIS-A N- Nikon
STORM analysis module
Prism 7, GraphPad Software

Graphpad

SR-Tesseler

(Levet et al, 2015)

ThunderSTORM

(Ovesný et al. 2014)

ZEN Black Version 11.0.2.190

Zeiss

2.5 Plasmids

pcDNA3.1(+)

ThermoFisher

pcDNA3.1(+) CD4-TagRFP-T

P Pereira, RHenriques lab

pcDNA3.1(+) WT CD4

MMarsh lab

2.6 Cell lines

Table 2.1: Details of cell lines used

Cell Line

Description

Source

TZM-bl

HeLa-derived HIV reporter cell line, M. Marsh, UCL
expressing CD4, CCR5 and CXCR4;
beta-galactosidase

under

HIV

Tat-

inducible promoter.
HEK 293T

Human embryonic kidney cell line

M. Marsh, UCL

CHO-K1

Chinese hamster ovary cell line

J. Mercer, UCL

CHO-R5GFP

CCR5-GFP

expressing

CHO-K1- M. Marsh, UCL

derived cell line
CHO-R5WT

WT CCR5-expressing CHO-K1-derived M. Marsh, UCL
cell line
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SupT1

Human non-Hodgkin lymphoma T-cell M.
line

Marsh,

(Ablashi et al. 1995)

SupT1-R5

SupT1 cell line, stably expressing CCR5 J Hoxie, U. Penn

BC7

CD4-negative SupT1 derived T-cell line

Jurkat

Human T-cell leukemia peripheral T

NIH

3T3-derived

J Hoxie, U. Penn
ATCC (TIB-152

lymphocyte cell line
NIH 3T3 2D12

UCL

cell

line,

stably M. Marsh, UCL

expressing CD4
NIH 3T3 WT

Mouse embryonic fibroblast cell line

M. Marsh, UCL

OKT4 Hybridoma Hybridoma cells expression OKT4 anticells

M. Marsh, UCL; ATCC

CD4 IgG

(CRL-8002)

2.7 Antibodies

Table 2.2: Details of antibodies used

Name
Anti6xHis
Anti6xHis

Q4120

OKT4

MC5

Target

6xHis

6xHis

CD4

CD4

CCR5

4C9

subtype

used

Mouse;

IF: 1:200

IgG2b

WB: 1:200

Mouse;

IF: 1:200

IgG2b

WB:

Mouse;

IF: 6 μg/ml

IgG1

WB: 1:1000

Mouse;

IF: 6 μg/ml

IgG2bK

Mouse;
IgG2a
Mouse

Anti-p24
Anti-p17

Species & Concentration

polyclonal
p17

Mouse
IgG2a

Fluorophore Source

–

–

Abcam
(ab18184)
Invitrogen
(HIS.H8)

None;
AF568;

NIH ARP 318

AF647
None;
AF568;

MMarsh lab

AF647
IF: 5 μg/ml

None;

WB: 0.1 μg/ml

AF568;

MMarsh lab

AF647
IF: 1:500

–

MMarsh lab

IF: 1:500

–

NIH ARP 349
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2G12

AntiHuman
AntiMouse

AntiMouse

AntiRabbit

HIV

Human,

Env

IgG1K

Human

Goat

IF: 6 μg/ml

IF: 15:00

–

NIH ARP 1476

AF594

Invitrogen

IRDye
Mouse

Mouse

Goat

Goat

WB: 1:10000

IF: 1:500

800CW

LiCor

AF488;
AF568;

Invitrogen

AF647
AF488;
Rabbit

Goat

IF: 1:500

Invitrogen

AF647

Antiphage

AF568;

ELISA: 1:1000

antibody

HRPconjugated

Seramun

*AF; AlexaFluor

2.8 Methods in Molecular Biology
2.8.1 Soluble truncated CD4 gene cloning
Genes encoding histidine-tagged (6xHis-tagged) soluble CD4 (sCD4), CD4 domains 1
and 2 (sCD4-D1D2) and CD4 domains 3 and 4 (sCD4-D3D4) were cloned into a
pCDNA3.1(+) backbone. Expression was under control of a CMV promotor, with a signal
peptide to ensure secretion from expressing cells, and a 6xHis tag to facilitate
purification. Genes were PCR-amplified from a pcDNA3.1-WT CD4 construct using the
primers indicated in Table 2.3. The sCD4-D3D4 coding gene was prepared by two
independent polymerase chain reactions (PCR) to first amplify the gene promoter and
Kozak sequences (reaction 1) and the D3D4 domains with the 6xHis tag (reaction 2)
from the template. Overlap PCR was used to fuse these two products, using the two
gene fragments as template and the forward primer from reaction 1 with the reverse
primer of reaction 2. sCD4 and sCD4-D3D4 PCR products were digested with restriction
enzymes (RE) EcoRI and KPN1. PCR product sCD4-D3D4 was digested with RE EcoRI
and NdeI, as was pcDNA3.1, before ligation of the genes and plasmid vector. Ligation
products were transformed into DH5α E. coli. Transformants were screened by colony
PCR, using the relevant primers in Table 2.3. Plasmid from positive colonies was isolated
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using QIAprep Spin Miniprep Kit (Qiagen) and sequenced to confirm the plasmid identity
and sequence.
Table 2.3: Primer sequences used for truncated sCD4 constructs
Gene
sCD4

Forward
sCD4-F1:
AAACTTAAGCTTGGTACCG
GCCATGAACCGGGGAGTC
CCTTTTAGG

sCD4-D1D2

sCD4-F1:
AAACTTAAGCTTGGTACCG
GCCATGAACCGGGGAGTC
CCTTTTAG

sCD4-D3D4
(1)

sCD4-F2:
ACTTGGCAGTACATCAAGT
GTATCATATGCCAAGTACG
CCCCC

sCD4-D3D4
(2)

sCD4-F3:
CACTTGCTTCTGGTGCTG
CAACTGGCGCTCCTCCCA
GCAGCCACTCAGGGATTC
CAGAAGGCCTCCAGCATA
GTC

Reverse
sCD4-R1:
CTGCAGAATTCCTTAGTGGT
GGTGGTGGTGGTGGTCACTC
AGCAGACACTGCCACATCCC
CG
sCD4-R2:
GGAGTTCAAAATAGACATCG
TGGTGCTAGCTCACCACCAC
CACCACCACTAAGGAATTCT
GCAG
sCD4-R3:
CGCCAGTTGCAGCACCAGAA
GCAAGTGCCTAAAAGGGACT
CCCCGGTTCATGGCCGGTAC
CAAGCTTAAGTTTAAACGC
sCD4-R1:
CTGCAGAATTCCTTAGTGGT
GGTGGTGGTGGTGGTCACTC
AGCAGACACTGCCACATCCC
CG

2.9 Biochemical Methods
2.9.1 Poly-acrylamide gel electrophoresis
Protein samples were boiled at 95 °C for 3 minutes in reducing or non-reducing sample
loading buffer, as indicated in the text for each experiment. Boiled samples (0.1-5 µg
protein) were loaded on 12% acrylamide gels, along with Spectra Broad Range Protein
Ladder (Thermo Scientific) or Amersham ECL Full-Range Rainbow Molecular Weight
Markers (GE Healthcare). Gels were run at 50 V for 30 minutes followed by 180 V for
60-90 minutes immersed in SDS running buffer. Gels were then either used in a western
blot transfer protocol (see next section) or fixed and stained with Coomassie stain, using
a typical staining protocol for the visualization of total protein in the samples.

2.9.2 Western blots
Samples were run on 12% acrylamide gels, as described in the previous section.
Proteins were then transferred to Immobilon PVDF Membranes (Merck) in Towbin buffer
with 0.05% SDS. Protein transfer was run for at 2.5 A/cm2 for 30 minutes. Membrane
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containing transferred protein was then blocked in 5% milk protein in TBST for 20
minutes and incubated with primary antibody at the indicated concentration (Table 2.2)
overnight at 4 °C with agitation. The membrane was washed three times in TBST for 10
minutes before incubation with the appropriate fluorophore conjugated secondary
antibody at indicated concentration (Table 2.2), for 1 hour at room temperature (RT) with
agitation. The membrane was washed three times in TBST for 10 minutes and rinsed
three times with ddH2O. Labelled membranes were visualised on a Li-COR Odyssey
infrared imager or a Bio-Rad Chemidoc Imager to identify fluorescently labelled targets.

2.9.3 Cloned sCD4 protein expression and purification
CHO-K1 cells were seeded at a density of 0.15 x 104 cells/mm2. 24 hours after seeding,
cells were transfected with Vpr-GFP or pMax-GFP, sCD4, sCD4-D1D2 or sCD4-D3D4
constructs, at 3:1 Fugene 6 to DNA, as per the supplier’s recommended protocol. Cell
media was replaced 6 hours post-transfection (HPT), with MEMα with no supplemented
FBS. Cell supernatant was collected at 24 and 48 HPT. Collected supernatant was
centrifuged at 500 RCF for 5 minutes and stored at 4 °C on ice. High density Nickel-NTA
agarose resin was used to purify 6xHis-tagged expressed protein from the samples. 100
μl supplied resin mixture (containing 50 μl agarose beads) was prepared by two rounds
of washing with a 10x resin volume of ddH2O and centrifugation at 600 RCF for 2
minutes. The pelleted resin was equilibrated three times by suspension in a 10x resin
volume of phosphate buffer (50 mM NaPO4, 500 mM NaCl2, pH 5.5, 5 mM imidazole),
incubated at RT for 5 minutes, and centrifuged as above. A 10x resin volume of cleared
sample supernatant was added to the resin and incubated with agitation for 1 hour at 4
°C. The resin was then pelleted by centrifugation as above, and the supernatant was
collected. Resin was then washed with 2x resin volume of phosphate buffer, and the
mixture was centrifuged as above. The supernatant was then collected, and protein was
eluted from the resin with phosphate buffer containing additional 200 mM imidazole
followed by pelleting of resin as above. Supernatant was retained at each step. The resin
was re-suspended in an equal volume of phosphate buffer with 200 mM imidazole and
kept as the final resin sample. Supernatant and resin samples were analysed by SDSPAGE and western blot.

Through further optimisation of the protocol, the following changes were tested:
Transfections were tested in HEK 293T cells, seeded at 0.3 x 106 cells/mm2. The FBS
supplementation of media for protein expression was tested at 0, 5 and 10%. The
imidazole content of the buffer for Ni-NTA resin equilibration and protein binding was
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decreased to 0%. The imidazole of the phosphate buffer used for elution was also tested
at 100 mM and 300 mM.

2.9.4 ELISA for Affimer selection
sCD4-binding Affimers were selected by a modified approach to a previously described
protocol (Tiede et al, 2014). In brief, Human recombinant sCD4 protein was biotinylated
using EZ-link NHS-SS-biotin (Pierce), and protein biotinylation was confirmed using
streptavidin-conjugated horseradish peroxidase (HRP). Streptavidin-coated plates
(Pierce) were blocked overnight in 2x casein blocking buffer before addition of
biotinylated sCD4 for immobilisation. Media from cultures of ER2738 E. coli, infected with
48 randomly selected Adhiron library phage clones was added to the plates and
incubated for 1 hour, followed by washing to remove unbound phage. Bound phage was
detected with HRP-conjugated anti-phage antibody and visualised with TMB, measured
at 610 nm on a spectrophotometric plate reader.

2.9.5 Affimer protein production
The coding regions of selected Affimers were PCR amplified using a primer set that
would result in protein with a C-terminal cysteine inserted. This was followed by RE
digestion with NheI and NotI and ligation of the coding regions into a pET11a-derived
vector. These constructs were transfected into BL21 (DE3) cells and single colonies
amplified in culture for IPTG-induced protein expression, as previously described by
Tiede et al, 2014. After 6 hours to overnight incubation at 37 °C to allow for protein
expression, bacterial cells were pelleted and lysed with bacterial lysis buffer (50 mM Tris,
150 mM NaCl, 1% (v/v) Nonidet P-40). Expressed protein was purified from lysate by
incubation with Ni-NTA resin, followed by washing in 50 mM NaH2PO4, 500 mM NaCl,
20 mM Imidazole, pH 7.4 and elution in 50 mM NaH2PO4, 500 mM NaCl, 300 mM
Imidazole, 20% glycerol at a pH 7.4.

2.9.6 Affimer-fluorophore conjugation
100-400 μl Affimer protein, at a concentration of 0.5-2.5 mg/ml, was reduced with 1.5-2x
the same volume of TCEP slurry. TCEP resin was prepared by washing 3x with Affimer
buffer (50 mM phosphate buffer + 500 mM NaCl, pH 7.0) before Affimer was added to
the resin and incubated at RT, protected from light, with agitation for 1 hour. TCEP resin
was pelleted and the supernatant collected. The resin was rinsed twice with 1x Affimer
volume and the supernatants were collected and pooled. The reduced Affimer was
centrifuged through a 3 kDa molecular weight cut-off (MWCO) Amicon Ultra centrifugal
filter at 14000 RCF for ~30 minutes, until volume was less than 100 μl. A 75% protein
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yield was assumed. A two-fold molar equivalent of maleimide fluorophore was added to
the reduced Affimer and the reaction mixture was incubated in the dark at RT for 1- 2
hours. A 0.5 ml Zeba Spin desalting column (Thermo Scientific) was equilibrated for
buffer exchange with Affimer buffer, as per the manufacturer’s instructions, before the
Affimer-fluorophore reaction mixture was added to the column and with a 20 μl stacker
volume and centrifuged at 1000 RCF for 2 min. The clean fluorochromated-Affimer
solution was collected as flow-through. Conjugated Affimers were stored at -20 °C.

During optimisation of this protocol, it was further modified to include 5-30% glycerol and
10 mM EDTA in the Affimer buffer. The addition of 0.2% (v/v) Tween-20 was also tested.
Increasing fluorophore solubility was tested by the addition of 5-10% DMSO in the
conjugation reaction. Quenching of the maleimide reaction after 1-2 hours was tested by
addition of 10mM DTT (freshly prepared as 100 mM DTT in 500 mM phosphate buffer +
50 mM NaCl, pH 7.2). Reaction cleanup was also tested in PD MiniTrap G-25 desalting
columns (GE Healthcare), as per the manufacturer’s instructions, as well as by dialysis
in 3.5 kDa and 10 kDa MWCO Slide-alyzer devices; dialysed in 500 ml buffer (500 mM
phosphate buffer + 50 mM NaCl, 10% DMSO, pH 7.2) at 4 °C and at RT, with stirring,
for 48-72 hours, with buffer changes every 4-12 hours.

2.9.7 Thin layer chromatography
Approximately 0.5 μg of conjugated Affimer was spotted onto the origin lines on silica
Thin Layer Chromatography (TLC) plates. The plate was developed in a TCL chamber
with a small volume of 80:20 H2O:Acetonitrile used as solvent. Plates were air-dried and
imaged in the Bio-Rad ChemiDoc with filters appropriate to the fluorophore used.

2.9.8 Protein A-based protein purification
OKT4 hybridoma cells were expanded and maintained at ~1 x 106 cells/ml, with cell
media collected and stored at 4 °C every 3 days until 450ml culture supernatant was
collected. Supernatant was cleared by centrifugation at 1000 RCF for 5 min and then
filtered through a 0.22 μm membrane. 1ml protein A/G/L sepharose bead slurry was
prepared in a gravity flow column. The slurry was washed three times with 3ml PBS
before the filtered culture supernatant was applied to the resin and flowed through the
column. The flow through media was retained and stored at 4 °C. The protein A/G/L resin
was washed by flowing 500ml cold PBS through the column. 5ml 200mM glycine, pH 2
was flowed through column and collected in 250 μl aliquots, immediately neutralized with
37.5 μl 1.5M Tris, pH 8.8 per aliquot. The protein content of eluted fractions was tested
by dot blot on a nitrocellulose membrane (Merck) and Ponceau S staining. The most
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intensely red-staining fractions were combined as purified OKT4 solution and stored at
4 °C. The concentration and purity of antibody obtained was determined by its
absorbance at 280 nm and SDS-PAGE (Section 2.9.1) and the specificity of the antibody
was tested by microscopy assays (Section 2.12).

2.9.9 Fab fragment production
OKT4 Fab fragments were prepared from 0.5 ml (1.4 mg) OKT4 IgG using the Fab
preparation kit (Pierce), according to the manufacturer’s instructions. Antibody buffer
exchange from Tris-HCl to kit digestion buffer was achieved with a Zeba Spin desalting
column, before the IgG was incubated with immobilised Papain in a spin column, with
end-over-end mixing at 37 °C for 2.5 hours. The digested antibody was eluted from the
enzyme resin by centrifugation through a spin column, and the resin was washed with
twice with PBS. The eluent and wash fractions were pooled and incubated with preequilibrated Protein A resin in a spin column, with end-over-end mixing for 10 minutes at
RT. Sample flow through was recovered from the resin by centrifugation, and retained
at 4 °C, along with PBS wash fractions, as these fractions would be expected to contain
Fab fragments. Remaining protein was eluted from the resin using IgG elution buffer.
The concentration and purity of each fraction obtained in this process was determined
by its absorbance at 280 nm and by SDS-PAGE (Section 2.9.1). The specificity of the
antibody was tested by microscopy assays (Section 2.12).

2.9.10 Antibody and Fab fragment-fluorophore conjugation
Monoclonal antibodies and Fab fragments were conjugated with fluorophores via NHSester chemistry using Lightning Link kits (Innova Biosciences). Briefly, 10 μg Fab
fragment or IgG, at 1mg/ml in ddH20 or PBS was gently mixed with 1µl of LL-Modifier,
before addition of 2-3 molar equivalents NHS-ester fluorophore (10mg/ml stocks in
DMSO), gentle mixing and incubation at RT for 3-4 hours. 1 μl of LL-Quencher was
added at the end of the reaction. Unreacted fluorophore was removed by dilution of the
reaction volume to 500 μl and centrifugation through 3 kDa MWCO Amicon Ultra
centrifugal filter at 14000 RCF for 15 minutes. This wash step was repeated three times
before 20 μl clean conjugated label was collected and concentration as well as
protein:dye ratio tested by spectrophotometry. Cell labelling specificity was tested in
microscopy assays.

2.9.11 Protein and fluorophore concentration measurement
Sample protein concentration was measured by absorbance at 280 nm using the
Eppendorf BioSpectrometer and µCuvette. By measuring absorbance of fluorescent
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dyes in the sample and accounting for their known extinction co-efficients, the
concentration of the fluorophores and the molar ratios of dye to protein in each sample
can be calculated.

2.10 Methods in Cell Biology
2.10.1 Cell Culture
2.10.1.1 Adherent Cells
Adherent cell lines TZM-bl, HEK 293T, NIH 3T32D12 and NIH 3T3 WT were cultured in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10%
FBS, 2 mM GlutaMAX, 50 U/ml penicillin and 50 μg/ml streptomycin. NIH 3T3 2D12 were
also maintained under 1 mg/ml G418 selection. Cell lines CHO-R5GFP and CHO-R5WT
were cultured in DMEM/F12 nutrient mix (1:1), supplemented with 10% FBS, 2 mM
GlutaMAX, 50 U/ml penicillin and 50 μg/ml streptomycin. CHO-R5WT were also
maintained under 1 μg/ml G418 selection. CHO-K1 cells were cultured in Minimum
Essential Media with Alpha modification (MEMα), supplemented with 10% FBS, 2 mM
GlutaMAX, 50 U/ml penicillin and 50 μg/ml streptomycin. All cells were maintained at 37
°C and 5% CO2.

TZM-bl, CHO-K1 and NIH 3T3 WT cell lines were dissociated 0.25% (w/v) trypsin/ 1mM
EDTA in PBS when being passaged and seeded onto coverslips or dishes for
experiments. HEK 293T, CHO-R5GFP, CHO-R5WT and NIH 3T3 2D12 were
dissociated with 5 mM EDTA in PBS for passaging and seeding for experiments

2.10.1.2 Suspension cells
SupT1, SupT1-R5 and BC7 cell lines were cultured in phenol red-free Roswell Park
Memorial Institute (RPMI-1640) medium, supplemented with 10% FBS, 2 mM GlutaMAX,
50 U/ml penicillin and 50 μg/ml streptomycin. OKT4 Hybridoma cells were cultured in
phenol-red containing RPMI, supplemented with 20% FBS, 2 mM GlutaMAX, 50 U/ml
penicillin and 50 μg/ml streptomycin. Suspension cells were maintained at a density of
1x 105 – 1x106 cells/ml and incubated at 37 °C with 5% CO2.

2.10.2 Transfection protocols
2.10.2.1 sCD4 constructs
CHO-K1 cells were seeded at a density of 0.15 x 105 cells per well of a 6 well plate. HEK
293T cells were seeded at a density of 0.3 x 105 cells per well. 24 hours after seeding,
cells were transfected with 2 μg purified sCD4 construct plasmid DNA with 8.5 μl Fugene
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6 per well, in a transfection reaction volume of 140 μl with OptiMEM, according to the
manufacturer’s instructions. This reaction mixture was scaled based on surface area for
cell growth, for different cell culture size formats. Cell media was changed 6-8 HPT and
transfection efficiency was assessed 24 HPT.

2.10.2.2 CD4-TagRFP-T
CHO-K1 cells were seeded on 13 mm coverslips in a 24-well plate at a density of 0.5 x
105 cells/well. 24 hours after seeding, cells were transfected with 500 ng CD4-TagRFPT plasmid DNA and 1 μl OptiMEM 2000 in 25 μl OptiMEM per well, according to the
manufacturer’s instructions. Cell media was changed 4-6 HPT and transfection efficiency
was assessed 24 HPT.

2.10.3 Cell lysate preparation
Cell media supernatant was collected on ice and cell lysate was collected by scraping
cells from the culture surface in 0.5 –1 ml PBS and dispersing them in an equal volume
of 2x cell lysis buffer (150 mM NaCl, 1% (v/v) Triton X-100, 50 mM Tris-Cl, pH 8.0) with
freshly added 1x protease inhibitor cocktail (Roche), followed by storage on ice. Lysate
was cleared by centrifugation at 500 RCF for 5 minutes and collection of the supernatant.
Supernatant was stored in 100 μl aliquots at -20 °C.

2.10.4 Antibody-binding effect assay
SupT1 (1x104 cells per sample) were pelleted and resuspended in 20 μl cold RPMI-1640
with 0.4% FBS and 6 μg/ml OKT4-AlexaFluor 647. Cells were incubated on ice for 60
minutes before washing by making cell volume up to 10 ml in cold RPMI with 5% FBS
and pelleting at 300 RCF for 6 min at 4 °C. Supernatant was carefully aspirated and cells
were washed twice more by resuspension in 10 ml cold RPMI-1640 with 5% FBS and
pelleting as above. Cells were resuspended in 60 μl cold RPMI-1640 with 5% FBS,
deposited on coated coverslips, on ice, and left to settle for 40 minutes. “Direct-fixed”
samples were transferred directly to cold 4% PFA. Remaining samples were transferred
to 37 °C RPMI-1640 with 5% FBS and incubated at 37 °C for intervals of 5 seconds and
5, 10 or 30 minutes. Thereafter, cells were returned to cold RPMI-1640 for 1-5 minutes
and fixed with cold 4% PFA for 10 minutes. Samples and PFA were then warmed up to
37 °C, over 20 minutes, before being washed five times in PBS and stored in PBS until
mounting for imaging.
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2.10.5 Cell RANTES stimulation assay
The RANTES stimulation assay was adapted from Signoret et al. 1998. CHO-R5WT or
CHO-R5GFP cells seeded on coverslips 36 hours prior to the assay. Cells were placed
at 4 °C for 10 minutes before the culture media was replaced with ice-cold DMEM/F12
with 250 nM RANTES and 0.4% FBS or DMEM/F12 with 0.4% FBS alone as the control
treatment. Cells were kept at 4 °C with shaking (70 rpm) for 90 minutes before the media
was replaced with DMEM/F12 with 0.4% FBS, pre-warmed to 37 °C. Cells were then
returned to 37 °C for 3, 5, 10, 15 or 20 minutes. At the given time points, cell samples
were removed from the warm media and placed in ice-cold DMEM/F12 on ice. Samples
were kept on ice for 10 minutes before being fixed as described in Section 2.10.9.

2.10.6 Cell phorbol ester stimulation
The phorbol ester stimulation assay was adapted from Signoret et al. 1997. SupT1 and
SupT1-R5 cells (1x104 cells per sample) were pelleted and resuspended in 20 μl cold
RPMI-1640 with 0.4% FBS and 6 μg/ml OKT4-AlexaFluor 647. Cells were incubated on
ice for 60 minutes before washing by making cell volume up to 10 ml in cold RPMI with
5% FBS and pelleting at 300 RCF for 6 min at 4 °C. Supernatant was carefully aspirated
and cells were washed twice more by resuspension in 10 ml cold RPMI-1640 with 5%
FBS and pelleting as above. Cells were resuspended in 60 μl cold RPMI-1640 with 5%
FBS, deposited on coated coverslips, on ice, and left to settle for 40 minutes. Control
direct-fixed samples were transferred directly to cold 4% PFA. Treatment samples were
transferred to 37 °C RPMI-1640 with 5% FBS, with either no added treatment (control),
100 nM Phorbol-12-myristate-13-acetate (PMA) or 4-α-Phorbol-12-myristate-13-acetate
(4α-PMA) and incubated in treatment at 37 °C for intervals of 5 seconds and 5, 10 or 15
minutes. Thereafter, cells were returned to cold RPMI-1640 for 1-5 minutes and fixed
with cold 4% PFA for 10 minutes. Samples and PFA were then warmed up to 37 °C, over
20 minutes, before being washed five times in PBS and stored in PBS until mounting for
imaging.

2.10.7 HIV gp120 binding assays
SupT1 and SupT1-R5 cells (1x104 cells per sample) were pelleted and resuspended in
20 μl cold RPMI-1640 with 0.4% FBS and 6 μg/ml OKT4-AlexaFluor 647, with or without
1 μg/ml HIVBaL gp120. Cells were incubated on ice for 60 minutes before washing by
making cell volume up to 10 ml in cold RPMI-1640 with 5% FBS and pelleting at 300
RCF for 6 min at 4 °C. Supernatant was carefully aspirated and cells were washed twice
more by resuspension in 10 ml cold RPMI-1640 with 5% FBS and pelleting, as above.
Cells were resuspended in 60 μl cold RPMI-1640 with 5% FBS, deposited on coated
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coverslips, on ice, and left to settle for 40 minutes. Control direct-fixed samples were
transferred directly to cold 4% PFA. Treatment samples were transferred to 37 °C RPMI1640 with 5% FBS and incubated at 37 °C for 10 seconds, or 1, 2, 5 or 10 minutes,
before being returned to cold RPMI-1640 for 1-5 minutes and fixed with cold 4% PFA for
10 minutes followed by warming samples and PFA up to 37 °C, over 20 minutes.
Samples were washed five times in PBS and stored in PBS until mounting for imaging.

2.10.8 FACS
SupT1 and BC7 cells (5x105 cells per sample) were pelleted at 300 RCF for 6 minutes,
washed in 1 ml cold PBS, pelleted again, and resuspended in 50 μl cold RPMI-1640 with
5% FBS as well as either Q4120 (5 μg/ml) or an Affimer at 10, 50, 200 or 500 μg/ml.
Cells were incubated on ice for 45 minutes before washing twice by making the cell
volume up to 10 ml in cold FACS buffer (PBS, 2mM EDTA, 1% FBS) and pelleting cells
at 300 RCF for 6 min at 4 °C. Cells were then incubated with 50 μl mouse anti-6xHis
(1:200) in cold RPMI-1640 and 5% FBS on ice for 45 minutes. Cells were then washed
twice as above, before being fixed with cold 4% PFA on ice for 30 minutes. Cells were
washed twice to remove 4% PFA, and incubated in 50 μl anti-Mouse-AlexaFluor 488
(1:500) in FACS buffer for 45 minutes at RT before a repeat wash step as above. Cells
were resuspended in 50 μl FACS buffer and analyses by flow cytometry.

Flow cytometry gating was set to select for single SupT1 and BC7 cell populations, and
10 000 cell events for this gate were recorded per sample. Data was analysed in FlowJo
(TreeStar, USA) to determine the percentage of cells with AlexaFluor 488 signal intensity
by gating boundaries set on negative control cell samples.

2.10.9 Sample Fixation
Samples were fixed in 4% PFA in PBS pre-warmed to 37 °C for 15 minutes before being
washed four times in PBS and quenched in 300 mM glycine for 1 hour. Samples tested
for fixation with PFA and 0.01% GA (PGA/GA) were handled as above but quenched in
50 mM NH4Cl in PBS for 10 minutes. Where fixation is modified for specific assays, this
is indicated in the individual assay method.

2.10.10 Immunofluorescence labelling
If required for a specific assay, fixed samples were permeabilised with 0.1% Triton X100, 0.01%, Tween-20 or 0.05% (w/v) Saponin in ddH20 at RT for 5 minutes before being
washed three times with PBS. Samples were blocked in 4% bovine serum albumin (BSA)
in PBS for 1 hour at RT, then incubated with the appropriate amount of primary antibody
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(Table 1) in 1% BSA in PBS overnight at 4 °C. Samples were washed three times with a
10-minute incubation in clean PBS, before incubation with the appropriate secondary
antibody for 1-3 hours at RT. Samples were washed three times with a 10-minute
incubation in clean PBS and stored in PBS until mounted for imaging.

2.11 Virological Methods
2.11.1 HIV inhibition assay with Affimers
TZM-bl cells were seeded at 1 x103 cells per well of a 96 well microtitre plate. 24 hours
after cell seeding, cells were pre-incubated with no treatment, Q4120 (20 μg/ml) or
Affimers (1.6 μg/ml or 3.2 μg/ml) for 30 min prior to infection. HIV strain R3A (HIVR3A)
was added to cells at a multiplicity of infection (MOI) of 1 and incubated for 20 hours
before infection levels were assessed by beta-galactosidase assay.

2.11.2 Beta-galactosidase expression assay
Beta-galactosidase expression was assessed using the Galacto-Star β-Galactosidase
Reporter Gene Assay System (Applied Biosystems), as per manufacturers’ instructions.
Media from infected cells in 96 well microtitre plates was aspirated 20-24 hours after
infection, and cells were washed twice with 50 μl PBS. 10 μl lysis solution was added
per well and the plate was incubated for 10 minutes at RT with agitation. The GalactoStar reaction buffer was prepared by pre-warming Galacto-Star substrate to RT and
diluting it 1 in 50 with the kit reaction buffer diluent. 100 μl of reaction buffer was added
to each microtitre plate well using a multichannel pipette. Luminescence was
continuously measured for 40 minutes in a Perkin Elmer plate reader.

2.11.3 Virus preparation
HEK 293T cells were seeded at 2.25 x 106 cells per T75 culture flask, in a 15 ml media
volume, for <50% cell confluency the following day. 1500 μl of OptiMEM was mixed with
15 μg of proviral DNA and incubated at RT for 5 min, followed by addition of 45 μl Fugene
6, equilibrated to RT, with gentle mixing. Cell media was then replaced with 15 ml
antibiotic-free DMEM with 10% FBS and the transfection reaction mixture was added to
the cells, with gentle rocking. 48 Hours after transfection, culture media was collected
and centrifuged at 500 RCF for 10 min. The supernatant was collected, transferred to
Beckman ultra-centrifuge tubes and underlayed with a 5 ml cushion of 20% sterile
sucrose in PBS. Tubes were topped up with remaining media or complete media
according to the manufacturer’s instructions. Virus was pelleted from the media into the
sucrose cushion by ultracentrifugation at 98000 RCF for 2 hours at 4°C. Supernatant
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was carefully aspirated while taking care to not disturb the viral pellet, which was then
resuspended in DMEM before aliquoting and storage in liquid nitrogen stores.

2.11.4 Virus Titration
TZM-bl cells were seeded at 1x103 cells per well in a 96 well microtiter plate. 12-18 Hours
after seeding, cells were infected with prepared HIV at a series of two-fold dilutions from
1 in 2 to 1 in 64 in a final volume of 60 μl/ well. 6 Hours post infection (hpi), 20 μg/ml
Q4120 was added to cells to prevent syncytia formation. Cells were washed in PBS at
36 hpi and fixed by incubation with fresh 3% formaldehyde (FA) in PBS for 30 minutes,
followed by incubation in 0.1% FA overnight at 4°C. Cells were then washed three times
with PBS at RT, and quenched in 50 mM NH4Cl for 10 minutes before being blocked and
permeabilised in 1% FBS, 0.1% Triton in PBS for 15 minutes at RT and washed in 1%
FBS in PBS. Cells were incubated with gag antiserum at 1:500 in 1% FBS in PBS for 1
hour at RT, washed three times with 1% FBS, 0.1% Triton in PBS and incubated with
secondary antibodies and Hoechst for 20-30 mins. Cells were washed with Hoechst for
20-30 mins. Cells were then washed three times with 1% FBS in PBS and then with PBS
before imaging plates using an Opera high-throughput plate reader with 20x objective.
20 Images were acquired per well. Images were analysed using Columbus Image
Analysis software and Fiji ImageJ.

2.11.5 HIV-cell binding for imaging
1 x103 SupT1 or BC7 cells were pre-incubated with OKT4-AlexaFluor 647 (6 μg/ml) in
20 μl for 15 min at RT. Cells were then cooled to 4°C and virus was added at MOIs of
10, 25 or 50 followed by incubation on ice for 1 hour. Cells were washed by centrifugation
through 10 ml cold RPMI-1640 at 500 rpm for 10 min, resuspended in 100 μl and allowed
to settle onto poly-L-lysin-coated (PLL) coverslips for 40 min in 4-well plates. Settled cells
were fixed by incubation with fresh cold 4% PFA in PBS for 30 minutes, followed by
incubation in 0.1% FA for 2 hours at 4°C. Cells were then washed four times with PBS
at RT and quenched in 50 mM NH4Cl in PBS for 10 minutes. Cells were blocked and
permeabilised with 4% BSA and 0.1% Tween-20 in PBS for 5 minutes before washing
three times with 4% BSA and incubating with 4% BSA in PBS for 20 minutes. Cells were
labelled with anti-p24 antibody (1: 500 in 4% BSA) for 1 hour at RT before washing three
times in PBS and incubation with 1:500 Goat-anti-Rabbit-AlexaFluor 488 for 1 hour at
RT. Cells were washed five times in PBS and stored in PBS until sample mounting and
analysis by microscopy.

68

2.11.6 HIV-cell binding for SR imaging
1 x103 SupT1, SupT-R5 or BC7 cells were pre-incubated with OKT4-AlexaFluor 647 (6
μg/ml) in 20 μl for 15 min at RT. Cells were then cooled to 4°C or 15- 18 °C and virus
was added at a MOI of 50, followed by incubation for 1 hour at the same temperature.
Cells were washed by centrifugation through 10 ml cold RPMI-1640 at 500 rpm for 10
min, resuspended in 100 μl and allowed to settle onto PLL-coated coverslips for 40 min.
Settled cells were either fixed directly by incubation with fresh cold 4% PFA in PBS for
30 minutes, followed by washing three times in PBS, or cells were warmed to 37 °C by
replacement of cold media with warm media, before returning to 4°C for 1 minute and
fixed by incubation with fresh cold 4% PFA in PBS for 30 minutes, followed by three
wash steps in PBS. Cells were blocked and permeabilised with 4% BSA and 0.1%
Tween-20 in PBS for 5 minutes before washing three times with 4% BSA and incubating
with 4% BSA in PBS for 20 minutes. Cells were labelled with anti-p17 antibody (1: 500
in 4% BSA) for 1 hour at RT before washing three times in PBS and incubation with
1:500 Goat-anti-Mouse-AlexaFluor 568, for 1 hour at RT. Cells were washed five times
in PBS and subjected to a second round of fixation with 4% PFA in PBS for 30 minutes
at RT. Cells were washed five times in PBS and stored in PBS until sample mounting
and analysis by microscopy.

2.12 Microscopy Methods
2.12.1 Coverslip cleaning
Coverslips were cleaned by overnight immersion in 1:1 HCL (fuming) and methanol, with
stirring. Coverslips were then rinsed carefully in clean ddH2O, until the water pH was
neutral. Coverslips were then stored in 50% isopropyl alcohol until coating with PLL (1:6
in PBS) for cell adhesion.

2.12.2 Sample preparation for two colour SMLM
Following sample labelling and washing, and prior to sample mounting, samples were
incubated with a 1:10000 dilution of Tetraspeck 0.1 μm microspheres in PBS, for 30
minutes at room temperature. Samples were gently washed twice with PBS and directly
mounted as described in the next section.

2.12.3 Parafilm-slide sample mounting method
Strips of parafilm were fused onto glass slides at low heat (~55 °C) for 3 minutes. This
allowed a small region of approximately 9x9 mm of the fused parafilm strip to be cut out
and removed from the slide, forming a small well surrounded by a gasket. Cell samples
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were mounted by filling the well with STORM buffer 1 or 2, carefully inverting the
coverslip over the well such that it forms a seal with the gasket and the cells on the
coverslips are bathed in the buffer. The mounted samples were then sealed with clear
nail varnish (Rimmel, UK).

2.12.4 Mounting media
Single molecule localization microscopy (SMLM) images for RANTES assay samples
were carried out with STORM buffer 1: 100 mM Tris, pH 7.0, 0.5 mg/ml glucose
oxidase, 40 μg/ml catalase, 35 μM 2-Mercaptoethylamine-HCl, 10% glucose, 10 mM
NaCl. SMLM images for all other assay samples were carried out with STORM buffer2: 150mM Tris, pH8, 1% glycerol, 1% glucose. 10mM NaCl, 1% beta-mercaptoethanol,
0.5 mg/ml glucose oxidase and 40 μg/ml catalase. Samples for confocal imaging were
mounted in VECTASHIELD Antifade Mounting Media (Vector Laboratories).

2.12.5 Imaging
Confocal imaging was carried out on a Leica TCS SP8 inverted scanning confocal
microscope with HC PL APO CS2 /1.4 63X 1.4 NA objective, HyD detectors and PMT
detectors. Acquisitions of optical section stacks through the volume of cell samples were
acquired with 0.3 μm step sizes.

TIRF and SR imaging for samples from RANTES-stimulation assays and PMA
stimulation in SupT1 cells was carried out on a Nikon N-STORM inverted microscope
with CFI Apo TIRF 100X 1.49 NA oil objective and Andor iXon DU897E EMCCD camera.
Single frame TIRF images were acquired with 100-300 ms exposure at 1-10% laser
illumination. SR acquisitions were set up as a series of 20-30000 sequential TIRF frames
at 10 ms exposure with 100% 647 nm laser illumination and 1-25% 405 nm activation
illumination. Nikon Perfect Focus System was used throughout all acquisitions.

TIRF and SR imaging for all other assays was carried out on a Zeiss Elyra PS.1, with
alpha Plan-Apochromat DIC M27 Elyra 100X 1.46 NA oil objective and Andor iXon 897
EMCCD camera. Single frame TIRF images were acquired with 50-300 ms exposure at
1-5% laser illumination. SR acquisitions were set up as a series of 20000-40000
sequential TIRF frames at 10-30 ms exposure with 100% 647 nm laser illumination and
405 nm continuous activation illumination increasing from 0-10% throughout the course
of the acquisition. Microscope autofocus was used throughout all acquisitions.
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For dual-colour SR imaging, a second series of 20000-40000 sequential TIRF frames
was acquired, at 10-30 ms exposure with 100% 561 nm laser illumination. Continuous
405 nm activation illumination was also used, increasing from 0-15% throughout the
course of the acquisition. Microscope autofocus was used throughout all acquisitions.

2.13. Methods in quantitative image analysis

2.13.1 SMLM image analysis
SMLM images were reconstructed using the ThunderSTORM analysis plugin (Ovesný
et al. 2014). SMLM data was analysed with the particle localisation by local maximum
and the integrated PSF function and fitting by Weighted Least Squares method. Drift
correction was performed post-localization by cross-correlation. SMLM images were
generated using a normalized 20 nm Gaussian rendering of the localisations.

In the case of dual-colour SMLM data, the channel alignment of reconstructed SR
images was corrected for chromatic aberration. SR images from the two acquired
channels were merged, and the 561 nm-channel image was laterally translated until the
images of captured Tetraspecks in each channel were fully aligned.

2.13.2 Cluster analysis
Following ThunderSTORM analysis of acquired SMLM data, localisation tables
corresponding to areas in a reconstructed image that fell within the boundaries of a cell
were extracted and used for cluster analysis. Voronoi diagram cluster analysis was
carried out using SR-Tesseler (Levet et al. 2015). A density factor of 1 was applied to
inputted regions of interest (ROIs) in the first round of segmentation, followed by a
density factor of 2 for the second round of segmentation and identification of clusters.

SR-Tesseler was used for the automated extraction of size and shape parameters for
each identified cluster in an inputted ROI. Cluster density was calculated as the number
of clusters identified by SR-Tesseler, divided by the total area of inputted ROIs. Mean
cluster area was calculated: By plotting area values as pixels with the same intensity in
an image, the built-in histogram plotting and curve fitting functions in ImageJ were used.
Area values used for the analysis were truncated to between 500 and 70600 nm2 and
distributed into bins of 100 nm2 in size. An exponential decay curve was fitted to the

71

population distribution of cluster areas in a sample set, and the decay rate constant was
determined. The average value for cluster areas was then calculated as:
*+,-*., *-,* =

−1
% ln (2)

where l is the decay rate constant.

2.13.3 Nearest neighbor analysis
Two-colour

nearest

neighbor

analysis

was

applied

to

channel-aligned

SR

reconstructions, using a plugin developed in the lab within the NanoJ library of analytical
tools in ImageJ. Briefly, clusters (no smaller than 30 nm in diameter) were identified by
local maxima after a threshold step based on the signal-to-noise ratio (SNR). The
position of identified clusters was used to measure the distance to the closest cluster in
the second channel.

2.13.4 Ripley’s K function analysis
Ripley’s K function analysis was carried out using the transformation of the K function,
L(d), normalized to the area of the image with no edge correction. The L(d) function is
defined as:
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where d is the distance, n represents the number of features, A is equal to the total area
of the feature and k(i, j) is a weighting factor.

2.13.5 Single Particle tracking
Single particle tracking was carried out using TrackMate (Tinevez et al. 2017), using a
Laplacian of Gaussian filter image detection, an “estimated blob” diameter of 1 μm and
threshold value of 2, and automatic thresholding on the detected spots. Spots were
tracked using the “Simple LAP tracker” with a linking maximum distance of 1 pixel, a gapclosing maximum distance of 0.5 pixels, and a gap-closing maximum frame gap setting
of 5.
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CHAPTER 3: Development of small labelling tools for cell
surface receptors
3.1 Introduction
SR microscopy is a powerful suite of emerging imaging technologies capable of
revealing spatial information at resolutions on the order of nanometers. However, one of
the key aspects influencing the quality and resolution of a SR image is the labelling
molecule (such as an antibody) used to target fluorophores to the molecule of interest.
In addition to high specificity and affinity, the size of this label is important. Conventional
labelling reagents such as antibodies, with an ~150 kDa molecular mass, have the
potential to sterically hinder the binding of other molecules to their target epitopes. In
addition, a labelling complex formed by both a primary and secondary antibody is
approximately 15 nm in length. Such a large labelling complex places the fluorophore
detected by the imaging system at a greater distance away from the target molecule than
smaller labelling species would. This effectively reduces the fidelity of imaging, which
aims to precisely locate the labelled molecules (Ries et al. 2012). This effect is
particularly impactful in SR microscopy. The ~15 nm of an immunolabelling complex may
not be relevant in a ~250 nm diffraction-limited image, however it becomes a more
serious problem in SR approaches that aim to achieve ~20 nm resolution. A directly
fluorochromated primary antibody labelling scheme uses a smaller labelling molecule,
and thus is preferable to a duplexed antibody complex. Even smaller labelling species
such as Fab fragments (~50 kDa), or smaller, would be preferred.

Recent years have seen the development of a number of small-sized high-affinity and
high-specificity binding species, such as aptamers (Opazo et al. 2012) and single domain
antibodies (Pleiner et al. 2015), with a range of potential applications, including
therapeutics, diagnostics and labelling for imaging. Due largely to their novelty and very
recent emergence into the research arena, such small binding molecules have not yet
been selected against a large number of unique target species. This is especially so in
comparison to the extensive range of unique targets that monoclonal antibodies (mAbs)
have been raised against. The application of novel small monomeric binders such as
these to use in imaging is extremely attractive due to several advantages: the small size
allows for the chromophore moiety to be proximal to the molecule of interest, thus
allowing higher resolution imaging; these monomeric labels do not artificially crosslink
target molecules, and are less likely to alter the organisation or distribution of target
molecules, such as cell-surface membrane receptors; lastly these small labels are less
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likely to sterically inhibit interactions with other molecules of interest, such as in signalling
complexes, ligand binding, or pathogen-receptor engagement.

These advantages have resulted in several research groups exploring different scaffolds
that could be used as labelling tools (Opazo et al. 2012; Platonova et al. 2015; Pleiner
et al. 2015; Traenkle and Rothbauer, 2017). One such solution is Affimers (Tiede et al.
2017), a novel class of small-molecule (~10-15 kDa, ~1.5 nm) thermostable affinity
binders, derived from a synthetic plant-derived peptide presentation scaffold, also known
as Adhirons (Tiede et al. 2014). This scaffold features two 9-amino acid loop regions
which can vary in amino acid sequence, influencing the binding affinity of the protein for
different target molecules. Target-specific Affimer selection is achieved by binding
assays between a phage-display library of 1.3 x1010 distinct clones and immobilised
soluble target protein (Figure 3.1) (Tiede et al, 2014). The capacity for rapid selection
and bulk production of target-specific Affimers against a wide array of molecules of
interest has resulted in their application across a wide range of disciplines, from use in
western blots (Hughes et al. 2017), to the study of interactions between proteins in
oncology research (Burslem et al. 2017), as well as use as a biosensor (Xie et al. 2017),
and use as labels for cell imaging and fluorescent SR microscopy (Tiede et al, 2017).
Their high affinity, proven SR applicability, and target protein domain-specific selection
makes Affimers a tool of great potential to explore in the context of image-based
characterisation of cell surface receptor organisation, such as CD4 or CCR5.

Figure 3.1: Schematic of Affimer selection process. Unique variants of the Adhiron protein
scaffold (shown as ribbon diagram; PDB IS no. 4N6T, adapted from Tiede et al, 2017) are cloned
into a phage display library consisting of >1010 clones. This library is used in ELISA screening
assays where phages are added to immobilised soluble target protein. Unbound phages are
washed away, bound phages are then eluted and can be further amplified for characterisation
and subcloning into E. coli for expression (adapted from Zafra et al. 2011).

The cell-surface receptor CD4 is a transmembrane protein with a large extracellular
domain consisting of four immunoglobulin-like domains. The distal domain D1 plays an
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essential role in CD4 interaction with MHCII (via a binding region spanning the D1-D2
interface) (Harrison et al. 1992; Maddon et al. 1986). CD4 D1 is also targeted for the
initial binding by HIV gp120, in the virus’ first essential step in cell infection (Arthos et al.
1989; Clayton et al. 1989). The key role of CD4 in HIV means that it’s biochemistry has
been long been a central focus in disease research, and a number of CD4-specific mAbs
have been developed against CD4 for both research and potential therapeutic purposes.
The availability of novel small molecule binders against CD4 would be valuable for similar
reasons. In the context of cell imaging, high affinity small molecule CD4 binders could
circumvent many of the disadvantages of antibody use against a membrane associated
protein, particularly in SR imaging assays. While non-inhibitory binders would be of most
use for the characterisation of CD4 organisation upon HIV engagement, HIV-inhibitory
CD4 binders would have great therapeutic potential.

Affimers can meet many of the size, affinity and stability requirements that would make
an optimal small molecule label for SR imaging of cell surface receptors such as CD4. A
collaboration was established between ourselves, the Tomlinson Laboratory and Avacta
Life Sciences at University of Leeds, for the development and characterisation of CD4binding Affimers, for use as non-inhibitory labelling molecules in cell imaging and SR
microscopy assays. This work required us to produce or source high purity molecular
target CD4, that the Affimers would be selected against. Candidate Affimers would then
be selected and supplied to us characterisation and validation of their suitability for use
in our imaging and HIV cell entry assays.

Selection of small molecule labels against the chemokine receptor and HIV co-receptor
CCR5 is more challenging due to its 7-transmembrane domain (7TM) structure; it is not
feasible to generate a soluble variant of truncated form of CCR5. However, for the
purpose of the questions asked in this thesis, high affinity mAbs can be fluorophoreconjugated for use in fluorescent and SR imaging of receptor CCR5.

Thus, in this chapter I describe the work done to obtain a soluble CD4 peptide to use in
Affimer selection for CD4 binders, the subsequent characterisation of these binders’
properties and the assessment of suitability for use as cell-surface CD4 imaging labels.
I also describe the work done in parallel to assemble a panel of directly conjugated mAbs
for use in SR cell-surface receptor imaging assays.
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Objectives:
1. Develop a new Affimer label against cell-surface CD4, suitable for use in SR
fluorescent microscopy of HIV infection processes
a. Clone and express soluble CD4 variants suitable for use in Affimer
selection against D3 or D4 of CD4
b. Select and characterise sCD4-specific Affimers
c. Characterise candidate Affimers for high-affinity HIV non-inhibitory
labelling of cell-surface CD4 for fluorescent microscopy
2. Validate immunolabelling tools for cell-surface receptors CD4 and CCR5 for use
in fluorescent microscopy and SR imaging.

3.2 Results
3.2.1 Development of non-inhibitory Affimer to target cell-surface CD4
We aimed to develop an Affimer for the cell-surface receptor CD4. We required this label
to be non-inhibitory to HIV and to be easily fluorochromated for use in fluorescent
microscopy. In order to fulfill these requirements, we required a careful screening
approach, followed by thorough binder characterisation and validation. This section
covers this process; from the cloning and expression of soluble truncated forms of CD4
for use in Affimer selection, to the characterisation of candidate binding molecules’
properties and our efforts to adapt them as probes suitable for fluorescent microscopy.

3.2.1.1 Isolation of soluble CD4 domains for Affimer screening
3.2.1.1.1 sCD4 gene cloning
We developed a strategy for the cloning and expression of soluble CD4, including D1D4 (sCD4), as well as soluble CD4 variants consisting of D1-D2 (sCD4-D1D2) or D3-D4
(sCD4-D3D4), described in Section 2.8.1 (Figure 3.2).

Each of the sCD4, sCD4-D1D2 and sCD4-D3D4 coding sequences were cloned to
include the CD4 signal peptide sequence, to promote secretion of the different variants
of sCD4 from cells, and a histidine (6xHis) tag for the purification of the proteins. Each
of the soluble CD4 gene constructs was cloned into the pcDNA3.1(+) backbone, and
construct identity was confirmed by DNA sequencing.
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Figure 3.2: Truncated sCD4 constructs for Affimer selection. Simplified schematic of the CD4
domains included in each of the truncated sCD4 constructs cloned for expression, in comparison
to Human WT CD4. Each sCD4 construct includes a signalling peptide (SS) necessary for protein
secretion from the cell, and well as a 6xHis tag for protein purification. While WT CD4 is the
eventual target of selected Affimers, they will be selected first to sCD4. Selected Affimers can be
further screened for binding to sCD4-D3D4, with negative selection by sCD4-D1D2.

3.2.1.1.2 sCD4 protein expression and purification
Cloned sCD4 gene constructs were transiently transfected in CHO-K1 cells for protein
expression, as described in Section 2.10.2.1. Initial transfection efficiency and
expression 24 hours post-transfection (HPT) were confirmed with sCD4-D1D2, by
immunolabelling of the 6xHis tag in fixed transfected cells (Figure 3.3). We thus
proceeded with transfection for collection and purification of expressed protein.

Figure 3.3: Confirmation of cell expression of sCD4 fragment D1D2. CHO-K1 cells were
transfected with WT-CD4-pcDNA3.1 or sCD4-D1D2p-pcDNA3.1. Transfected cells were fixed
and immunolabelled with Q4120 and anti-Mouse–AlexaFluor 488 (WT-CD4) (green) or anti-6xHis
and anti-Mouse–AlexaFluor 488 (sCD4-D1D2 and mock transfection) (green). Cells were
counterstained with DAPI (blue). Scale bars= 10 μm.
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Following transfection of CHO-K1 cells, cell media (supernatant) was collected 24 and
48 HPT. Cell Lysates and pellets were also collected at 48 HPT. Cell supernatants were
concentrated by flow through a 3 kDa MWCO Amicon Ultra centrifugal filter, before the
expressed proteins were affinity-purified from the supernatant using Ni-NTA resin.
Incubations with increasing imidazole concentration were used to elute bound 6xHistagged protein from the resin. Fractions from each step in the purification assay were
retained; the expression and purification of cloned protein in each sample was tested by
western blot.

Expressed soluble CD4 proteins were probed for by immuno-blotting for the 6xHis tag
(Figure 3.4; The approximate expected size for each expressed protein is listed in Table
3.1.). While bands are visible at the expected positions for each of the estimated protein
sizes, they are most strongly detected in samples of the whole Ni-NTA resin used for the
protein concentration, boiled and loaded directly onto the PAGE gel. Low levels of sCD4D1D2 and sCD4-D3D4 can also be detected in the eluents from the 48 HPT samples,
but not at a level sufficient for bulk collection of purified sCD4 proteins.

Figure 3.4: Purification of expressed sCD4 proteins in CHO-K1 cells. Collected sample
fractions were run on a western blot, as indicated, and blotted with Mouse-anti-6xHis and antiMouse-IRdye680RD. Sup: Supernatant; FT: Flow through; Elute: Eluent; Resin: boiled resin
supernatant.

Table 3.1: Expected sizes of expressed sCD4 fragment proteins
Protein
sCD4
sCD4-D1D2
sCD4-D3D4

Expected protein size
(kDa)
42.3
23.2
22.6
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We carried out several further transfection and protein purifications assays, in which a
number of experimental parameters were systematically adjusted in an effort to improve
the protein expression yields. The serum content of the cell media in which cells
recovered and expressed protein post-transfection was tested at 0%, 5% and 10% with
no improvement in protein expression nor our ability to recover protein from the
purification process. Different media collection times post-transfection (12-72 HPT) were
tested, as well as a different cell line (HEK 293T). These provided no improvement to
the protein yield or purification results (data not shown); protein bands of the appropriate
size for each sCD4 construct were consistently and almost exclusively detected only in
the boiled resin samples. A range of imidazole concentrations (0-300 mM) were tested
in the wash and elution buffers to improve elution of protein from the Ni-NTA resin.
However, this, too, did not significantly change the purification results as protein recovery
did not improve.

We reasoned that the low protein expression yield could be due to poor or variable
expression in the transiently transfected cells. Stably transfected (non-clonal) CHO-K1
cell lines were generated by G418 antibiotic selection following transfection with each of
the sCD4 variants. Cell supernatant and lysates were collected for protein purification
from large format (15 cm dish) cultures (Figure 3.5a). A panel of clonal lines of cells
stably transfected with each sCD4 variant were isolated and grown under sustained
G418 selection. Supernatants and lysates from successfully proliferated clonal lines
were collected for purification of target proteins as above (Figure 3.5b). Despite each of
the stably transfected cell lines being maintained under G418 selection, no 6xHis-tagged
proteins were detected by western blot in any of the fractions collected from these cells.

Improved protein expression and successful purification requires further optimisation or
even adaptation to different expression and/ or purification systems. Instead of investing
further in this process, it was decided to source a soluble human CD4 (D1-D4) from a
commercial supplier. This could then be used for simple selection of sCD4 binding
Affimers, which would require full characterisation before implementation in HIV-receptor
engagement experiments.

3.2.1.1.3 Selection and characterisation of commercially sourced sCD4
Two forms of sCD4 were selected, from two different suppliers. HEK 293 cell-expressed
recombinant human soluble CD4 was sourced from Acrobiosystems (USA). This peptide
consists of the extracellular region (including IgG-like domains D1-D4) of CD4 and a Cterminal 6xHis tag. Recombinant sCD4 produced in a CHO cell expression system,
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consisting of domains D1-D4, but lacking a 6xHis tag, was sourced from the Centre for
AIDS reagents (UK).

Figure 3.5: Purification of expressed sCD4 proteins from stably transfected cell lines. a)
Western blots of fractions collected from non-clonal cell lines, as indicated; b) Western blots of
fractions collected from clonal cultures, as indicated. 6xHis-tagged Osh4 (10 μg) was used as a
positive control; expected protein size 48 kDa. Membranes were blotted with Mouse-anti-6xHis
and anti-Mouse-IRdye680RD. Sup: Supernatant; FT: Flow through; Elute: Eluent; Resin: boiled
resin supernatant.

The purity, integrity and identity of both sCD4 peptides were confirmed by SDS-PAGE
and western blot (Figure 3.6). Coomassie staining shows no degradation or
contamination of the peptides. Both sCD4 peptides are strongly recognised by anti-CD4
antibody Q4120 in a non-reducing western blot, confirming their identities as well as
appropriate folding and glycosylation for antibody recognition. Both proteins are thus
suitable for use the Affimer selection process.
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Figure 3.6: Commercial sCD4 protein characterisation prior to Affimer selection. [1] 1 μg
Protein sourced from AcroBiosystems sCD4, and [2] 0.5 μg sCD4 from NIH ARP were run on
12% SDS-PAGE for a) Coomassie staining and b) western blot, labelled with Q4120 and antiMouse-AlexaFluor 647.

3.2.1.2 Screening Affimer library for sCD4 binding molecules
The two forms of sCD4 were used in Phage ELISAs, testing 48 random clones for
specific binding, as described in Section 2.9.4. No sCD4-binders were identified in the
assay using the Acrobiosystems-sourced peptide. Twelve clones displayed binding to
the CHO-expressed sCD4, from which a panel of six unique candidate Affimers were
selected for sub-cloning, expression and purification (Table 3.2). Each candidate Affimer
was expressed with a single N-terminal cysteine, as well as a C-terminal 6xHis tag.

Table 3.2: sCD4-selectect Affimer candidates.
Adhiron
sCD4-5
sCD4-8
sCD4-20
sCD4-23
sCD4-24
sCD4-41

Variable Region 1
WDTEESDHE
WDDLIDEYA
WDDSTETQE
LNDPTRSPP
YEDSNQDPE
EDPVGDADY

Variable Region 2
QVSWFGLSL
QLSLGNLMF
QYDFFQWVA
EAWFLDWHI
EYDFDIFTL
NYYFFDWLV

Calculated MW (kDa)
10.68
10.66
10.81
10.71
10.76
10.74

3.2.1.3 Characterisation of candidate sCD4-binding Affimers
Each candidate Affimer was characterised in terms of its inhibitory activity against HIV
infection and its specificity for cellular CD4 before fluorophore conjugation and testing
their usefulness as cell-surface CD4 labels.

3.2.1.3.1 HIV inhibitory action of Affimers
The effect of candidate Affimer binding to the cell-surface on HIV infection was assessed.
TZM-bl cells, with a beta-galactosidase gene under control of an HIV-Tat promoter, were
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pre-incubated with high concentration (20 μg/ml) HIV-inhibitory anti-CD4 antibody
Q4120, or with each Affimer at 1x (1.6 μg/ml) or 2x (3.2 μg/ml) the molar equivalent of
Q4120 used. Following incubation of cells with each CD4-binding molecule, X4R5-tropic
HIVR3A was added to the cells at MOI 1. After 24 hours the infection rate was assessed
by measurement of beta-galactosidase activity. Figure 3.7 shows that, as expected,
Q4120 fully inhibited HIV infection, while none of the Affimers significantly inhibited HIV.
The lack of detectable HIV-inhibition by all of the Affimers, although promising, for the
purposes of our imaging assays, seems unlikely. Such a result may be due to true noninhibitory binding of all the Affimers, or due to reduced affinity and/or specificity for CD4.

Figure 3.7: sCD4-binding Affimers do not inhibit HIV infection. Results of HIV infection assay
in which TZM-bl cells were pre-treated with the indicated antibody or Affimer prior to infection with
HIVR3A at MOI 1. Infection was measured by HIV Tat-induced beta-galactosidase activity; results
were normalised to those obtained with untreated cells.

3.2.1.3.2 Candidate CD4 binding and specificity of Affimers
In order to test the specificity of candidate Affimers to sCD4 we first decided to test their
capacity to recognise CD4 in a western blot using AlexaFluor 647 directly conjugated
Affimers. CHO cell lysates supplemented with exogenous sCD4 were run on SDS-PAGE
and transferred to membranes. These membranes were each blotted with an Affimer
candidate, conjugated with AlexaFluor 647 (Figure 3.8). Each Affimer specifically
detected protein of the appropriate size against the cell lysate background. Candidates
sCD4-23, -24 and -41 produced the strongest signal bands, on a par with that produced
by Q4120. However, we determined that there was a mixed population of conjugated
and unconjugated Affimers (described further in Section 3.2.1.3.3.), hence the intensity
of the bands may not directly correlate with the relative affinities of the Affimers for the
target sCD4. As the western-blot results were inconclusive we posited that we could
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assess the candidate Affimers’ affinity and specificity by exploring their potential in cell
based functional assays.

Figure 3.8: Confirmation of candidate Affimer specificity for sCD4. CHO cell lysate,
supplemented with 0.8 μg sCD4 per gel lane was run on SDS-PAGE for western blotting.
Membrane was blotted with 1μg/ml AlexaFluor 647-conjugated Affimer, as indicated.

More specifically, the capacity of Affimers to specifically bind to whole cell-surface CD4
was assessed by both microscopy and flow cytometry. Based on our preliminary finding
that the Affimers were not inhibitory we decided to use over-saturating concentrations of
these probes: 10- and 50-fold higher for cell surface labelling, and between 100- and
500-fold higher for flow cytometry. We hypothesised that these higher concentrations
would provide us with a robust dynamic range of labelling quality that could function as
a proxy for the affinity and specificity of the tested Affimers. Furthermore, as mentioned
above and fully described in Section 3.2.1.3.3, the conjugation of the Affimers proved to
be an extra factor of variability. Hence, we decided to use unconjugated Affimers taking
advantage of the 6xHis-tag available in the molecule for detection of bound Affimer.

Cell-surface CD4 labelling was assessed by fluorescence microscopy. Live SupT1
(CD4+), Jurkat (CD4+) and BC7 (CD4-) cells were incubated with un-fluorochromated
Affimers (50 μg/ml) or with Q4120 (5 μg/ml) as a positive control, before washing and
fixation. Affimer-bound cells were immunolabelled with anti-6xHis antibody and
fluorochromated secondary antibody, while Q4120-bound cells were labelled only with a
fluorochromated secondary antibody. Confocal imaging reveals uneven but clear cellsurface fluorescent signal in one or both of the CD4+ T-cell lines for each of the Affimers
(Figure 3.9). No non-specific signal was detected in the negative control BC7 cells,
however there is considerable off-cell labelling both in the CD+ and CD- samples. This
could be due to Affimer aggregates, that can consequently reduce the homogeneity of
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the on-cell labelling. This assay confirmed that the selected Affimers are able to bind
intact cell-surface receptor CD4. However, uneven and/or low levels of labelling were
obtained with a relatively high Affimer concentration (10 fold higher than the anti-CD4
mAb). This could be due to the multiplexed labelling strategy used or may be the result
of poor Affimer binding affinity. This prompted us to further assess the candidate
Affimers’ binding affinity as well as explore the optimal concentration to use for CD4
labelling.

The Affimers' cell-surface CD4 binding and specificity was investigated by fluorescencebased flow cytometry (Figure 3.10). BC7 and SupT1 cells were labelled with Affimers,
as above, at 10, 50, 200 or 500 μg/ml. An Affimer specific to VEGFR2, previously
successfully used for cell surface labelling in our lab (unpublished data), was used as a
negative control, and Q4120 as both positive control and for gating. Cell gating was set
based on the distinct FACS plots from Q4120-bound SupT1 cells (“positive,” majority in
quadrant 3 (Q3)) and BC7 cells (“negative,” majority in Q4).

It is worth noting that cells bound only with anti-6xHis-tag secondary antibodies show a
small shift of a sub-population of cells to Q3 (Figure 3.10a), although not to as large an
extent as seen with CD4-binding Affimers. The percentage of cells positive for
fluorescent signal, based on these gating settings, is plotted for each Affimer dilution
series in Figure 3.10b. We observed a small CD4-specific concentration-dependent
increase in Affimer-cell binding in CD4+ but not in CD4- cells. For example, the most
promising Affimer, sCD4-24, despite displaying a consistent concentration dependent
cell-binding increase, labelled only ~25% of the cells at concentrations of 500 μg/ml.

Taken together, both microscopy and flow cytometry results strongly suggest that the
selected Affimers might not be specific or high-affinity enough to be valuable imaging
tools. However, because of the indirect detection approach we describe in this section
(Affimer, anti-6xHis antibody and fluorochromated secondary antibody), one can argue
that the triple detection layer may mask the true affinity and specificity of these probes
due to steric hindrance or conjugate instability for example. Consequently, we proceeded
with work to obtain directly conjugated Affimers to pursue further studies.
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Figure 3.9: Labelling of cell-surface endogenous CD4 in live cells by Affimers. Live BC7,
SupT1 and Jurkat cells were incubated with 50 μg/ml indicated (legend cont. next page…)
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Affimer, prior to fixation and labelling with Mouse-anti-6xHis and anti-Mouse-AlexaFluor 647
(Red); cells were counterstained with DAPI (blue). Scale bars= 10 μm.

Figure 3.10: Cell-surface CD4-Affimer binding assessment by fluorescence-based flow
cytometry. a) Representative FACS plots of 10 000 SupT1 or BC7 cells labelled with Q4120 (5
μg/ml) and anti-Mouse AlexaFluor 488, anti-6xHis (5 μg/ml) and anti-Mouse AlexaFluor 488, or
VEGFR2.1, sCD4-23 or -41 Affimers (500 μg/ml), followed by labelling with anti-6xHis (5 μg/ml)
and anti-Mouse AlexaFluor 488. Gating into the 4 quadrants is determined based on the plot
distributions of Q4120-labelled SupT1 and BC7 cells. b) Plots of percentage of a 10 000-cell
population of SupT1 or BC7 cells positive for fluorescent signal (corresponding to Q3 in (a)),
following labelling with the indicated Affimer at different concentrations (5- 500 μg/ml).

3.2.1.3.3 Fluorophore conjugation of Affimers for cell-surface labelling
Affimers were produced with an N-terminal cysteine for the purposes of fluorophore
conjugation using maleimide chemistry, in which maleimide-functionalised fluorophore
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reacts with reduced sulfhydryl groups at pH 6.5-6.7, to form a stable thioether bond. This
approach has the critical advantage of providing a way to precisely control the number
of fluorophores conjugated to each molecule. There are no cysteine residues in the
Affimer structure except the single N-terminal one, such that exactly one fluorophore is
conjugated per Affimer.

A small-scale conjugation reaction was first tested with the most promising Affimer,
sCD4-24, and AlexaFluor 647. For conjugation quality control we also conjugated the
VEGFR2.1 Affimer (previously used successfully for imaging, unpublished data) by the
same protocol in parallel. The first challenge encountered was the yield of Affimer
recovery after conjugation and purification, less than 20% of the starting Affimer was
recovered. Secondly, the conjugation efficiency was checked by SDS-PAGE and
western blot, where the relative intensities of total Affimer concentration (blotted using
an anti-6xHis antibody) and conjugated Affimer concentration (detected by the
fluorescent label) could be compared. Coomassie staining of an SDS-PAGE gel on
which samples were run under non-reducing conditions (Figure 3.11a) shows faint but
clear bands at ~13 kDa and a slightly shifted band at ~15 kDa. These bands likely
represent the unconjugated and conjugated Affimers, respectively. Large molecular
weight bands (~25 kDa) most likely indicate some aggregation or dimerisation of the
Affimers. A similar but much stronger banding pattern was seen for each of the Affimers
by western blot (Figure 3.11b). Two small molecular weight bands were seen in blotting
for the 6xHis tag on the Affimers, but only the upper (~15 kDa) band was visible by
conjugated fluorophore signal. This confirms that the Affimer samples consist of mixed
fluorophore-conjugated and -unconjugated fractions.

Finally, we assessed the efficiency of free fluorophore removal by thin layer
chromatography (TLC), where a small volume of fluorophore-conjugated Affimer was
spotted and dried at the origin position on the silica TLC plate. Upon flow of 80:20 H2O:
Acetonitrile buffer across the plate, proteins present will precipitate on the plate and not
migrate across the plate, while any free organic fluorophore will migrate with the solvent
at the leading edge, leaving a streak in its wake. This is visible in Figure 3.11c, where
small fluorophore-peptide spots can be seen at the origin, as well as clear streaks of
migrated free fluorophore. This indicates a significant amount of unconjugated
fluorophore remains in the labelled Affimer samples, which certainly contributes to the
aforementioned inconsistencies in labelling quality.

These problems made it difficult to state that low affinity and/or specificity were the main
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driving force behind the aforementioned inconsistency on our data. Hence, we decided
to pursue multiple avenues of optimisation in order to have high amounts of high quality
labelled Affimers. With this objective in mind, the Affimer-fluorophore conjugation
process was iteratively adapted in an effort to reduce loss of protein in each step,
increase the amount of conjugated Affimer and to improve removal of free fluorophore
from the reaction products.

Figure 3.11: Characterisation of fluorophore-conjugated Affimers. a) Coomasie staining of
SDS-PAGE gel with indicated Affimers, run under non-reducing conditions; 1 μg protein loaded
per lane; b) Western blots of indicated Affimers, run under non-reducing conditions; 1 μg protein
loaded per lane; “anti-6xHis” indicates membrane with signal from blotted 6xHis tag; “AlexaFluor
647” indicates corresponding region of blotted membrane, showing fluorophore signal from
conjugated Affimers; Af: Unconjugated Affimer; Fl. Af: Fluorochromated Affimer; c) AlexaFluor647
signal on TCL plates of AlexaFluor 647-conjugated Affimers, following processing through a
desalting column; solvent: 80:20 H2O: Acetonitrile buffer.

The first, and perhaps most obvious, change made was to use larger starting volumes
and concentrations of Affimer to obtain higher protein amounts at the end. In order to
further address the protein yield we worked to optimise the cysteine reduction step with
TCEP resin, that caused both anti-CD4 and anti-VGEFR Affimers to precipitate. We
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changed the TCEP incubation buffer pH from ~pH 8 to pH 7.4, increased the salt content
(500 mM NaCl) and added 5-30% glycerol during incubation and washing steps. Further
addition of 10 mM EDTA and 0.1% Tween at the same step did not improve protein
retention. These changes resulted in increased protein yields, from less than 20%
initially, to values between 43–71%.

Following this, we sought to address problems with conjugation efficiency and free
fluorophore in the Affimer preparation. We posited that these might be one single
problem, related with fluorophore aggregation. Inclusion of 5-10% DMSO to the
conjugation reaction to increase fluorophore solubility was tested. Addition of 200 mM
DTT after the conjugation reaction, to quench any unreacted maleimide groups on free
fluorophores, was also tested in an effort to prevent their interacting non-specifically with
any other components in the desalting or labelling process. Neither of these additional
buffer components had any impact on the conjugation efficiency nor free fluorophore
removal.

We hypothesised that the conjugation problems may be due to the specific chemistry of
the individual fluorophore being used, AlexaFluor 647. However, these Affimer labels are
being developed specifically for use in SMLM; cyanine-based dyes are by far the best in
terms of photo-switching characteristics and usually handle well in aqueous solution.
Consequently, we tried two classical cyanine dyes, Cy3 and Cy5. There was no
improvement with these dyes. Finally, we tested multiple fluorophore-to-protein molar
ratios for conjugation, ranging from 2:1 to 20:1 (typical commercial kits recommend ratios
in the range of 50:1 for full size antibodies). As with the previous optimisation tests, these
changes not improve the conjugation efficiency, nor the problem of free fluorophore.

Despite the challenges attaining a high-yield, clean Affimer preparation, cell-surface
labelling was tested using the AlexaFluor 647-conjugated Affimers we had attained. Live
CHO cells transiently transfected with CD4-TagRFP were labelled with fluorochromated
Affimer preparations, on ice, before being washed and fixed. Following fixation, the 6xHis
tag on the bound Affimers was also targeted for immunolabelling (Figure 3.12). Although
at a relatively dim intensity, the Affimer-6xHis tag fluorescent signal correlates well with
the CD4-TagRFP signal, particularly those cells strongly expressing the RFP construct.
Comparison of the TagRFP signal to the AlexaFluor 647 signal however quickly reveals
that the bright AlexaFluor 647 signal stains the surface of all cells in the sample, including
those not expressing the CD4-tagRFP construct. Similar intense non-specific cell
staining was observed with many of the conjugated Affimer preparations described
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above. These results indicate the although conjugated Affimers remain specific and
sensitive for cell-surface CD4, the free dye associated with the fluorochromated Affimers
strongly, non-specifically, and unevenly stains cells.

Figure 3.12: Cell-surface labelling of CD4 with fluorophore-conjugated Affimers. Maximum
intensity projections of confocal image stacks of a) CHO cells transfected with CD4-TagRFP
(Yellow), labelled with 50 μg/ml of the indicated AlexaFluor 647 (Red)-conjugated Affimers on ice.
After fixation, cells were also labelled with Mouse-anti-6xHis and anti-Mouse-AlexaFluor 488
(green) and counterstained with DAPI (blue); b) CD4 integrity was confirmed by Q4120 and antiMouse-AlexaFluor 647 labelling of CHO cells transfected with CD4-TagRFP (green); cells were
counterstained with DAPI (blue). Scale bars= 10 μm.

Challenges with the maleimide-based conjugation process prompted us to try a different
labelling approach. NHS-ester chemistry, conventionally used for antibody conjugation,
allows the binding of fluorophores to any exposed primary amine in a protein. This
approach does not have the advantage of a single fluorophore per Affimer as primary
amine-containing amino acids are abundant in the protein structure. Importantly they are
not actively excluded from the binding loop sequence, as is the case of cysteine. Hence,
fluorophore binding on those loops may render the Affimer inactive. NHS ester
conjugation efficiently fluorochromated the Affimer, as indicated by the intense
AlexaFluor 647 signal detected by western blot (Figure 3.13a). The position of this band
on the western blot, however, suggests that the Affimer is mostly aggregated or
oligomerised. Migration of unreacted free fluorophore is detected by TLC (Figure 3.13b),
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however this did not result in significant non-specific cell staining as with Maleimideconjugations (Figure 3.13c). In these images CD4+ NIH 3T3 2D12 cells are labelled with
the NHS ester-conjugated Affimer, but very little cell-surface sCD4-41-6xHis tag signal
is detected in these cell samples. This indicates that Affimer-CD4 sensitivity or affinity
may be lost, potentially due to NHS-ester fluorophore conjugation affecting the Affimers'
binding sequence.

Figure 3.13: Testing sCD4-41 fluorophore conjugation by NHS-ester chemistry. a) Western
blot of AlexaFluor 647-conjugated sCD4-41 using NHS ester chemistry (2 μg per lane), showing
blotted anti-6xHis signal as well as AlexaFluor 647 signal; b) TLC showing migration of free
AlexaFluor 647 after conjugation clean up, with 80:20 Water:Acetonitrile solvent; c) HEK 2D12
cells were labelled with Q4120 and anti-Mouse-AlexaFluor 488, or sCD4-41-AlexaFluor 647
(NHS) (150 μg/ml) as well as Mouse-anti-6xHis and anti-Mouse-AlexaFluor 488. Scale bars= 10
μm.

Lastly, candidate Affimers were also biotinylated by our collaborators at University of
Leeds and shared with us for validation. Their cell-surface CD4 labelling was tested by
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pre-binding them to 2D12 cells before probing for the biotin using AlexaFluor 647labelled Streptavin (Figure 3.14). No AlexaFluor 647 signal was detected above that in
the negative control sample in cells labelled with 100 μg/ml biotinylated Affimer. At higher
Affimer binding concentration, bright non-specific signal was detected in NIH 3T3 WT
cells as well as the NIH 3T3 2D12 cells. This suggests that the biotinylated Affimers have
also lost their sensitivity or specificity for cell-surface CD4 or that the Affimer streptavidin
conjugate is affecting CD4 recognition.

Figure 3.14: Cell-surface CD4 labelling by biotinylated Affimers and Streptavidin
AlexaFluor 647. NIH 3T3 2D12 and NIH 3T3 WT cells were labelled with 100 μg or 1mg of the
indicated biotinylated Affimer followed by AlexaFluor 647-labelled streptavidin. Brightfield images
are shown for reference. Scale bars= 10 μm.

3.2.2 Implementation of monoclonal antibodies as tools for cell-receptor labelling
In the absence of small molecule labels for all cell-surface receptors of interest, mAbs
were selected as appropriate labels for application in imaging experiments. Selected
mAbs, and in the case of OKT4, Fab fragments, were validated for their suitability for the
cell lines and assays used in this work. Fluorophores were also conjugated directly to
these mAbs for use in SMLM.

3.2.2.1 Production and purification of OKT4 monoclonal
OKT4, a well characterised anti-CD4 mAb, is also non-inhibitory to HIV. The availability
of a hybridoma for the bulk expression and purification of the antibody made it a
particularly appealing candidate for use in the cell-surface receptor labelling experiments
in this work.
92

OKT4 was purified from hybridoma cell supernatant using Protein A affinity
chromatography, as described in Section 2.9.8. More than 13 mg purified antibody was
obtained, at a concentration of 2.79 mg/ml. The purity and integrity of the mAb was
confirmed by SDS-PAGE (Figure 3.15a), and the CD4-specific cell-surface labelling was
confirmed by immunolabelling and confocal fluorescence microscopy (Figure 3.15b).
This resulted in clear cell-surface labelling of SupT1 cells, and no signal detectable
above background in BC7 cells, as would be expected for CD4-specific labelling.

Figure 3.15: Validation of purified OKT4 mAb for cell-surface labelling. a) Coomasie stained
SDS-PAGE gel, showing purified OKT4 IgG fractions, run under reducing and non-reducing
conditions, as indicated; HC: heavy chain; LC: light chain; b) Maximum intensity projections of
confocal image stacks of SupT1 and BC7 cells labelled with purified OKT4 and anti-MouseAlexaFluor 647. Scale bars= 5 μm.

3.2.2.1.1. Generation & characterisation of OKT4 Fab fragments
In light of the challenges encountered with the CD4-binding Affimers, we still valued small
monovalent probes to fully explore the interplay between CD4, CCR5 and HIV in live
cells. Hence, Fab fragments were generated from OKT IgG as a means to label receptor
CD4 with a specific labelling species smaller than an entire IgG. The Fab fragments were
produced by papain digestion of OKT4, followed by Protein A affinity chromatography for
the separation of different IgG fragments (Table 3.4).

Table 3.4: Yields of OKT4 IgG and subsequent Fab fragment production and purification.
Sample

Concentration

Volume

Total

Yield (%)

(mg/ml)

(m)

protein (mg)

OKT4 IgG

2.79

4.76

13.28

--

OKT4 Fab

0.30

3

0.91

65
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Production and yield of appropriate sized Fab fragments was confirmed using SDSPAGE and Coomassie staining (Figure 3.16a), before conjugation with fluorophores for
cell receptor labelling. AlexaFluor 647- and AlexaFluor 568-OKT4 Fab fragments were
obtained with calculated dye-to-protein ratios of ~2.3 and 1.3, respectively. AlexaFluor
647 conjugated Fab fragments were tested by TIRF and dSTORM imaging in SupT1 and
BC7 cells (Figure 3.16b). Not surprisingly, in comparison to OKT4 IgG, use of Fab
fragments shows decreased specificity and affinity for CD4. The monovalent nature and
the smaller number of fluorophores per labelling molecule resulted in a decrease in
image quality. A large amount of non-specific labelling was detected in BC7 cells,
possibly due to free-fluorophore, was also observed. Almost all CD4-specific Fab-label
signal was lost in subsequent cell labelling assays.

Figure 3.16: Generation of OKT4 Fab fragments for cell-surface labelling. a) Coomasie
stained SDS-PAGE gel, showing intact OKT4 IgG fractions, as well as that of the flow through
(FT) and eluent (Elute) from Protein A resin following papain digestion, run under reducing and
non-reducing conditions, as indicated. The expected identity of protein bands in samples is
indicated on the gel; HC: heavy chain; LC: light chain; Fc: Fc region. b) CD4 labelling with OKT4
and OKT4 Fab fragments. dSTORM SMLM imaging of SupT1 or BC7 cells labelled with OKT4
IgG (and AlexaFluor 647) or AlexaFluor 647-conjugated OKT4 Fab fragments, as indicated. Scale
bars= 5 μm.
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3.2.2.2 Fluorophore conjugation & characterisation of OKT4, Q4120 and MC5
mAbs
The poor cell labelling achieved here with Affimers and Fab fragments prompted me to
pursue further labelling with directly conjugated high affinity mAbs available against the
receptors of interest, CD4 and CCR5. Fluorophore conjugation of the purified OKT4 mAb
was carried out via NHS-ester chemistry. AlexaFluor 647- and AlexaFluor 568conjugated OKT4 were generated, with calculated dye-to-protein ratios of ~2 and 0.8,
respectively. These ratios fall within the preferred range for use in SMLM imaging (~1
fluorophore per antibody). TIRF imaging of SupT1 and BC7 cells labelled with the dyeconjugated OKT preparations confirmed OKT4 maintained labelling specificity and
sensitivity following conjugation (Figure 3.17). As with OKT4, similar fluorophore
conjugation and dye-to-protein ratios were obtained for HIV-inhibitory CD4-binding IgG
Q4120, and CCR5-binding IgG MC5 (Figure 3.17).

Figure 3.17: Fluorophore-conjugated mAbs for cell-surface receptor labelling. TIRF images
of SupT1-R5 cells labelled with 5 μg/ml AlexaFluor 647-conjugated or AlexaFluor 568-conjugated
primary antibody: MC5 (anti-CCR5), OKT4 (anti-CD4) or Q4120 (anti-CD4), as indicated. Scale
bars= 5 μm.

3.3 Discussion
In this chapter I sought to identify and characterise a set of novel small molecule labels
for cell-surface receptor CD4. Affimer-based labels were chosen for their small size,
reported high affinity and stability, and relative ease of selecting binders against the
desired molecular target.

With the aim of selecting an Affimer that was non-inhibitory to HIV, we developed a
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cloning and protein expression strategy that would provide us with a set of sCD4 peptides
that could be used for selection of Affimers most likely to bind to CD4 D3-D4. sCD4 was
to be used for initial selection of candidate Affimers, followed by further positive and
negative Affimer screening, using sCD4-D3D4 and sCD4-D1D2, respectively. We
choose to express these proteins in a eukaryotic expression system to retain appropriate
glycosylation of the protein domains. All sCD4 variants were expressed fused to the
signal peptide in order for them to be secreted from the cytoplasm. This expression
pathway was intended to facilitate collection of high yields of expressed protein from the
supernatant without the need to lyse the cells, reducing the potential “contamination”
with other proteins.

Microscopy-based assays targeting the 6xHis-tag of the sCD4 variants confirmed that
the tagged proteins were expressed by the transfected cells. However, purification of the
proteins consistently failed to obtain significant levels of protein properly eluted off the
Ni-NTA resin used. This could be due to insufficient protein input into the purification
procedure, or it is possible the protein may be precipitating on the Ni-NTA resin due to
being poorly folded, for example.

Multiple experimental factors were adjusted in efforts to improve transfection efficiency
and protein expression and collection, including cell growth conditions, and the use of
increased culture size formats. Stably transfected cell lines were also selected in an effort
to ensure sustained and consistent protein expression, however the lack of any protein
detected from these cell cultures suggests that further characterisation of these cell lines
and their protein would be required before their further use. Regarding poor protein
elution from affinity-binding resin, we tested a myriad of classical binding, washing and
elution buffers. However, as the protein yield was still low we decided to pursue Affimer
selection via a different approach. We opted to select the Affimers using two externallysourced sCD4 variants, and subsequently identify the inhibitory or non-inhibitory nature
of the Affimers using functional assays.

Six unique Affimers, of the twelve found to bind to one of the two sCD4 proteins used in
the screening process, were selected for further characterisation. Their ability to bind
both soluble CD4 in the context of a western blot, as well as native CD4 on the surface
of a live cell was confirmed by both microscopy and flow cytometric analysis. Flow
cytometric analyses provided a more robust ad quantitative assessment of the binding
characteristics of the Affimers to receptor CD4. This revealed that, at least when detected
by an anti-6xHis and secondary antibody labelling complex, there is a consistent, albeit
96

low level of non-specific binding observed on BC7 cells as well, and this affects the
detected levels of “positive” CD4-Affimer binding. Under these conditions, no more than
~25 % of cells are positive for Affimer labelling, even at high labelling concentrations
(500 μg/ml), especially in comparison to the typical concentrations used for labelling by
mAbs such as Q4120 (1-5 μg/ml). From these results, one cannot rule out the possibility
that the antibody labelling complex used in addition to the Affimer is partially responsible
for this poor binding. However, analysis of all the results as a whole strongly suggests
that these Affimers are not high-affinity binders for the cell-surface receptor CD4.

Obviously, this low binding affinity limits our initial interpretation of the HIV infection
inhibition assays. At the Affimer concentrations used, although they are one- and twofold the molar equivalent of the inhibitory Q4120 concentration used, they are relatively
low Affimer concentrations, which may not actually bind to cell-surface CD4 to any
appreciable level. In such a case, no HIV inhibition by competitive binding to CD4 can
be reasonably expected. Lack of HIV entry inhibition by Affimers that may not be
specifically cell-bound likewise does not inform us about the epitope or domains bound
by the Affimers. Further HIV inhibition assays at significantly higher Affimer
concentrations would be required to better address the Affimers’ inhibitory properties.

Affimers were successfully conjugated with fluorophore AlexaFluor 647. These
conjugated probes retained sufficient sensitivity and specificity to sCD4 such that it could
be detected against a cell lysate background by western blot (Figure 3.7) but were not
appropriate for direct cell-surface CD4 labelling (Figure 3.12). Improved Affimer
fluorochromation was hindered at two key steps: Affimer reduction by TCEP resin and
subsequent recovery from the resin, and removal of free dye from dye-conjugated
Affimers.

The protocol adjustments introduced allowed us to increase the recovery from less than
20% to between 40 and 70% of the initial Affimer used. However, little success was
observed for the multiple variations on the protocol for removal of unreacted fluorescent
dye particles. The cause of free fluorophore retention with fluorochromated Affimers is
unclear, as is why the dye stains cell samples in a manner not seen with other Affimers
such as VEGFR2.1. The retention of unconjugated fluorophore suggests aggregation or
precipitation of the fluorophore with Affimers. If this is the case classical solutions for this
problem, such as quenching of unreacted maleimide groups on the fluorophores, or
inclusion of glycerol, DMSO, or Tween in the reaction buffer did not solve the problem.
From a microscopy and biology point of view, such aggregation may also account for the
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low level of CD4 labelling observed in microscopy assays, particularly if the Affimers lose
affinity for CD4 in the conjugation process. Alternative labelling approaches, namely
NHS-ester fluorophore conjugation and biotinylation, for detection with fluorochromated
Streptavidin, did not provide strong cell-surface CD4 labelling either. This may be due to
a combined effect of loss of Affimer affinity during the conjugation processes.

The fact that we could not obtain clean fluorochromated preparations of the Affimers
suitable for CD4-specific cell labelling hinders our ability to make any specific claims
about the specificity or affinity of the analysed Affimers. However, our results strongly
suggest that the main problem with the selected Affimers were related to poor affinity
and/or specificity to sCD4. Moving forward we should quantify the affinity of these
Affimers by ELISA and, depending on the obtained results, study the possibility of
performing affinity maturation in order to obtain high-affinity binders. The low quality of
the Affimers obtained might be due to the fact that the selection process was performed
using purified soluble CD4, which might not be in the natural “cell surface conformation”.
This idea is supported by the excellent recognition of sCD4 in protein extracts spiked
with the protein used for the selection. Hence one possible solution is to perform the
Affimer panning process on cells expressing CD4 on the surface, alternating with cells
that do not express CD4 to eliminate all non-specific binders.

Following our attempt at conjugating the Fab fragments of a non-inhibitory anti-CD4
mAb, OKT4, which also showed problems in the conjugation process, it is clear that the
Affimers are not the only challenge. The decreased CD4-binding efficiency and
specificity of the Fab fragment is most likely due to the loss of avidity in comparison to
the OKT4 IgG. Fab fragments can also be prone to degradation into the heavy and light
chain derived components, thus losing binding capacity for the target molecule. It seems
that NHS-ester fluorophore conjugation of OKT4 Fab fragments may either destabilise
the protein leading to more rapid degradation, or the conjugation itself may not be very
stable, as the quality of the labelling decreased considerably with time. Due to the
marked drop in sensitivity and specificity of the generated Fab fragment, especially in
subsequent labelling assays, it was considered not suitable for cell-surface labelling in
our assays.

An important consequence of the difficulties in separating free-fluorophores from the
Affimer and Fab preps, as well as the reduced shelf life of these conjugates, is that
alternative labelling solutions need to be sought for small high affinity CD4 labelling. One
such solution is click chemistry, combined with non-natural amino acid (Khan et al. 2017),
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to directly label CD4 in cells. If native protein tagging is not a feasible option or is
particularly challenging (as is the case of some immune cells), one can engineer selected
Affimers (or other small molecules) with non-natural amino acids and use different
chemistries that allow more efficient protein purification. Alternatively, instead of using
classical fluorophores with click chemistry, one can combine the use of non-natural
amino acids, via expansion of the genetic code, and click chemistry with DNA-PAINT, as
was thoroughly described in a recent issue of Method in Molecular Biology (NikićSpiegel, 2018).

All of these options have exciting potential for use in specific CD4 labelling with minimal
protein perturbation. However, these are not feasible options for the scope if this thesis.
In light of this and the challenges with more SR-suitable labelling approaches described
in this chapter, it was finally determined to use mAbs for receptor labelling. This was a
carefully considered decision that took into account the many caveats of such an
approach, balanced with the aforementioned difficulties with smaller labels.
Consequently, we established a panel of previously well-characterised receptor-binding
mAbs (OKT4 and Q4120 for CD4; MC5 for CCR5), which we directly conjugated with
fluorophores suitable for SR imaging assays in subsequent chapters. Each of these
antibodies have a robust presence in the literature (e.g. Deen et al. 1988; Sattentau &
Moore 1991; Pelchen-Matthews et al. 1998; Percherancier et al. 2003; Sowinski et al.
2008; Grove et al. 2014; Bui & Nguyen 2017). Thus, further characterisation of the
fluorochromated antibodies is not required here. Instead, in preparation for SR analysis
of receptor nanoscale distribution, a number of control assays are required for these
antibodies’ use in SMLM and cluster analysis experiments. Chapter 4 covers these
assays as part of the establishment of a cluster analysis imaging and quantification
platform.
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CHAPTER 4: Spatial-temporal organisation of CD4 and CCR5 in
response to small molecule stimulation
4.1 Introduction
Cell-surface HIV receptor CD4 and co-receptor CCR5 have been observed to be mobile
within the PM (Steffens and Hope, 2004), with varying association with both each other
and with different lipid domains (Basmaciogullari et al. 2006; Percherancier et al. 2003;
Singer et al. 2001; Xiao et al. 1999). Despite this, little is known of the nanoscale
spatiotemporal organisation of these receptors, nor what impact processes such as
agonist stimulation or HIV-cell interactions may have on the properties of the receptor
components in the PM.

Growing evidence from studies of a number of different signalling receptors in immune
cells suggests that the organisation of receptors into micro- and nanocluster
arrangements is a common feature and an important regulatory mechanism for cell
signalling and activation (Lee et al. 2016; Lopes et al. 2017; Maity et al. 2015; Saka et
al. 2014). Furthermore, it is known that CD4 and CCR5 undergo similar modes of spatial
regulation and re-organisation upon stimulation of signalling through their respective
pathways. For chemokine receptor CCR5, which is believed to dimerise, the local
membrane environment and the proximity of interaction partners are important for
function (Mondal et al. 2013; Signoret et al. 2005). Further, upon agonist stimulation,
CCR5 has been observed to form clusters that accumulate at flat clathrin lattices prior to
its down-regulation from the cell surface via CME before trafficking to recycling
endosomal compartments (Grove et al. 2014; Signoret et al. 2005).

Likewise, differential clustering of CD4 has been observed under different stimulatory
conditions. CD4 and TCR, in nanoscale domains of 200-500 nm radius, are reported to
be spatially distinct in resting T-cells. On SD activation, these surface proteins display
increased clustering and combine to form mixed microclusters of 300-750 nm radius
(Roh et al. 2015). However, unlike CCR5, CD4 is not efficiently trafficked from the cell
surface in lymphoid cells, where the bulk of cellular CD4 is present at the PM (PelchenMatthews et al. 1991). As a co-receptor for TCR activation, CD4 is also not bound directly
by an agonist; however endocytic uptake of CD4 and TCR can be triggered by phorbol
ester stimulation, such as with phorbol 12-myristate 13-acetate (PMA). PMA activates
protein kinase C (PKC), which in turn phosphorylates serine residues on the cytoplasmic
domain of CD4. This results in the dissociation of p56lck from CD4 and activation of a
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dileucine endocytosis signal in the cytoplasmic domain of CD4 (Marsh and PelchenMatthews, 1996; Pitcher et al. 1999). This activated endocytosis signal is recognised by
clathrin adaptor complex AP2, and results in clathrin-dependent endocytosis of CD4
(Dietrich et al. 1997; Pelchen-Matthews et al. 1993; Pitcher et al. 1999). PMA-stimulated
CD4 is trafficked to the recycling endosome compartments, from where it is returned
back to the cell surface (Pelchen-Matthews et al. 1993).

The processes driving bulk CD4 and CCR5 re-distribution and uptake following treatment
such as PMA or agonist stimulation are likely to be represented in, and determined by,
their nanoscale organization, as seen by changes in their clustering behaviour upon
stimulation. Further, the full characterisation of the spatial and temporal changes
between these receptors’ unstimulated (“steady-state”) and signalling-activated states
can be used as a baseline of understanding from which to further explore the role of
these receptors in the context of the cellular response to routine native stimuli as well as
in the context of HIV engagement.

As these organisational changes happen at a scale of a few tens of nanometers (well
below the diffraction limit of ~250 nm), conventional diffraction-limited microscopy cannot
provide the level of detail required for such a study. SMLM is well-suited and wellcharacterised for the visualisation and analysis of single molecule receptor organisation
and clustering behaviour (for example Roh et al. 2015; Lee et al. 2016; Lopes et al. 2017;
described in Coltharp et al. 2014; Stone et al. 2017). However, SMLM typically requires
a static fixed sample for the best results, whereas changes in receptor organisation are
inherently dynamic processes. Time-course assays of receptor stimulation, where
samples fixed at different times post-treatment are analysed by SMLM, can be used as
a proxy for characterisation of the dynamic receptor re-organisation events happening in
the cell surface. This allows one to monitor changes in the receptor clustering resulting
from cell to cell variability as well as from actual treatment-triggered alterations, such as
recruitment to sites of clathrin-coated pit assembly and endocytosis.
An important part of the establishment of SR assays for nanoscale characterisation of
membrane receptors is the validation of both experimental and analytical methods used.
This is essential to avoid the introduction of artefacts that would disrupt membrane
receptor organisation and/or data interpretation. This is particularly important in the
context of SR imaging experiments, as this technology enables the visualisation of
structures and conformations at a scale and resolution not previously available with
optical microscopy. Thus, sample handling and preparation need to be assessed anew
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to ensure that the processes themselves do not perturb the molecules and structures of
interest in manners not previously appreciated. It is likewise essential to ensure sample
preparation is optimised, particularly in terms of sample fixation (Tanaka et al. 2010) and
permeabilisation. Lastly, selection of post-acquisition analytical approaches for the
extraction of the appropriate information for the nature of the assay and biological
questions being addressed is critical.
One of the main advantages of SMLM is that the table of molecule localisation
coordinates generated during analysis allows quantitative characterisation of the target
species’ spatial distribution at near single-molecule precision. Protein clusters can have
many different spatial attributes associated with them: properties of individual clusters,
such as size and shape, variation of local cluster densities within a single cell, and
intercellular differences in cluster organisation. As a result, there have been a number of
point-crowd analytical approaches developed to quantify particle distribution and density
and the identification of clusters. Some of these approaches are summarised here in
Table 4.1 and described in further detail in Section 1.7.3.2. The choice of cluster analysis
approach(es) used in a given study depends on the nature of clustering observed in the
collected data, the availability of any models that can be included in the analysis, as well
as the specific information one wants to determine from the experimental data.

Table 4.1: Co-ordinate based cluster analysis approaches
Analysis
Pair
correlation
function

Approach basis
Correlation (density
and distance based)

Ripley’s K function

Correlation (density
and distance based)

Signal
intensitybased
segmentation
DBSCAN

Threshold
(signal
intensity
based)
Threshold (density
and distance based)

Voronoi diagrams

Threshold
(density based)

Use
Global measure of
homogenous
clustering behaviour
Global measure of
homogenous
clustering
Identification
and
characterisation
of
individual clusters
Identification
and
characterisation
of
individual clusters
Identification
and
characterisation
of
individual clusters

Reference
Sengupta et al. 2011;
Veatch et al. 2012
Ripley 1979; Kiskowski
et al. 2009
Baddeley et al. 2010

Ester et al. 1996;
Endesfelder et al. 2013
Levet et al. 2015;
Andronov et al. 2016

Despite the body of evidence for spatial regulation of CD4 and CCR5 signalling and cell
function, previous studies such as those described above have not addressed the role
of CD4 and CCR5 dynamic nanoscale spatiotemporal organisation, nor the interplay
between both receptors, in the potential regulation of HIV-cell interactions. The dynamic
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receptor organisation on HIV-receptor engagement, and how HIV affects the properties
of the receptor components in the PM, remain likewise unclear.

In this chapter, I set out to address these questions by first establishing an experimental
pipeline for optimal sample preparation, imaging conditions and image analysis for the
characterisation of membrane receptor nanoscale spatiotemporal organisation by
SMLM. I use this experimental pipeline to characterise the steady-state nanoscale
organisation of CD4 and CCR5 in the PM, followed by targeted perturbation of this
organisation, using known CD4 and CCR5 endocytosis-inducing treatments, PMA and
RANTES respectively. The detected changes in CD4 and CCR5 clustering behaviour
upon treatment validate this framework as a robust approach to determine both steadystate nanoscale receptor spatiotemporal receptor and to monitor receptor reorganisation upon external stimuli.

4.1.1. Objectives:
1. Establish an experimental and analytical platform for the characterisation of
cell-surface CD4 and CCR5 nanoscale spatiotemporal organisation.
2. Characterise the cell-surface CD4 and CCR5 nanoscale spatiotemporal
organisation in unstimulated adherent and suspension cell lines.
3. Characterise the cell-surface CD4 and CCR5 nanoscale spatiotemporal
organisation in RANTES or PMA stimulated cells.

4.2 Results

4.2.1 Establishment of an experimental and analytical cluster analysis platform
SMLM was used to image cell surface CD4 and CCR5. CD4 was visualised with
fluorophore-conjugated anti-CD4 mAb Q4120 on suspension SupT1 cells; CCR5 was
visualised using anti-CCR5 mAb MC5 on adherent CHO-R5WT cells (Figure 4.1a and
c). This revealed that both CD4 and CCR5 are arranged in nanoclusters of varying size
and shape, throughout the cell’s PM. Ripley’s K analysis of the receptors’ distributions
confirmed their strong clustering behaviours (Figure 4.1b and d). Dual colour dSTORM
was also carried out, imaging both receptors in SupT1-R5 cells (Figure 4.1e) and
revealing that the two molecules are organised largely independently of each other, with
minimal association between independent clusters of the two species.
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Figure 4.1: Cell surface CD4 and CCR5 are arranged in clusters of heterogenous size and
shape. Representative images of a) CCR5, labelled with MC5-AlexaFluor 647 and c) CD4,
labelled with OKT4-AlexaFluor 647, on the basal membranes of (legend cont. next page…)
104

SupT1-R5 cells, with images split between diffraction limited TIRF and TIRF-STORM, as
indicated. Ripley’s H-function plots of b) CCR5 and d) CD4 clustering detected in SupT1-R5 cells
is shown alongside the micrographs. e) Representative dual-colour TIRF-STORM image of CD4
(labelled with OKT4-AlexaFluor 647) and CCR5 (labelled with MC5-AlexaFluor 594) in the basal
membrane of SupT1-R5 cells. Boxes 1 and 2 indicate regions shown magnified on the right. Scale
bars= 2 μm.

This initial analysis highlighted the need for a fast and robust analytical framework to
analyse the clustering profile of CD4 and CCR5 in multiple experimental conditions. After
validation, we selected Voronoi-tessellation to quantitatively analyse CD4 and CCR5
cluster distributions, due to its robustness in analysing heterogeneously shaped clusters,
and not only the degree of clustering. Other approaches such as a watershed-based
particle analysis approach and an image-based gradient descent approach did not
provide sufficient sensitivity and accuracy for the description of cluster properties (data
not shown). Voronoi tessellation-based analysis makes use of the localisation
information available with SMLM to determine cluster morphology without imposing any
initial assumptions regarding cluster shape. This is a key advantage of such an
approach; while most cluster analysis methods are biased by an expectation that clusters
are circular in shape, Voronoi-diagrams are shape-independent and are not hindered by
such a requirement.

SR-Tesseler (Levet et al. 2015) is a Voronoi tessellation-based analytical framework
recently implemented on an open-source software platform. It allows for the identification
of clusters based on the local density of tessellations constructed around individual
particle localisations. For cluster analysis on this platform, STORM data sets were
cropped to exclude the increased localisation density at the cell periphery (Figure 4.2a,
box I), and inputted into SR-Tesseler (Figure 4.2b).

SR-Tesseler makes use of a reference localisation density value for determining a
density threshold value for cluster identification. This reference value is approximated as
the mean density of all localisations in the image, if they were to have a spatially uniform
distribution across the area of the input data. For this work, a local density threshold of
twice the reference localisation density for each region of interest (ROI) was applied to
the receptor SMLM datasets. This thresholding effectively distinguishes receptor clusters
from more sparsely distributed particles and any false localisations. This allows the
identification of clusters that consistently correlate well with those detectable by visual
inspection of SMLM reconstruction images (for example: Figure 4.2b, boxes ii and iii,
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compared to 4.2a, boxes II and III). Using the tessellation cluster data, one can extract
several descriptors regarding the size and shape of individual clusters identified.

Figure 4.2: Experimental and analytical process for super resolution quantitative
characterisation of cell surface receptors. a) Schematic of TIRF-dSTORM imaging of
receptors on the basal membrane cells, revealing heterogeneous nanoclustering of the receptor,
not visible in diffraction limited TIRF imaging. Representative TIRF (TIRF image) and TIRFdSTORM (TIRF-dSTORM image) images of CD4 on a SupT1-R5 cell are shown. Boxed regions
II and III are shown enlarged on the right of each image. Boxed region I indicates the basal
membrane region from which localisation data is input into SR-Tesseler. Scale bars= 2 μm for
images and 100 nm for insets. b) SR-Tesseler is used for Voronoi tessellation-based cluster
identification. Box I corresponds to the same region as box I in section a). Boxed regions ii and iii
are shown enlarged on the right and correspond to the same regions as boxes II and III in section
a), respectively. In each region, tessellations are plotted around each (legend cont. next page…)
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localisation, with line-colour corresponding to the local density. Bright green regions highlight
identified clusters, based on a density threshold value of 2 times the input area mean. Scale bars=
2 μm for images and 100 nm for inlets. c) Identified clusters can be characterised in terms of their
size and shape: i) The size distribution of a representative sample of CD4 cluster sizes is plotted
(black points) and fitted with an exponential decay regression line (red dotted line); R2= 0.9881.
The cluster area is plotted against ii) cluster diameter and iii) cluster circularity. Red dotted lines
indicate the maximum and minimum cluster sizes used for further analysis.

As shown in Figure 4.2c, the identified cluster population spans a wide range of sizes
(area) and shapes (circularity). The size distribution of receptor clusters displays an
exponential decay distribution, spanning areas of 6 nm2 to nearly 1 x 105 nm2. This area
range equates to cluster diameters of approximately 2.7 – 356 nm, if one assumes high
cluster circularity. Lower and upper cluster-size thresholds of 500 nm2 and 70600 nm2,
respectively, were applied to all subsequent cluster analyses, to correspond to the range
of resolutions attainable with SMLM (~25 – 300 nm cluster diameter, assuming high
circularity) (red dotted lines in the plots in Figure 4.2). Reference conversion values for
hypothetically circular cluster areas to diameter are shown in Table 4.2. Area, rather than
diameter or radius, was used as the main measure for cluster size due to the variability
in cluster circularity.
Table 4.2: Reference table for conversion of receptor cluster area to diameter, assuming
clusters are circular.
Area (nm2)
500
1000
2000
3000
5000
10000
50000
100000

Diameter (nm)
25.23
35.68
50.46
61.80
79.79
112.84
252.31
356.82

4.2.2 Validation of sample preparation for SR receptor imaging
To eliminate as many experimental artefacts from the receptor clustering analysis as
possible, the effects of different sample preparation processes on receptor labelling and
distribution were tested.

4.2.2.1 Sample fixation
In order to confirm that our fixation effectively immobilises cell surface receptors in our
assays, we carried out single particle tracking (SPT) of GFP signal in fixed samples of
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cells stably expressing CCR5-GFP. The intention was to compare any movement of GFP
foci in cells fixed with 4% PFA to that in cells fixed with 4% PFA and 0.1% GA (Figure
4.3). Total Internal Reflection (TIRF) datasets of selected ROIs were acquired for ~8
minutes (1000 frames at 2 frames/ sec). SPT was carried out using TrackMate (Tinevez
et al. 2017), as described in Section 2.13.5. No GFP cluster movement was detected in
PFA-fixed samples over the course of imaging. Some low-level GFP foci movement was
detected in the PFA/GA fixed samples, but the GFP signal was badly decayed in these
samples, which would have affected the SPT accuracy.

Figure 4.3: Single parting tracking of CHO-R5GFP following different fixation treatments.
CCR5-GFP signal was tracked over 8 minutes, at 2 frames per second, in samples fixed in 4%
PFA (left) or with 4% PFA and 0.1% GA (right). The first frame of each acquisition is shown;
selected signal spots used for tracking are indicated with a ring around them. The tracks of the
spots’ movements during the course of the imaging acquisition are plotted on each image. The
plot colour indicates spot location at different times in relation to the start and stop of the
acquisition, as indicated by the colour map. Scale bar= 5 μm.

The efficiency of membrane receptor fixation was further assessed for immuno-labelled
receptors. Fixation with PFA/GA prior to labelling with anti-CD4 antibodies OKT4 and
Q4120 resulted in almost complete loss of fluorescent antibody signal, suggesting that
GA may have masked CD4 epitopes. Thus, this assessment was limited to fixation postlabelling with AlexaFluor 647-conjugated antibodies anti-CCR5 MC5, or anti-CD4 Q4120
and OKT4 (Figure 4.4). Samples were imaged in TIRF mode and SPT analysis was
performed on the datasets, as described above. Some decay of fluorescent signal was
observed in each case of PFA/GA fixation in comparison to PFA fixation alone. This loss
of signal affects SPT accuracy, as well as the quality of SMLM imaging. Consequently,
some tracking errors can be observed in the Q4120-labelled samples, where clearly
distinct foci have been artificially joined (presumably due to poor signal-to-noise ratio
(SNR) in the acquired images). Aside from this, no significant diffusion of tracked signal
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foci was detected during the course of the acquisitions, with all foci remaining within <0.5
-1 μm region, likely related to sample vibration and localisation error arising from the
poor SNR. These assays suggest that PFA fixation alone is sufficient for the
immobilisation of cell surface CD4 and CCR5, without damage to epitopes or loss of
fluorescent signal. All further assays were carried out with PFA fixation alone.

Figure 4.4: Single particle tracking immuno-labelled CCR5 and CD4 following different
fixation treatments. CCR5 was labelled with MC5 in SupT1-R5 cells (a), and CD4 labelled with
OKT4 (b) or Q4120 (c) in SupT1 cells, prior to fixation with 4% PFA (left) or with 4% PFA and
0.1% GA (right). Representative first frames of time lapse acquisitions at 2 frames per second for
1000 frames (~8 minutes). The first frame of each acquisition is shown; selected signal spots
used for tracking are indicated with a ring around them. The tracks of the spots’ movements during
the course of the imaging acquisition are plotted on each image. The plot colour indicates spot
location at different times in relation to the start and stop of the acquisition, as indicated by the
colour map (bottom). Scale bars= 5 μm.
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4.2.2.2 Sample permeabilsation
Sample permeabilisation has the potential to disrupt the organisation of surface
receptors within the PM. The effect of post-fixation membrane permeabilisation on the
nanoscale clustering organisation of receptors was therefore assessed. Immunolabelled CCR5WT and CCR5GFP were assessed by STORM and cluster analysis in
unpermeabilised samples, or following permeabilisation with 0.05% Saponin, 0.1%
Triton-X 100 (Triton-X) or 0.1% Tween-20 (Figure 4.5a). Quantification of CCR5WT
clustering indicated no significant changes in mean cluster area following
permeabilsation, compared to the unpermeabilised control. Similarly, CCR5GFP cluster
size seemed insensitive to permeabilisation, although there is a greater variability of cellto-cell cluster density. Not surprisingly the only significant difference in cluster density
was observed between CCR5WT and CCR5GFP samples following Saponin
permeabilisation, presumably due to the aforementioned higher variability. This suggests
that non-ionic detergent permeabilisation (Triton-X and Tween-20) may be better suited
for use when permeabilisation is required prior to CCR5 clustering characterisation.

Assessment of the effect of sample permeabilisation on CD4 organisation was carried
out using a similar approach, with Q4120 labelling in SupT1 cells (Figure 4.5b). Cluster
analysis indicated a significant drop in cluster density, but not size, following Saponin
permeabilisation. Mean CD4 cluster area was significantly decreased following
permeabilisation by detergents Triton-X and Tween-20, albeit the mean cluster area in
Tween treated cells was the most similar to the unpermeabilised sample. No impact in
cluster density was detected. This suggests that CD4 may be extracted to a low degree
by all permeabilisation treatments tested, although by differing mechanisms.

Taking the results as a whole Tween-20 permeabilisation results in the smallest
perturbation of CD4 and CCR5 cell surface organisation, compared to unpermeabilised
samples. Thus, while sample permeabilisation is avoided in all assays where it is not
required, in later assays where it is necessary, Tween-20 is used.

4.2.2.3 Effect of receptor labelling with monoclonal antibody
Labelling of cell-surface components with bivalent labels such as IgG has the potential
to artificially cross-link receptors, particularly in un-fixed or poorly fixed samples. This
can alter the receptor distribution, induce greater clustering, or even completely polarise
the receptor distribution on the cell surface. Fixation quality for CD4 and CCR5 labelling
and imaging has been validated in Section 4.2.1. However, OKT4, an anti-CD4 IgG that
is non-inhibitory towards HIV binding, requires use prior to sample fixation as its epitope
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is damaged by aldehyde fixation. Thus, the extent of crosslinking induced by OKT4
labelling of CD4 cells prior to fixation was assessed. A high concentration of OKT4 (6
μg/ml) was used, with the intention of saturating cell-surface CD4 and minimising its
crosslinking.

Figure 4.5: Effect of sample permeabilisation on nanoscale organisation of CD4 and CCR5.
Representative TIRF-dSTORM images of a) CHO-R5WT cells, labelled with MC5-AlexaFluor 647
or b) SupT1 cells labelled with Q4120-AlexaFluor 647, and treated with Saponin, Triton-X or
Tween, as indicated. Scale bars= 2 μm. Mean cluster area and density are plotted for each
condition. Each plotted point represents the mean value for a single cell. The error bars indicate
the overall mean and SD. * p< 0.05; ** p< 0.01.
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Sup-T1 cells were prepared as per a stimulation assay, but with no stimulatory treatment
(Figure 4.6a). SupT1 cells were incubated with AlexaFluor 647-conjugated OKT4,
washed, and deposited on PLL-coated coverslips under cold conditions, before either
being fixed directly or returned to warm incubation conditions for 5 - 30 minutes. Cells
were then fixed and further prepared for imaging, as described in Section 2.12.
Characterisation of labelled CD4 clustering in these samples shows that there was an
overall trend of increasing average cluster area as the cells were warmed for longer
periods. However, this size increase only became significant in comparison to directly
fixed samples at later time points. This occurred specifically after 10 minutes, and most
significantly after 30 minutes (Figure 4.6b). This change in cluster size was not reflected
in any statistically significant change of clustering density. This suggests that the early
time points (direct fixation – 10 minutes), at which we assess receptor clustering in
subsequent assays, CD4 distribution is not significantly affected by the antibody binding
and sample handling of the assay process itself, but that 10 minutes after release of a
temperature block antibody-induced receptor re-arrangements may alter cluster sizes.

Figure 4.6: The effect of antibody pre-binding on CD4 clustering. a) Schematic of assay, as
described in Section 2.10.4. Suspension cells were pre-bound with antibody, washed and allowed
to settle on coverslips, all on ice. The temperature block was released by returning to cells to 37
°C for a period before fixation. b) Mean receptor cluster area and density are plotted for each
condition. Each plotted point represents the mean value for a single cell. The error bars plot the
overall mean and SD. * p< 0.05; ** p< 0.01; *** p< 0.001.
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4.2.3 CD4 and CCR5 distribution in unstimulated cells
Using the validated sample preparation, the “steady state” nanoscale organisations of
CD4 and CCR5 were characterised in different receptor-expressing cell lines (Figure 4.7,
table 4.3) under non-stimulatory conditions.

Figure 4.7: CD4 and CCR5 clustering in unstimulated cells. Representative TIRF-dSTORM
images of a) CCR5, labelled with AlexaFluor 647-conjugated MC5 in CHO-R5WT, CHO-R5GFP
or SupT1-R5 cells, as indicated, or b) CD4, labelled with AlexaFluor 647-conjugated Q4120 or
OKT4, in SupT1 or SupT1-R5 cells, as indicated, are shown. Scale bars= 2 μm. Mean receptor
cluster area and density are plotted for each condition. Each plotted point represents the mean
value for a single cell. The error bars plot the overall mean and SD. * p< 0.05; ** p< 0.01; *** p<
0.001; **** p< 0.0001.
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The clustering behaviour of CCR5 appears consistent between the three different cell
lines used, and for CCR5WT and a CCR5-GFP chimera, both expressed in a CHO cell
background (Figure 4.7a; Table 4.3). CD4 clustering was assessed in unstimulated
SupT1 and SupT1-R5 cells. The CD4 clustering was also compared using HIV binding
non-inhibitory and inhibitory antibodies, OKT4 and Q4120 respectively (Figure 4.7b,
Table 4.3). There was no significant difference between the mean clustering areas of
CD4 detected with the two antibodies in the same cell lines. There was, however, a slight
but significant difference in mean cluster area detected between the two T-cell lines,
independent of the anti-CD4 antibody used. CD4 clusters in SupT1-R5 cells were found
to have a greater mean area than in cells lacking CCR5. There were also distinct mean
cluster densities detected between SupT1 and SupT1-R5 cells when Q4120 was used.
No similar cluster density difference was detected between the two cell lines when CD4
was labelled using OKT4. All further CD4 labelling was carried out using OKT4, due to
the more consistent cluster size and density detected, as well as its non-inhibitory activity
against HIV gp120 binding.
Table 4.3: CD4 and CCR5 mean cluster size and density in unstimulated cells.
Receptor

Antibody
label

Mean cluster area
(nm2) (± SD)

Mean cluster density
(clusters/ um2) (± SD)

CCR5

MC5

CHO-R5 WT

1504 ± 482

3.04 ± 1.4

MC5

CHO-R5 GFP

1273 ± 276

2.93 ± 2.06

MC5

SupT1-R5

1205 ± 692

4.132 ± 2.4

OKT4

SupT1

1215 ± 470

5.4 ± 1.54

OKT4

SupT1-R5

1580 ± 1144

5.26 ± 1.82

Q4120

SupT1

1085 ± 341

7.74 ± 2.3

Q4120

SupT1-R5

1772 ± 820

3.61 ± 1.17

CD4

Cell line

4.2.4 CD4 and CCR5 distribution in stimulated cells
4.2.4.1 Changes in CCR5 topology upon agonist RANTES treatment of CCR5positive cells
The rate and extent of the stimulatory effect of CCR5 agonist RANTES in CCR5expressing CHO cells was assessed by confocal microscopy prior to SR characterisation
of CCR5 cluster changes in response to agonist treatment. CHO cells were pre-bound
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with RANTES on ice under cold conditions and then returned to warm media for different
time periods, followed by rapid fixation (Figure 4.8a). This allows the tracing of
synchronous CCR5 trafficking in response to the agonist stimulation, and the comparison
of internalised CCR5 (GFP-signal only) vs immune-labelled cell-surface CCR5 (Figure
4.8b).

Figure 4.8: RANTES stimulation assay validation in CHO-R5 cells. a) A schematic of the
stimulation assay carried out on adherent cells, as described in Section 2.10.5. b) Maximum
intensity projections of confocal images taken through the full volume of CHO-R5GFP cells, fixed
following different durations of RANTES stimulation. Cell surface CCR5 has been labelled with
AlexaFluor 647-conjugated MC5. Scale bars= 5 μm.

Following RANTES stimulation, the CCR5-GFP distribution alters dramatically from an
initial distribution that was primarily cell surface (untreated control and 10 min RANTEStreated), to a distribution that was increasingly punctate and located within the cell.
Indeed after 60 min of stimulation, the GFP signal was almost exclusively associated
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with bright puncta (~0.7- 1 μm diameter) that likely represents an endosomal distribution
(Signoret et al. 2005). Concomitant with this GFP signal re-distribution, surface immunelabelling signal of CCR5 dropped steadily and was nearly undetectable by 60 min of
RANTES treatment. This confirms that RANTES is an effective agonist and indicates the
kinetics of the CCR5-internalisation response in our experimental set up. The
appearance of GFP puncta after 10 minutes of RANTES stimulation indicates that CCR5
internalisation has already begun at this early time point. Thus, early cell response
events, such as nanoscale changes in CCR5 clustering and organisation, can be
expected to begin at earlier time points. The variable cell-surface CCR5 levels during the
course of the stimulation assay is also indicative of inter-cell variability in the response
to the agonist.

dSTORM imaging and analysis of CCR5 in CHO-R5WT samples prepared in the same
manner as above also reflects the internalisation response following agonist stimulation
(Figure 4.9). The CCR5 cluster mean areas did not change significantly during the course
of the assay. Following a small decrease in mean cluster size and variability at early
times points, inter-cell variability increased without significantly altering the mean cluster
area beyond the 10-min time point. Hence, while some cells display larger mean cluster
area values at later time points, the overall mean was not altered. In contrast, the cluster
density steadily decreased with longer stimulation times, becoming more consistent and
marked at the later time points.

4.2.4.3 Changes in CD4 topology upon phorbol ester (PMA) stimulation of CD4positive T-cell lines
The effect of PMA stimulation on CD4 distribution was investigated in SupT1 and SupT1R5 cells. Cells were pre-labelled with OKT4 and deposited on coverslips under cold
conditions, before being returned to warm media containing PMA or a control treatment
(4-α-PMA) and then fixed after different time periods of stimulation (Figure 4.10a). As
with the RANTES stimulation assays, the extent and kinetics of response of SupT1 cells
to PMA stimulation was first confirmed using widefield fluorescent imaging (Figure
4.10b). The evenly distributed CD4 surface-staining of unstimulated cells rapidly became
increasingly punctate after 5 minutes of PMA treatment. The CD4 signal was steadily
lost from the cell surface as the stimulation progressed until, at the 10 and 15-minute
time points, that CD4 labelling displayed a mostly punctate internalised signal that likely
corresponds with an endosomal distribution (Pelchen-Matthews et al. 1993). dSTORM
imaging of the PMA stimulation time course in SupT1 cells showed subtle changes that
corresponded to these observations. Cluster size remained highly heterogeneous at
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each time point, but larger-sized CD4 clusters were observed on the surface of SupT1
cells, along with decreasing cluster density as PMA stimulation time increased (Figure
4.10c). Significantly, increased mean cluster values, compared to untreated control
samples, were detected only after 15 minutes of PMA stimulation. The mean cluster
density values were highly variable in each sample assessed, with no significant
changes in cluster density detected at any point following PMA stimulation (Figure
4.10d).

Figure 4.9: Nanoscale organisation of CCR5 following RANTES stimulation in CHO-R5WT
cells. a) Representative TIRF-dSTORM images of CCR5 organisation following different times of
RANTES stimulation. Scale bars= 2 μm. b) Mean receptor cluster area and density are plotted
for each condition. Each plotted point represents the mean value for a single cell. The error bars
plot the overall mean and SD.
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Fig 4.10 CD4 nanoscale organisation following PMA stimulation in SupT1 cells. a) A
schematic of the phorbol ester treatment assay, as described in Section 2.10.6. Suspension cells
were pre-labelled with antibody and deposited on coverslips, before being returned to warm
media with PMA, followed by rapid cooling and fixation after different periods of incubation.
Representative epifluorescence images (b) and TIRF-dSTORM images (c) of OKT4-AlexaFluor
647- labelled cells, showing CD4 organisation following different times of PMA stimulation. Scale
bars = 5 μm and 2 μm, respectively. d) Mean receptor cluster area and density are plotted for
each condition. Each plotted point represents the mean value for a single cell. The error bars plot
the overall mean and SD.

PMA stimulation elicited more striking cluster changes in SupT1-R5 cells. The
emergence of larger-sized clusters in a highly heterogeneous cluster population was
clearly visible in STORM imaging of CD4 at the surface of these cells (Figure 4.11a).
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Cluster analysis showed significantly-increased mean cluster area values, compared to
untreated control samples, after 5 minutes of PMA stimulation. The increased cluster
size in PMA-treated SupT1-R5 cells persisted for the remainder of the assay. Cellsurface CD4 cluster density in these cells showed a strong and rapid decrease that
corresponded to the increased cluster size, as well as to loss of CD4 at the cell surface.
At later time points the decreased cluster density on PMA stimulated cells was strongly
distinct from that of control cells as well as cells treated with non-stimulatory phorbol
ester 4-α-Phorbol-12-myristate-13-acetate (4-α-PMA) for the same duration. Overall,
SupT1-R5 cells treated with non-stimulatory 4-α-PMA did not display changes in mean
cluster area, nor density, that were distinct from those observed in control cells. These
results indicated a strong cell-surface CD4 clustering and internalisation response
specifically triggered by stimulation with PMA, but not 4-α-PMA, in SupT1-R5 cells.

Fig 4.11 CD4 nanoscale organisation following PMA stimulation in SupT1-R5 cells. a)
Representative TIRF-dSTORM images of OKT4-AlexaFluor 647-labelled cells, showing CD4
organisation following different times of PMA stimulation. Scale bars= 2 μm. b) Mean receptor
cluster area and density are plotted for control-treated cells (black plots), which were fixed after
incubation only in warm media for the indicated time period before fixation, or cells treated with
4-α-PMA (blue points) or PMA (red points) for the indicated time periods before fixation. Each
plotted point represents the mean value for a single cell. Error bars indicate the overall mean and
SD. * p< 0.05; ** p< 0.01; *** p< 0.001; **** p< 0.0001.
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4.3 Discussion
In this chapter I have established an experimental and analytical platform for the SR
characterisation of CD4 and CCR5 membrane distribution. This has allowed me to
mathematically describe the nanoscale membrane organisation of these two receptors
and verify their spatially distinct and independent organisations in unstimulated cells. I
have also confirmed that small molecule stimulation of receptor signalling does, as
anticipated, lead to nanoscale changes in receptor clustering and distribution. This work
has also demonstrated the capabilities of SR imaging and analytical tools to highlight
even subtle changes in the spatial and temporal nanoscale organisation of cell surface
receptors.

STORM imaging and Ripley-K analysis allowed me to show that CD4 and CCR5 are
organised in spatially discrete nanoclusters. However, Ripley-based analytical
approaches report only global measures of clustering behaviour that require robust
comparison to pre-existing clustering models for interpretation of distribution. Such
approaches are not able to provide more detailed insights into the organisational patterns
for receptors displaying non-uniform clustering behaviours, as seen with CD4 and CCR5.
For such heterogeneous clustering data, an analytical approach that is able to quantify
the size, shape and distribution of individual clusters is better suited.

Voronoi tessellation-based analysis is well suited for processing of such data, particularly
as it is independent of any assumptions regarding cluster shapes. Instead it uses the
localisation information provided by SMLM to first identify clusters, based on localisation
density, and then assess exactly the morphology for each cluster in the population (Levet
et al, 2015). In the case of CD4 and CCR5 clustering organisation, the Voronoitessellation analysis used in this chapter has highlighted that the receptor cluster sizes
are highly variable in each cell and can vary greatly between cells in the same sample.
It may be interesting to investigate if any of the observed variation is due to differences
in cell cycle.

The large numbers of clusters identified using Voronoi-tessellation analysis, as well as
their non-normal size distribution means that interpretation of mean values has distinct
disadvantages. In particular, one may miss the significance of low-count number
changes in cluster organisation within the mean values extracted from highly diverse
cluster populations, both within and between cells. This is likely to account for the
absence, or very subtle detection, of trends observed under stimulatory conditions,
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where more drastic changes in organisation and cluster sizes were expected. This is
most notable in the cases of RANTES and PMA cell stimulation, where larger cluster
sizes could be seen by eye in SR image reconstruction, but minimal changes in cluster
size were detected by cluster analysis. The consistent detection of changes in cluster
density confirms that we are still able to detect and characterise such organisational
changes.

Alongside the establishment of an analytical platform for characterising receptor
organisation, optimization of experimental processes and sample preparation was
required for this work. The importance of sample preparation for membrane receptor
imaging in particular is well established (for example Kusumi et al, 2010). Despite many
membrane proteins requiring at least low levels of GA for adequate immobilisation and
fixation, in this work the inclusion of GA for stronger sample crosslinking was not suitable
for high-quality image collection.

GA was observed to mask CD4 epitopes, resulting in almost complete loss of antibody
binding post-fixation. Loss of CD4 epitopes following fixation is a common problem, such
that antibodies are often used before fixation to bypass this effect. However, GA was
also found to diminish the fluorescent signal from fluorochromated antibodies bound prior
to fixation. These findings indicate that harsher fixation conditions are not suited for CD4
imaging. Furthermore, SPT of immuno-labelled and PFA fixed samples revealed no
significant receptor movement, indicating that PFA fixation is in fact adequate for good
quality fixation of samples for the SR imaging of CD4 and CCR5. The risk of any low
levels of cluster movement that may still occur undetected during high resolution imaging
is outweighed by the benefit of being able to use fluorophore-conjugated primary
antibodies. This reduces the risk of artificial clustering of our target molecules by
multiplexed labelling complexes, and minimises the error introduced into cluster
characterisation based on the distance between the target epitope and the localised
fluorophore. Thus, the quality of our SR imaging and accuracy of our cluster analysis are
improved (Ries et al. 2012).

In addition to careful sample fixation for receptor imaging, consideration must be given
to the effect of sample permeabilisation on the distribution of receptor molecules.
Membrane perturbation can significantly alter domains where the receptors are located.
Membrane proteins may also be damaged or extracted by the permeabilisation
treatment, particularly if the membrane protein of interest is not stably crosslinked or
anchored to other cellular components by strong fixation.
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The lack of significant CCR5WT and CCR5GFP clustering changes following non-ionic
detergent treatments suggests that CCR5 remains stably clustered in these conditions.
The change in cluster density observed for CCR5GFP following Saponin treatment,
suggests that, in comparison to the WT receptor, the presence of the GFP moiety may
alter the domains to which the receptor is confined. This may result in low-number cluster
size changes that aren’t reflected in the mean area values reported.

The decrease in CD4 cluster density following permeabilisation with Saponin
corresponds to the extraction of cholesterol rich lipid-ordered domains to which CD4 is
at least partly associated (Percherancier et al. 2003). The smaller relative change in
mean cluster size (not statistically significative) suggests that only a portion of CD4
clusters are disrupted by Saponin treatment, altering the overall number, but not size
distribution, of remaining clusters. Non-ionic detergent permeabilisation of the cell
membrane had a more marked effect on CD4 cluster size, causing receptors to occupy
clusters of smaller mean area. The lack of effect this change had on the mean cluster
density values indicates that the overall cluster numbers do not change. As such, a
proportion of the receptor population must either be directly extracted from the cell
membrane or dispersed from larger clusters into smaller monomeric or oligomeric
conformations.

The different effects of CD4 and CCR5 clustering behaviour following different common
permeabilisation treatments most likely reflects the different membrane domains to
which each receptor is normally confined. For the majority of the assays carried out in
this work, no permeabilisation was required for the labelling and SR analysis of
extracellular domains. Where permeabilisation has been used in assays in Chapter 5,
Tween-20 permeabilisation has been selected, as the gentlest of the detergent
treatments. Our data suggests it has no effect on CCR5WT organisation and, while it
induces some change in CD4 cluster size, it has the least effect on CD4 cluster size and
density combined. Useful information can still be garnered from such experiments;
however, care must be taken in comparing the results of assays which have or have not
made use of a permeabilisation step.

Alongside assessment of the effects of sample fixation and permeabilisation,
establishment of processes used in this chapter also assessed the potential for sample
handling itself to affect membrane distribution of cell surface receptors. It is well
established that prolonged antibody incubation can cause crosslinking and extensive
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polarization of receptors. It would be reasonable to consider that the nanoscale
organisation of receptors may also be affected by shorter antibody incubation periods,
as well as potentially by the deposition of cells on a surface such as PLL-coated glass
coverslips.

Prior to the ability to resolve such nanoscale organisation changes, such experimental
effects could be overlooked. The use of SR techniques means that it is now increasingly
important to assess the effect of the assays themselves, independently of the treatments
being tested. To this end a time course was carried out to investigate the effect that prebound antibody may have on CD4 organisation during the course of treatment assays
used on this work. While this assay showed antibody binding itself does lead to increased
receptor cluster sizes, no significant changes in cluster size were detected at the shorter
time lengths (within 0-10 minutes of PMA treatment or release of the temperature block
for RANTES treatment) at which we are assessing rapid clustering responses in most of
our assays. Thus, while antibody incubation does indeed have an effect on receptor
nanoscale organisation, it is a slow process. It was not observed to have an effect on a
time scale that may interfere with the processes of agonist response explored in this
chapter, nor on the pathogen responses assessed in the following chapter.

Following establishment and optimization of the sample preparation and analytical
pipeline, these processes were implemented and further validated by characterising CD4
and CCR5 organisation under non-stimulatory conditions and with treatments known to
have bulk effects on receptor surface distribution. Characterisation of membrane
organisation of CD4 and CCR5 in non-stimulating conditions highlighted the variability in
the detected cluster size and shape. Perhaps unexpectedly, particularly following the
effects of the different permeabilisations on CCR5-GFP organisation, the unstimulated
clustering of the CCR5-GFP chimera and CCR5WT in both CHO cell and SupT1 T-cell
backgrounds did not significantly differ in size nor density. This may suggest that, in
intact membranes, there may be some forms of inherent organisation for CCR5,
independent of cell type. In contrast, the moderate differences in CD4 cluster
organisation between SupT1 and SupT1-R5 cells suggests that differences in membrane
composition, such as the presence of receptor CCR5 in SupT1-R5 cells, are able to
modulate the organisation of CD4. This is not an unexpected result, given previous
reports that CD4 modulates CCR5 lipid domain organisation (Baker et al. 2007) and that
CCR5 can alter the oligomerisation of CD4 with other receptors such as CXCR4
(Martínez-Muñoz et al, 2014). It does, however, appear to contrast with our dual-colour
STORM imaging that indicates very little association between the receptor species in
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unstimulated SupT1-R5 cells. This may suggest that association between CD4 and
CCR5 may vary not only by cell type (Xiao et al. 1999; Basmaciogullari et al. 2006), but
also by the state of stimulation or activation, or alternatively via an intermediate (either
protein(s) or by modulation of membrane domain composition).

The variation in CD4 clustering detected with the two anti-CD4 antibodies may be due
to differences in labelling efficiency or of availability of epitopes, particularly if different
portions of the receptor population adopt conformations not as readily bound by one of
the antibodies. The more consistent clustering behaviour detected with OKT4 labelling,
coupled with the fact that OKT4 is non-inhibitory to HIV gp120 binding and viral infection,
justifies the use of this mAb in the remainder or the CD4 labelling assays in this chapter
and the next.

RANTES stimulation triggers extensive CCR5 internalization from the cell surface in our
assays, with changes in CCR5 signal distribution detected as early as 5 minutes after
release of the temperature block. SR analysis of CCR5 organisation changes once again
highlighted the highly heterogeneous cluster sizes and shapes adopted by CCR5, and
the value of quantitative cluster characterisation to detect changes and trends in
clustering. The changes in CCR5 cluster area and density suggest that RANTES
treatment results in a re-organisation of the receptor, from a high density of small clusters
to a lower density of clusters with a small increase in the cluster size (Figure 4.12a). The
striking and rapid decrease in cluster density on the cell surface as the RANTES
stimulation time course progresses corresponds well with the known cell-surface
internalization of the receptor through CME.

As with RANTES stimulation of CCR5, PMA treatment in Lck-expressing CD4+ cells
triggered endocytic uptake of CD4. This was confirmed by wide field imaging of both
SupT1 and SupT1-R5 cells. SR cluster characterisation confirms this effect, showing a
strong decreasing trend in cluster density from 5 minutes post-addition of PMA, distinct
to that of untreated or control-treated cells. These trends suggest that, in the process of
PMA stimulating the endocytic uptake of CD4, it induces a re-organisation of the
receptor, from many smaller clusters, to fewer larger clusters (Figure 4.12b). The clearer
effect observed in SupT1-R5 cells in comparison to SupT1 cells is probably due to the
further development and improved assay technique used for the SupT1-R5 cell assay.
Replication of the SupT1 assay for further confirmation of the results is required.
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Figure 4.12 Schematics of receptor cluster changes triggered by treatments. Schematics of
cluster organisation changes indicated by SR cluster analysis of a) CCR5 following RANTES
stimulation, and b) CD4 following PMA treatment.

In the case of both RANTES and PMA stimulation, the early time points at which we
detect receptor internalisation by widefield and confocal imaging, as well as changes in
clustering organisation by SR, corresponds with the rate of treatment effect reported in
previous literature (Pelchen-Matthews et al. 1993; Signoret et al. 2005). In both cases,
too, the effect on the relevant receptor size is more moderate than initially expected,
given that the receptors are known to be recruited to clathrin-coated pits before endocytic
uptake in both cases (Pelchen-Matthews et al. 1993; Signoret et al. 2005). Given the
~150 nm diameter of clathrin coated pits (Heuser, 1980; Kirchhausen et al. 2014), this
would have been expected to be reflected in increased cluster size. The moderate trends
observed suggest that this may indeed be reflected in cluster size, but that it is occurring
at either very low counts, or by only a few receptor molecules per cluster or endocytic
pit. Such slight changes may be lost in the highly variable cluster populations observed
for both receptors. As such, they would not significantly shift the mean cluster size values
per cell area imaged, nor the population mean values. The increasing trend for cluster
size during the course of 4-α-PMA treatment correlates well with the effect of antibody
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binding and the assay process itself, as in Section 4.2.2.3, and the distinction between
this trend and that observed with PMA treatment confirms that an effect from the
stimulation is indeed detected with our approach.

In this chapter I have established an experimental and analytical platform for the SR
characterisation of CD4 and CCR5 nanoscale spatiotemporal organisation. This platform
has allowed me to identify that CD4 and CCR5 are organised in spatially distinct and
independent clusters in unstimulated cells. Additionally, using known receptor signalling
agonist and chemical treatments, I have shown that this platform has the potential to
robustly identify and quantify changes in the receptors’ clustering and distribution. The
demonstrated capabilities of SR imaging and analytical tools to highlight even subtle
changes in these properties open the door to apply this pipeline to understanding the
interplay between the CD4 and CCR5 receptors and HIV during viral engagement.
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CHAPTER 5: Nanoscale organisation of cell surface receptors
CD4 and CCR5 in the presence of intact HIV or soluble receptorbinding gp120
5.1 Introduction
HIV cell-entry is dependent on engagement of receptor CD4 and co-receptor CCR5 or
CXCR4 by viral Envelope protein gp120, for fusion of the viral and cell membranes and
release of the viral core into the cell interior (for simplicity, we focused solely on receptors
CD4 and CCR5 in this work). Membrane fusion is triggered by a well-characterised
mechanism of sequential interactions between Env, CD4 and a co-receptor, including a
series of Env glycoprotein conformational changes, before the HIV gp41 fusion peptide
is inserted into the target membrane and the two membrane bodies are drawn close for
fusion (reviewed in Wilen et al. 2012).

Interactions between HIV Env and the cell-surface receptors likely involves more than
just these biomechanical processes for membrane fusion. A growing body of evidence
suggests that HIV manipulates the signalling capabilities of the receptor and coreceptors to facilitate cell entry and spread of infection (e.g. Yoder et al. 2008; Lucera et
al. 2017). HIV Env binding of both CD4 and CCR5 has been associated with signalling
events leading to an altered cell activation state and re-modelling of the cytoskeleton,
such as the actin cortex (Harmon et al. 2010; Jiménez-Baranda et al. 2007; Lucera et al.
2017; Yoder et al. 2008). This is suggested to alter the permissiveness of the cell to
infection, modulate endocytic rates and facilitate the passage of the viral core from the
PM to the nucleus. Changes in cofilin activity, via HIV-stimulated CD4 signalling, alters
the mobility of CD4 and chemokine receptors in the PM (Yoder et al. 2008) and may
influence their membrane organisation and clustering. These suggested HIV
engagement-induced receptor organization changes are also supported by evidence that
receptor activation often triggers CME (e.g. (Grove et al. 2014; Grover et al. 2013; Traub
and Bonifacino, 2013). In addition, several lines of evidence suggest that partitioning of
receptor and co-receptors into the same lipid phase domains also facilitates the pooling
of these membrane proteins by surface-bound HIV (Del Real et al. 2002; Gallo et al.
2001; Mañes et al. 2003; Nisole et al. 2002).

This HIV-induced re-organisation of cell-surface receptors may also be important for
assembling sufficient numbers of receptors for HIV fusion and infection at the site of
interaction. Multiple CD4 molecules are likely involved in interactions with Env (Layne et
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al. 1990), and the allosteric nature of the co-receptors suggests oligomerised CCR5
molecules may be required for HIV entry (Kuhmann et al. 2000; Platt et al. 2007). In
parallel, the requisite number of functional Env trimers for engagement and productive
infection is understood to be dependent on viral strain as well as mutations and variable
glycosylation levels in gp120 which impact infection efficiency of the strains
(Brandenberg et al. 2015b). Although the minimal number of receptors, co-receptors and
functional Env trimers required to interact for productive cell entry is not well understood,
the pre-existing presence or active assembly of adequate receptor complexes would
presumably be dependent on receptor membrane organisation and dynamics.

CD4 and CCR5 have previously been reported to display varying levels of association
(Basmaciogullari et al. 2006; Xiao et al. 1999). Two colour dSTORM of CD4 and CCR5
in Chapter 4 indicated very little association between the two labelled receptor species.
However, there must be detectable occasions where they occupy the same domains,
given that HIV is dependent on sequential interaction with both membrane proteins.
Further, the end results of signalling pathways induced by HIV interactions with CD4 and
CCR5 are often similar, and it is possible that close association between the two
receptors may augment the signalling effect of viral interactions. Lastly, evidence that
the hetero-oligomerisation of CD4 and CCR5 may modulate the function of CD4
complexes with other species, such as CXCR4 (Martinez-Munoz et al. 2014), indicates
that differential levels of co-receptors present in the cell membrane would affect the
spatial organisation of CD4 in a manner independent of interactions with gp120
interactions. Such altered characteristics could also be expected to affect the site and
kinetics of HIV or gp120 interactions, as well as modulate the cell’s response to such
engagement.

There are several relevant experimental tools for the study HIV cell entry and membrane
organisation. Labelling assays established in previous chapters make use of various
mAbs against membrane proteins CD4 and CCR5. HIV gp120 and anti-CD4 antibody
Q4120 both bind D1 on CD4 and inhibit each other’s binding (Healey et al. 1990). These
two proteins can thus be used in sequential binding experiments to either inhibit or
confirm binding of each other to cell-surface CD4. In contrast, antibody OKT4 binds to
CD4 D3 and is non-inhibitory to gp120 binding. OKT4 is thus a useful tool for labelling
CD4 without interfering with gp120 interactions or HIV infection. MC5, the high affinity
CCR5-specific antibody used in this work, is reported to label the largest proportion of
cell CCR5 molecules (Flegler et al. 2014). However, it is also known to inhibit HIV
infection and is thus of limited use in tracking organisation of CCR5 molecules involved
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in HIV Env binding.

Progression of HIV cell entry can be manipulated by the control of temperature. At
temperatures below 24 °C, cell-associated HIV can occupy an intermediary state in the
cell entry process, referred to as the temperature arrested state (TAS). HIV and gp120
can bind to cells at 4 °C and display moderate levels of CD4-specific association (Frey
et al. 1995). At 15-23 °C increased CD-specific binding by gp120 occurs and
conformational changes are induced in gp120 (Frey et al. 1995; Henderson and Hope,
2006). In this TAS, conformationally-altered gp120 is kinetically poised to interact with
the co-receptor (Henderson and Hope, 2006) but does not yet engage with the coreceptor in an irreversible manner. The HR regions of gp41 are also reported to be
exposed during TAS, but the gp120 fusion peptide is not inserted into the target
membrane and 6HB structures do not form at this temperature (Melikyan et al. 2000).
Irreversible co-receptor binding, fusion peptide insertion and 6HB formation, leading to
fusion pore formation, are all poised to occur following a shift to 37 °C (Henderson and
Hope, 2006; Melikyan et al. 2000). Cellular processes such as cytoskeleton dynamics
and endocytosis are also inhibited at lower cell temperatures. At 10 °C and below, the
rate of endocytosis is negligible. Endocytic rates increase in proportion to temperature
from 10- 20 °C and increase exponentially at temperatures above 20 °C (Tomoda et al.
1989; Weigel and Oka, 1981). Thus, at TAS and lower temperatures, surface associated
HIV is not taken up by the cell but retained at the cell surface. Following release of TAS,
HIV fusion or cell entry is able to proceed in a time period on the order of minutes,
depending on the cell type (Henderson and Hope, 2006; Miyauchi et al. 2009).

In this chapter the effect of binding of soluble gp120 and intact HIV on the membrane
organisation of cell-surface CD4 and CCR5 in T-cell lines is investigated. Pre-binding of
HIV or soluble gp120 at selected cold temperatures is tested in an effort to assess viral
entry processes and their effect on receptor clustering. Experimental and analytical
approaches established in Chapter 4 are adapted and applied to assays in this chapter.
This allows the quantitative characterisation of CD4 clustering behaviour and dynamics
as part of a T-cell’s response to interactions with viral components. This work serves as
an initial investigation into the membrane organisation changes induced by HIV receptor
engagement, for the increased understanding of HIV cell entry and infection pathways.
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Objectives
1. Characterise CD4 organisational changes in the presence of soluble HIV Env
(gp120).
2. Characterise the local changes in CD4 clustering at sites of HIV binding
3. Investigate the effect the presence of co-receptor CCR5 has on CD4 clustering and
dynamics in response to viral gp120 binding.

5.2 Results

5.2.1 Receptor organisation in presence of soluble R5-tropic gp120
HIV interacts with receptors CD4 and CCR5 directly via Env subunit gp120. The effect
of HIV binding to cells is likely to be due directly to gp120-receptor interactions. In this
case, soluble gp120 may be used as a proxy for understanding some aspects of HIVreceptor engagement effects on receptor organisation. Monomeric R5-tropic gp120
derived from HIVBaL was used to assay these effects.

5.2.1.1 Confirmation of gp120 binding and persistence at cell surface.
The binding of soluble monomeric BaL gp120 to CD4 on the surface of SupT1 and
SupT1-R5 cells was confirmed by immunolabelling and confocal imaging (Figure 5.1). In
the absence of competing pre-bound gp120, anti-CD4 mAb Q4120 strongly binds to cellsurface CD4 (Figure 5.1). When cells are pre-incubated with gp120, immunolabelling of
the bound glycoprotein produces a strong surface signal, but Q4120 binding is not
detected. The bound gp120 excludes the subsequent Q4120 binding by saturating the
binding sites on CD4. This confirms strong association between BaL gp120 and CD4, as
expected. BaL gp120 was thus used in all assays in this section.

The fate of surface-bound gp120 was assessed to determine if it remains associated
with receptors, dissociates from receptors, or is taken up by the cell. A time course assay
was carried out, in which SupT1 cells were pre-bound with gp120 and fluorochromated
OKT4 at 4-10 °C. The temperature block was released by return to 37 °C, and samples
were fixed after different periods of warm incubation (Figure 5.2a). Cells were Triton X100 permeabilised and gp120 immunolabelled. Confocal imaging of these samples
allowed us to assess both cell surface and internal CD4 and gp120 signals. In all samples
pre-bound by gp120, both the gp120 and CD4 signal persisted at the cell surface (Figure
5.2 b). No significant internalization of either protein was detected above background
noise. This indicates that gp120 does remain associated with cell-surface CD4 and
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neither protein is endocytosed to a detectable level in the absence of some other
activating signal.

Figure 5.1: HIVBaL gp120 binding to the surface of CD4+ T-cells. SupT1 cells, pre-bound with
or without soluble HIVBaL gp120 before washing and fixation, were then immunolabelled with
either anti-CD4 Q4120 and anti-Ms-AlexaFluor 647 (red) or anti-gp120 2G12 and anti-Human
AlexaFluor 594 (green). Cells were counterstained with DAPI (blue). Mid-plane confocal section
images are shown. Scale bars= 5 μm.

5.2.1.2 CD4 clustering response to gp120 binding
Following confirmation of soluble gp120 binding to the CD4+ T-cell surface, the effect of
gp120 binding on receptor nanoscale organisation was investigated. As in section
5.2.1.1, time course assays of gp120 treatment following removal of a temperature block
was carried out in SupT1 and SupT1-R5 cells.

It was reasoned that having the majority of cell-surface CD4 bound by gp120 would
induce the greatest membrane topology response and thus maximise the likelihood of
our imaging assays detecting any changes in receptor organisation that may occur in the
cell membrane. A CD4-saturating concentration of gp120 was estimated at 1 μg/ml (~
8.6 nM), a nearly 4-fold lower molar concentration than that of saturating amounts of
CD4 antibodies Q4120 and OKT4 typically used (5 μg/ml or ~33 nM). When added to a
20 μl sample of 1 x104 cells, this equates to 1x 107 gp120 molecules per cell. Based on
a surface CD4 expression level of 7-15 x 104 molecules per cell (Lee et al. 1999; Viard
et al. 2002), such an amount gp120 per sample results in a ~66 to 144-fold excess of
gp120 per CD4 molecules. Thus although this gp120 concentration is lower than the
saturating anti-CD4 antibody concentrations used, it was considered a good compromise
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on concentration, which would still adequately bind the majority of cell-surface CD4. This
high gp120 concentration of 1 μg/ml, was used in each of the assays in this section.

Figure 5.2: Assay establishment for gp120 binding to the cell surface. a) Schematic of
gp120-binding assay, as described in Section 2.10.7. Suspension cells were pre-bound with
antibody and gp120, washed and allowed to settle on coverslips, all on ice. The temperature block
was released by returning to cells to 37 °C for a period before fixation. b) SupT1 cells were treated
as depicted in (a); cells were warmed following gp120 pre-binding for the time indicated in the
figure before being fixed and labelled with 2G12 anti-gp120 and anti-Human-AlexaFluor594. Midplane confocal section images are shown. Scale bars= 10 μm.

TIRF-dSTORM imaging of SupT1 (Figure 5.3a) and SupT1-R5 (Figure 5.4a) gp120treated samples reveal heterogeneous clustering behaviour, as observed for CD4 in
Chapter 4, as well as changes in density of clusters at early time points in SupT1-R5
representative figures (Figure 5.4a). Cluster analysis of these images, using the Voronoi
diagram-based approach established in Chapter 4, allows comparison of CD4 cluster
morphology between time points and cell lines (Figures 5.3b and 5.4b). Increased cluster
sizes were detected on SupT1 cells after 1-10 minutes of gp120 treatment, in comparison
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to untreated or directly fixed cell samples. No significant changes in CD4 cluster density
were observed throughout the same time course.

Figure 5.3: CD4 nanoscale organisation upon binding by HIVBaL gp120 in SupT1 cells. a)
Magnified regions of representative TIRF-dSTORM images of CD4 on SupT1 cells, following
gp120 and OKT4-AlexaFluor 647 pre-binding and warming for the indicated time period prior to
fixation. Control samples were fixed directly following the cold OKT4-AlexaFluor 647 binding, in
the absence of gp120. Scale bars= 2 μm. b) Mean receptor cluster area (left) and density (right)
are plotted for each gp120- treated (blue) and control (black) condition. Each plotted point
represents the mean value for a single cell. The error bars plot the overall mean and SD. * p<
0.05; ** p< 0.01; *** p< 0.001.
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Figure 5.4: CD4 nanoscale organisation upon binding by HIVBaL gp120 in SupT1-R5 cells.
a) Magnified regions of representative TIRF-dSTORM images of CD4 on SupT1-R5 cells,
following gp120 and OKT4-AlexaFluor 647 pre-binding and warming for the indicated time period
prior to fixation. Control samples were fixed directly following the cold OKT4-AlexaFluor 647
binding, in the absence of gp120. Scale bars= 2 μm. b) Mean receptor cluster area (left) and
density (right) are plotted for each gp120- treated (green) and control (black) condition. Each
plotted point represents the mean value for a single cell. The error bars plot the overall mean and
SD. **** p< 0.0001.
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In contrast, mean CD4 cluster areas did not significantly change in response to gp120 in
SupT1-R5 cells. Rather, marked changes in cluster densities were observed at early
time points (Figure 5.4b). In comparison to the untreated control, gp120-bound SupT1R5 samples displayed a ~3-fold decrease in density of clusters when directly fixed (not
warmed following gp120 binding and before fixation) and up to 1 minute after release of
the temperature block. Cluster density returned to levels similar to that of the control
sample in subsequent time points. Together these results indicate that gp120 binding
induces distinct changes in receptor CD4 organisation. Further, the nature and kinetics
of the cell-surface CD4 re-organisation is dependent on the presence of co-receptor
CCR5 at the cell membrane.

5.2.1.3 Organisation of receptors relative to each other in presence of gp120
To better understand the nature of the interactions between CD4 and CCR5, and how
these may change in the presence of viral components, the relative organisation of CD4
and CCR5 was examined using two-colour STORM imaging of both receptors.
Representative cell images and cropped regions of CD4 and CCR5 STORM
reconstructions in untreated control and gp120-bound SupT1-R5 cells are shown in
Figure 5.5. The gp120-treated cells were fixed following 1 minute’s recovery from the
temperature block, such that the organisation observed should correlate with the
decreased CD4 cluster density observed in Figure 5.4b. In untreated cells, CD4 and
CCR5 are independently distributed in spatially distinct clusters (Figure 5.5a). Although
some clusters are closely juxtaposed, there is minimal signal overlap in these samples.
Following gp120 treatment, CD4 and CCR5 have a small increase in close association
and signal overlap (Figure 5.5b, white arrows).

Multi-channel nearest neighbour analysis was carried out to quantitatively assess the
distance to the nearest CD4 cluster for each of the less numerous CCR5 clusters. gp120bound samples show a distinct left-shift in the cumulative frequency distribution curve of
their nearest neighbour values, in comparison to that of the control samples (Fig 5.5c).
This indicates that, in the presence of gp120, cell-surface CCR5 clusters can occur at
smaller distances from the nearest CD4 clusters: Approximately 55% of CCR5 clusters
are within 600nm of a CD4 cluster, and 100% lie within 2.8 μm of a CD4 cluster, in
comparison to less than 25% and 98%, respectively, in control samples. Indeed, Fig 5.5c
indicates that in unbound samples, small numbers of CCR5 clusters can occur up to 3.4
μm from the nearest CD4 cluster,
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Fig 5.5. CD4 and CCR5 relative nanoscale organisation. Representative dual-colour TIRFdSTORM images of SupT1-R5 cells with OKT4-AlexaFluor 647-labelled CD4 (Magenta) and
MC5-AlexaFluor 568-labelled CCR5 (green); a) in the absence of any gp120, and b) after gp120binding and warming for 1 minute prior to fixation. Insets show magnified images of indicated
regions 1-4. Overlap of the two receptor signals in the magnified insets is indicated by white foci
and highlighted by white arrows. c) Two-colour nearest-neighbour analysis SR CCR5 and CD4
clusters in untreated (grey) and gp120 bound (red) cells. Results are plotted as a cumulative
frequency distribution of the distances between each CCR5 cluster and the nearest CD4 cluster
in the image. n= 6 cells.

5.2.2 Receptor organisation on binding by intact HIV
Following the finding that gp120 alone is able to induce changes in membrane
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organisation, the effect of whole HIV binding to T-cells was investigated. CCR5 tropic
HIVJRCSF was used as a model strain for these assays.

5.2.2.1 HIV titration for binding assays
The binding of individual virions would be expected to have a more localised effect on
receptor organisation that the global effect induced by high gp120 concentration
assessed in section 5.2.1. To assess this, a multi-colour imaging assay was established,
in which both CD4 and the HIV core proteins p24 or p17 were immunolabelled, and the
receptor organisation surrounding bound virions was characterised. For such an assay,
a sufficiently high viral MOI is required, to ensure that at least one virion is found
specifically bound within the basal membrane area of any given CD4+ cell imaged in a
sample. A range of HIVJRCSF MOI were assessed for CD4+ cell-specific binding (Figure
5.6). Confocal imaging was used, allowing us to assess both total and basal membrane
viral binding. The absence of significant numbers of virus particles bound to CD4- BC7
control cells, even at high MOI, confirms that the virus is bound to the SupT1 cell lines
via receptor-specific interactions. This assay also indicated that a MOI of 50 would
ensure that each cell imaged by SMLM would have at least one virion bound and visible
in TIRF. Subsequent experiments were carried out with HIVJRCSF MOI 50.

5.2.2.2 CD4 clustering response to HIV binding
Using MOI 50 HIVJRCSF, assays similar to those with RANTES or gp120 treatment of cells
were established. SupT1 and SupT1-R5 cells were incubated with HIVJRCSF and OKT4AlexaFluor 647 under cold conditions prior to washing and deposition on coverslips. After
settling onto coverslips, the cell samples were then either directly fixed or warmed for 1
minute before fixation (Figure 5.7a). Following fixation, samples were briefly
permeabilised with Triton X-100 and the HIV core protein p17 was immunolabelled with
a primary and AlexaFluor 568-conjugated secondary antibody labelling complex.

TIRF and TIRF-dSTORM images were acquired of labelled HIV p17, along with TIRFdSTORM imaging of CD4. Figure 5.7b and 5.7c show representative images of SupT1
and SupT1-R5 cells, respectively, where HIV was bound at 15-18 °C for 1 hour before
samples were directly fixed. Bound HIV is discernible by the p17 signal using TIRF
imaging, which in each case is confirmed with dSTORM reconstruction of p17 signal
using AlexaFluor 568 labelled antibodies. Non-overlapping signal corresponds to low
levels of non-specific label binding and spurious localisations in that channel. Magnified
selected regions are shown highlighting the CD4 organisation surrounding the viral core
signal in each cell line (Figure 5.7d and 5.7e). No obvious organisational pattern can be
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discerned from visual inspection of these images. CD4 appears to be arranged around
some viral cores bound to SupT1 cells, with closer association between the receptor and
p17 signal on SupT1-R5 cells. CD4 organisation upon HIV binding was further
investigated with quantitative characterisation receptor organisation in defined ROIs
around bound virus particles.

Fig 5.6 Titration of HIVJRCSF on SupT1 and BC7 cells. Indicated MOI dilutions of prepared
HIVJRCSF stocks and OKT4-AlexaFluor 647 were pre-bound to CD4+ SupT1 cells (left) or CD4BC7 cells (right) at 15 °C, before washing and fixation, and labelling with anti-p24 and anti-RabbitAlexaFluor 488 to label to viral matrix. Maximum intensity projections of confocal images of
representative cells from each sample are shown. Scale bars= 5 μm.

In order to assess if HIV binding induces local changes in CD4 clustering, the ROIs
surrounding bound virus were inputted into the Voronoi diagram-based cluster analysis
platform (Figure 5.8a). Briefly, this was achieved by identifying the signal maxima for
diffraction-limited TIRF images of virus particles bounds to cells. Each maximum point
was then transposed to the corresponding CD4 dSTORM image, and square ROIs of
increasing area around the point maxima were extracted and analysed as in previous
assays. ROI size increased at 4-pixel increments per length of square, corresponding to
regions of interest spanning from 50nm to 250nm in width (1/2 length of a square,
referred to as radius) from the maxima point at their centre (Figure 5.8a). Control data
was collected by extracting ROIs in the same manner from randomly selected points
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within the same cells, dependent on the condition that ROI do not overlap with any of
those extracted around bound virions.

Fig 5.7. The effect of HIV binding on CD4 nanoscale organisation. a) Schematic of HIV
binding assay followed. HIV and OKT4-AlexaFluor 647 are pre-bound to cells at either (1.) 4 °C
or (2. and 3.) 15-18 °C, before brief washing and settling of the cells on coverslips. (1 and 2).
Cells pre-bound at either temperature were fixed directly without being (legend cont. next page…)
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warmed up; (3.) other samples were warmed from 15-18 °C to 37 °C for one minute before being
rapidly cooled and fixed. Representative dual-colour TIRF-dSTORM images of b) SupT1 and c)
SupT1-R5 cells, with OKT4-AlexaFluor 647-labelled CD4 (Cyan) and anti-p17 and antiMouseIgG2a-AlexaFluor 568-labelled HIV particles (Magenta), prepared as per process (2.)
above. Diffraction-limited TIRF images of the same p17-labelled viral cores are overlaid (yellow).
Scale bars= 5 μm. d) and e) Magnified images of selected bound HIV particles and the
surrounding 1 μm2 area, from samples shown in b) and c), respectively. Images of just the
dSTORM CD4 and p17 signal are shown adjacent to each 3-colour cropped region. Grey-scale
versions of the p17 (magenta border) and CD4 (cyan border) STORM images are shown below
these each pair of false-coloured cropped regions. Scale bars= 200 nm.

Using this analytical approach, changes in CD4 organisation were assessed first in
SupT1-R5 cells pre-incubated with HIV at 4 °C and directly fixed without release of the
temperature block, as per Figure 5.7a(1) (Figure 5.8b). A trend of increasing mean CD4
cluster area with increasing ROI radius was detected. While this trend was most
significant between small radii (50-90 nm) and larger radii (210-250 nm) around HIV
maxima, two-way ANOVA statistical analysis indicates that the means at each radius
value do not differ significantly from control values. This indicates that cluster area
increase can be attributed to the increase in radius rather than the presence or absence
of bound HIV (P <0.0001). Similarly, the increase in cluster density from 50 nm radius to
130 nm and greater is due simply to the increasing radius rather than HIV binding (P =
0.003). Under these conditions, HIV binding does not significantly alter CD4 organisation
where it is bound.

Following this, the effect of allowing the virus to bind at a higher temperature, where
membrane fluidity and strength of receptor engagement is increased, but HIV infection
is still blocked, was tested. SupT1 and SupT1-R5 cells were pre-incubated with HIV at
15 -18 °C before fixation, without release of the temperature block, as per Figure 5.7a(2)
(Figure 5.9a and b). As with the previous assay, mean CD4 cluster area on SupT1 cells
increased with distance from HIV maxima, with the most significant difference occurring
between 50-90 nm and 210-250nm (Figure 5.9a). In agreement with the previous assay,
the lack of difference between HIV and control points at each distance indicates this
trend is attributable to the increasing radius alone (P <0.0001). Likewise, the small
increase in cluster density detected at shorter distances from HIV and control points is
attributable only to the increasing radius (P = 0.04).

CD4 clustering in SupT1-R5 cells under the same conditions (Figure 5.9b) displayed an
important difference in receptor organisation in response to HIV binding. Similar to the
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trend in SupT1 cells, the mean cluster area in SupT1-R5 increases significantly between
50-90 nm radii and the larger distances. Unlike in SupT1 cells, however, this trend (with
the greatest difference occurring at 210 nm radius) is the result of bound HIV particles
(two-way ANOVA, P =0.0018), in addition to the radius (P <0.0001). Conversely, the
sharp increase in cluster density at radii above 50nm occurs in both HIV and control data
sets and is due to the changes in radius alone (P <0.0001).

Figure 5.8: Quantitative characterisation of CD4 clusters around cell-bound HIV particles.
a) Schematic of analytical approach to cluster analysis in regions of expanding area around virus
particle signal foci. The signal maximum of the diffraction-limited TIRF image of the HIV p17 was
determined (Maximum). This point was used as a central reference point for the plotting and
extracting of localisation data from corresponding STORM images of CD4 in sets of square ROIs,
where each side expands from the maximum point by increments of 2 pixels. These box ROIs
and the nanometer distances they extend from the maximum are indicated in the figure, as well
as the approximate size of a typical HIV particle (120-150 nm diameter, indicated by a green
circle). b) Cluster analysis in ROIs extracted from images of SupT1-R5 cells with HIV pre-bound
at 4 °C before direct fixation. Mean CD4 cluster area (left) and density (right) are plotted for each
set of extracted ROIs with the indicated radii. Data from ROIs around viral particles are plotted in
red, and from those around randomly selected control points, in dark grey. n for each radius = 14
viral particles, 8 control points. Bars show mean and SD; * p< 0.05; ** p< 0.01; *** p< 0.001.
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Figure 5.9: Analysis of CD4 clustering around cell-bound HIV particles. Cluster analysis in
ROIs extracted from images of a) SupT1 and b) SupT1-R5 cells, with HIV pre-bound at 15-18 °C
before direct fixation, and c) SupT1-R5 cells with HIV pre-bound at 15-18 °C and warmed for 1
minute before fixation. Mean CD4 cluster area (left) and density (right) are plotted for each set of
extracted ROIs with the indicated radii. Data from ROIs around viral particles are plotted in red,
and from those around randomly selected control points, in dark grey. n for each radius = 14 viral
particles, 8 control points. Bars show mean and SD. * p< 0.05; ** p< 0.01; *** p< 0.001.

Given the difference in clustering response in SupT1-R5 following HIV binding at 15-18
°C, without warming, the effect of brief (1 minute) warming following binding under the
same conditions was assessed, as per Figure 5.7a(3). This short time frame was
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selected to correspond with a time point at which significant CD4 rearrangement was
observed following soluble gp120 binding. Similar trends in CD4 cluster areas with
increasing radius from bound HIV or control points were observed as in the previous
assay (Figure 5.9c). As with the previous assay, this trend is attributable to both the
presence of bound HIV (P <0.0001) as well as increasing radius from the virus maxima
points (P <0.0001). As in Figure 5.9b, the distance from the maxima points with the most
significant difference in mean cluster area between HIV and control points is 210 nm.
Unlike previous assays, no trend in cluster density values correlating with radius values
was detected. The increased cluster density at 90 nm in HIV bound points is significantly
distinct from that of control points and attributed to the presence of HIV (P <0.0028).

5.3 Discussion
In this chapter I applied and adapted SR-resolution experimental imaging and Voronoibased analytical approaches to the investigation of CD4 nanoscale organisation and reorganisation in response to binding by R5-tropic soluble gp120 or intact HIV. High
concentrations of gp120 were confirmed to specifically bind to cell surface CD4 and,
following SR imaging, were determined to induce distinct changes in CD4 clustering
organisation in cells with and without cell-surface CCR5 expression. In a similar
approach, intact HIV binding was found to induce local increases in CD4 cluster sizes
around the bound virions. This effect was most notable in cells also expressing the coreceptor CCR5, following temperature conditions permissive to progressive steps in the
HIV fusion process. Further insights these results may provide for HIV entry mechanisms
are discussed below. CCR5 was observed to associate more closely with CD4 in cells
bound by soluble gp120, than in unbound cells, suggesting the distinct CD4 clustering
responses between cells lines may be dependent on the presence of co-receptor.

Soluble monomeric HIVBaL gp120 was confirmed to bind specifically to cell surface CD4
as expected, based on the occlusion of subsequent Q4120 binding (Figure 5.1). The
effect of gp120 binding was investigated with confocal and SR imaging of time-course
assays following gp120 binding (Figures 5.2- 5.4). These assays served as initial proof
of concept for our approach to characterisation of viral glycoprotein-induced CD4
clustering changes. As such, a high, CD4-saturating concentration was used, to ensure
the greatest chance of being able to detect any induced cluster changes as cell-wide
effects on cell-surface CD4. Confocal imaging confirmed the strong surface binding
signal of immunolabelled bound gp120 on SupT1 cells, correlating with the presence and
distribution of cell-surface CD4. The persistence of both gp120 and CD4 signals at cell
surfaces throughout the 5-minute time-course confirms that neither protein was
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internalised to any detectable levels; nor did gp120 dissociate from the cell surface
following warming of the samples (Figure 5.2).

Distinct changes in CD4 clustering are observed in response to gp120 binding in SupT1
and SupT1-R5 cells. One interesting possibility to justify this difference is that the slow
and moderate increase in mean CD4 cluster areas on the surface of gp120-bound SupT1
cells may indicate a low rate of multiple smaller CD4 clusters combining into larger
clusters by gp120 (Figure 5.3a and b). Alternatively, this trend may indicate pooling of
monomeric or oligomeric CD4 species, which initially fall below the size threshold to be
considered “clusters” in our analysis (< 500 nm2, concomitantly, below the resolution
attainable in our experimental setup) to form larger clusters that do fall within the
appropriate area range (500 - 70600 nm2). The lack of detectable change in the density
of CD4 clusters throughout this assay indicates that a mixture of the two processes is
most likely occurring, thus maintaining the initial cluster density values while accounting
for the shift in mean cluster size.

The markedly different trends detected in CCR5-expressing SupT1-R5 cells suggests a
distinct organisational shift in these cells, dependent on co-receptor presence (Figure
5.4a and b). In these cells, a 3-fold decrease in the density of CD4 clusters was observed
in samples directly fixed, or warmed for up to one minute, following gp120 binding at 410 °C. Cluster density returned to untreated-cell levels following longer warming periods,
with no significant change in cluster area (Figure 5.10). CD4 internalisation was excluded
as an explanation for the rapid CD4 cluster density drop, as no CD4 or gp120
internalisation was detected via confocal imaging (Figure 5.2). In addition, endocytic
processes are inhibited at the cold temperatures (<10 °C) the directly fixed samples are
maintained at. Similarly, the dynamics of the sustained density decrease following
temperature increase is very different to internalisation dynamics observed for other CD4
endocytic events, such as the PMA-stimulated CD4 uptake characterised in Chapter 4
(Section 4.2.4.3).

A plausible explanation for the decrease in cluster density may be the combining of many
small clusters, for example at the lower cluster size range, into significantly fewer but
only slightly larger clusters, so as not to significantly alter cluster area mean values in a
large and heterogeneous cluster population. The recovery in cluster density, once again
without a significant change in mean cluster size, seems most likely due to a further
induced change in CD4 organisation, rather than rapid relaxation of the induced changes
back to the unbound state. This is especially likely given the sustained gp120 binding,
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as well as the ongoing clustering effect observed in SupT1 cells incubated with gp120.
The recovery of cluster density could be accounted for by pooling of <500 nm2
monomeric or oligomeric CD4 species, such that they once more fall within the size
range to be considered clusters, restoring cluster numbers and density.

Figure 5.10 Schematic of CD4 cluster changes induced by monomeric gp120 binding, in
the presence of CCR5. Schematic of changes in CD4 cluster organisation following binding of
monomeric gp102 to SupT1-R5 cells, as indicated by SR cluster analysis.

Confirmation of these clustering change mechanisms would need to be confirmed with
high resolution EM, as well as, potentially, SR imaging with size-based analysis and
molecular counting approaches. If these mechanisms were confirmed, the seemingly
distinct processes observed for each cell line could, in fact, rather be considered very
similar CD4 clustering and pooling processes. For example, each proposed process
includes the merger or pooling of detected (within 500 - 70600 nm2 area size-range) CD4
clusters, while the change in mean cluster size or density is countered by pooling of small
monomeric and oligomeric CD4 arrangements. The key difference between the two
suggested processes, then, is that the presence of CCR5 seems to alter the kinetics of
the pooling response, such that it becomes a two-stage process: The initial cluster
merging is initiated even at cold temperatures, but the “recovery” pooling of very small
CD4 units for restoring cluster density is temporally delayed. This would account for the
delayed density recovery in SupT1-R5 cells. Further, the marked CD4 cluster density
drop could be explained if the presence of CD4-associated CCR5 somehow imposed a
size limit on the CD4 clusters that could merge or pool, such that the mean cluster size
is not significantly shifted. Without further investigation it is not clear what the mechanism
of either such kinetic change or cluster size restriction would be.

Further to this additional analysis, assessment of CD4 clustering at early time points at
a range of gp120 concentrations could also help to shed light on this clustering effect. In
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the assays in this chapter, gp120 was used at a very high concentration in an effort to
induce membrane topology changes by “brute force”. A titration of gp120 could be tested
to confirm if the clustering changes are dose dependent, and therefore a “true” response
to gp120, as well as what the minimum gp120 dose may be for receptor clustering
changes to be observed.

The relative organisation of CD4 and CCR5 was assessed in dual-colour dSTORM
experiments, in the absence of any cell treatment, and following gp120 binding and cell
warming for 1 minute before fixation (Figure 5.5). Minimal association is detected
between CD4 and CCR5 signal in unstimulated control cells. In the presence of gp120
at the cell surface, CCR5 clusters indicate a shift towards closer association with CD4,
such that all CCR5 is detected within 600 nm of a CD4 cluster. There remains limited
signal overlap or closely abutting signal foci in these samples.

These results are surprising, particularly given the high concentration of gp120 bound to
cells. This would have been expected to induce co-clustering and close association of
the two membrane proteins by the finely co-ordinated interactions between gp120 and
each receptor. The lack of close association observed may be due, in part, to the use of
MC-5 for labelling of CCR5. MC-5 is inhibitory to HIV infection and binds the same CCR5
conformations as the gp120. Thus, gp120-engaged CCR5 may not be effectively labelled
by MC5, especially if it is in a sterically crowded complex with gp120, CD4 and, in these
assays, OKT4. In this case, unlabelled CCR5 may, in fact be more closely associated
and co-clustered with CD4 but remain undetected without the use of an antibody noncompetitive to gp120 binding. Additional control assays to confirm loss of MC5 labelling
following gp120 binding, as well as testing of other CCR5 labelling approaches would be
required to confirm this explanation and further explore the impact of gp120 binding on
CCR5 organisation.

Monomeric soluble gp120 is not expected to be able to interact with CD4 and coreceptors in a manner identical to an intact trimeric Env complex. It is possible that gp120
monomers are able to self-oligomerise to form multivalent complexes that could account
for some of the CD4 pooling and crosslinking detected. However, it is not known if such
oligomers would be capable of the same sequential interactions with receptor and coreceptor as occurs with Env trimers. Nonetheless, evidence that soluble gp120 is able
to induce signalling within a cell (Misse et al. 2005) suggests that it should be able to
induce a membrane organisational response not unlike what intact HIV could induce.
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This work has confirmed that a pooling of CD4 small clusters most likely occurs following
gp120 binding, in a manner modulated by co-receptor CCR5.

The nature and kinetics of CD4 cluster changes observed in gp120-binding assays
served to inform how we could carry out and interpret results from assays using intact
HIV. Practical considerations to sample preparation with HIV, including limited viral
stocks and safety of sample handling made time course assays as carried out with gp120
unfeasible. However, from the gp120 assays, we determined that we could reasonably
expect to detect some changes directly following cold pre-binding conditions and short
temperature recovery periods.

HIV pre-bound to SupT1-R5 cells at 4 °C, and directly fixed, induced no significant
change in CD4 organisation in the surrounding 0.5 μm2. This contrasts with the rapid
change in cluster density observed with gp120 under the same conditions. However, it
correlates well with what is known about the temperature dependence of the interactions
between HIV Env trimers and receptor CD4 and co-receptor, for progression of the fusion
mechanism (Frey et al. 1995; Henderson and Hope, 2006). At 4 °C low levels of CD4specific binding occur and much of the cell’s response pathways will be inhibited, so that
little re-organisation would be expected.

In SupT1 cells, the same lack of virus-dependent change on CD4 organisation was
detected in cells to which HIV was bound at a higher temperature, of 15-18 °C. Only in
SupT1-R5 cells, under the same conditions, is a significant re-organisation in CD4
clustering observed. Hence, despite the temperature increase, in the absence of an
appropriate co-receptor it appears that trimeric HIV Env trimers cannot induce CD4
clustering changes. When CCR5 is present, the increasing cluster size with distance
from the viral core is more rapid than that seen in control measurements. The same
trend, yet even more distinct from control measurements, is observed when the HIVbound samples are warmed to 37 °C before fixation. At these temperatures, the cell and
viral membranes are more fluid and gp120 is presumably capable of stronger
interactions with the co-receptor CCR5 before fusion gp41 fusion peptides can be
inserted into the cell membrane in preparation for fusion.

Interestingly, the largest CD4 clusters, and the ones most distinct from control
measurements, consistently occurred at a distance of ~210 nm from the viral core.
Typically, HIV has a radius of 60-75 nm. This means that the peak induced cluster size
occurs ~135-150 nm beyond the periphery or the virus, and beyond where HIV is able
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to directly engage with the proteins via Env. It is possible that, in these samples, the
virions have started to proceed along the fusion pathway at the PM and may even be
halted at a hemi-fusion state. If this were the case, the larger CD4 clusters at the 210 nm
distance may, in fact, indicate where the viral Env trimer and engaged receptor clusters
have spread as the viral and cell membranes mix. This explanation is highly speculative
however, as it would require distinct fusion temperature dependencies and kinetics from
those previously reported for HIV in investigations in TAS (e.g. Frey et al, 1995,
Henderson & Hope, 2006). HIV co-receptor engagement is thought to be weak, and gp41
fusion peptide insertion into the target membrane and subsequent fusion steps should
not occur, at temperatures below 24 °C. Following return to 37 °C, fusion usually follows
after several minutes, rather than within a single minute. An alternative explanation for
these observations is suggested below.

A less speculative explanation is that HIV bound at 15-18 °C is able to induce local
recruitment of CD4 to the area surrounding where it is bound (Figure 5.11). The pooling
of recruited clusters into larger ones would account for the absence of an increased local
cluster density. These recruited clusters may peak in size at 210 nm, beyond the virion
itself, due to restrictive forces such as molecular crowding and limited membrane fluidity
that prevent them from collecting at closer distances. One could postulate further, then,
that the small peak in cluster density at 90 nm from the viral cores, following one minute
of SupT1-R5 sample warming, may be due to specific interactions between HIV Env and
CD4 molecules within its binding range. These CD4 clusters may be those actively
engaged and retained closer for fusion complex formation, in preparation for fusion which
is thermodynamically available at the warmer temperature. At this temperature, strong
co-receptor engagement would mean that CCR5 is likely included in these clustered
regions as well.

The difference in observations from SupT1 and SupT1-R5 cells indicates that, as with of
soluble gp120 binding, the CD4 clustering effects are modulated by CCR5. If there is
interaction between soluble or Env trimer gp120 and CCR5 at lower temperatures, it is
likely to be weak and unstable (Henderson & Hope, 2006). The clustering of CD4 beyond
the immediate site of HIV receptor engagements is most likely due to signalling induced
by strong Env gp120-CD4 engagement. However, the augmented response seen in
SupT1-R5 cells suggests that a low level of CCR5 signalling may be induced to further
stimulate the CD4 cluster changes.
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Figure 5.11 Schematic of receptor cluster changes induced by HIV cell surface binding.
Schematic of understood changes in CD4 cluster organisation following binding of HIV to SupT1R5 cells, as indicated by SR cluster analysis.

A number of additional experiments are required for further investigation of the proposed
CD4 clustering and recruitment events. The evaluation of similar samples followed over
longer warming times after virus binding would shed more light on the nanoscale
dynamics that lead up to potential viral fusion at the PM. Further, while these results
suggest CD4 re-organisation is induced by HIV binding, this does not directly inform
whether the effect modulates the viral entry pathway between PM fusion and CMEdependent cell entry for virus infection. Further experiments, examining whether other
cell components, such as clathrin and associated proteins that are recruited towards
bound HIV, are required to further parse these questions.

As with the soluble gp120 binding effects, further assays to uncover the role and
organisation of CCR5 in the observed CD4 re-organisation by HIV binding would also
help us to better interpret the effects and underlying mechanisms observed in these
assays. The role of HIV gp120-induced signalling in the receptor recruitment events
could also be tested by assessing if the same clustering changes could occur with
signalling-deficient mutants of CD4 or CCR5, or both.

It is worth noting that the SupT1 and SupT1-R5 cell lines used in this work do also
express CXCR4 at the cell surface. Although the HIVBaL gp120 and HIVJRCSF used are
both R5-tropic and hence won’t directly bind to CXCR4, the presence of a second coreceptor may impose a further modulating effect in the organisation of CD4. Additional
cell lines have recently become available through a collaborator, in which this
endogenous CXCR4 has been knocked out (KO). It would be interesting to extend the
assays used in this chapter to these CXCR4 KO cells to assess this potential modulation,
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as well as the effect of the absence of any co-receptor on CD4 organisation and
clustering responses.

Finally, the tracking of receptor organisation by live-cell nanoscale imaging, allowing us
to track the dynamics of receptor clusters as they are recruited, rather than in fixed
snapshots, would perhaps give us further insight into the scale and extent of what appear
to be local receptor clustering changes. Live-cell imaging of these rapid dynamic
processes should also be extended to other cellular components found to be associated
with these events, such as endocytic machinery and the sub-membrane actin cortex.

In conclusion, in this chapter I have used SR imaging and quantitative cluster
characterisation to reveal the altered receptor CD4 nanoscale membrane organisation
following engagement with the HIV envelope glycoprotein gp120. The membrane reorganising effect differs between soluble monomeric gp120 and gp120 in the context of
a functional HIV Env trimer, as well as being modulated by the presence of the
chemokine receptor and HIV co-receptor CCR5. Results thus far indicate that gp120
engagement induces pooling of CD4 clusters surrounding sites of binding, most likely
primarily via signalling pathways induced through engaged CD4. Further experiments
have been proposed and are necessary for a better understanding of the mechanism
and implications of this receptor re-organising process.
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CHAPTER 6: Final Discussion and Conclusions
A eukaryotic cell’s PM serves as the key domain of interaction with other cells,
extracellular signals and stimuli, as well as pathogens such as invading viruses. There
is a rapidly growing body of evidence that the dynamic organisation of the PM
components serves as a key regulatory factor in these finely controled interactions
between the cell and each of these sources of stimuli (reviewed in Grecco et al, 2011).
This has contributed to our growing understanding of the role of common organisational
and functional features of cell-surface receptors being arranged into spatially discrete
micro and nanoclusters within the PM (Lee et al. 2016; Roh et al. 2015; Sherman et al.
2011). The function of these clusters can be modulated by the local lipid environment,
neighbouring protein species, and, in some cases,the proximity of homo- or heterointeraction partners for oligomerisation and signalling complex formation (e.g. Bartuzi et
al. 2017).

It is in this context that the receptor-dependency of viral infection can be understood to
be more intricate than perhaps previously appreciated. The process of cell entry for many
viruses is likely modulated not only by identity of receptor protein interactors and the
chemical environment (for example, pH), but also by the distribution and clustering of
these receptors within the PM (Grove and Marsh, 2011; Scarselli et al. 2002; Shimizu et
al. 2011).

The potential for receptor clustering and nanoscale organisation to exert a modulatory
effect in viral infection, and conversely, the potential for viral receptor engagement to
manipulate receptor distribution may be especially relevant in the case of HIV. This virus
is the main causative agent of AIDS, a disease with a legacy of nearly four decades of
humanitarian crises and global health importance. The evidence indicating that HIV may
be manipulate the signalling functions of its receptor, CD4 and co-receptors, CCR5 and
CXCR4 (e.g. Yoder et al. 2008), coupled with consideration of the controversy within the
field regarding the cell entry route(s) that HIV uses for productive infection, makes it a
particularly pertinant virus through which to adress questions of dynamic receptor
organisation on viral engagement.

In this thesis I set out to address such questions by fully characterising the dynamic
spatial nanoscale organisation of cell surface HIV receptors CD4 and CCR5, under
steady state and stimulatory conditions as well as on binding of HIV or its
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subcomponents. I also sought to fully exploit the potential of rapidly developing SR
microscopy and associated novel technologies to attain this information on as fine a
resolution scale as technically possible. This comprised of developing and characterising
novel small molecule labels for cell-surface receptor CD4, and in parallel establishing a
validated, robust and flexible experimental platform for the SR imaging and analysis of
receptor clustering.

SR imaging of cell-surface components benefits strongly from the use of small,
monovalent labels, preferably non-inhibitory to the processes and interactions being
investigated. We were thus particularly interested in the recently described Affimers as
high affinity, thermostable small labels that are relatively easy to select against target
molecules of interest (Tiede et al. 2017, 2014). In Chapter 3, I present work done for the
selection and characterisation of Affimers for labelling cell-surface CD4. This work faced
multiple challenges regarding protein expression and purification, as well as fluorophore
conjugation and removal of free dye. Nonetheless, six candidate Affimers specific
against CD4 were developed and confirmed to bind CD4 on non-reducing western blots
and the cell surface. However, they appear to bind cell surface CD4 poorly, especially
following conjugation, likely suggesting low affinity for the receptor. In depth
characterisation of these molecules for affinity and avidity is therefore required before
further application to image-based assays. As discussed in Chapter 3, more high-affinity
binders, specifically recognising the extracellular epitopes of CD4 rather than sCD4,
could be selected by a cell-based screening approach. A similar approach could also be
applied to the development of new small labels for CCR5. The 7TM structure of proteins
such as CCR5 hinders our abiity to generate stable soluble epitopes of the receptor for
use in binder selection, but whole-cell based assays may circumvent this problem.

Despite the great potential for many of the emerging small molecules for labelling and
SR, the implimentations of SR receptor imaging with fluorochromated mAbs
demonstrates the continued utility of presently available biochemical resources in
advanced imaging. The use of mAbs required careful validation in our experimental
process for nanoscale cluster analysis, including assessment of the effect of the
experimental process and sample handling itself on experimental readouts. I anticipate
that this is an underappreciated validation step which will become increasingly important
as SR imaging capabilities improve, and implementations of the technology becomes
more sophisticated. These validations allowed me to proceed with the imaging assays
as presented in Chapters 4 and 5 with an understanding of the caveats of my approach,
and confidence in the nature of information extracted from the data analysis.
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In Chapter 4 I made use of the above labelling, imaging and analysis tools to establish
an experimental platform for the full and robust spatial and temporal characterisation of
cell surface CD4 and CCR5 nanoclustering organisation. To the best of my knowledge,
implimentation of the existing tools into such an approach has not been previously done.
I identified highly heterogeneous and cell-cell variable cluster size and density
distributions for both receptors. These findings required morphological characterisation
on an individual-cluster basis rather than identification of global descriptors of cluster
populations.

Using this approach, I was able to assess the “steady state,” dynamic organisation of
receptors, first in adherent cells in the case of CCR5, followed by suspension T-cell lines,
a more relevent cell system for HIV, for both receptors. This was followed by the the
targeted disruption of CD4 organisation by RANTES and PMA treatment. These assays
highlight the value of quantitative clustering characterisation for identifying trends in
organisation, especially as such changes cannot be discerned by visual inspection alone
in such heterogeneous clustering systems. The assays also served to validate the utiliity
of my established experimental platform for the tracking of dynamic processes such as
cluster re-organisation at the nanoscale, even in fixed samples.

This work was extended in Chapter 5, in the investigation of CD4 and CCR5 distribution
changes upon binding of soluble gp120 or whole HIV virions. I demonstrated that binding
by gp120 induces closer association of CD4 and CCR5 from clusters that are otherwise
largely spatially distinct and show minimal close association. I also demonstrated that
binding of both soluble gp120 and intact HIV triggered marked rapid changes in CD4
nanocluster morphologies and densities, suggesting that HIV does indeed trigger
recruitment or pooling of the CD4 upon its binding to the cell membrane.

Taken together, the results from these assays provides interesting insights into the
nanoclustering characteristics of CD4 and CCR5. CCR5 agonist stimulation resulted in
a strong decrease in receptor density on the cell surface, on a time scale that correlated
well with that observed by Signoret et al. 2005. Whilst I did not detect the marked change
in CCR5 clusters detected by Grove et al. 2014 in their association with flat clathrin
lattices, a potential explanation for this finding exists. They assessed CCR5 at a much
later time point (~60 – 90 min) of RANTES treatment, when much of the smaller CCR5
clusters have likely already been taken up by CME or are otherwise immobilised at the
PM, and the internalised receptor population may by this time point already be recycling
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to the PM. It may be useful to cross-validate my experimental setup by replication of an
assay at this longer time point. However, for the work shown here, I opted to focus on
the very early times points in the RANTES stimulation time course, as this was
considered most likely to show the nanoscale re-organisations contributing to the bulk
cell-receptor distribution changes observed from 10 minutes onwards by diffractionlimited imaging. In a similar vein, the modulation of CD4 upon RANTES treatment
corresponds well with previously reported kinetics of response (Pelchen-Matthews et al.
1993). This likely indicates a progressive re-organisation of CD4 between 5 and 15
minutes of treatment.

The kinetics of these treatment response times is distinct, in most cases, from those
observed in CD4 organisation following binding of gp120 or HIV. In SupT1-CCR5 cells,
when changes in cluster morphology or distribution was detected in these assays, it was
at very early times points. For gp120, this was detected as a 3 fold decrease in cluster
density triggered by binding of gp120, maintained only up until 1 minute after release of
the temperature block. In HIV binding assasy, CD4 pooling around the virions was
likewise detected both before and within 1 minute of release of the temperature block.

The temporal differences in changes in receptor organisation may be indicative of
different response mechanisms to the different stimuli. Specifically, the faster changes
upon interaction with HIV or its Env subcomponent suggests local changes independent
of global cell signalling. These could potentially be induced, in part, by the physical forces
imposed by HIV or gp120 binding directly. This may actively pool CD4 by multiple
interactions with a trimeric Env complex, in the case of intact virus. However, the most
distinct changes in CD4 distribution were detected at distances well beyond the
peripheral binding reach of a viron, even when accounting for the possible increase in
virion size upon receptor binding reported by Pham et al (2015). This, in turn suggests
some role for localised transmission of a physical stimulus or biochemical signal across
the cell surface at site of HIV interaction, if not by canonical signalling pathways.

Striking distinctions in CD4 organisational changes were also sobserved in cells with and
without CCR5 (SupT1-R5 and SupT1, respectively), in PMA treatment as well as
interaction with HIV Env or soluble gp120. This may be explained by studies showing
localised transmission of a stimulus for recruitment of receptor across small membrane
regions is possible through the allosteric and oligomerising nature of co-receptor CCR5
(Kuhmann et al. 2000; Platt et al. 2007). This strongly suggests an important impact of
the presence of the chemokine receptor on CD4 nanoscale organisation and potentially
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changes in hetero-oligomerisation of each receptor in each other’s present and in
response to stimumli such as PMA (as previously reported indicated Martinez-Munoz et
al. 2014) and viral particles such as HIV Env or soluble gp120.

This explanation for my findings would necessitate further experimental investigation to
confirm. Complementary SR and high resolution EM assays for molecular counting in
these clustering arrangements may be an approach to complement this data by providing
information on what changes may be happening a single-molecule scale. Further SR
data for the clustering, localisation and potential re-organisation of CCR5 upon
interaction with gp120 or whole HIV would also be essential to elucidate which processes
are being observed in these assays. Assessment of the impact of HIV Env or soluble
gp120 on signalling incompetent CD4 and gp120 redistribution could provide insight into
the role of their signalling in these events. Importantly, such experiments would require
the development and/or validation of another high affinity CCR5 mAb or small label that
is non-inhibitory to HIV binding and infection. Parallel investigation into the distinctions
in the nanoscale distributions of different CCR5 conformations may also be interesting.
Similarly, further investigation into the relative nanoscale distributions of CD4 and CCR5
under different stimulatory or binding conditions is required to inform both how HIV is
able to sequentially interact with the two species upon binding. For example, remaining
questions include whether HIV triggers pooling and greater interactions of CCR5 with
CD4 in the membrane region surrounding its binding as well how the presence of CCR5
appears to so greatly alter the clustering behaviour of CD4.

Further work is also required to understand the receptor organisational changes within
the context of the larger cell. In particular, the actin cortex and endocytic mechinery such
as clathrin and adaptor proteins, as well as the three-dimensional (3D) structure of the
PM. A clearer understanding of whether changes in receptor cluster morphology
corresponds to alterations in local actin cortex density or association with endocytic
machinery, as well as the relative timing of any such changes, would inform interpretation
of the receptor dynamics I have observed. This would build on the current understanding
of receptor signalling responses and their role in HIV infection (Harmon et al. 2010;
Jiménez-Baranda et al. 2007; Lucera et al. 2017; Yoder et al. 2008). Further, such
investigations will be especially interesting to address in relation to the still open question
of which cell entry pathway(s) HIV favours for productive infection, and under which
conditions. I have not taken the 3D structure, including folds and invaginations, of the
PM into specific account in the analyses shown in this thesis, in order to first establish
an experimental platform and basic model of understanding of the role receptor
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distribution and dynamics may play in important cellular events such as HIV infeciton.
However it is crucial that these key questions are addressed in future work.

Lastly, in light of the dynamic nature of all membrane organisational processes described
here, it is important to establish parallel live-cell imaging assays of these events. This
would provide validation of my results, and understanding of the finer dynamics of
events, of which my work has defined fine-scale but fixed snapshots. Live-cell imaging
typically comes at the cost of resolution, however, the novel analytical technique Super
Resolution Radial Fluctuations (SRRF) (Gustafsson et al. 2016), can be used for SR
imaging under live-cell compatible conditions. Implementation of SRRF will allow livecell imaging of receptor organisation dynamics that will complement the SMLM data from
this study.

In conclusion, this work has provided a first-look into the nanoclustering and dynamics
of cell-surface receptors CD4 and CCR5, using SR imaging technology and associated
advanced analytical tools with established labelling approaches. Overall, the work that
forms the basis of this thesis, from assay and tool development to extensive biological
systems characterisation, has unveiled the surface receptor clustering and reorganisation in response to chemical or agonist treatment as well as to HIV engagement.
My work has made it possible to explore in a quantitative manner the importance and
subtleties of the complex interplay between HIV and the cell surface receptor (CD4) and
co-receptor (CCR5) required for successful viral engagement. This can form a
foundation of both understanding and techniques for future indepth cellular labelling and
SR imaging to further investigate questions such as the host cell entry pathways
favoured by HIV. Beyond our understanding of HIV receptor engagement, the work
established here can also be adapted to other viral entry investigations, and even
questions of membrane protein engagment by other invading pathogens incuding
bacteria and fungi (e.g. Itano et al. 2014). Similarly it can be adapted for the assessment
of cellular responses to small molecule treatments, including drugs or therapeutics that
may target specific cell-surface receptors.
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