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Abstract
T cell activation is dependent on two main signals; signal one via the TCR binding to
its cognate antigen presented by MHC on the surface of APCs, and signal two
through costimulatory receptors such as CD28 binding to its ligands CD80 and
CD86. CTLA-4 forms a vital checkpoint in the regulation of T cell activation, by
binding to and removing CD80 and CD86 from the surface of APCs via the process
of transendocytosis. Although CTLA-4 needs to be on the surface of the T cell to
interact with its ligands, the majority of CTLA-4 protein is found in intracellular
compartments due its interesting and poorly defined trafficking pathway.

In this study I show that specific motifs within the cytoplasmic tail of CTLA-4 are
involved in the regulation of CTLA-4 trafficking. This work also shows that
CTLA-4 is trafficked through early and late endosomes on route to lysosomes for
degradation, and through early and recycling endosomes and possibly the TGN for
its recycling route. These degradation and recycling pathways are regulated by Rab5
and Rab7, and Rab5 and Rab11 respectively. Furthermore, I demonstrate that LRBA
is involved in the fate decision between these pathways, and provide direct evidence
for the role of LRBA in CTLA-4 recycling.
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Impact Statement
The work of this thesis increases our understanding of CTLA-4 trafficking pathways,
and this has the potential to have positive impacts both inside and outside academia.
The importance of the CTLA-4 pathway has been highlighted recently by the award
of the 2018 Nobel Prize in Physiology or Medicine to James Allison for his work on
immune checkpoint inhibition.

My work will be beneficial within academia, particularly within the field of
immunology. In this study I have improved our understanding of CTLA-4 cell
biology which has a direct impact on its function as a regulator of T cell activation.
As such this work is relevant for the large numbers of researchers with an interest in
immunology related to both human and animal health, especially those involved in
the study of autoimmune diseases and cancer biology. For this thesis I have also
created a number of cell lines, which could be used by other researches to further our
understanding of CTLA-4 biology.

My work may also have a number of benefits outside of academia. CTLA-4 is
already targeted in the clinic using anti-CTLA-4 antibodies or soluble CTLA-4-Ig
fusion proteins to inhibit or supplement CTLA-4 function, but these treatments have
significant side-effects. By providing a better understanding of the pathways and
regulation of CTLA-4 trafficking, this work may have revealed potential targets for
generating new drugs that can more subtly modify the CTLA-4 checkpoint. As such,
this work has the long term potential to bring about novel treatments with greater
efficacy and fewer side effects. In the short term, the work from this thesis may
positively impact diagnosis of individuals with immunological diseases. Our lab
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currently provides support for the clinical immunology laboratory at the Royal Free
Hospital in terms of measuring CTLA-4 function. By aiding in the development of
assays that are better at measuring CTLA-4 behaviour and its role in Treg function,
this work can help to identifying defects in patients with immune deficiency and
autoimmunity.
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Chapter 1: Introduction
1.1 Adaptive Immunity
All organisms appear to have some form of innate immune system, ranging from
heritable defence mechanisms in single-celled organisms to highly complex multicellular systems in vertebrates (Flajnik and Du Pasquier, 2004). However, only
jawed vertebrates have evolved an adaptive immune system which can produce
antigen-receptors through the recombination of different gene segments. This
somatic recombination and the associated mutation enables the adaptive immune
system to generate a vast number of different immunoglobulin and T-cell receptors
(TCRs) which can specifically recognise antigens from constantly evolving
pathogens (Tonegawa, 1983; Davis and Bjorkman, 1988). The importance of this
receptor recombination is seen in mice which are deficient in the recombinationactivating genes that are required to rearrange their immunoglobulin and TCR genes,
as they completely lack B and T lymphocytes and are severely immunocompromised
(Shinkai et al., 1992). The adaptive immune system is also able to “remember”
encounters with pathogens, which enables jawed vertebrates to clear an infection
more quickly on a repeat exposure.

However, this extensive repertoire of immune cells with different antigen specificity
has a significant cost, as the random nature of TCR and BCRs mean that some of the
receptors produced are self-reactive. The immune system is able to delete some T
cells bearing these highly “self-reactive” TCRs during thymic selection, however
self-reactive T cells are still found in the periphery (Theofilopoulos, Kono and
Baccala, 2017). Because of this, T cell activation in the periphery needs to be tightly
controlled so as to prevent autoimmunity, due to over-activation, while still mounting
16

a strong enough response to clear a pathogen or cancer. It is here that the CTLA-4
checkpoint operates.

1.2 The CD28-CTLA-4 axis
In order for mature peripheral T cells to become fully activated they require two
main signals; an antigen-specific signal through T-cell receptor (TCR) binding of its
cognate antigen in the context of MHC on an antigen presenting cell (APC), and a
second signal through a costimulatory receptor-ligand interaction. The most studied
and arguably most important costimulatory signal involves the binding of CD28 on T
cells to CD80/CD86 on APCs (Bluestone, St. Clair and Turka, 2006). Following
CD28 ligation, the cytoplasmic tail of CD28 interacts with a range of signalling
molecules which results in the activation of transcription factors including NF-kB
and activator protein-1 (Boomer and Green, 2010). The importance of CD28 in T
cell activation is seen in CD28 knockout mice, as these mice fail to mount proper
immune responses (Shahinian et al., 1993; Ferguson et al., 1996) and lack T cell help
for B cells. The CD28-CD80/CD86 costimulatory pathway is regulated by cytotoxic
T lymphocyte antigen-4 (CTLA-4), a receptor which also binds to CD80 and CD86.
It is well established that CTLA-4 knockout mice die within 3-4 weeks of birth due
to lymphoproliferative disease and autoimmunity, and patients with CTLA-4
haploinsufficiency develop complex immune dysregulation syndromes highlighting
the importance of this co-inhibitory receptor in regulating CD28 signalling (Tivol et
al., 1995; Waterhouse et al., 1995; Schubert et al., 2014).

CD28 and CTLA-4 are homologous dimeric receptors in the immunoglobulin
superfamily of proteins, and contain a single extracellular V-like domain and a
17

cytoplasmic domain (Figure 1.1) (Harper et al., 1991). Both receptors contain a
MYPPPY amino acid motif that makes up part of their binding sites for CD80 and
CD86 (Yu et al., 2011). Despite these similarities, CTLA-4 binds to CD80 and
CD86 with 8 to 20-fold higher affinity than CD28 (Collins et al., 2002). Moreover,
unlike CD28, the CTLA-4 dimer is bivalent and so is able to form higher avidity
structures with CD80 homodimers. Also, although CD28 and CTLA-4 are both
predominantly expressed by T cells, CD28 is constitutively expressed at relatively
high levels on the surface of most resting T cells whereas CTLA-4 is only expressed
on the surface of Tregs or following activation (Linsley et al., 1992). This,
combined with the affinity data, means that on resting T cells CD28 signalling can
occur but after CTLA-4 is upregulated on an activated cell, the CTLA-4 is able to
prevent CD28 signalling by outcompeting CD28 for ligand binding. Furthermore, it
has been shown more recently that CTLA-4 is able to transfer CD80/CD86 from the
surface of APCs into the CTLA-4 expressing cell where the ligand is degraded
(Qureshi et al., 2011). This process of transendocytosis restricts ligand availability
for CD28 beyond just competition and so further inhibits CD28 signalling.
Originally CTLA-4 was believed to inhibit T cell activation through cell intrinsic
negative signalling, however a signalling pathway for CTLA-4 has yet to be
confirmed (Walker and Sansom, 2015). Furthermore, a cell intrinsic model of
CTLA-4 function fails to explain the results of experiments using mixed bone
marrow chimeric mice with WT and CTLA-4-/- cells.

Although CTLA-4 is expressed by activated conventional T cells (Tcons), its
expression by Tregs is particularly important for maintaining peripheral tolerance. It
has been shown that mice in which CTLA-4 is selectively deleted in Tregs develop
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Figure 1.1 – CTLA-4 and CD28 structure and binding affinity:
A. CD28 and CTLA-4 are both immunoglobulin family receptors, with an
extracellular V-like domain and an unstructured cytoplasmic domain. Both receptors
contain a MYPPPY motif that forms part of the their ligand binding sites. B. CD28
has a lower affinity than CTLA-4 for their shared ligands, and both have a higher
affinity for CD80 than CD86. CTLA-4 is bivalent and so one molecule can bind two
CD86 molecules, and multiple CTLA-4 and CD80 molecules can form higher order
structures, which will increase the avidity of this interaction. Despite being a dimer,
CD28 is functionally monovalent. Adapted from Walker and Sansom, 2011.
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spontaneous systemic lymphoproliferation and fatal autoimmune disease after ~7
weeks (Wing et al., 2008). As such, CTLA-4 deletion in Tregs is sufficient to cause
fatal disease, but the onset is slower than in mice with complete CTLA-4 knockout.
Tregs can circulate throughout the body but are enriched in regional lymph nodes, as
it is here that they are activated through interaction of their self-reactive TCRs and
self-antigens presented by APCs (Sakaguchi et al., 2008). The CTLA-4 on the
activated Tregs can block or remove CD80 or CD86 from the APC via
transendocytosis, and so prevent the costimulation of Tcons (Figure 1.2) (Qureshi et
al., 2011). Tregs are 10-100 times more sensitive to self-peptides than Tcons with
the same antigen specificity, and so low level expression of self-antigens and/or
costimulatory molecules on APCs is sufficient to activate Tregs but not Tcons
(Sakaguchi et al., 2008). Upon the detection of inflammatory stimuli APCs
upregulate their expression of CD80 and CD86, which overwhelms the ability of
CTLA-4 to regulate the levels of ligand and so Tcons can be activated (Hou et al.,
2015). As such, CTLA-4 plays an important role in the interaction between Tregs
and APCs which helps set the threshold for the activation of an adaptive immune
response. Furthermore, this highlights the importance of controlling CTLA-4 surface
expression, as the regulation of CD80/CD86 by CTLA-4 is highly quantitative.

The importance of CTLA-4 in regulating peripheral tolerance and T cell activation
has made it a target in the clinic. Antibodies that block CTLA-4 have been shown to
be effective in enhancing anti-tumour immunity in mouse models and anti-CTLA-4
treatments have been trialled in a number of human cancers (Leach, Krummel and
Allison, 1996; Hodi et al., 2003). On the other hand, CTLA-4-Ig fusion proteins
have been licenced in the treatment autoimmune disorders, such as rheumatoid
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Figure 1.2 – CTLA-4 function in the regulation of T cell activation:
A. Without inflammation, CTLA-4 positive Tregs can regulate CD80/CD86
expression on APCs via transendocytosis to inhibit costimulation of Tcons. B. When
an inflammatory stimulus is detected, APCs upregulate CD80/CD86 expression
which overcomes their regulation by Tregs, and so Tcons can be activated.
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arthritis, as well as in kidney transplantation (Kremer et al., 2003; Vincenti et al.,
2010). However both these methods are fairly blunt tools in trying to alter this
immune checkpoint. The anti-CTLA-4 trials revealed immune related adverse
effects particularly in the skin, gastrointestinal tract and endocrine organs, but
autoimmunity has been reported throughout the body (Boutros et al., 2016). Animal
studies have shown that CTLA-4-Ig treatment is immunosuppressive rather than
tolerogenic, and so extended use is likely to be associated with the toxicities of
chronic immunosuppressive treatments, such as increased risk of infection and
cancer (Schwarz et al., 2016). Better understanding of the cell biology of CTLA-4
may reveal new targets or methods to more subtly manipulate this immune
checkpoint.

1.3 CTLA-4 cell biology
Although CTLA-4 needs to be on the cell surface in order to interact with its ligands,
it has a largely endosomal distribution (Leung et al., 1995). This distribution is seen
with endogenous CTLA-4 in primary T cells, but also with CTLA-4 transduced cell
lines, where less than 20% of the protein is found on the cell surface (Leung et al.,
1995; Kaur, Qureshi and Sansom, 2013). This is because surface CTLA-4 is rapidly
internalised, with half of surface CTLA-4 being internalised within 5mins (Qureshi
et al., 2012; Kaur, Qureshi and Sansom, 2013). The cytoplasmic tail of CTLA-4
contains a tyrosine motif, YVKM, which can be bound by the μ2 subunit of AP-2
allowing CTLA-4 internalisation through clathrin- and dynamin-dependent
endocytosis (Figure 1.3) (Chuang et al., 1997; Zhang and Allison, 1997; Qureshi et
al., 2012). Experiments using mutated CTLA-4 have revealed the YFIPIN motif as
an alternate AP-2 binding site, but also showed that CTLA-4 lacking both these
22

Figure 1.3 – CTLA-4 cytoplasmic domain:
The cytoplasmic domain of CTLA-4 contains many motifs. The YVKM motif
enables the adaptors AP1 and AP2 to bind, which facilitate clathrin-mediated
trafficking. The YFIPIN motif is an alternative AP2 binding site. The positively
charged KMLKKR motif is required for PKC-η binding, and this recruits the GIT2αPIX-PAX complex which is involved in focal adhesion disassembly. The prolinerich PPTEP motif has been suggested to aid AP2 binding to the YVKM motif, but is
also a potential SH3-domain binding site. Adapted from Walker and Sansom, 2015.
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tyrosine motifs can still be internalised, but to a lesser extent (Nakaseko et al., 1999;
Iida et al., 2000; Kozik et al., 2010).

The cytoplasmic domain of CTLA-4 also contains other motifs, such as a prolinerich PPTEP motif and a positively-charged KxxKKR motif (Zhang and Allison,
1997; Kong et al., 2014). Although these motifs are less well understood, the fact
that the cytoplasmic domain of CTLA-4 is highly conserved across mammals
suggests that these sequences are important in some way for CTLA-4 function (Kaur,
Qureshi and Sansom, 2013). It has been suggested that the proline motif is involved
in AP1/AP2 binding, while PxxP motifs in other proteins, including the CTLA-4
homolog CD28, have been shown to be SH3 domain-binding sites (Zhang and
Allison, 1997; Kim, Tharayil and Rudd, 1998). More recent work has shown that the
KxxKKR motif is required for the CTLA-4 dependent recruitment of Protein Kinase
C-η (PKC-η) to the immune synapse of Tregs (Kong et al., 2014). CTLA-4 binding
to PKC-η recruits the focal adhesion disassembly complex GIT2-αPIX-PAX which
allows Tregs to disengage from individual APCs and so effectively clear CD86 from
several APCs serially. These studies collectively show the importance of the
cytoplasmic domain of CTLA-4 for its trafficking and recruitment of effector
proteins.

Although the mechanisms of CTLA-4 endocytosis are largely known, the trafficking
itinerary of CTLA-4 is still poorly understood. It has been shown that internalised
CTLA-4 is degraded in lysosomes, with a short half-life of around 2 hours
(Schneider et al., 1999; Egen and Allison, 2002). As well as trafficking to lysosomes
for degradation, more recent work has shown that internalised CTLA-4 is able to be
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recycled (Qureshi et al., 2012). This paper also showed that CTLA-4 partially
colocalised with overexpressed Rab11, which suggests that CTLA-4 may traffic via
recycling endosomes. However, most of CTLA-4’s trafficking pathway still needs to
be elucidated, and even less is known about the cellular mechanisms which control
the sorting switch between degradation and recycling.

As well as internalisation and recycling, surface CTLA-4 levels are also controlled
by exocytosis of CTLA-4 from the TGN. It has been shown in T cells that regulated
exocytosis of CTLA-4 is dependent on phospholipase D and the GTPase ARF1
(Mead et al., 2005). More recently it has been shown that this trafficking of CTLA-4
to the cell surface involves the formation of a novel CTLA-4/LAX/TRIM/Rab8
effector complex (Banton et al., 2014). Work by the same group has also suggested
a role for AP-1 in regulating CTLA-4 surface expression, in which it binds to
CTLA-4 in the TGN and shuttles it to lysosomes for degradation (Schneider et al.,
1999). However this model was derived from analysis of work performed using
CTLA-4 with a mutated YVKM motif to prevent AP-1 binding. But, as mentioned
previously, mutation of this tyrosine motif also prevents AP-2 binding, which
provides alternative explanations for their findings. Being able to control surface
expression of CTLA-4 is important, as only surface CTLA-4 is able to interact with
its ligands on an APC, and so control T cell responses.

More recently, work by Lo et al. has started to shed a little light on the CTLA-4
sorting switch (Lo et al., 2015). They describe patients with lipopolysaccharideresponsive beige-like anchor protein (LRBA) deficiencies, who have reduced
CTLA-4 expression on their Tregs and activated conventional T cells. The loss of
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LRBA causes increased lysosomal degradation of CTLA-4, but CTLA-4 levels can
be partially restored by the knockdown of AP-1. Due to this, and as LRBA, CTLA-4
and Rab11 show partial colocalisation, they suggest that LRBA may be playing a
role in selecting endosomal CTLA-4 for recycling, rescuing it from AP-1 driven
lysosomal traffic. Although LRBA is poorly understood, it is likely that LRBA
regulates vesicular traffic as it is a member of the BEACH domain containing
proteins (BDCPs), a family of large multi-domain proteins which act as scaffold
proteins and are involved in membrane fusion and fission processes (Cullinane,
Schäffer and Huizing, 2013). The C. elegans homolog of LRBA, SEL-2, has been
shown to be involved in endosomal traffic and may regulate steady-state levels of the
receptor LIN-12 (de Souza et al., 2007). Furthermore, mutations in the BDCP
lysosomal trafficking regulator (LYST) are known to cause the immunodeficiency
Chediak-Higashi syndrome, as the mutant LYST disrupts vesicular trafficking via
late endosomes/lysosomes leading to the formation of giant late
endosomes/lysosomes (Burkhardt et al., 1993; Barbosa et al., 1996).

Beyond the effects of LRBA deficiency on CTLA-4 levels, very little is known about
LRBA. This is partly due to the lack of commercially available reagents and the
technical difficulties of cloning LRBA due to its large size (9.9kbp). LRBA has a
number of recognised domains which may be important for its localisation and
function, including a pleckstrin homology-like domain, a BEACH domain, and
WD40 domain repeats at the C-terminus of the protein (Wang et al., 2001; Cullinane,
Schäffer and Huizing, 2013). Studies investigating the localisation of LRBA, or a
GFP-fusion of its BEACH-WD40 region, have suggested that LRBA partially
colocalises with markers of different endosomal compartments, including recycling
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endosomes and the trans-golgi network (Wang et al., 2001; Lo et al., 2015;
Kurtenbach et al., 2017). These proposed endosomal locations are known to be
membrane-trafficking sorting hubs and so support the hypothesis that LRBA
functions in regulating vesicular trafficking.

Taken together, the unusual cellular distribution of CTLA-4, its interaction with
different trafficking proteins, and the effects of LRBA deficiency all imply that
CTLA-4 trafficking is important for its efficient function.

1.4 Intracellular Protein Trafficking
As eukaryotic cells contain membrane-bound organelles with different functions and
compositions, they have to overcome the problem of transporting proteins between
these distinct compartments. Proteins are trafficked in vesicular membrane carriers,
in a specific and tightly regulated manner (Bonifacino and Glick, 2004; Ungermann
and Langosch, 2005). In most cases, for a soluble or transmembrane protein to be
trafficked from one compartment to a target compartment, it must be sorted into a
coated pit, which then buds off to form a vesicle and uncoats. The uncoated vesicle
is then translocated to the target compartment, often driven by motor proteins along
the cytoskeleton, where it is tethered to the target membrane, allowing soluble Nethylmaleimide-sensitive attachment protein receptors (SNAREs) from the vesicle
and target membranes to assemble into complexes. These SNARE complexes
facilitate fusion of the vesicle with the membrane of the target compartment,
delivering the trafficked protein.
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The most well understood mechanism for vesicle budding is the formation of
clathrin-coated vesicles (Brodsky et al., 2001). Adaptor proteins can bind to cellular
membranes and act as nucleation sites for clathrin heavy and light chains to form a
lattice which traps further membrane-associated adaptors. The functional unit of the
clathrin lattice, the triskelia, is formed from three heavy chains each associated with
a light chain, although work in cell lines has shown that clathrin light chain is not
required for the clathrin-mediated uptake of certain cargos (Huang et al., 2004). The
most studied clathrin adaptors are the closely related heterotetrameric AP1 and AP2
(Robinson and Bonifacino, 2001). AP1 and AP2 have similar structures, with a
‘head’ formed from the medium µ-subunit and small σ-subunit with the N-terminal
domains of the two large subunits (γ and β1 or α and β2 respectively), and two ‘ears’
formed by the C-terminal domains of the large subunits. The ‘head’ controls the
specific localisation of the adaptor, the β subunit is especially important for clathrin
binding, while the ‘ears’ are able to recruit accessory proteins. The µ-subunit of
AP1/AP2 can bind to specific motifs within the cytoplasmic domains of certain
transmembrane proteins, and so as the adaptors are drawn into the forming vesicle by
the clathrin lattice they recruit specific proteins. Once the clathrin-coated vesicles
have budded off, which is catalysed by the GTPase dynamin, cytosolic chaperones
mediate the shedding of the clathrin and adaptor proteins, exposing the vesicle
membrane ready for fusion and replenishing the cytoplasmic pools of clathrin and
adaptors (Damke et al., 1994; Ungewickell et al., 1995; Hannan, Newmyer and
Schmid, 1998).

The specificity of protein trafficking is also controlled at the vesicle tethering and
fusion stage. There are four groups of SNAREs, R-, Qa-, Qb-, and Qc-SNAREs, and
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a functional SNARE complex is formed by the combination of one α-helix from a
SNARE from each of the four groups (Ungermann and Langosch, 2005). The
original SNARE hypothesis proposed that the specificity of vesicle trafficking was
due to the fact that only specific SNAREs were able pair (Rothman and Warren,
1994). This has since been modified as SNARE complexes have been showed to be
less specific, as some SNAREs can pair with different partners, so long as the R:3Q
requirement is maintained (Ungermann and Langosch, 2005). For example, the QcSNARE syntaxin 6 (STX6) is able to pair with a range of different SNAREs, and is
involved in a number of different internal membrane fusion events (Wendler and
Tooze, 2001). STX6 is mainly localised to the TGN and endosomal structures,
where it has been shown to be involved in the fusion of TGN-derived, mannose-6phosphate receptor (M6PR)-positive, AP1/clathrin-coated vesicles with early/late
endosomes. However STX6 is also involved in the homotypic fusion of secretory
granules, and in neutrophils STX6 has been shown to localise to the plasma
membrane where is mediates regulated secretion. The fidelity of protein trafficking
is improved through the inclusion of specific tethering factors. One such factor is
EEA1 which localises to a population of early endosomes, specifically the sorting
subdomain of these endosomes (Wilson et al., 2000). EEA1 has a C-terminal FYVE
domain that binds to phosphatidylinositol 3-phosphate (PI3P) which is found within
the membrane of early endosomes, an N-terminal zinc finger that binds to GTPbound Rab5, and a central heptad repeat region that forms a coiled-coil dimer and
projects away from the membrane (Murray et al., 2016). Binding of EEA1 to GTPRab5 on an incoming vesicle causes the coiled-coil domain of EEA1 to collapse
bringing the vesicle close to the endosomal membrane to initiate fusion.
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1.5 Rab GTPases
Almost every step of vesicle trafficking is regulated by Rab GTPases. These small
GTPases, of which there are over 60 in humans, act as molecular switches in the cell
by converting between the inactive GDP-bound form and the active GTP-bound form
(Stenmark, 2009). The different Rab GTPases localise to distinct membrane
compartments or subsections of these compartments, by reversibly binding to
membranes via two geranylgeranyl groups which are covalently added to their Cterminus (Leung, Baron and Seabra, 2006). The conversion of Rab proteins from
GDP- to GTP-bound is catalysed by guanine nucleotide exchange factors (GEFs),
and the binding of GTP alters the conformation of the Rab GTPase allowing effector
proteins to bind (Gabe Lee, Mishra and Lambright, 2009). This recruitment of
effectors, which include sorting adaptors, tethering factors, kinases, phosphatases and
motor proteins, enables Rab GTPases to define membrane identity and control
vesicle trafficking. As Rab GTPases define the identity of specific membrane
compartments they are useful markers with which to compare the localisation of a
protein of interest. The conversion back to the inactive GDP-bound form is caused
by hydrolysis of the GTP which is driven by the intrinsic GTPase activity of the Rab
protein, the rate of which differs between differ Rab proteins. Furthermore, the
GTPase activity can be catalysed by GTPase-activating proteins (GAPs) while some
Rab effector proteins stabilise the Rab in the GTP-bound form, which ensures the
trafficking step is completed before the Rab is inactivated. The GDP-bound Rab
proteins are removed from the membrane by guanine-nucleotide dissociation
inhibitors (GDI), which chaperones the cytoplasmic pool of Rab-GDP and delivers
the Rab back to its specific membrane domain (Luan et al., 2000).
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Arguably the best characterised Rab GTPase is Rab5, which plays an important role
in endocytic trafficking (Bucci et al., 1992). Rab5 is localised to the plasma
membrane and early endosomes, and regulates endocytosis, fusion of endocytic
vesicles with early endosomes, and the homotypic fusion of early endosomes. Rab5
controls the membrane identity of early endosomes by recruiting the effector VPS34,
a class III phosphatidylinositol (PI) 3-kinase, which phosphorylates PI to from PI(3)P
on the membrane of early endosomes. A number of other Rab5 effectors, including
the previously mentioned EEA1, contain binding sites for PI(3)P as well as Rab5 and
so are specifically recruited to early endosomes through coincidence detection.

The maturation of early endosomes into late endosomes is regulated by the
conversion from Rab5 to Rab7 (Scott, Vacca and Gruenberg, 2014). One of the
complexes recruited by GTP-bound Rab5 promotes Rab7 activation by functioning
as a Rab7 GEF and also inhibits Rab5 activity by displacing a Rab5 GEF from early
endosomal membranes. The activated Rab7 in turn recruits a Rab5 GAP, and so
when levels of active Rab7 reach a certain threshold, Rab5 is rapidly inactivated
which completes the conversion from an early to a late endosome. As such Rab7
controls the transition from early to late endosomes, and it also regulates the
biogenesis of lysosomes and the trafficking to them (Bucci et al., 2000). Many
endocytosed proteins are recycled from the endosomes before they reach the
lysosome, via a number of different routes. Rab4 regulates the fast recycling route,
whereby cargos traffic directly from early endosomes back to the plasma membrane
(van der Sluijs et al., 1992). Another recycling pathway available from early
endosomes involves trafficking to the cell surface via a recycling endosome, which is
regulated by Rab11 (Ullrich et al., 1996). Rab11 has also been shown to be involved
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in trafficking of proteins from recycling endosomes to the TGN (Wilcke et al.,
2000). Some proteins also recycle from late endosomes to the TGN, via the
retrograde trafficking route regulated by Rab9 (Riederer et al., 1994). More recent
work has shown that Rab9 is also involved in trafficking of vesicles from the TGN to
maturing early endosomes as well as lysosome biogenesis (Kucera et al., 2016).

One method that is commonly used to elucidate the function of different Rab
GTPases is the overexpression of Rab constructs, either in their wildtype form or
mutated at specific conserved residues. Mutation of the glutamine residue in the
switch II region to a leucine causes the Rab protein to be constitutively active as it
inhibits its endogenous GTPase function and so ‘locks’ the Rab in the GTP-bound
state (Tisdale et al., 1992; Walworth et al., 1992). Dominant negative Rab GTPases
can be created by mutating the serine/threonine residue in the P loop region to an
asparagine, which causes the Rab protein to have greatly reduced affinity for GTP
without effecting GDP binding (Feig and Cooper, 1988; Ridley et al., 1992). This
mutation means the Rab GTPase constantly remains in its inactive conformation, and
it is believed to have dominant negative effects by sequestering the endogenous
GEFs and so preventing activation of the endogenous Rab proteins.

1.6 Trafficking Receptors
As well as observing colocalisation with Rab GTPases, or other endosomal markers
such as GM130 in the cis-Golgi or LAMP3 in lysosomes, the trafficking of a protein
of interest can also be investigated by comparing it to different receptors with known
trafficking itineraries. One of the best-characterised trafficking receptors is the
transferrin receptor (TfR).
32

TfR is a ubiquitously expressed transmembrane protein that is involved in cellular
iron uptake via binding to and trafficking transferrin, an iron-binding serum
glycoprotein (Maxfield and McGraw, 2004). Following the binding of iron-loaded
holotransferrin, the receptor-ligand complex is internalised via clathrin-mediated
endocytosis to an early endosome. Here, the lower pH causes the iron to dissociate
from the transferrin, but the ‘empty’ apotransferrin remains bound to the TfR. This
complex is then recycled back to the cell surface, either directly from the early
endosome via the fast Rab4-regulated pathway or by the slow Rab11-regulated
recycling route via recycling endosomes (Sönnichsen et al., 2000). At the plasma
membrane, the more neutral pH causes the apotransferrin to be released allowing a
holotransferrin to bind. TfR is a model recycling receptor and as such the trafficking
of TfR, including the kinetics of the different recycling routes, are known in detail
(Maxfield and McGraw, 2004). TfR recycles very efficiently with around 99% of
internalised TfR recycled to the plasma membrane with a t1/2 of ~10 minutes,
depending of the cell type.

A second endocytic receptor that has been well studied is epidermal growth factor
receptor (EGFR). This is a receptor tyrosine kinase involved in cell growth and
differentiation, and is a model endocytic receptor. Like CTLA-4, when EGFR is
internalised it is either recycled or targeted to lysosomes, but the factors controlling
this fate decision for EGFR are much better understood. Early work in the EGFR
field showed that when EGF binds EGFR, the receptor gets targeted to lysosomes for
degradation, but when transforming growth factor-α (TGF-α) binds to EGFR, the
receptor is recycled (Decker, 1990; Ebner and Derynck, 1991; Roepstorff et al.,
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2009). The mechanism behind this fate decision is controlled by ubiquitination of
EGFR (Madshus and Stang, 2009). Ligand binding activates the endogenous kinase
activity of EGFR which leads to ubiquitination of the receptor at the plasma
membrane, recruiting it to clathrin-coated pits for internalisation. However
internalised EGFR is continuously de- and re-ubiquitinated as it is trafficked towards
lysosomes. If the ligand-EGFR complex is stable at acidic pH of the endosomal
system, as is the case for EGF, EGFR kinase activity is maintained and so the
receptor continues to be ubiquitinated. However, if the ligand disassociates from the
receptor at endosomal pH, as with TGF-α, EGFR kinase activity is lost and so the
receptor is only transiently ubiquitinated. The deubiquitinated EGFR can then be
recycled, whereas the ubiquitinated EGFR is recruited to intraluminal vesicles for
degradation by the ubiquitin-binding ESCRT machinery on early endosomes.

Mannose-6-phosphate receptor (M6PR) is a type 1 transmembrane glycoprotein,
which facilitates the trafficking of lysosomal enzymes to lysosomes. M6PR localises
mainly to the TGN, where is binds to newly synthesised lysosomal enzymes which
are tagged with mannose-6-phosphate and traffics them to early endosomes, just
before they convert to late endosomes (Progida and Bakke, 2016). Small amounts of
M6PR are also found at the plasma membrane, where they traffic any lysosomal
enzymes which escaped from the TGN to the early endosome. In the acidic
endosomal pH the enzyme is released, and the empty receptor can retrograde traffic
from the late endosome to the TGN, which is regulated by Rab9. Another protein
that uses a retrograde trafficking route is TGN46, a TGN resident integral membrane
protein. Although at steady state TGN46 is predominantly localised to the TGN, the
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protein cycles constitutively to the plasma membrane and returns to TGN via early
endosomes in a route that is independent of Rab9 (Chia et al., 2011).

1.7 Project aims
CTLA-4 needs to be on the cell surface in order to bind to CD80/CD86 on APCs,
and so regulate T cell activation, in a quantitative manner. It has long been known
that CTLA-4 has a predominantly endosomal distribution in primary T cells, but
much of its localisation and the regulation of its trafficking are still poorly
understood. The cytoplasmic tail of CTLA-4 is highly conserved across mammals,
and contains both confirmed and proposed motifs which may be involved in the
regulation of CTLA-4 trafficking. Also, recent work has proposed a role for LRBA
in the regulation of CTLA-4 trafficking, but the subcellular localisation of LRBA and
the relationship between LRBA and CTLA-4 are largely unknown.

As such I set out to investigate the following questions:
Which intracellular compartments does CTLA-4 localise to?
What role do the cytoplasmic motifs have in the control of CTLA-4 trafficking?
Which intracellular compartments does LRBA localise to?
Do CTLA-4 and LRBA interact and is this affected by mutating CTLA-4
cytoplasmic motifs?

Furthermore, which trafficking regulators are involved in CTLA-4 trafficking is even
less well understood than CTLA-4’s localisation. Rab GTPases are master regulators
of vesicle trafficking, and so are likely to play an important role in the regulation of
different CTLA-4 trafficking pathways. Also, a model proposed by Lo et al. 2015
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suggests that LRBA regulates the decision between CTLA-4 recycling and
degradation. Additionally, a major unanswered question in the CD28/CTLA-4 field
exists as to why CD28 and CTLA-4 share two different ligands. CD80 and CD86
are mostly referred to as CD80/CD86 as if the two are completely interchangeable,
but the trafficking of model receptors has been shown to be differentially regulated
by binding to different ligands.

Therefore, in this thesis I also investigated:
Which Rab GTPases are involved in the regulation of the different facets of
CTLA-4 trafficking?
Does LRBA affect CTLA-4 recycling or degradation?
Does ligation of CTLA-4 with either CD80 or CD86 alter its trafficking?

As CTLA-4 is predominantly expressed in T cells in vivo, the Jurkat T cell line was
used for my investigations. HeLa cells were also used, partly to see if my findings
were consistent across cell types, but mainly as they have more amenable
morphology for microscopy and much of the trafficking literature has studied this
cell line. As the work of this thesis involved a lot of microscopy and comparing the
localisation of CTLA-4 and LRBA to different markers, it was important to develop
a robust method to analyse colocalisation and fluorescent intensities in three and four
colour images. Therefore, in this thesis I developed image analysis methods using
two different pieces of software, ImageJ and CellProfiler.
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Chapter 2: Materials and Methods
2.1. Cell Culture
General Cell Culture
HeLa and Chinese hamster ovary (CHO) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen, Paisley, UK) supplemented with 10% (v/v)
foetal bovine serum (FBS) (Sigma, Gillingham, UK), 2mM L-glutamine (Sigma),
and 100U/ml penicillin and streptomycin (referred to from now on as DMEM) at
37°C, in a humidified 5% CO2 environment. Cells were passaged 2-3 times a week
by trypsinisation to avoid overgrowth. CHO cells expressing CD80-GFP, CD80mCherry, CD86-GFP, and CD86-mCherry as well as HeLa cells expressing CTLA-4
WT-mCherry were previously generated by Dr Alan Kennedy.

Jurkat cells were grown in Roswell Park Memorial Institute medium (RPMI)
(Invitrogen) supplemented with 10% (v/v) FBS, and 100U/ml penicillin and
streptomycin (referred to from now on as RPMI) at 37°C, in a humidified 5% CO2
environment. Cells were passaged 3 times a week by aspirating unwanted cells to
avoid overgrowth. Jurkat cells expressing CTLA-4 WT, CTLA-4 ATEP, CTLA-4
AVKM, and CTLA-4 WT LRBA CRISPR were previously generated by Dr Alan
Kennedy.

Phoenix cells were grown in Iscove’s modified Dulbecco’s medium (IMDM)
(Thermo Fisher, Loughborough, UK) supplemented with 10% (v/v) FBS, 2mM Lglutamine, and 100U/ml penicillin and streptomycin (referred to from now on as
IMDM) in a humidified 5% CO2 environment. Cells were passaged 2-3 times a
week by trypsinisation to avoid overgrowth.
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Storage of Cell Lines
Cell lines were resuspended in 500µl of their specific media containing 80% FBS
and then 500µl of 10% dimethyl sulphoxide in media was added dropwise. Cells
were stored in cryovials at -80°C for 24hrs before being transferred to liquid
nitrogen.

2.2. Retroviral transduction of cell lines
Virus production
3×106 Phoenix cells were plated in a T25 flask 1 day prior to transfection in 5ml of
IMDM. 4.5µg MP71 vector, containing the sequence of a protein of interest, and
1.5µg VSV-G envelope vector were used to transfect the phoenix cells using
FuGENE 6 reagent, according to the manufacturers’ instructions. The transfected
cells were cultured for 24hrs, before the IMDM was then replaced with 8ml
appropriate media (DMEM for transduction of HeLa and CHO cells, RPMI for
Jurkat cells) and the cells were cultured for a further 24-48hrs. Media containing the
virus produced by the phoenix cells was collected and centrifuged to remove any
cells or cell debris.

Transduction
24-well plates were coated overnight with retronectin. HeLa, CHO or Jurkat cells
were suspended at 2×106 cells/ml in blank DMEM or RPMI and 250µl added per
well. 1.25ml virus and 8µg polybrene were added before the cells were
spinnoculated for 90mins at 950g, 32°C, with no brake. The cells were incubated
overnight, media containing virus was replaced with fresh media and then incubated
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for a further 3 days. Successful transduction was tested by immunofluorescence
microscopy and flow cytometry. Transduced HeLa and CHO cells were clonally
expanded by plating cells at one cell per well in 96 well plates and culturing until a
colony had formed that could be tested for expression levels by flow cytometry.
Cells that expressed the desired protein at the desired level were selected and
cultured further.

2.3 Treg selection and expansion
Peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte reduction
system cones using Ficoll-Paque PLUS (GE healthcare, Buckingham, UK) density
gradient centrifugation. Cones were purchased from the National Blood Service
(London, UK). Blood was diluted with phosphate buffered saline (PBS) at a 1:4
ratio and 25ml was layered onto 15ml of Ficoll-Paque PLUS then centrifuged for 25
mins at 1060g with no brake. The layer containing PBMCs was collected using a
Pasteur pipette and washed twice with PBS (10mins at 1060g and 5mins at 260g).
Next, the cells were washed twice with MACS buffer (2mM ethylenediamine tetraacetic acid (EDTA), 0.5% bovine serum albumin (BSA) in PBS) for 5mins at 490g.
The PBMCs were counted and resuspended in MACS buffer at 1×108 cells/ml.

CD4+ T cells were isolated from PBMCs using EasySep® CD4+ enrichment kit
(StemCell Technologies, Meylan, France) according to the manufacturer’s
instructions. Subsequently, CD4+ CD25+ cells were positively selected using antiCD25 antibody (StemCell) according to the manufacturer’s instructions. 1×106
CD4+ CD25+ cells were plated in a 24 well plate and stimulated with anti-CD3/antiCD28 human T-expander dynabeads (Invitrogen) at a 1:1 bead to T cell ratio in the
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presence of 100nM rapamycin (LKT Laboratories, Minnesota). After 2 days,
cultures were supplemented with high dose IL-2 (1000 IU/ml), which was repeated
every 2-3 days. 7 days after the bead stimulation the beads were magnetically
removed and the cells were restimulated with fresh beads at a 1:1 ratio, in the
presence of rapamycin and high dose IL-2. After a further 7 days the beads were
magnetically removed and the cells were examined by flow cytometry for the
expression of Treg markers or were frozen down. Treg selection and expansion was
performed by Dr Blagoje Soskic and Dr Neil Halliday.

2.4 HeLa Transfection
siRNA knockdowns
4×104 HeLa cells were plated in a 24-well plate and incubated overnight. Cells were
transfected with siRNA using jetPRIME (Polyplus-transfection, Illkirch, France)
according to the manufacturer’s instructions, to give a final siRNA concentration of
20nM. The cells were then incubated at 37°C for 48hrs, with the media replaced
after 24hrs, before being trypsinised and used for experiments.

The following siRNAs were produced by Thermo Fisher (and kindly donated by Dr
Emmanuel Boucrot):
Human AP2 – siRNA pool name: µ2-adaptin (Ref: HSS101955)
Sequences: CCGCCAGAUGGAGAGUUUGAGCUUA
UAAGCUCAAACUCUCCAUCUGGCGG

The following siRNAs were supplied by Qiagen (Manchester, UK);
Human Clathrin heavy chain 17 – siRNA name: CHC-AS
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Sense: r(G CAA UGA GCU GUU UGA AGA)dTdT
Antisense: r(UCU UCA AAC AGC UCA UUG C)dTdT

Human Clathrin light chain A – siRNA name: hLCa2
Sense Strand: r(AGA CAG UUA UGC AGC UAU U)dTdT
Antisense Strand: r(A AUA GCU GCA UAA CUG UCU)dTdT

Human Clathrin light chain B – siRNA name: hLCb3
Sense: r(G GAA CCA GCG CCA GAG UGA)dTdT
Antisense: r(UCA CUC UGG CGC UGG UUC C)dTdT

The following siRNAs were supplied by Dharmacon GE Life Sciences (Lafayette,
CO, USA):
Human LRBA – siRNA name: ON-TARGETplus Human LRBA SMARTpool
Ref: L-012751-00

Scramble control – siRNA name: ON-TARGETplus Non-targetting SMARTpool
Ref: D-001810-10-05

Rab-GFP overexpression
2×105 HeLa cells were plated in a 24-well plate in antibiotic free media and
incubated for 24hrs. The cells were transfected with 0.8µg Rab-GFP construct DNA
using Lipofectamine 2000 (Invitrogen) and Gibco Opti-Mem (Thermo Fisher)
according to the manufacturer’s instructions. The cells were then incubated at 37°C
for 24hrs before being trypsinised and used for experiments.
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The following Rab-GFP constructs were acquired from Addgene: Rab4 WT
(Addgene plasmid #49434), Rab4 DN (#49476), Rab4 CA (#49475), Rab5 WT
(#49888), Rab5 DN (#35141), Rab5 CA (#35140), Rab9 WT (#12663), Rab9 DN
(#12664), Rab11 WT (# 12674), Rab11 DN (#12678), Rab11 CA (#49553). Rab7GFP constructs were provided by Dr Shane Minogue.

2.5 Flow cytometry
The antibodies used in this study are listed in Table 2.1. All secondary antibodies
were purchased from Thermo Fisher Scientific and used at a 1/750 dilution. All
experiments were analysed on either a BD LSRII or a BD LSR Fortessa (BD
Bioscience, New Jersey, USA) and then processed on FlowJo Version 10.x
(TreeStar). When CTLA-4 transduced cell populations were used, rather than
clones, CTLA-4+ cells were gated as those with higher staining than negative control
in the sample with the greatest dynamic range, and the same percentage was then
gated in the other samples, e.g. in a Surface:Total experiment (see below) if 80% of
the Total stain cells were CTLA-4 positive, then the top 80% of surface stained cells
were gated as CTLA-4 positive.

Surface:Total staining
1x105 cells for fixed for 10min with 3% paraformaldehyde in PBS. The cells were
then washed with media and either permeabilised with 0.1% saponin in media (total)
or left untreated (surface). Next the cells were stained with anti-CTLA4-PE in media
± saponin for 20mins. The cells were then washed and analysed.
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Primary
Antibody
CTLA-4
CTLA-4 PE
CTLA-4
CD80-Ig
CD86-Ig
AP1 (gadaptin)
AP2 (alphaadaptin)
CD63
(LAMP3)
EEA1
GM130
LRBA
M6PR
Rab5
Rab7
Rab9
STX6
TGN46
Transferrin
Receptor

Company

Clone/Cat No.

Species

Pfizer
BD Biosciences
Santa Cruz
RND systems
RND systems
Sigma

Tici
BNI3
C19
140-B1-100
140-B2-100
100/3

Human
Mouse
Goat
Human
Human
Mouse

Conc./
Dilution
1-25µg/ml
1/150
1/250
1µg/ml
1µg/ml
1/250

Merck Calbiochem

AP.6

Mouse

1/200

BD Biosciences

H5C6

Mouse

1/500

BD Biosciences
BD Biosciences
Atlas Antibodies
Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BD Biosciences
BioRad (AbD Serotech)
Abcam

14/EEA1
35/GM130
HPA019366
2G11
C8B1
D95F2
D52G8
30/syntaxin 6
AHP500
EPR4012

Mouse
Mouse
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Sheep
Rabbit

1/500
1/250
1/250
1/250
1/100
1/100
1/100
1/200
1/250
1/100

Fluorescent
Proteins
Tf-af555
Tf-af647
EGFrhodamine
Hoechst
33342

Company

Cat No.

Species

Conc.

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

T35352
T23366
E3481

Human
Human
Human

25µg/ml
25µg/ml
200ng/ml

Thermo Fisher Scientific

H3570

-

2µg/ml

Table 2.1 – List of antibodies and fluorescent proteins
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CTLA-4 degradation with CHX
1x105 HeLa cells were seeded in a 6 well plate and incubated overnight at 37°C. The
cells were then treated with 50µg/ml cycloheximide (CHX) in media for up to 4hrs
before being trypsinised and fixed with 3% PFA in PBS. The cells were then
permeabilised with 0.1% saponin and stained with anti-CTLA-4 PE in media with
saponin for 20mins. The cells were then washed and analysed.

CTLA-4 degradation without CHX
1x105 cells were incubated at 37°C with anti-CTLA-4 PE in media for 1hr. Cells
were then washed and incubated at 37°C for up to 4hrs. Cells were fixed with 3%
PFA and permeabilised with 0.1% saponin before being washed and analysed.

Recycling assay – method A
1x105 cells were incubated at 37°C with ticilimumab in media for 1hr. Cells were
then washed with ice cold media and placed on ice. Surface CTLA-4 was stained
with anti-Human Alexa Fluor 488 in media on ice for 10mins in the dark. The cells
were then washed and anti-Human Alexa Fluor 647 in media was added before
incubating at 37°C. The cells were then washed and analysed.

Recycling assay – method B
1x105 cells were incubated at 37°C with ticilimumab in media for 1hr. Cells were
then washed with ice cold media and placed on ice. Surface CTLA-4 was stained
with anti-Human Alexa Fluor 647 in media on ice for 10mins in the dark. The cells
were then incubated at 37°C before being washed and analysed.
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Transendocytosis (Flow cytometry)
CHO cells (blank, CD80-mCherry, or CD86-mCherry) were stained with 2.5µM
CellTrace Violet (CTV) (Thermo Fisher) in PBS in suspension, according to the
manufacturer’s instructions. 1×105 of these cells and 1×105 HeLa cells (blank or
CTLA-4) were then combined in round-bottomed 96-well plates and incubated at
37°C for the indicated times. The cells were then resuspended by pipetting and
analysed.

2.6 Confocal Microscopy
Images were taken on a Zeiss LSM 510 confocal laser scanning microscope
equipped with a ×63 oil-immersion objective, or a Nikon eclipse Ti confocal inverted
laser scanning microscope equipped with a ×60 oil-immersion objective.

Cell setup
Cells were imaged on coverslips mounted on to glass slides or in glass-bottomed 96well SensoPlate microplates (Greiner Bio-one Ltd).

13mm glass coverslips (1mm thick) were washed with 1M HCl at RT, for 20mins on
a rocker. The coverslips were then washed three times with H2O. The acid was then
neutralised by adding 1M NaOH at RT, for 20mins on a rocker, and then the
coverslips were washed with 3x H2O. The pH was then checked to ensure they are
neutral, before removing the H2O and storing in 70% ethanol at 4°C.
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When plating, the coverslips were washed in 100% ethanol and passed through a
Bunsen flame in a tissue culture hood to sterilise them. The coverslips were then
placed in a 24 well plate and washed twice with PBS.

When staining HeLa cells, the cells were added at 2.5×104 cells/well for coverslips or
1×104 cells/well for 96-well plates and incubated for 2 days.

When staining Jurkat cells, coverslips or wells were coated with 0.5mg/ml poly-Llysine for 20-30mins. The poly-L-lysine was then removed and the coverslips/wells
were dried in the hood for 30mins. 5×105 Jurkat cells/well for coverslips or 1.5×105
Jurkat cells/well for 96-well plates were spun down (300g, 5mins) and resuspended
in 0.5ml/well (coverslip) or 0.15ml/well (96-well plate) 3.7% formaldehyde 20mM
HEPES in PBS. Cells were incubated on ice for 10mins, added to the wells and
centrifuged (350g, 5min, 4°C) to make them adhere to the coverslips or glassbottomed wells.

Fix and stain
Cells were fixed with 3.7% formaldehyde 20mM HEPES in PBS for 10min. This
step was skipped when working with Jurkat cells as they were fixed during the setup
of the cells. The formaldehyde was quenched with 10mM Tris in PBS for 10mins,
and the cells were then permeabilised for 5mins with PBS containing 0.05% Tx-100.
The cells were then blocked with 3% BSA in PBS for 20mins and then incubated
with primary antibodies (Table 2.1) in 3mg/ml BSA in PBS for 1hr at RT. Next,
species-specific Alexa Fluor conjugated secondary antibodies and Hoechst 33342 in
3mg/ml BSA in PBS were added to the cells for 45mins. In some experiments

46

2.5µM CTV was also included in this step. All steps up to and including the 3%
BSA block were carried out on ice, all the following steps were at RT, and the cells
were washed 3 times with PBS between each step. After the final PBS wash, the
cells were washed in ultrapure H2O to remove any salts. If using coverslips, these
were mounted onto microscopic slides using ProLong Gold antifade reagent
(Molecular Probes). If using 96-well plates, cells were kept in PBS until imaging.

Feed/Pulse method – CTLA-4, TfR, EGFR
For staining with Alexa Fluor 555 conjugated transferrin or rhodamine conjugated
EGF the cells were first incubated in serum free media for 1hr to increase surface
expression of the receptor. Next the cells were placed on ice and 25µg/ml labelled
transferrin or 400nM labelled EGF in complete media was added. The cells were
then incubated on ice for 10mins to allow the labelled ligand to bind to its receptor.
When doing pulse experiments, the cells were washed and then incubated at 37°C in
fresh media to allow internalisation, whereas in feed experiments the cells were
incubated at 37°C with the labelled ligand present. Pulse and feed experiments with
ticilimumab (25µg/ml) were carried out in the same way, but without the serum
starving. After the pulse or feed, the cells were fixed and counterstained using the
fix and stain protocol outlined above.

CHX treatment
WT CTLA-4 transduced HeLa cells were seeded on coverslips, as described above,
and incubated with media with or without 50µg/ml CHX for 3hrs. The cells were
then fixed and stained using the protocol outlined above.
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HeLa-CHO Transendocytosis (microscopy)
9×103 HeLa CTLA-4 WT cells were plated in a glass-bottomed 96-well plate and
incubated for 2days. 5×104 CHO cells (blank, CD80-GFP, or CD86-GFP) were
added to the HeLa cells and centrifuged (300g, 3’). The cells were then incubated at
37°C for 1hr, before being fixed and counterstained using the fix and stain protocol
outlined above.

Jurkat or Treg-CHO Transendocytosis (microscopy)
A glass-bottomed 96-well plate was coated with 0.5mg/ml poly-L-lysine for 2030mins. The poly-L-lysine was then removed and the wells were dried for 30mins.
1.5×105 Jurkat CTLA-4 WT or Treg cells were added to the plate and centrifuged
(300g, 3’). When using selected and expanded Tregs, these cells were thawed and
washed to remove any DMSO one day before the experiment, and then cultured
overnight with 40ng/ml IL-2, and 1µg/ml OKT was added to each well with the cells.
Next, 5×104 CHO cells (blank, CD80-GFP, or CD86-GFP) were added on top of the
Jurkat/Tregs and centrifuged (300g, 3’). The cells were then incubated at 37°C
overnight, before being fixed and counterstained using the fix and stain protocol
outlined above.

2.7 Image Processing and Analysis
Image J
All images were processed using ImageJ v1.52h (Wayne Rasband, NIH, USA).
ImageJ and the Coloc2 plugin were used to quantify colocalisation in some images,
which is discussed in greater detail in Chapter 3.
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CellProfiler
Images were analysed using CellProfiler v3.1.5 (Broad Institute, USA). Analysis
pipelines were developed to automatically mask cells and vesicles, and then to
calculate various parameters for these objects. Image analysis methods are discussed
in greater detail in Chapter 3.

Graphing and Statistical Analysis
Graphs were generated using Microsoft Excel (Microsoft, Richmond, WA, USA) or
GraphPad Prism (GraphPad Software, Inc., CA, USA). Statistical analysis was
performed using GraphPad Prism, using T-tests or one-way or two-way ANOVA
with appropriate multiple comparisons tests. Statistical significance of p<0.05 was
recorded throughout, even if results reached higher levels of significance.

49

Chapter 3: Image analysis and quantification of
colocalisation
3.1. Introduction
Fluorescence microscopy is a very powerful tool for defining the localisation of
different proteins, at the level of cellular structures such as endosomes and tubules.
By comparing the staining of two different proteins we can determine whether they
localise to the same cellular compartments. However, the common practise of
defining colocalisation by looking for yellow pixels in a red-green merged image is
insufficient. This is because the yellow colour is dependent on the signal in the red
and green channels being the same intensity and not just overlapping, and also
because the colour perception of the human eye is easily fooled (Figure 3.1).
Several different software packages, such as ImageJ and CellProfiler, are now
available that can be used to quantitatively measure colocalisation in a number of
different ways. The methods generally fall into either pixel-based or object-based
analysis. In pixel-based methods, the fluorescence intensities of two different
channels are compared on a pixel-by-pixel basis across an image or region or interest
(ROI). In object-based methods, first objects (vesicles) are segmented from the
background in each channel within the image or ROI and then the objects from the
different channels are compared. In this chapter, I describe the methods that I
developed for analysing images from the different experimental set ups used in this
study.
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Figure 3.1 – The issues with defining colocalisation by eye:
Defining colocalisation by “looking for yellow blobs” is insufficient for a number of
reasons. A. Confocal images showing the same image but with the overall intensity
of the red channel lower than or matched to the green channel. In the low red
intensity image very few vesicles appear yellow (yellow arrows), but most vesicles
appear yellow in the intensity matched image. B. Trick of the eye highlighting how
easily fooled human eyes are. The central circle appears darker on the yellow
background than the green background, but both circles are the exact same colour.
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3.2. Results
My initial method for analysing colocalisation between two colours of an image used
ImageJ and the Coloc2 plugin. The polygon selection tool was used to manually
draw round a cell of interest, creating a region of interest (ROI) (Figure 3.2 A). The
image was then split into individual channels and the Coloc2 plugin was run to
analyse the colocalisation between the red and green channels within the ROI. The
plugin quantifies the colocalisation by plotting a 2D intensity histogram, whereby
each individual pixel from the ROI is plotted as a single point on a graph of red
intensity vs green intensity (Figure 3.2 B). The plugin then calculates the Pearson’s
correlation coefficient (R) of the histogram, which is a measure of the correlation
between the red and green intensities. Perfect correlation between the two channels
would give an R value of 1, while no correlation would give an R value of 0, and
perfect negative correlation would give an R value of -1. The WT 10’ plot shows
that most pixels in the ROI were low intensity for both channels, and the pixels
which were bright in the green channel were low intensity in the red channel and vice
versa. As such, the Pearson’s R value for that cell is only 0.16 (Figure 3.2 C). The
AVKM 60’ plot also shows that most pixels in the ROI had low intensities for both
channels, but unlike the WT 10’ ROI, some of the pixels that were bright in the green
channel also had a higher intensity in the red channel (Figure 3.2 B, yellow arrows).
The AVKM 60’ ROI has a Pearson’s R value of 0.46 (Figure 3.2 C). This system is
relatively simple, and as it involves no thresholding is not subject to any potential
bias. However, drawing ROI manually is slow process, and pixel-based methods of
colocalisation analysis, such as this, are susceptible to skewing by a small number of
bright pixels.
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Figure 3.2 – ImageJ method for confocal image analysis:
Colocalisation was quantified between two channels within specific cells using the
Coloc2 plugin in ImageJ. A. Example confocal images showing CTLA-4 (green),
EGF (red) and Hoechst 33342 staining with an ROI manually drawn round a cell in
ImageJ. B. 2D intensity histogram outputs from ImageJ coloc2 plugin generated
from the cells identified in (A), yellow arrows mark pixels bright in both channels.
C. Graph showing the Pearson’s R value calculated by ImageJ from the 2D
histograms in (B).
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In an attempt to find a better method, that analysed colocalisation on a per object
basis, and had the potential to be utilised on higher throughput data I began using
CellProfiler. The images from the different experiment set-ups required the
development of different CellProfiler pipelines to analyse them (Figure 3.3).
Initially I developed a pipeline to automatically define cells which were stained with
Hoechst 33342 in the blue channel, and two proteins of interest (CTLA-4, EGF,
endosomal markers, etc) in the green and red channels, but without a specific cellmask stain such as CellTrace Violet (CTV) (Figure 3.3A & Figure 3.4 A). In the
first step, nuclei where defined by thresholding the blue channel using the minimum
cross entropy method and identifying objects between 75 and 200 pixels in diameter
(Figure 3.4 B). Nuclei touching the edge of the image were excluded to ensure only
whole cells were analysed. This is important as if colocalisation only occurs in one
part of the cell (ie the TGN) and that part of the cell is cut off by the edge of the
image the analysis will underestimate the colocalisation in that cell. Having
identified the nuclei, the next step was to mask the cytoplasm of the cells. To do
this, noise was suppressed in the red and green channels by suppressing objects that
were 3 pixels in diameter or smaller (Figure 3.4 C). The noise-suppressed images
were then rescaled to reveal the cellular background staining and then combined by
adding the pixel intensities of the two channels (Figure 3.4 D). The combined image
was then smoothed using the ‘smooth keeping edges’ function to suppress any
artefacts and produce a more regular cell outline. The cells were then defined using
the ‘watershed image’ function, which expands out from the previously identified
nuclei to find the edge of the cells in the smoothed combined image which had been
thresholded using the minimum cross entropy method (Figure 3.4 E). Having
defined the cells, the original red and green images were masked using these cells to
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Figure 3.3 A – Flow diagram overview of CellProfiler pipelines:
A. Overview of the pipelines used to analyse three colour images, with or without
CellTrace Violet staining.

55

Figure 3.3 B – Flow diagram overview of CellProfiler pipelines:
B. Overview of the pipelines used to analyse images of HeLa or Jurkat/Treg
transendocytosis.
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Figure 3.3 C – Flow diagram overview of CellProfiler pipelines:
C. Overview of the pipeline used to analyse high-throughput widefield images of
HeLa-CHO transendocytosis.
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Figure 3.4 A-C – CellProfiler method for image analysis of confocal images
without a specific cell-mask stain:
Colocalisation was quantified between two channels within cells using CellProfiler,
using combined red and green channels to mask cells. A. Example confocal image
showing CTLA-4 (green), EGF (red) and Hoechst 33342 staining. B. Image showing
identification of nuclei from the blue channel, excluding nuclei that touch the image
edge. C. Image showing noise suppression in the red channel.
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Figure 3.4 D&E – CellProfiler method for image analysis of confocal images
without a specific cell-mask stain:
Colocalisation was quantified between two channels within cells using CellProfiler,
using combined red and green channels to mask cells. D. Image showing red and
green channels rescaled after noise suppression, and these two channels combined.
E. Image showing smoothed red and green combined image and the cells identified
using this image.
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Figure 3.4 F-I – CellProfiler method for image analysis of confocal images
without a specific cell-mask stain:
Colocalisation was quantified between two channels within cells using CellProfiler,
using combined red and green channels to mask cells. F. Magnified section of
AVKM image from (A). G. Image showing magnified section (white box in (F)) of
the green image masked on cells from (E) and the same image following
enhancement of vesicles. H. Example image showing identification of vesicles in a
magnified section (shown in (F)) of the green channel. I. Example image showing
identification of vesicles in a magnified section (shown in (F)) of the red channel.
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Figure 3.4 J-L – CellProfiler method for image analysis of confocal images
without a specific cell-mask stain:
Colocalisation was quantified between two channels within cells using CellProfiler,
using combined red and green channels to mask cells. J. Image showing the green
vesicles shrunk by two pixels. K. Graph showing the percentage of shrunk green
vesicles (CTLA-4) that colocalise with shrunk red vesicles (EGF). L. Graph from
Figure 3.1 C showing ImageJ analysis of the same images.
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remove any background staining outside of the cells and then vesicles were enhanced
using a top hat filter to enhance ‘speckles’ with a diameter up to 10 pixels (Figure
3.4 G). This step was particularly important in membrane dense areas such as the
perinuclear region (Figure 3.4 F, white box). Close examination of Figure 3.2 G
reveals that the vesicular staining had been enhanced while the hazy background
staining in between had been suppressed. Vesicles were then defined by identifying
objects that were 3-20 pixels in diameter from the enhanced green or red images
thresholded using the minimum cross entropy method (Figure 3.4 H&I).
Comparison between these vesicles defined by CellProfiler and confocal image
(Figure 3.4 F) show how accurate the pipeline is. The identified vesicles were
shrunk by 2 pixels and then colocalisation was determined by counting the shrunk
green vesicles that have any overlap with a shrunk red vesicle as a percentage of the
total shrunk green vesicle count, or vice versa (Figure 3.4 J&K). Shrinking the
vesicles prior to the object based colocalisation analysis ensured that vesicles that
were adjacent and only touching at their very edges did not count as colocalised.
With this method it was important to determine which way round to measure the
colocalisation as green vs red would give a different answer to red vs green. In the
example shown, I wanted to know how much CTLA-4, in the green channel, was
overlapping with EGF, in the red channel, and so the percentage of green vesicles
that colocalise with red vesicles was measured (Figure 3.4 K). Comparing the
results of the same images analysed using this method (Figure 3.4 K) vs the ImageJ
method (Figure 3.4 L) show that although the general trend is similar in this case,
the CellProfiler method is better at capturing the difference between the
colocalisation in each image and provides a more intuitive read-out.
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Once I had established the CellProfiler method of analysis, I began to include CTV
in my confocal staining to aid in the masking of the cells (Figure 3.3 A & Figure 3.5
A). The CTV and Hoechst 33342 stains are both in the blue channel, but the CTV
stain was of lower intensity and this difference could be used to define nuclei and
then cells. First nuclei were identified as before, but with the minimum cross
entropy threshold set to be particularly stringent so as not to detect the less bright
CTV stain (Figure 3.5 B). The blue image was then rescaled to improve the contrast
between the CTV stain and any background (Figure 3.5 D), and this image was used
to define the cell boundaries using the ‘watershed image’ function while ensuring the
minimum cross entropy threshold was sufficiently lenient to detect the CTV stain
(Figure 3.5 E). As before, any nuclei or cells touching the edge of the image were
discarded. The cells could then be masked and the vesicles identified and analysed
as before. This method greatly simplified the analysis pipeline, and was also better
for analysing cells which lacked staining in the red and or green channels, such as
negative controls or knockdowns, as these channels were no longer needed to mask
the cells.

Analysing confocal images of transendocytosis required a more complex CellProfiler
pipeline, as the images were stained in four colours (blue, green, red, far red) and
contained two different cell types which needed to be differentiated; CTLA-4+ HeLa
cells and ligand-GFP+ CHO cells (Figure 3.3 B & Figure 3.6 A). First the GFP+
CHO cells were identified, but in such a way as to not identify the ligand-GFP
acquired by the HeLa cells. To do this the green channel was enhanced using either
the ‘enhance edges’ function with a smoothing scale of 3 pixels or the ‘enhance dark
holes’ function set to enhance 30-70 pixel diameter holes (Figure 3.6 B). The two
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Figure 3.5 A&B – CellProfiler method for masking cells in confocal images with
CellTrace Violet staining:
Cells were masked based on CellTrace Violet stain using CellProfiler. A. Example
confocal image showing Rab5 (green), CTLA-4 (red), CD80-Ig (far red), Hoechst
33342 and CTV staining. B. Image showing identification of nuclei using blue
channel with a high threshold.
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Figure 3.5 C-E – CellProfiler method for masking cells in confocal images with
CellTrace Violet staining:
Cells were masked based on CellTrace Violet stain using CellProfiler. C. Image
showing blue channel rescaled to show CTV staining. D. Image showing rescaling
of blue channel in CellProfiler. E. Image showing identification of cells using
rescaled blue channel with a low threshold.
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resulting images and the raw image were all three combined by adding the pixel
intensities to give the enhanced green image. The enhance functions helped to define
a clear edge to the CHO cells and to fill in their centres to enable them to be detected
as a solid cell and not just a ring. The CHO cells were defined using the enhanced
green image thresholded using the minimum cross entropy method, and then
expanded by 5 pixels (Figure 3.6 C). Comparison of the defined CHO cells with the
confocal image (Figure 3.6 A) shows that the pipeline can accurately determine the
section of the image filled by the CHO cells, even if it does not always correctly
define the borders between the CHO cells perfectly. This was deemed acceptable as
the only analysis performed using the defined CHO cells was a pixel based mean
fluorescence intensity (MFI) which would not be affected by the incorrect
segmentation of the CHO cells. The expanded CHO cells were then subtracted from
the blue channel, to leave just the HeLa cell Hoechst 33342 and CTV staining
(Figure 3.6 D). This ‘Blue minus CHO’ image was then used to define the HeLa
nuclei and cells as before, using high and low thresholds to differentiate between
Hoechst 33342 and CTV staining, and any HeLa cells that touched the edge of the
image were discarded (Figure 3.6 E&F). The CHOs were expanded to ensure that
no GFP from the CHO cell membrane was incorrectly identified as part of a HeLa
cell, and so analysed as transendocytosed ligand. This was particularly important as
in some conditions the amount of ligand transfer was very low, and so a misdefined
section of GFP-bright CHO membrane could greatly affect the analysis. Comparison
of the defined HeLa cells (Figure 3.6 F) with the confocal image showing GFP and
rescaled Hoechst 33342/CTV staining (Figure 3.6 G) shows how accurate the
pipeline is. The far red, green and red channels were then masked using the defined
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Figure 3.6 A&B – CellProfiler method for analysing confocal images of HeLa
transendocytosis:
MFIs for green, red and far red channels were calculated for WT CTLA-4 transduced
HeLa cells and CD80/86-GFP CHO cells using CellProfiler. CellProfiler was also
used to quantify colocalisation between vesicles in the three channels within HeLa
cells. A. Example confocal image showing CD80-GFP (green), CTLA-4 (red), Rab5
(far red), Hoechst 33342 and CTV staining (blue). B. Images showing green channel
as the raw image, or with enhanced edges, or enhanced dark holes, or the
combination of these three as green enhanced.
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Figure 3.6 C&D – CellProfiler method for analysing confocal images of HeLa
transendocytosis:
MFIs for green, red and far red channels were calculated for WT CTLA-4 transduced
HeLa cells and CD80/86-GFP CHO cells using CellProfiler. CellProfiler was also
used to quantify colocalisation between vesicles in the three channels within HeLa
cells. C. Images showing identification of CHO cells from the enhanced green
image, and these CHOs expanded. D. Image showing subtraction of expanded CHOs
from raw blue image.
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Figure 3.6 E-G – CellProfiler method for analysing confocal images of HeLa
transendocytosis:
MFIs for green, red and far red channels were calculated for WT CTLA-4 transduced
HeLa cells and CD80/86-GFP CHO cells using CellProfiler. CellProfiler was also
used to quantify colocalisation between vesicles in the three channels within HeLa
cells. E. Images showing identification of HeLa cell nuclei using blue minus CHO
image and a high threshold. F. Image showing identification of HeLa cells using
blue minus CHOs image and a low threshold. G. Image showing CD80-GFP and
Hoechst/CTV rescaled to show CTV staining.
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Figure 3.6 H&I – CellProfiler method for analysing confocal images of HeLa
transendocytosis:
MFIs for green, red and far red channels were calculated for WT CTLA-4 transduced
HeLa cells and CD80/86-GFP CHO cells using CellProfiler. CellProfiler was also
used to quantify colocalisation between vesicles in the three channels within HeLa
cells. H. Magnified section of confocal image from (A). I. Images showing
magnified section (shown in (H)) of far red, green, and red images either raw or
following enhancement of vesicles.
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Figure 3.6 H&J – CellProfiler method for analysing confocal images of HeLa
transendocytosis:
MFIs for green, red and far red channels were calculated for WT CTLA-4 transduced
HeLa cells and CD80/86-GFP CHO cells using CellProfiler. CellProfiler was also
used to quantify colocalisation between vesicles in the three channels within HeLa
cells. H. Magnified section of confocal image from (A). J. Images showing vesicles
identified from a section (shown in (H)) of enhanced far red, green, and red images.
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HeLa cells and vesicles were enhanced using a 10 pixel top hat filter (Figure 3.6 I).
Vesicles were defined from these enhanced images as before (Figure 3.6 J). Again,
the accuracy of the pipeline can be seen by comparing the defined vesicles to the
magnified section of confocal image (Figure 3.6 H). The vesicles in each channel
were then shrunk by 2 pixels and colocalisation between them was measured, as
shown in an earlier pipeline. As these images were four colour, there were even
more ways of analysing the colocalisation including defining the vesicles which were
positive in two channels (CTLA-4+ CD80-GFP+) and asking what fraction of these
double positive vesicles colocalise with the third channel (Rab5). As mentioned
earlier, a pixel based MFI was also calculated for the HeLa and CHO cells using the
original green, red and far red images. The MFIs can be used to determine the
effects of transendocytosis on CTLA-4, ligand-GFP and marker levels.

Due to the reduced CTV staining seen in Jurkat and Treg cells compared to HeLa
cells, the analysis of Jurkat/Treg transendocytosis images required their own
CellProfiler pipeline to ensure the cells were properly identified (Figure 3.3 B &
Figure 3.7 A). CHO cells were defined and expanded as in the previous pipeline
(Figure 3.7 B). To define the HeLa cells, the blue (Hoechst/CTV) and red
(CTLA-4) channels were rescaled to increase the contrast between the CTV stain and
the background in the blue channel or to reveal the cellular background staining in
the red channel, and these rescaled images were then combined (Figure 3.7 C). The
expanded CHOs were then subtracted from the rescaled blue image alone or from the
rescaled blue and red combined image (Figure 3.7 D&E). The “Blue minus CHOs”
image was used to define Jurkat/Treg nuclei while the “Blue+Red minus CHOs”
image was used to define the cell boundaries. The Jurkat cell masking accuracy of
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Figure 3.7 A-C – CellProfiler method for masking cells in confocal images of
Jurkat or Treg transendocytosis:
Jurkat or Treg cells were masked based on combined CTV and CTLA-4 stains using
CellProfiler. A. Example confocal image showing CD80-GFP (green), CTLA-4
(red), Rab5 (far red), Hoechst 33342 and CTV staining (blue) in Jurkat cells.
B. Image showing expanded CHO cells identified using the same method as in
Figure 3.4. C. Images showing blue and red channels rescaled, and these two
channels combined.
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Figure 3.7 D-F – CellProfiler method for masking cells in confocal images of
Jurkat or Treg transendocytosis:
Cells were masked based on combined CTV and CTLA-4 stains using CellProfiler.
D. Images showing subtraction of expanded CHOs from rescaled blue image, and the
Jurkat nuclei identified using this image. E. Images showing subtraction of
expanded CHOs from combined blue and red image, and the Jurkat cells identified
using this image. F. Image showing CD80-GFP, CTLA-4 and Hoechst/CTV
rescaled to show CTLA-4 and CTV staining.

74

this pipeline can be seen by comparing the defined Jurkat cells (Figure 3.7 E) and
the rescaled confocal image showing CTLA-4, GFP and Hoechst/CTV staining
(Figure 3.7 F). The Jurkat/Tregs were then processed and analysed in the same way
as the HeLa cells in the previous pipeline.

Finally, the widefield images of HeLa CTLA-4 – CHO Ligand-GFP transendocytosis
generated using a high throughput microscope required their own CellProfiler
analysis pipeline (Figure 3.3 C & Figure 3.8 A). This is because the signal to noise
ratio of the images was lower and so defining objects, particularly the CHO cells,
was much harder. Also as these images were widefield not confocal, the images
needed to be corrected for inconsistent illumination across the field. This was done
for each channel using the “Correct Illumination” modules to first calculate the
illumination function using the fit polynomial method, and then subtracting this
function from the original image (Figure 3.8 B). The illumination corrected blue
channel was then used to define the nuclei of CHO and HeLa cells, as before (Figure
3.8 C). HeLa cells were defined using the illumination corrected red channel, which
is the CTLA-4 stain, and the ‘watershed image’ function, which expands out from
the previously identified nuclei to find the edge of the cells (Figure 3.8 D). The
CHO nuclei were then excluded by filtering the objects based on red fluorescence
intensity (Figure 3.8 E).

Next the CHO cell membranes needed to be subtracted from the green channel to
ensure transendocytosed ligand-GFP was measured, but not ligand from adjacent or
overlapping CHO cells. To do this, objects up to a radius of 10 pixels were
suppressed in the illumination corrected green channel, to prevent the detection of
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Figure 3.8 A-C – CellProfiler method for masking HeLa cells in widefield
images of HeLa-CHO transendocytosis:
Widefield images from high-throughput experiment were masked using CellProfiler.
A. Example widefield image showing CD80-GFP (green), CTLA-4 (red), Rab9 (far
red), Hoechst 33342 and CTV staining (blue). B. Images showing the red channel
illumination function and corrected image. C. Image showing identification of
nuclei from illumination corrected blue image.
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Figure 3.8 D&E – CellProfiler method for masking HeLa cells in widefield
images of HeLa-CHO transendocytosis:
Widefield images from high-throughput experiment were masked using CellProfiler.
D. Images showing the illumination corrected red channel, and the HeLa cells
masked using this channel and the nuclei defined in (C). E. Image showing the HeLa
cells filtered on red MFI to exclude CHO nuclei.
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Figure 3.8 F&G – CellProfiler method for masking HeLa cells in widefield
images of HeLa-CHO transendocytosis:
Widefield images from high-throughput experiment were masked using CellProfiler.
F. Images showing suppression of vesicles in the illumination corrected green
channel, the subsequent enhancement of CHO edges, and the identification of these
CHO edges. G. Images showing the illumination corrected green channel with
enhanced vesicles, and this image with the CHO edges defined in (F) subtracted from
it.
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transendocytosed ligand, and then the ‘enhance edges’ function with a smoothing
scale of 3 pixels was used to enhance the CHO membranes (Figure 3.8 F). This
image was then used to define CHO edges, by thresholding using the minimum cross
entropy method and identifying objects between 25 and 200 pixels in diameter.
Next, vesicles were enhanced in the original illumination corrected green image,
using a top hat filter, before the defined CHO edges were subtracted (Figure 3.8 G).
This image and the illumination corrected red and far red images were then masked
using the defined HeLa cells, and vesicles were then defined and analysed using the
same method as in previous pipelines.

79

3.3. Discussion
Developing a robust method to analyse images is vital for generating quantitative
results from microscopy data. The localisation of a molecule of interest can be
determined by comparing the subcellular distribution of the fluorescently labelled
molecule with a particular marker. However, the colocalisation of the two
fluorescent stains is often only evaluated by eye, by looking for yellow blobs, and
not quantified. This is problematic for a number of reasons, mainly as the yellow
colour in a red/green merge image is dependent on the intensities of both channels
being similar and not just colocalisation, but also how an object is defined as
“yellow” as the human eye’s perception of colour is dependent of the surrounding
colours (as shown previously in Figure 3.1). Beyond these issues with inaccuracy,
as this method does not give a quantitative readout it is impossible to meaningfully
compare colocalisation across a range of images. As such, in this chapter I showed
how I developed a range of pipelines to analyse the images generated from the
different experimental set ups and imaging techniques.

My original analysis method used the software ImageJ to manually mask cells and
the Coloc2 plugin to quantify colocalisation by calculating the Pearson’s correlation
coefficient (PCC) (Manders et al., 1992). The main benefit of this method is its
simplicity, both for masking the cells and calculating the colocalisation. As the
calculation for PCC involves subtracting the mean pixel intensity from each pixel,
the coefficient is independent of overall signal level and background. This means
that no forms of pre-processing, such as thresholding, are required which makes it
easy to use and avoids various sources of potential bias in the analysis. However,
masking cells by hand, although easy, is slow and subject to human judgement and
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so incompatible with analysing large image sets and a possible source of bias.
Furthermore, as PCC is a measure of correlation it is dependent on the signals
colocalising but also varying proportionally to each other across the cell. In the
context of analysing CTLA-4 localisation this is not ideal, as for example CTLA-4
may be expected to colocalise with Rab5 in early endosomes but there is no reason to
suggest that the level of CTLA-4 in the endosome would scale proportionally to the
level of Rab5. Also, PCC can only be calculated between two channels and so this
method could not be used to perform the three way comparisons of CTLA-4,
CD80/86-GFP and marker in the transendocytosis experiments. Additionally, PCC
does not produce an intuitive readout, particularly for intermediate values, and can
give false results if the two channels do not fit a simple linear relationship.

Due to these issues, I developed analysis pipelines using CellProfiler to quantify
colocalisation in an object-based manner. Object-based colocalisation is dependent
on accurately segmenting structures (vesicles, endosomes, etc) in each channel from
background staining and then comparing them. This is much more complex than the
ImageJ method, as it requires the pipeline to determine what level of staining should
be treated as foreground when masking the cells and the vesicles. Setting these
thresholds is a potential source of bias, as the results could be altered by setting a
higher or lower threshold. However, to mitigate this, the automated ‘minimum cross
entropy’ method was used to set all the thresholds and any adjustments to the
threshold correction factor, which alters the leniency, were maintained the same
across an experiment (Li and Lee, 1993). Masking cells using CellProfiler was
initially fairly complicated and involved using the CTLA-4 stain, which made
masking CTLA-4 negative controls particularly difficult. However the inclusion of
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the cell mask stain, cell-trace violet, greatly simplified the process. Mean
fluorescence intensity could then be measured in the defined cells, or vesicles could
be segmented within the cells for colocalisation. Masking the vesicles was greatly
improved by using a top-hat filter, as it enhances the intensity of objects of a defined
size relative to their immediate surroundings. It was particularly important for the
widefield transendocytosis images, as the signal to noise ratio was much lower in
these images which made segmenting vesicles from the background more difficult.
To ensure no background was misidentified as vesicles, the thresholds were adjusted
to be more stringent. This was particularly so in the green channel as the level of
GFP transfer was low in some conditions and so the effect of defining background as
vesicle would be greater. Across all the experiments, comparison of the defined cells
and vesicles with the original raw images showed how accurate the segmentation
was using CellProfiler.

In my CellProfiler analysis method, colocalisation of the defined vesicles was done
in a binary fashion to ask “does this red vesicle colocalise with a green vesicle?”
The readout for this colocalisation method was the number of red vesicles that do
colocalise as a percentage of total red vesicles. Choosing to define colocalisation in
this binary manner means that all colocalising vesicles were counted the same
regardless of size and how much they overlapped. As such, it was important to
shrink the vesicle mask prior to measuring colocalisation to ensure only vesicles that
were truly overlapping, and not just touching, were counted. The decision to define
colocalisation this way was made as I thought that it was more biologically relevant
to define whether CTLA-4 colocalises with an individual compartment in a binary
fashion, as CTLA-4 is either found in a particular vesicle or it isn’t. Altogether, the
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CellProfiler analysis pipelines were able to accurately and automatically mask cells
and the vesicles within them, and then to analyse colocalisation of the vesicles using
an object-based approach.

3.4. Summary
In this chapter I have shown how the images generated for this study were analysed.
My initial ImageJ method was incompatible with higher throughput data and
produced a non-intuitive readout and so I developed a range of analysis pipelines
using CellProfiler. These allowed me to automatically define cells and segment
vesicles from background staining, which enabled the analysis of greater cell and
image numbers, including high-throughput data. This method was also superior to
the ImageJ method for this study as the analysis was object-based, as opposed to
pixel-based, which is more appropriate for the biology being observed, and produced
a more intuitive readout for colocalisation.
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Chapter 4: Trafficking and localisation of CTLA-4
4.1. Introduction
Although CTLA-4 needs to be on the cell surface to interact with its ligands,
previous studies have shown that in T cells and transduced cell lines CTLA-4 is
mainly localised to intracellular compartments (Qureshi et al., 2012). In CHO cells,
surface CTLA-4 is rapidly internalised and then either recycled to the cell surface or
trafficked to lysosomes for degradation. However, how this trafficking is controlled
and which compartments CTLA-4 traffics through is poorly understood. The 37
amino acid cytoplasmic domain of CTLA-4 is highly conserved in mammals, and
also as it is the section of protein exposed to the cellular trafficking machinery it is
believed to be important in determining the intracellular trafficking itinerary of
CTLA-4 (Kaur, Qureshi and Sansom, 2013). This domain contains a number of
motifs which may function in CTLA-4 trafficking including YVKM, a tyrosine
based AP1/2 binding motif, and PTEP, which may form an SH3 binding site as it
matches the proline-rich PxxP motif which is the minimum consensus sequence for
SH3 binding (Walker and Sansom, 2015). Although the trafficking of CTLA-4 is
poorly defined, a number of model receptors have been studied in great detail, and so
their trafficking itineraries are known. These receptors include transferrin receptor
(TfR), an iron transporter which constitutively recycles from early and recycling
endosomes, and epidermal growth factor receptor (EGFR), which can either recycle
or degrade depending on which of its ligands binds.

In order to investigate the trafficking of CTLA-4, its localisation can be compared to
these model receptors or to other proteins, which are known to mark specific
endosomal compartments. In order to make these comparisons, HeLa cells were
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chosen to perform these studies as this cell line has been used for much of the
literature defining the localisation of the TfR, EGFR and other endosomal proteins.
Furthermore the morphology of HeLa cells is more amenable for microscopy studies
whereas T cells have very limited cytoplasm which makes defining colocalisation
difficult.
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4.2. Results
In order to determine the impact of different cytoplasmic tail motifs on the surface
expression of CTLA-4, I studied two different cytoplasmic tail mutations. This
involved changing the proline containing motif PTEP to ATEP and the tyrosine
motif YVKM to AVKM. Jurkat cells transduced with WT, ATEP, or AVKM
CTLA-4 were analysed for expression by flow cytometry. Before staining with antiCTLA-4, cells were either fixed and permeabilised so that CTLA-4 throughout the
cell was stained (Total), or fixed but not permeabilised so that only the CTLA-4 on
the plasma membrane was stained (Surface). The results showed that only a small
proportion of WT CTLA-4, approximately 5%, was expressed on the cell surface
(Figure 4.1). The change of PTEP to ATEP CTLA-4 showed a slight, but nonsignificant, increase in surface expression to around 10%, whereas mutation of
YVKM to AVKM resulted in over 80% of CTLA-4 being expressed on the cell
surface. The low surface expression of WT CTLA-4 is consistent with published
data from primary T cells indicating that CTLA-4 is largely intracellular in its steady
state distribution. The AVKM CTLA-4 data support the idea that the AP1/AP2
binding motif is important in regulating CTLA-4 surface expression, while the PTEP
motif has no obvious role in this process.

Next, to investigate whether similar results were observed in different cell types,
WT, ATEP, or AVKM CTLA-4 transduced HeLa cells were analysed for surface
CTLA-4 expression as before. The results show that compared to Jurkat cells, WT
CTLA-4 had a much higher surface expression on HeLa cells (~45% vs ~5%)
indicating an altered steady state distribution (Figure 4.2). In HeLa cells, as in
Jurkat cells, AVKM CTLA-4 had greatly increased surface expression compared to
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Figure 4.1 – Mutation of the AP2 binding motif alters the surface expression of
CTLA-4 in Jurkat Cells:
WT, ATEP and AVKM CTLA-4 transduced Jurkat cells were fixed and stained with
anti-CTLA-4 PE either with (Total) or without (Surface) being permeabilised, or
were fixed but unstained (-ve)). Cells were analysed by flow cytometry.
A. Representative histograms of CTLA-4 staining. B. Graph shows the expression of
surface CTLA4 as a percentage of total CTLA4. CTLA-4+ cells were gated and
Surface MFI values were normalised to Total MFI values. Data are shown as mean ±
SD from three independent experiments. * p<0.05, by one-way ANOVA and
Tukey’s multiple comparisons test.
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Figure 4.2 – Mutation of cytoplasmic tail motifs alter the surface expression of
CTLA-4 in HeLa Cells:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fixed and stained with
anti-CTLA-4 PE either with (Total) or without (Surface) being permeabilised, or
were fixed but unstained (-ve)). Cells were analysed by flow cytometry.
A. Histograms of CTLA-4 staining. B. Graph shows the expression of surface
CTLA4 as a percentage of total CTLA4. CTLA-4+ cells were gated and Surface
MFI values were normalised to Total MFI values.
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WT. Interestingly, ATEP CTLA-4 also showed an increase in percentage surface
expression in this cell type, with its expression between WT and AVKM CTLA-4.
These data suggest that some of the regulation of CTLA-4 surface expression is celltype dependent, as WT CTLA-4 had a more surface phenotype and mutation of the
SH3 binding motif had a greater impact on surface expression in HeLa cells
compared to Jurkat. However, the AP2 binding motif appears to be the dominant
influence in controlling CTLA-4 surface expression across cell types.

To further characterise the impact of the different cytoplasmic tail motif mutations
on CTLA-4 biology we also measured CTLA-4 degradation following
cycloheximide treatment (CHX). WT, ATEP, or AVKM CTLA-4 transduced HeLa
cells were incubated at 37°C with or without CHX for up to 4hrs and then fixed,
stained for total CTLA-4, and analysed by flow cytometry. The CHX treated WT
and ATEP cells showed similar rates of CTLA-4 degradation as each other, with half
the total CTLA-4 lost in around 1.5hrs before a plateaux of ~40% expression was
reached after 2hrs (Figure 4.3 A). The CHX treated AVKM cells exhibited a much
slower, but more consistent, rate of degradation with an approximately 10%
reduction of CTLA-4 protein level every hour. The untreated WT and ATEP cells
maintained steady state levels of CTLA-4 expression throughout the time course,
while for some reason the AVKM cells showed a slight loss of CTLA-4. As the WT
and ATEP CTLA-4 levels plateaued before all the protein was degraded, a second
degradation assay that did not use CHX was also performed. As CHX inhibits all
protein synthesis, it was possible that a labile protein factor may be involved in
CTLA-4 degradation, which is compromised by CHX. For this second degradation
assay WT, ATEP, and AVKM CTLA-4 transduced HeLa or Jurkat cells were fed
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Figure 4.3 – Mutation of the AP2 binding motif alters the degradation of
CTLA-4:
A. WT, ATEP and AVKM CTLA-4 transduced HeLa cells were incubated for up to
4hrs ±CHX and then fixed and stained with anti-CTLA4-PE. Cells were analysed by
flow cytometry. Graph shows CTLA-4 MFIs normalised to 0hr value. B,C. WT,
ATEP and AVKM CTLA-4 transduced HeLa (B) or Jurkat (C) cells were stained
with anti-CTLA4-PE at 37°C for 30mins. The cells were then washed and incubated
at 37°C for up to 4hrs before being fixed, permeabilised and washed. The cells were
analysed by flow cytometry. Graph shows CTLA-4 MFI normalised to 0hr value.
Data are shown as mean ± SD from at least three independent experiments. * p<0.05,
by two-way ANOVA and Tukey’s multiple comparisons test.
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with anti-CTLA-4-PE at 37°C for 30mins to label the surface and internalised
CTLA-4 pools. Cells were then washed and incubated at 37°C for up to 4hrs before
being fixed, permeabilised and washed to remove any degraded CTLA-4 or unbound
antibody before being analysed by flow cytometry. As with the first assay, in both
HeLa and Jurkat cells AVKM CTLA-4 degraded slowly throughout the experiment
while WT and ATEP CTLA-4 exhibited rapid degradation up to around 2hrs (Figure
4.3 B&C). After 2hrs, degradation of WT and ATEP CTLA-4 in Jurkat cells
proceeded at a much-reduced rate, and similar results were seen in HeLa cells
although ATEP CTLA-4 degradation continued further than WT. Together, these
data suggest that WT CTLA-4 is degraded with a half-life of ~2h and that the
YVKM binding motif for AP1 and/or AP2 is important for its normal degradation
across different cell types. In contrast, the PTEP “SH3-like” motif appears to have a
limited role in CTLA-4 degradation.

A key issue in CTLA-4 biology is to determine if once internalised CTLA-4 is
recycled back to the plasma membrane. In order to determine if CTLA-4 was able to
recycle in these cell models and whether the cytoplasmic tail motifs play a role in
this, WT, ATEP or AVKM CTLA-4 transduced Jurkat or HeLa cells were used in a
CTLA-4 recycling assay (Figure 4.4 A). In these experiments, cells were fed with
human anti-CTLA-4 for 1hr to load intracellular pools before antibody-bound
surface CTLA-4 was blocked on ice with anti-human IgG Alexa Fluor 488. Cells
were then incubated with anti-human IgG Alexa Fluor 647 at 37°C for up to 60mins
to stain any antibody-bound CTLA-4 that recycled to the cell surface and was
therefore not blocked by the AF488 antibody. The results (Figure 4.4 B,C&D)
demonstrated that WT CTLA-4 can recycle in both Jurkat and HeLa cells as the
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Figure 4.4 A – Mutation of the AP2 binding motif alters the recycling of
CTLA-4:
WT, ATEP and AVKM CTLA-4 transduced Jurkat or HeLa cells, or CTLA-4 -ve
blank cells, were fed with anti-CTLA-4 for 1hr, then stained for recycling CTLA-4
(method A) for up to 60mins. Cells were analysed by flow cytometry. A. Cartoon
showing recycling CTLA-4 staining method A.
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Figure 4.4 B-D – Mutation of the AP2 binding motif alters the recycling of
CTLA-4:
WT, ATEP and AVKM CTLA-4 transduced Jurkat or HeLa cells, or CTLA-4 -ve
blank cells, were fed with anti-CTLA-4 for 1hr, then stained for recycling CTLA-4
(method A) for up to 60mins. Cells were analysed by flow cytometry. B. Histograms
showing Recycling CTLA-4 staining in Jurkat cells. C,D. Graphs show recycling
CTLA-4 MFI of CTLA-4+ gated Jurkat (B) or HeLa (C) cells normalised to the 0min
value.
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recycling CTLA-4 stain increased over time. CTLA-4 negative control cells showed
no increase in staining over time which indicates that the recycling stain is specific to
CTLA-4, and not just non-specific uptake of the secondary antibody. WT CTLA-4
showed a ~15-fold increase in recycling CTLA-4 staining after 60mins in Jurkat cells
and a ~four-fold increase in HeLa cells. In the HeLa cell model ATEP CTLA-4
exhibited the same rate of recycling as WT, whereas in Jurkat cells it recycled less
efficiently suggesting a possible role for this motif in recycling. In both cell lines,
AVKM CTLA-4 recycled poorly compared to WT and ATEP CTLA-4. These
results show that mutation of the AP2 binding motif decreases recycling of CTLA-4.
This is likely due to fact that less CTLA-4 is being internalised and so less is
available to recycle, and may also suggest that AP1 or AP2 binding is involved in
recycling of the internalised CTLA-4. The AVKM data also act as a control, as they
show that the increase in recycling stain seen with WT and ATEP CTLA-4 is not just
a factor of increased staining time. These data also provide further evidence for
some cell specific differences in the regulation of CTLA-4 trafficking, although the
main effects of cytoplasmic domain mutations appear to be the same across the cell
types.

In order to validate the AVKM CTLA-4 results and to directly test the role of AP2
and clathrin in CTLA-4 trafficking, WT CTLA-4 transduced HeLa cells were
transfected with siRNA to knockdown AP2 or different clathrin heavy or light
chains. These cells were then either analysed by western blotting or stained for
surface and recycling CTLA-4, using method A (Figure 4.4 A), and analysed by flow
cytometry. The western blot data show that the siRNA knockdowns were successful
and largely specific (Figure 4.5 A). However, it was noticeable that knockdown of
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Figure 4.5 – Knockdown of Clathrin heavy chain or AP2 alters CTLA-4
trafficking:
WT CTLA-4 transduced HeLa cells were transfected with siRNA targeting AP2,
Clathrin heavy chain (H), light chain A (L-a), light chain B (L-b), light chain A and
B (L-a+b), or scramble control (Scr). Cells were analysed by western blot or stained
for surface and recycling CTLA-4 (method A) and analysed by flow cytometry.
A. Western blots showing the KD of AP2 and clathrin chains, arrows mark bands of
interest. (Contributed by Behzad Rowshanravan) B. Graph shows surface CTLA-4
MFI values. C. Graph shows recycling CTLA-4 MFI values of CTLA-4+ gated cells
normalised to 0min value.
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clathrin heavy chain caused a reduction in light chain A and light chain B expression,
and knockdown of light chain A, on its own or in combination with light chain B,
caused a partial loss of heavy chain. Nonetheless, the impact of these knockdowns
on CTLA-4 trafficking were assessed by flow cytometry. The results showed that
knockdown of AP2 or clathrin heavy chain caused a marked increase in surface
CTLA-4 expression as expected if AP2 and clathrin play a role in CTLA-4
internalisation (Figure 4.5 B). In addition we observed a reduction in CTLA-4
recycling (Figure 4.5 B&C). Interestingly, knockdown of clathrin light chains A
and B, either alone or in combination, had no effect on the surface expression or
recycling of CTLA-4. These data support the view that AP2 acts as the adaptor in
the clathrin-mediated endocytosis of CTLA-4 and that this internalisation requires
clathrin heavy chain but neither of the light chains. As with the earlier AVKM data,
it is difficult to dissect whether the reduction in CTLA-4 recycling following clathrin
heavy chain knockdown is due to reduced internalisation or if clathrin and its
adaptors play a role in other parts of the CTLA-4 recycling pathway.

Having shown that at steady state WT CTLA-4 is predominantly expressed inside the
cell, I next set out to determine the intracellular compartments that CTLA-4 is
located within. To do this, co-localisation experiments were performed and CTLA-4
localisation was compared to transferrin receptor (TfR), since TfR is a wellcharacterised endocytic receptor known to recycle and both are internalised via AP2dependent clathrin-mediated endocytosis. In order to determine whether CTLA-4
localises to the same compartments as TfR and whether mutations in the cytoplasmic
tail of CTLA-4 alter its localisation, HeLa cells transduced with WT, ATEP or
AVKM CTLA-4 were stained with Tf Alexa Fluor 555 and anti-CTLA-4 Alexa
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Fluor 488, and analysed by confocal microscopy. If the two receptors colocalised,
the red and green stains would overlap and appear yellow. WT and ATEP CTLA-4
colocalised strongly with TfR, as shown by the numerous yellow vesicles (Figure
4.6 A). Close inspection of these cells revealed that there are very few individually
red vesicles, as most of the TfR positive vesicles also contain CTLA-4. However
AVKM CTLA-4 did not colocalise with TfR, as the vesicles in the AVKM cells were
either red or green and not yellow. The quantification of the colocalisation between
CTLA-4 and TfR confirmed this, as around 17% of WT and ATEP CTLA-4 positive
vesicles colocalised with TfR positive vesicles while less than 4% of AVKM
CTLA-4 positive vesicles did (Figure 4.6 B). This suggests that CTLA-4 traffics via
early and/or recycling endosomes, through the same compartments as TfR. These
data also suggest that this trafficking requires AP1/2 – CTLA-4 interactions, and not
just for internalisation, as even internalised AVKM CTLA-4 shows reduced
colocalisation with TfR.

Although the total stain of CTLA-4 revealed colocalisation with TfR, much of the
CTLA-4 did not colocalise suggesting that at some point after internalisation,
CTLA-4 deviates from the TfR trafficking pathway. To investigate the timing of
when the trafficking of CTLA-4 and TfR diverge, HeLa cells transduced with WT,
ATEP or AVKM CTLA-4 were stained on ice with anti-CTLA-4 and Tf Alexa Fluor
555 before being washed and incubated at 37°C for up to 10 minutes. The cells were
then fixed and analysed by confocal microscopy. Surprisingly, the WT and mutant
CTLA-4 all showed very little colocalisation with TfR across the time points (Figure
4.7 A and B) and when examining the images it was apparent that some of the
vesicles that initially look to be yellow are just red and green staining located closely
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Figure 4.6 A – Mutation of the CTLA-4 AP2 binding motif alters colocalisation
with transferrin receptor:
WT, ATEP, and AVKM mutated CTLA-4 transduced HeLa cells were stained with
anti-CTLA-4-Alexa Fluor 488, Tf-Alexa Fluor 555, and Hoechst 33342 before being
analysed by confocal microscopy. A. Representative confocal images of CTLA-4
-ve and WT cells, insets show magnified regions of the main image. Scale bars =
20µm.
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Figure 4.6 B&C – Mutation of the CTLA-4 AP2 binding motif alters
colocalisation with transferrin receptor:
WT, ATEP, and AVKM mutated CTLA-4 transduced HeLa cells were stained with
anti-CTLA-4-Alexa Fluor 488, Tf-Alexa Fluor 555, and Hoechst 33342 before being
analysed by confocal microscopy. B. Representative confocal images of ATEP and
AVKM cells, insets show magnified regions of the main image. Scale bars = 20µm.
C. Graph shows CellProfiler quantification of the percentage of CTLA-4+ vesicles
that colocalise with Tf+ vesicles. Data are shown as mean ± SEM of at least three
separate images. * p<0.05, by one-way ANOVA and Tukey’s multiple comparisons
test.
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Figure 4.7 A – Antibody-ligated CTLA-4 does not colocalise with transferrin
receptor at early time points:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 and Tf-Alexa Fluor 555 for the specified times at 37ºC, and then fixed and
stained with Hoechst 33342 before being analysed by confocal microscopy.
A. Representative confocal images of 2’ pulse, white insets show magnified regions
of the main image, white arrows mark examples of colocalisation. Scale bars =
20µm.
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Figure 4.7 B – Antibody-ligated CTLA-4 does not colocalise with transferrin
receptor at early time points:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 and Tf-Alexa Fluor 555 for the specified times at 37ºC, and then fixed and
stained with Hoechst 33342 before being analysed by confocal microscopy.
B. Representative confocal images of 10’ pulse, white insets show magnified regions
of the main image, white arrows mark examples of colocalisation. Cyan inset shows
a further magnified region. Scale bars = 20µm.
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Figure 4.7 C – Antibody-ligated CTLA-4 does not colocalise with transferrin
receptor at early time points:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 and Tf-Alexa Fluor 555 for the specified times at 37oC, and then fixed and
stained with Hoechst 33342 before being analysed by confocal microscopy.
C. Graph shows CellProfiler quantification of the percentage of CTLA-4+ vesicles
that colocalise with Tf+ vesicles. Data shown as mean ± SEM from at least 3
separate images.
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beside each other and not truly colocalising (Figure 4.7 B, cyan insert). These may
be different vesicles that are closely localised to each other or may be examples of
CTLA-4 and TfR being sorted into separate domains of the same compartment.
These instances, where CTLA-4 and a marker such as TfR are close together but not
colocalising, are why the defined vesicles are shrunk before quantifying
colocalisation when performing the analysis. Colocalisation between WT CTLA-4
and TfR was highest at the 0’ time point, with 8% of the CTLA-4 positive vesicles
colocalising with TfR (Figure 4.7 C), which suggests that this colocalisation is at the
plasma membrane. After this initial time point, colocalisation with TfR decreased to
around 2.5% at the 5 minute point before increasing. ATEP CTLA-4 showed even
lower colocalisation than WT CTLA-4 at the 0’ and 2’ time points but also displayed
an increase in its colocalisation with TfR at the 10’ time point to reach its maximum
of around 4.5%. The low colocalisation of TfR with ATEP CTLA-4 at the initial
time point, when CTLA-4 and TfR were at the cell surface, suggests that the PTEP
motif may play a role in controlling recruitment of CTLA-4 to specific plasma
membrane domains. In contrast to ATEP CTLA-4, AVKM showed its greatest
colocalisation with TfR at the 0’ time point (~8%) and then steadily decreased over
time reaching its lowest level at the 10’ time point (~2.5%). Nonetheless these data
are surprising given the high degree of colocalisation in the previous experiment and
suggest that antibody ligation of CTLA-4 in live cells alters its trafficking pathway.
It is also possible that the colocalisation is low as CTLA-4 may traffic at a different
speed to TfR, and so the receptors are temporally separated rather than spatially, or
the colocalisation seen in the total stain is from a later stage of CTLA-4’s trafficking
pathway.
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In order to see if colocalisation of antibody-ligated CTLA-4 with TfR is higher at a
later time point, WT, ATEP or AVKM CTLA-4 transduced HeLa cells were
continuously fed with anti-CTLA-4 and Tf Alexa Fluor 555 at 37°C for 1 hour
before being fixed and analysed by confocal microscopy. By performing a
continuous feed all the CTLA-4 compartments reached within 1 hour should be
stained, and Tf would also label all the compartments it traffics through. In this way,
this method avoids the issues of possible differences in trafficking speeds and not
knowing the point of CTLA-4’s trafficking pathway at which it colocalises TfR.
Despite using this method, once again only approximately 4% of the WT CTLA-4
positive vesicles showed colocalisation with TfR positive vesicles (Figure 4.8). The
ATEP and AVKM CTLA-4 also showed very little colocalisation, with less than was
seen with a 10’ pulse. These data further suggest that antibody ligation alters the
trafficking of CTLA-4.

In order to investigate whether CTLA-4 colocalisation with TfR and the effect of
antibody ligation is also seen in a T cell line, Jurkat cells transduced with WT
CTLA-4 were fed with Tf-Alexa Fluor 555 and either co-fed with anti-CTLA-4 or
fixed and stained for total CTLA-4 before being analysed by confocal microscopy.
Yellow colocalising vesicles could be seen in the images of both staining methods, as
marked by the white arrows (Figure 4.9 A). As was seen in HeLa cells, there were
also a number of instances where the CTLA-4 and TfR stains were closely located
but not actually colocalised, as marked by the cyan arrows. These may be examples
of CTLA-4 and TfR being sorted in separate domains of a single endosome.
Quantification of colocalisation between CTLA-4 and TfR revealed that 12% of the
total CTLA-4 colocalised with TfR positive vesicles, while the CTLA-4 feed showed

104

Figure 4.8 A – Antibody ligation of CTLA-4 decreases its colocalisation with
transferrin receptor:
WT, ATEP and AVKM CTLA-4 transduced or blank (-ve) HeLa cells were fed with
anti-CTLA-4 and Tf-Alexa Fluor 555 for 60’ at 37ºC, and then fixed and stained
with Hoechst 33342 before being analysed by confocal microscopy.
A. Representative confocal images of CTLA-4 -ve and WT cells, insets show
magnified regions of the main image. White arrows mark examples of colocalisation.
Scale bars = 20µm.
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Figure 4.8 B&C – Antibody ligation of CTLA-4 decreases its colocalisation with
transferrin receptor:
WT, ATEP and AVKM CTLA-4 transduced or blank (-ve) HeLa cells were fed with
anti-CTLA-4 and Tf-Alexa Fluor 555 for 60’ at 37ºC, and then fixed and stained
with Hoechst 33342 before being analysed by confocal microscopy.
B. Representative confocal images of ATEP and AVKM cells, insets show magnified
regions of the main image. White arrows mark examples of colocalisation. Scale bars
= 20µm. C. Graph shows CellProfiler quantification of the percentage of CTLA-4+
vesicles that colocalise with Tf+ vesicles. Data shown as mean ± SEM from three
separate images.
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Figure 4.9 – Antibody ligation of CTLA-4 causes a small decrease in its
colocalisation with transferrin receptor in Jurkat cells:
WT CTLA-4 transduced Jurkat cells were fed with Tf-Alexa Fluor 555 for 15’ at
37oC, and then fixed and stained with Hoechst 33342. Anti-CTLA-4 was either
added after the fixation to stain total CTLA-4, or with the Tf as a feed. Cell were
analysed by confocal microscopy. A. Representative confocal images, insets show
magnified regions of the main image. White arrows mark examples of colocalisation,
cyan arrows mark examples of non-colocalised vesicles. Scale bars = 10µm. B.
Graph shows CellProfiler quantification of the percentage of CTLA-4+ vesicles that
colocalise with Tf+ vesicles. Data shown as mean ± SEM from three separate
images. * p<0.05, by T test.
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approximately 9% colocalisation (Figure 4.9 B). This reduction in colocalisation
suggests the effect of antibody ligation on CTLA-4 trafficking is not just a feature of
CTLA-4 expression in HeLa cells.

Given that TfR failed to colocalise strongly with CTLA-4 at early time points, I next
wanted to see if CTLA-4 colocalised with AP2, as one explanation for the lack of
colocalisation with TfR is that antibody-ligated CTLA-4 could be being internalised
via an AP2 independent pathway. To test this, HeLa cells transduced with WT,
ATEP, or AVKM CTLA-4 were fed with anti-CTLA-4 at 37°C for up to 10’, and
then fixed and stained with anti-AP2 and analysed by confocal microscopy. The
images from the 0’ time point clearly showed that WT and ATEP CTLA-4
colocalised with AP2 as most of the vesicles appeared yellow, whereas the vesicles
of the AVKM cells were mostly red or green (Figure 4.10). The images from the
10’ time point looked similar, but quantification of the colocalisation revealed that
for both WT and ATEP CTLA-4, colocalisation with AP2 decreased over time while
AVKM colocalisation with AP2 remained low throughout. This suggest that
although antibody-ligated WT and ATEP CTLA-4 showed low colocalisation with
TfR, both still interact with AP2 while AVKM CTLA-4, which has a mutated AP2
binding domain, does not as expected. AP2 is rapidly lost from internalised vesicles
during uncoating, and so colocalisation between CTLA-4 and AP2 is likely occurring
at the plasma membrane in clathrin-coated pits or in recently internalised vesicles.
As such it fits that WT and ATEP CTLA-4 colocalisation with AP2 decreases over
time as the antibody-bound CTLA-4 is internalised and trafficked out of the clathrincoated intermediates into early endosomes.

108

Figure 4.10 A – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with AP2:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-AP2 and Hoechst
33342 before being analysed by confocal microscopy. A. Representative confocal
images of 0’ feed, insets show magnified regions of the main image. Scale bars =
20µm.
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Figure 4.10 B – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with AP2:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-AP2 and Hoechst
33342 before being analysed by confocal microscopy. B. Representative confocal
images of 10’ feed, insets show magnified regions of the main image. Scale bars =
20µm.
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Figure 4.10 C – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with AP2:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-AP-2 and
Hoechst 33342 before being analysed by confocal microscopy. C. Graph shows
CellProfiler quantification of the percentage of CTLA-4+ vesicles that colocalise
with AP2+ vesicles. Data shown as mean ± SEM from at least 3 separate images.
* p<0.05 (between 0’ time points), by two-way ANOVA and Tukey’s multiple
comparisons test.
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As WT and ATEP CTLA-4 both showed colocalisation with AP2, I decided to
investigate whether EGFR would be a better model for CTLA-4 trafficking. To do
this WT, ATEP, or AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 and 400nM EGF-rhodamine for up to 60’. At the 5’ time point, there
appeared to be limited EGF uptake and no colocalisation with WT or ATEP CTLA-4
while there was some colocalisation with AVKM at the plasma membrane (Figure
4.11 A). By 60’, the EGF stain had mainly concentrated to bright perinuclear
compartments where it colocalised strongly with WT, ATEP and AVKM CTLA-4
(Figure 4.11 B). The quantification of colocalisation shows that WT and ATEP
CTLA-4 only began to colocalise with EGF after 30’, and this colocalisation
increased at the 60’ time point. On the other hand, AVKM showed some
colocalisation at 0’, 2’ and 5’ and had lower colocalisation than WT or ATEP
CTLA-4 at 30’, before reaching the same level (20-25%) by 60’. The incubation of
cells with a high concentration of EGF has been shown to drive EGFRs to lysosomes
within 30’, so these data suggest that WT and ATEP CTLA-4 are internalised and
start to reach the EGF positive lysosomal compartment within 30’. The AVKM data
suggest that mutation of the AP2 binding motif causes increased colocalisation with
EGF at early time points at the plasma membrane as the CTLA-4 is internalised more
slowly. This decreased rate of internalisation would also explain the lower
colocalisation at 30’ relative to WT CTLA-4 as it takes longer for the AVKM
CTLA-4 to reach the lysosomes.

In order to confirm the hypothesis that the colocalisation pattern seen between
CTLA-4 and EGFR is due to the receptors reaching the lysosomes, HeLa cells
transduced WT, ATEP, or AVKM CTLA-4 were fed with anti-CTLA-4 for up to 60’
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Figure 4.11 A – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with EGF receptor:
WT and AVKM CTLA-4 transduced HeLa cells were pulsed with anti-CTLA-4 and
400nM EGF-rhodamine at 37oC for the specified times, and then fixed and stained
with Hoechst 33342 before being analysed by confocal microscopy.
A. Representative confocal images of 5’ pulse, insets show magnified regions of the
main image. Arrows mark example areas of colocalisation. Scale bars = 20µm.
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Figure 4.11 B – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with EGF receptor:
WT and AVKM CTLA-4 transduced HeLa cells were pulsed with anti-CTLA-4 and
400nM EGF-rhodamine at 37oC for the specified times, and then fixed and stained
with Hoechst 33342 before being analysed by confocal microscopy.
B. Representative confocal images of 60’ pulse, insets show magnified regions of the
main image. Arrows mark example areas of colocalisation. Scale bars = 20µm.
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Figure 4.11 C – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with EGF receptor:
WT and AVKM CTLA-4 transduced HeLa cells were pulsed with anti-CTLA-4 and
400nM EGF-rhodamine at 37oC for the specified times, and then fixed and stained
with Hoechst 33342 before being analysed by confocal microscopy. C. Graph shows
CellProfiler quantification of the percentage of CTLA4+ vesicles that colocalise with
EGF+ vesicles. Data shown as mean ± SEM from at least 3 separate images.
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before being fixed, stained with anti-LAMP3 and analysed by confocal microscopy.
Again, WT and ATEP CTLA-4 exhibited similar patterns of colocalisation
throughout the time course (Figure 4.12). Both showed low levels of colocalisation
with LAMP3 at the 10’ point as the CTLA-4 was still in more peripheral
compartments. By 30’, most of the WT and ATEP CTLA-4 appeared to have
reached the perinuclear region where it colocalised with LAMP3. AVKM CTLA-4
also showed limited colocalisation at the 10’ time point, but in contrast to WT or
ATEP, only a small proportion of the CTLA-4 had reached the LAMP3 positive
compartments within 30’ with much still visible in the periphery. This difference is
supported by the colocalisation quantification, as the WT and ATEP CTLA-4
colocalisation with LAMP3 jumped from around 6-7% at 20’ to over 30% at 30’
while this increase was only seen between 30’ and 60’ for AVKM. These data
demonstrate that WT and ATEP CTLA-4 can traffic to lysosomes within 30’, but
mutation of the AP2 binding motif slows this trafficking. These data also support the
hypothesis from the previous experiment that the colocalisation been CTLA-4 and
EGFR at the later time points was occurring in lysosomes.

As neither TfR or EGFR were perfect models for CTLA-4 trafficking, I next
investigated the compartments through which CTLA-4 traffics at steady state by
comparing its localisation to different endogenous Rab-GTPases. In order to
investigate this, WT CTLA-4 transduced HeLa cells were fixed and stained with
anti-CTLA-4 and anti-Rab5, anti-Rab7, or anti-Rab9 and then analysed by confocal
microscopy. To provide a comparison and control, HeLa cells were also stained with
Tf-Alexa Fluor 555 and the different anti-Rab antibodies. Both CTLA-4 and TfR
showed good colocalisation with Rab5, with around 10% of CTLA-4 and 15% of
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Figure 4.12 A – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with LAMP3:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-LAMP3 and
Hoechst 33342 before being analysed by confocal microscopy. A. Representative
confocal images of 10’ feed, insets show magnified regions of the main image. Scale
bars = 20µm.
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Figure 4.12 B – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with LAMP3:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-LAMP3 and
Hoechst 33342 before being analysed by confocal microscopy. B. Representative
confocal images of 30’ feed, insets show magnified regions of the main image. Scale
bars = 20µm.
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Figure 4.12 C – Mutation of the CTLA-4 AP2 binding motif alters CTLA-4
colocalisation with LAMP3:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were fed with anti-CTLA-4
at 37oC for the specified times, and then fixed and stained with anti-LAMP3 and
Hoechst 33342 before being analysed by confocal microscopy. C. Graph showing
CellProfiler quantification of the percentage of CTLA-4+ vesicles that colocalise
with LAMP3+ vesicles. Data shown as mean ± SEM from at least 3 separate images.
* p<0.05 (comparisons within 30’ and 60’ time points), by two-way ANOVA and
Tukey’s multiple comparisons test.
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TfR positive vesicles colocalising with Rab5 positive vesicles (Figure 4.13 A&D).
CTLA-4 also showed high levels of colocalisation with Rab7 (~12%) and Rab9
(~19%) while TfR had much lower colocalisation with these markers, with both
around 5% (Figure 4.13 B, C&D). These data indicate that CTLA-4 traffics via
both early and late endosomes as marked by Rab5 and Rab7. The high colocalisation
with Rab9 suggests that CTLA-4 may localise to the TGN and may even use the
Rab9 trafficking route from late endosomes to the TGN. The TfR data demonstrate
that the analysis works as TfR is known to recycle via Rab5+ early endosomes but
not Rab7+ or Rab9+ late endosomes or TGN.

To confirm whether CTLA-4 localises to the TGN and investigate whether it
colocalises at steady state with other receptors or markers associated with the TGN
or endosomes, HeLa cells transduced with WT CTLA-4 were fixed and stained with
anti-CTLA-4 and anti-TGN46, anti-M6PR, anti-STX6, anti-LAMP3 or anti-EEA1
and analysed by confocal microscopy. WT CTLA-4 colocalised strongly with
TGN46 and M6PR and also STX6, however the colocalisation with STX6 appeared
to be almost exclusively within the perinuclear region with very few peripheral
vesicles colocalising (Figure 4.14). At steady state, WT CTLA-4 also colocalised
with LAMP3 both within the perinuclear region and in a number of more peripheral
compartments. WT CTLA-4 showed colocalisation with EEA1 within the
perinuclear region, although somewhat surprisingly very few of the peripheral
vesicles colocalised. These data indicate that at steady state CTLA-4 localises to
lysosomes and the TGN, possibly trafficking via the late endosome to TGN
retrograde route used by M6PR, but the lack of colocalisation with STX6 outside of
the TGN region suggests the trafficking of CTLA-4 away from the TGN is likely not
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Figure 4.13 A – CTLA-4 and TfR show different patterns of colocalisation with
Rab GTPases:
WT CTLA-4 transduced HeLa cells were stained with anti-CTLA-4 or Tf-Alexa
Fluor 555 and anti-Rab5, Rab7, or Rab9 and Hoechst 33342 before being analysed
by confocal microscopy. A. Representative confocal images of Rab5, insets show
magnified regions of the main image. Scales bar = 20µm.
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Figure 4.13 B – CTLA-4 and TfR show different patterns of colocalisation with
Rab GTPases:
WT CTLA-4 transduced HeLa cells were stained with anti-CTLA-4 or Tf-Alexa
Fluor 555 and anti-Rab5, Rab7, or Rab9 and Hoechst 33342 before being analysed
by confocal microscopy. B. Representative confocal images of Rab7, insets show
magnified regions of the main image. Scales bar = 20µm.
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Figure 4.13 C&D – CTLA-4 and TfR show different patterns of colocalisation
with Rab GTPases:
WT CTLA-4 transduced HeLa cells were stained with anti-CTLA-4 or Tf-Alexa
Fluor 555 and anti-Rab5, Rab7, or Rab9 and Hoechst 33342 before being analysed
by confocal microscopy. C. Representative confocal images of Rab9, insets show
magnified regions of the main image. Scale bars = 20µm. D. Graph shows
CellProfiler quantification of the percentage of CTLA-4/TfR+ vesicles that
colocalise with the different Rabs. Data shown as mean ± SEM from at least 3
separate images.
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Figure 4.14 A – WT CTLA-4 colocalises with markers of early and late
endosomes and the TGN:
WT CTLA-4 transduced HeLa cells were fixed and stained with anti-CTLA-4 and
anti-TGN46, M6PR, STX6, LAMP3, or EEA1 and Hoechst 33342 before being
analysed by confocal microscopy. A. Representative confocal images of TGN46,
M6PR, and STX6, insets show magnified regions of the main image, white arrows
mark examples of colocalisation outside of the TGN region. Scale bars = 20µm.
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Figure 4.14 B&C – WT CTLA-4 colocalises with markers of early and late
endosomes and the TGN:
WT CTLA-4 transduced HeLa cells were fixed and stained with anti-CTLA-4 and
anti-TGN46, M6PR, STX6, LAMP3, or EEA1 and Hoechst 33342 before being
analysed by confocal microscopy. B. Representative confocal images of LAMP3
and EEA1, insets show magnified regions of the main image, white arrows mark
examples of colocalisation outside of the TGN region. Scale bars = 20µm. C. Graph
shows CellProfiler quantification of the percentage of CTLA-4+ vesicles that
colocalise with marker+ vesicles. Data shown as mean ± SEM from 3 separate
images.
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regulated by STX6. Furthermore the EEA1 data confirm the previous Rab5 data,
that at steady state some CTLA-4 localises to a subset of early endosomes.

As CTLA-4 is being overexpressed in this model, one possibility is that the
localisation of CTLA-4 to the TGN is just due to the synthetic pathway and not the
trafficking of internalised CTLA-4. To investigate this, WT CTLA-4 transduced
HeLa cells were incubated for 3hrs with or without the protein synthesis inhibitor
CHX, and then fixed and stained with anti-CTLA-4, Hoechst 33342, and antiTGN46 or anti-LAMP3. If the TGN localisation were solely due to newly
synthesised CTLA-4 we would expect the colocalisation with TGN46 to be lost
following CHX treatment, while colocalisation with LAMP3 would be less affected,
or may increase, as the remaining CTLA-4 continues to be trafficked towards the
lysosome. Although CTLA-4 staining was reduced following CHX treatment,
numerous compartments containing both CTLA-4 and TGN46 were still visible
(Figure 4.15 A). Colocalisation between CTLA-4 and LAMP3 also appeared similar
in the cells with and without CHX treatment (Figure 4.15 B). Measuring the MFI of
CTLA-4, TGN46, and LAMP3 showed that the CHX treatment was successful as
CTLA-4 levels were reduced by ~80%, while TGN46 and LAMP3 were largely
unaffected (Figure 4.15 C). Quantification showed that CHX treatment caused the
percentage of CTLA-4 vesicles that colocalised with TGN46 to decrease from ~15%
to ~10%, while colocalisation with LAMP3 decreased from ~21% to ~17% (Figure
4.15 D). As there was an unexpected decrease in CTLA-4–LAMP3 colocalisation, it
is possible that some of the decrease in CTLA-4 colocalisation with TGN46 is due to
a non-specific effect of the CHX treatment. Together these data suggest that some of
the CTLA-4 that localises to the TGN may be from the synthetic pathway, but as
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Figure 4.15 A – Inhibition of protein synthesis decreases CTLA-4 expression but
only has a minor effect on colocalisation with the TGN or LAMP3:
WT CTLA-4 transduced HeLa cells were treated with 50µg/ml CHX, or left
untreated (UT), for 3hrs and then fixed and stained with anti-CTLA-4, Hoechst
33342 and anti-TGN46 or anti-LAMP3 before being analysed by confocal
microscopy. A. Representative confocal images of TGN46, insets show magnified
regions of the main image, white arrows mark examples of colocalisation. Scale bars
= 20µm.
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Figure 4.15 B – Inhibition of protein synthesis decreases CTLA-4 expression but
only has a minor effect on colocalisation with the TGN or LAMP3:
WT CTLA-4 transduced HeLa cells were treated with 50µg/ml CHX, or left
untreated (UT), for 3hrs and then fixed and stained with anti-CTLA-4, Hoechst
33342 and anti-TGN46 or anti-LAMP3 before being analysed by confocal
microscopy. B. Representative confocal images of LAMP3, insets show magnified
regions of the main image, white arrows mark examples of colocalisation. Scale bars
= 20µm.
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Figure 4.15 C&D – Inhibition of protein synthesis decreases CTLA-4 expression
but only has a minor effect on colocalisation with the TGN or LAMP3:
WT CTLA-4 transduced HeLa cells were treated with 50µg/ml CHX, or left
untreated (UT), for 3hrs and then fixed and stained with anti-CTLA-4, Hoechst
33342 and anti-TGN46 or anti-LAMP3 before being analysed by confocal
microscopy. C. Graph showing CellProfiler quantification of CTLA-4, TGN46 and
LAMP3 MFI. D. Graph showing CellProfiler quantification of the percentage of
CTLA-4+ vesicles that colocalise with marker+ vesicles. Data shown as mean ±
SEM from at least 3 separate images. * p<0.05, by one-way ANOVA and Sidak’s
multiple comparisons test.
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most was resistant to CHX treatment, CTLA-4 may also be trafficking via this
compartment after internalisation.

Given the recent work proposing a role for LRBA in the regulation of CTLA-4 (Lo et
al., 2015; Hou et al., 2017), I next wanted to investigate whether LRBA colocalises
with CTLA-4 and if this is affected by mutations in CTLA-4’s cytoplasmic domain.
To do this, HeLa cells transduced with WT, ATEP or AVKM CTLA-4 were fixed
and stained with anti-CTLA-4 and anti-LRBA before being analysed by confocal
microscopy. WT and ATEP CTLA-4 both showed high levels of colocalisation with
LRBA, approximately 20% and 17% respectively, in the perinuclear region but also
in peripheral vesicles (Figure 4.16). AVKM however showed greatly reduced
colocalisation (~5%) and this colocalisation was only in the perinuclear region. This
data demonstrates that CTLA-4 and LRBA do colocalise in this model, which is
supportive of the theory that LRBA interacts with CTLA-4 to regulate its
degradation. The AVKM data further suggests that the AP1/AP2 binding domain is
important in the regulation of CTLA-4 trafficking beyond internalisation.

In order to investigate the timing of when CTLA-4 and LRBA colocalise, HeLa cells
transduced with WT, ATEP or AVKM CTLA-4 were pulsed with anti-CTLA-4 at
37°C for up to 30’ and then fixed, stained with anti-LRBA and analysed by confocal
microscopy. At the 10’ time point there was very little colocalisation seen between
LRBA and WT or either mutant CTLA-4 (Figure 4.17). By 30’, some colocalising
vesicles in the perinuclear region were visible for all three CTLA-4s. The
quantification confirms that colocalisation between pulsed CTLA-4 and LRBA
increases over time, and also reveals that AVKM colocalises the least and its
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Figure 4.16 A – Mutation of the AP-2 binding motif alters CTLA-4
colocalisation with LRBA:
WT, ATEP, and AVKM CTLA-4 transduced or blank HeLa cells were stained with
anti-CTLA-4, anti-LRBA, and Hoechst 33342 before being analysed by confocal
microscopy. A. Representative confocal images of CTLA-4 -ve or WT cells, insets
show magnified regions of the main image. White arrows mark examples of
colocalisation outside the TGN region. Scale bars = 20µm.
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Figure 4.16 B&C – Mutation of the AP-2 binding motif alters CTLA-4
colocalisation with LRBA:
WT, ATEP, and AVKM CTLA-4 transduced or blank HeLa cells were stained with
anti-CTLA-4, anti-LRBA, and Hoechst 33342 before being analysed by confocal
microscopy. B. Representative confocal images of ATEP and AVKM cells, insets
show magnified regions of the main image. White arrows mark examples of
colocalisation outside the TGN region. Scale bars = 20µm. C. Graph shows
CellProfiler quantification of the percentage of CTLA-4+ vesicles that colocalise
with LRBA+ vesicles. Data are shown as mean ± SEM of at least three separate
images. * p<0.05, by one-way ANOVA and Tukey’s multiple comparisons test.
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Figure 4.17 A – Antibody ligation decreases CTLA-4 colocalisation with LRBA:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 at 37oC for the specified times, and then fixed and stained with anti-LRBA
and Hoechst 33342 before being analysed by confocal microscopy.
A. Representative confocal images of 10’ pulse, insets show magnified regions of
the main image. White arrows mark examples of colocalisation. Scale bars = 20µm.
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Figure 4.17 B – Antibody ligation decreases CTLA-4 colocalisation with LRBA:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 at 37oC for the specified times, and then fixed and stained with anti-LRBA
and Hoechst 33342 before being analysed by confocal microscopy.
B. Representative confocal images of 30’ pulse, insets show magnified regions of the
main image. White arrows mark examples of colocalisation. Scale bars = 20µm.
134

Figure 4.17 C – Antibody ligation decreases CTLA-4 colocalisation with LRBA:
WT, ATEP and AVKM CTLA-4 transduced HeLa cells were pulsed with antiCTLA-4 at 37oC for the specified times, and then fixed and stained with anti-LRBA
and Hoechst 33342 before being analysed by confocal microscopy. C. Graph shows
CellProfiler quantification of the percentage of CTLA-4+ vesicles that colocalise
with LRBA+ vesicles. Data shown as mean ± SEM from at least 2 separate images.
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increase in colocalisation is delayed compared to WT and ATEP CTLA-4. These
data, combined with the previous experiment, add further support to the theory that
antibody ligation of CTLA-4 alters its trafficking as colocalisation with LRBA is
greatly reduced.

Having shown that LRBA colocalises with CTLA-4 and is found in perinuclear and
peripheral vesicles, I next wanted to define these compartments that LRBA is
localised within. To do this, HeLa cells were fixed and stained with anti-LRBA and
a selection of antibodies that bind to different Golgi and endosomal markers (antiGM130, anti-TGN46, anti-STX6, anti-AP1, anti-M6PR, anti-LAMP3 or anti-EEA1).
The perinuclear LRBA colocalised with both GM130 and TGN46, but under closer
inspection it appears that the overlap with TGN46 is perfect colocalisation whereas
the GM130 image had more distinct green or red compartments (Figure 4.18). The
quantification of the colocalisation confirms that LRBA colocalises more strongly
with TGN46 than GM130. This suggests that LRBA is localised to the TGN, and the
colocalisation with the cis-golgi marker may just be due to the tightly packed
membranes of the perinuclear region. LRBA also showed colocalisation with STX6,
AP1 and M6PR in the perinuclear region but also in several STX6+ and some
M6PR+ peripheral vesicles. This pattern of colocalisation suggests that LRBA may
undergo anterograde or retrograde trafficking between the TGN and endosomal
compartments. LRBA showed little colocalisation with EEA1, suggesting LRBA
does not localise to early endosomes, but overlapped with LAMP3 both in the
perinuclear region and in some more peripheral vesicles. This suggests that LRBA
localises to lysosomes, but it is not clear if this is a functional location of LRBA or if
it is just due to LRBA being trafficking to lysosomes for degradation.
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Figure 4.18 A – LRBA colocalises with markers of the TGN:
HeLa cells were fixed and stained with anti-LRBA, Hoechst 33342 and anti-GM130,
TGN46, STX6, AP1, M6PR, LAMP3 or EEA1, and then analysed by confocal
microscopy. A. Representative confocal images of GM130, TGN46, STX6 and AP1,
insets show magnified regions of main image. White arrows mark examples of
colocalisation outside the TGN region. Scale bars = 20µm.
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Figure 4.18 B – LRBA colocalises with markers of the TGN:
HeLa cells were fixed and stained with anti-LRBA, Hoechst 33342 and anti-GM130,
TGN46, STX6, AP1, M6PR, LAMP3 or EEA1, and then analysed by confocal
microscopy. B. Representative confocal images of M6PR, CD63 and EEA1, insets
show magnified regions of main image. White arrows mark examples of
colocalisation outside the TGN region. Scale bars = 20µm.
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Figure 4.18 C – LRBA colocalises with markers of the TGN:
HeLa cells were fixed and stained with anti-LRBA, Hoechst 33342 and anti-GM130,
TGN46, STX6, AP1, M6PR, LAMP3 or EEA1, and then analysed by confocal
microscopy. C. Graph showing CellProfiler quantification of the percentage of
LRBA+ vesicles that colocalise with TGN/endosomal marker+ vesicles. Data are
shown as mean ± SEM of three separate images.

139

4.3. Discussion
CTLA-4 is predominantly expressed by T cells and functions by binding to and
removing CD80/CD86 from the surface of APCs. As such only CTLA-4 on the cell
surface is functional, but unlike other T cell co-receptors, such as the homologous
CD28, most CTLA-4 is found in intracellular compartments. However, the precise
localisation of CTLA-4 and what determines its trafficking are both still poorly
understood. As such, in this chapter I investigated the role of two cytoplasmic tail
motifs on CTLA-4 trafficking, and used colocalisation with trafficking receptors and
cellular markers to define its localisation. More recent work has proposed a role for
LRBA in regulating CTLA-4 trafficking, so I also investigated the localisation of
LRBA and its colocalisation with CTLA-4.

My work indicates that the tyrosine based YVKM motif in the cytoplasmic tail of
CTLA-4 is important for internalisation as well as trafficking of internalised
CTLA-4. Previous work has shown that the YVKM motif is a binding site for the
adaptor molecules AP1, in the TGN, and AP2, at the plasma membrane (Shiratori et
al., 1997; Zhang and Allison, 1997; Schneider et al., 1999). Binding of CTLA-4 to
AP2 recruits the receptor to clathrin-coated pits enabling internalisation via clathrinmediated endocytosis. Whereas binding to AP1 is reported to shuttle CTLA-4 from
the TGN to lysosomes, either for storage or degradation. As such, the increase in
surface CTLA-4 expression seen in AVKM CTLA-4 cells is as expected due to the
decreased AP2 binding, and matches what has been show previously in both in vitro
and in vivo models where the tyrosine motif was mutated (Leung et al., 1995; Stumpf
et al., 2014). This decrease in the rate of internalisation may also explain the
increased half-life and decreased recycling of the AVKM CTLA-4 as the receptor is
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“stuck” at the plasma membrane and so cannot be trafficked to lysosomes for
degradation or be recycled. However it is also possible that the AVKM mutation
decreases the rate of CTLA-4 degradation by inhibiting the proposed TGN to
lysosome trafficking route which is dependent on AP1 binding (Schneider et al.,
1999). Other published work has shown that AP1 is also involved in the recycling of
some cargoes, such as M6PR, from early endosomes to the TGN, and so it is possible
CTLA-4 utilises a similar pathway for its recycling (Hirst et al., 2012). As such
AVKM CTLA-4 may show reduced recycling as it is unable to bind AP1 and so
cannot recycle using this route. These hypotheses could be tested by using a
knockdown or “knocksideways” system for AP1, and then measuring CTLA-4
degradation and recycling.

The steady-state colocalisation of AVKM CTLA-4 with TfR and LRBA further
suggest that the YVKM motif is involved in CTLA-4 trafficking beyond
internalisation as even the endosomal AVKM CTLA-4 showed low colocalisation
compared to WT. This may be more evidence for the involvement of AP1 in the
trafficking of internalised CTLA-4, or it may suggest that when CTLA-4 is
internalised in an AP2 independent manner it enters a different trafficking pathway.
Studies on TGF-β receptor and EGFR have proposed models where whether the
receptor is internalised by clathrin-dependent or clathrin-independent endocytosis
controls the subsequent trafficking of the receptor (Di Guglielmo et al., 2003;
Sigismund et al., 2008). It is possible that something similar is happening with
CTLA-4, whereby mutation of the YVKM motif forces CTLA-4 to be internalised by
a clathrin-independent mechanism which alters the downstream trafficking of
CTLA-4 and so reduces its colocalisation with TfR and LRBA. This could be
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investigated by performing confocal microscopy studies using WT and AVKM
CTLA-4 and markers of different clathrin-independent mechanisms, to see if the
internalised AVKM CTLA-4 shows increased colocalisation with any of the
pathways.

One set of findings from my study is the identification of compartments which
CTLA-4 localises to at steady state in HeLa cells (Figure 4.19). The observation
that CTLA-4 colocalises with Rab5 and EEA1 but a higher percentage colocalises
with TfR suggests that CTLA-4 traffics through both early and recycling endosomes.
The colocalisation of CTLA-4 with Rab7, Rab9 and LAMP3 indicate that CTLA-4
localises to late endosomes and lysosomes. Furthermore the colocalisation between
CTLA-4 and TGN46, M6PR and STX6 implies that CTLA-4 is localised to the
TGN, and the CHX data indicate this is not just due to CTLA-4 from the synthetic
pathway. These data are consistent with published studies using a range of cell types
which show CTLA-4 colocalisation with markers of early, recycling and late
endosomes, as well as lysosomes and the TGN (Leung et al., 1995; Linsley et al.,
1996; Iida et al., 2000; Mead et al., 2005; Valk et al., 2006; Qureshi et al., 2012).
The colocalisation of CTLA-4 with Rab9 and M6PR also raises the possibility that
CTLA-4 utilises the endosome to TGN retrograde trafficking pathway. The
trafficking itinerary of M6PR, and other model recycling proteins such as furin,
involves retrograde recycling from endosomes to the TGN, a route which is regulated
by Rab9 (Lombardi et al., 1993; Chia et al., 2011). As such, it is possible that when
surface CTLA-4 is internalised it is trafficked from early/late endosomes to the TGN
where it can then traffic back to the cell surface, much like the furin recycling
pathway. CTLA-4 recycling, and the involvement of Rab9, is investigated and

142

Figure 4.19 – Model of CTLA-4 localisation:
CTLA-4 showed colocalisation with markers of early endosomes (Rab5, EEA1), late
endosomes (Rab7, Rab9), lysosomes (LAMP3), and the TGN (TGN46, STX6,
M6PR). CTLA-4 also colocalised with TfR, which traffics via early and recycling
endosomes, and with EGFR, which traffics via early and late endosomes to the
lysosome. Colocalisation with LAMP3 and EGFR showed that CTLA-4 takes
around 30’ to reach to the lysosome.
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discussed in greater detail in Chapter 5. By performing antibody feed and pulse
experiments, I have also revealed the timing of CTLA-4 lysosomal traffic.
Colocalisation of antibody-bound WT CTLA-4 with LAMP3 and high dose EGF
showed that it takes CTLA-4 around 30’ to traffic from the plasma membrane to
lysosomes. However, the difference in colocalisation of antibody-bound and
unbound CTLA-4 with TfR and LRBA suggest that ligation may alter CTLA-4
trafficking, so it is possible that unbound CTLA-4 may traffic to lysosomes at a
different rate. The effects of ligation on CTLA-4 trafficking are investigated and
discussed in greater detail in Chapter 5.

My work has also shown that CTLA-4 colocalises with LRBA, and has revealed the
steady-state localisation of LRBA in HeLa cells (Figure 4.20). Colocalisation of
LRBA with TGN46, STX6, AP1 and M6PR indicate LRBA localises to the TGN,
which is where its colocalisation with CTLA-4 appears to be greatest. LRBA also
shows some colocalisation with LAMP3 within the perinuclear region, indicating
that it localises to lysosomes, but it is not known whether LRBA functions in this
compartment or it just trafficked to lysosomes for degradation. The localisation of
LRBA to the TGN and lysosomes is consistent with published data (Wang et al.,
2001; Lo et al., 2015; Kurtenbach et al., 2017). CTLA-4 and LRBA also colocalised
in a number of peripheral vesicles. LRBA showed colocalisation outside of the
perinuclear region with vesicles positive for M6PR and in particular STX6, a
SNARE protein involved in membrane traffic to and from the TGN (Bock et al.,
1997; Mallard et al., 2002). This suggests that LRBA may be trafficked in an
anterograde or retrograde manner between the TGN and late endosomes. As
CTLA-4 also colocalised with M6PR and STX6, this pathway may be where LRBA
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Figure 4.20 – Model of LRBA localisation:
LRBA localised mainly to the TGN, as marked by TGN46, STX6, M6PR and AP1,
as well as vesicles positive for STX6 and M6PR. LRBA also showed some
colocalisation with markers of the lysosome (LAMP3) and cis-Golgi (GM130) but
did not colocalise with early endosomes as marked by EEA1.
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and CTLA-4 are colocalising outside of the TGN. Published data has suggested that
LRBA colocalises with Rab11 so the peripheral site of LRBA and CTLA-4
colocalisation may be recycling endosomes (Lo et al., 2015). These hypotheses
could be tested by performing 4-colour confocal imaging on cells stained for LRBA,
CTLA-4 and these markers of interest.

My work suggests that there may be some cell specific differences in CTLA-4
trafficking, but the overall regulation seems to be mainly similar. CTLA-4 surface
expression appeared to be the biggest difference between the HeLa and Jurkat
models, as HeLa cells expressed a significantly higher percentage of WT CTLA-4 on
their cell surface than the Jurkat cells. This might be partly explained by the
different morphologies of the cell types. Jurkat cells are essentially spherical, which
means they have approximately the smallest surface area to volume ratio possible for
their size. HeLa cells on the other hand are much flatter, even after trypsinisation,
and extend processes and microvilli which greatly increase their relative surface area.
Published work on CTLA-4 has shown that trafficking of CTLA-4 from the TGN to
the cell surface is regulated by a complex containing the proteins TRIM and LAX,
and knockdown of these factors can decrease CTLA-4 surface expression while
overexpression of TRIM can increase it (Valk et al., 2006; Banton et al., 2014).
Another study has shown that T cells lacking the scaffold protein GRIP1 have
increased CTLA-4 surface expression due to decreased internalisation (Modjeski et
al., 2016). As such it is possible that the differences in CTLA-4 surface expression
between the different models are due to higher levels of TRIM and LAX or lower
expression of GRIP1 in HeLa cells compared to Jurkat cells.

146

Another difference seen between the HeLa and Jurkat models was the relative level
of CTLA-4 recycling. In HeLa cells a ~4-fold increase in recycling was seen in 60’
compared to a ~15-fold increase in Jurkat cells. This might be partly due to the
normalisation to the 0’ time point value as HeLa cells have a higher percentage of
CTLA-4 at the cell surface, and so the small fraction of CTLA-4 which is unblocked
and so stained in the 0’ sample is likely to be a greater proportion of the total
CTLA-4 pool than in Jurkat cells. Also work from several groups, reviewed in
(Mayle, Le and Kamei, 2012), has shown that the time taken for TfR to recycle
varies greatly between cell types. As such it is possible that recycling is just faster in
Jurkat cells than HeLa cells.

Although the surface expression and recycling of WT CTLA-4 was different between
HeLa and Jurkat cells, mutation of the YVKM motif caused an increase in surface
CTLA-4 expression and a decrease in recycling in both suggesting similar
mechanisms are involved in CTLA-4 internalisation and recycling in these cell types.
Moreover, the degradation assays in the two models revealed that CTLA-4 has a
similar half-life of ~2hrs in HeLa and Jurkat cells. Furthermore, steady state
colocalisation between WT CTLA-4 and TfR was similar in both cell types, with
17% colocalisation in HeLa cells and 12% in Jurkat, and both showed a decrease in
colocalisation following antibody ligation of CTLA-4. These data further suggest
that CTLA-4 trafficking and its regulation are broadly the same in HeLa and Jurkat
cells.
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4.4. Summary
In this chapter I have shown that cytoplasmic tail motifs of CTLA-4, and the tyrosine
YVKM motif in particular, are important for several different facets of CTLA-4
trafficking in Jurkat and HeLa cells. Furthermore, through colocalisation with a
range of endosomal markers and model trafficking receptors, my data have shown
that CTLA-4 localises to early, late and probably recycling endosomes, as well as the
TGN and lysosomes. I have also shown that LRBA localises mainly to the TGN and
STX6 positive vesicles and revealed that LRBA colocalises with CTLA-4 in HeLa
cells. My data also suggest that ligation of CTLA-4 alters its trafficking, as
antibody-bound CTLA-4 showed greatly reduced colocalisation with TfR and
LRBA. Together these data provide much greater detail to the localisation and
trafficking of CTLA-4.
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Chapter 5: Perturbations to CTLA-4 trafficking
5.1. Introduction
The trafficking of CTLA-4 is believed to be important for its function, but the
regulation of CTLA-4 trafficking is even less well understood than its localisation.
A useful method to investigate the regulation of a receptor’s trafficking pathway is to
perturb the system, by adding a ligand or increasing/decreasing the function of a
potential regulator, and observing the effects on a specific part of the receptors
trafficking pathway. Although in the previous chapter CTLA-4 was shown to
colocalise with a number of Rab GTPases, this does not prove that these proteins are
functionally involved in CTLA-4 trafficking. This is because Rab GTPases are only
active in their GTP-bound state and not their GDP-bound state (Stenmark, 2009).
Therefore I investigated the involvement of different Rab GTPases in CTLA-4
trafficking by overexpressing Rab constructs in WT, dominant negative (DN) or
constitutively active (CA) forms.

Recently the BEACH-domain containing protein LRBA was suggested to be
involved in regulating the fate of internalised CTLA-4, as patients which lack LRBA
suffer from CTLA-4 deficiency (Lo et al., 2015). Because of this, LRBA was
knocked down to test its effects on CTLA-4 expression and trafficking.

A major unanswered question in the CTLA-4/CD28 field is why these receptors have
two different ligands, CD80 and CD86. As antibody ligation appeared to alter the
trafficking of CTLA-4 in the previous chapter, the effect of CTLA-4 ligation with
CD80 and CD86 was investigated.
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5.2. Results
To determine the role that Rab-GTPases play in CTLA-4 degradation, HeLa cells
transduced with WT CTLA-4 were transiently transfected with constructs expressing
Rab5, Rab7 or Rab11-GFP, in WT, dominant negative (DN) or constitutively active
(CA) forms. These were compared to an empty GFP vector control. After 24hrs, the
cells were fed with anti-CTLA-4 at 37°C for 30 minutes, washed, and incubated at
37°C for up to 6hrs before being fixed, permeabilised and then analysed by flow
cytometry. This allowed assessment of the degradation of antibody tagged CTLA-4
over time. In order to make a fair comparison between the Rab-GFPs, cells were
gated on a low or high GFP expression level (Figure 5.1 A). The low expression of
the Rab-GFP constructs had no effect on CTLA-4 degradation, with all the plots
showing a similar decrease in CTLA-4 MFI over time (Figure 5.1 B). However,
high expression of Rab5 CA decreased the rate of CTLA-4 degradation, with a ~40%
drop in CTLA-4 MFI compared to a ~70% drop in the empty GFP vector expressing
cells over 6hrs (Figure 5.1 C). Overexpression of Rab5 CA causes enlarged early
endosomes to form which fail to properly mature into late endosomes and have been
shown to alter the trafficking of receptors. These endosomes may trap the CTLA-4
preventing it from reaching lysosomes and so reducing degradation. Overexpression
of Rab7 DN also slowed the degradation of CTLA-4, as CTLA-4 MFI was only
reduced by ~55% in 6hrs. This is understandable as Rab7 controls maturation of
early endosomes into late endosomes and trafficking to lysosomes and so if this
function is inhibited by the Rab7 DN, CTLA-4 may no longer be trafficked properly
to lysosomes. These data suggest that CTLA-4 traffics via early and late endosomes,
regulated by Rab5 and Rab7 respectively, in order to reach lysosomes to degrade.
Overexpression of Rab11, in any form, had no significant effect on CTLA-4
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Figure 5.1 A&B – Overexpression of Rab5 and Rab7 mutants affects CTLA-4
degradation:
WT CTLA-4 transduced HeLa cells were transfected with Rab5, Rab7, Rab11-GFP
constructs, in WT, dominant negative (DN), or constitutively active (CA) forms, or
empty GFP vector (EV). Cells were fed with anti-CTLA4-PE at 37°C for 30’,
washed, and incubated at 37°C for up to 6hrs. Cells for then fixed, permeabilised,
washed, and the remaining CTLA-4 antibody was detected by flow cytometry.
A. Histogram showing gating strategy for low or high Rab-GFP expression.
B. Graphs showing CTLA-4 MFI of GFP low cells normalised to the 0hr value.
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Figure 5.1 A&C – Overexpression of Rab5 and Rab7 mutants affects CTLA-4
degradation:
WT CTLA-4 transduced HeLa cells were transfected with Rab5, Rab7, Rab11-GFP
constructs, in WT, dominant negative (DN), or constitutively active (CA) forms, or
empty GFP vector (EV). Cells were fed with anti-CTLA4-PE at 37°C for 30’,
washed, and incubated at 37°C for up to 6hrs. Cells for then fixed, permeabilised,
washed, and the remaining CTLA-4 antibody was detected by flow cytometry.
A. Histogram showing gating strategy for low or high Rab-GFP expression.
C. Graphs showing CTLA-4 MFI of GFP high cells normalised to the 0hr value.
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degradation, which implies that Rab11 is not involved in the degradation pathway of
CTLA-4.

In order to investigate whether overexpressing different Rab-GTPases alters total or
surface CTLA-4 expression or CTLA-4 recycling, I developed a flow cytometry
assay using HeLa cells transduced with WT CTLA-4-mCherry. These cells were
transiently transfected with constructs expressing Rab4, Rab5, Rab7, Rab9 or Rab11GFP, in WT, dominant negative (DN) or constitutively active (CA) forms, or an
empty GFP vector control, and after 24hrs, the cells were used in a recycling assay
(Figure 5.2). Cells were fed with anti-CTLA-4 at 37°C for 1hr to label both surface
and internalised CTLA-4 and then stained on ice with anti-human IgG Alexa Fluor
647 to detect surface CTLA-4. Next cells were incubated with anti-human IgG
Alexa Fluor 647 at 37°C for up to 40’ to detect any antibody-bound CTLA-4 that
recycles to the cell surface, and then analysed by flow cytometry. Using this method
total CTLA-4 can be quantified by measuring mCherry expression, surface CTLA-4
can be quantified by measuring the Alexa Fluor 647 signal after the initial stain on
ice, and CTLA-4 recycling can be quantified by measuring the increase in the Alexa
Fluor 647 signal over time.

Using this staining method I first investigated whether overexpressing different RabGTPases alters the total expression level of CTLA-4. The contour plots show that
increasing expression of the different Rab-GFP constructs had no obvious effect on
total CTLA-4 expression (Figure 5.3 A). Quantification of the total CTLA-4 MFI in
Rab-GFP high gated cells, confirmed that overexpression of none of the Rab
constructs caused a major change in total CTLA-4 levels (Figure 5.3 B). That said,
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Figure 5.2 – staining workflow for analysis of CTLA-4 trafficking:
Cartoon showing recycling CTLA-4 staining method B. Cells were continuously fed
with human anti-CTLA-4 at 37°C for 1hr to label surface and internalised CTLA-4
pool. Cells were washed and then anti-human IgG Alexa Fluor 647 was added on ice
for 10’ to stain surface CTLA-4 and provide a baseline to measure recycling from.
Cells then incubated at 37°C with anti-human IgG Alexa Fluor 647 to measure
CTLA-4 that recycles to the cell surface.
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Figure 5.3 A – Overexpression of Rab-GFP mutants does not affect total
CTLA-4 expression:
WT CTLA-4-mCherry transduced HeLa cells were transfected with Rab4-, 5-, 7-, 9or 11-GFP constructs; in WT, dominant negative (DN), or constitutively active (CA)
forms; or empty GFP vector (EV) for 24hrs. Cells were stained using recycling
CTLA-4 method B and total CTLA-4 was analysed by flow cytometry.
A. Representative plots show GFP and Total CTLA-4 expression.
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Figure 5.3 B&C – Overexpression of Rab-GFP mutants does not affect total
CTLA-4 expression:
WT CTLA-4-mCherry transduced HeLa cells were transfected with Rab4-, 5-, 7-, 9or 11-GFP constructs; in WT, dominant negative (DN), or constitutively active (CA)
forms; or empty GFP vector (EV) for 24hrs. Cells were stained using recycling
CTLA-4 method B and total CTLA-4 was analysed by flow cytometry.
B. Histogram showing GFP high gating strategy. C. Graph showing Total CTLA-4
MFI of GFP high cells normalised to EV. Data shown as mean ± SD from at least
three independent experiments.
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overexpression of Rab5 DN caused a slight increase in expression while Rab5 CA
caused a slight decrease. This suggests that internalisation from the plasma
membrane and traffic through the early endosome, processes regulated by Rab5, may
be an important step in controlling total CTLA-4 expression. Overexpression of
Rab9 DN also caused a minor decrease in total CTLA-4 level, which implies that a
fraction of CTLA-4 may be trafficked from late endosomes to the TGN via the
retrograde Rab9 route and as such inhibition of this pathway by Rab9 DN would
decrease CTLA-4 recycling and therefore increase its degradation.

Next, I tried to determine the impact of overexpressing different Rab-GTPases on
surface CTLA-4 expression. Overexpression of Rab5 DN had the largest effect on
surface expression of CTLA-4. The contour plot shows that surface CTLA-4 level
clearly trended upwards as Rab-GFP expression increased (Figure 5.4 A).
Quantification of surface CTLA-4 MFI in Rab-GFP high gated cells confirmed this,
as Rab5 DN cells showed a ~1.7 fold increase in surface CTLA-4 expression (Figure
5.4 B&C). On the other hand, overexpression of Rab5 WT or CA caused a ~15%
reduction of surface CTLA-4 expression. These data suggest that CTLA-4
internalisation or an early stage of CTLA-4 trafficking after endocytosis is regulated
by Rab5, as inhibiting Rab5 function increased surface expression while increasing
Rab5 function decreased surface CTLA-4. Rab11 DN overexpression caused surface
CTLA-4 levels to decrease, as shown by the downward trend in the contour plot and
quantified in GFP high cells as a ~30% reduction in relative surface CTLA-4 MFI.
Conversely, cells with high expression of Rab11 WT or CA showed a ~15% increase
in surface CTLA-4 expression. These data suggest that CTLA-4 recycles via a
pathway that requires Rab11 function, and so inhibiting Rab11 function decreases
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Figure 5.4 A – Overexpression of Rab5 and Rab11 mutants affects CTLA-4
surface expression:
WT CTLA-4-mCherry transduced HeLa cells were transfected with Rab4-, 5-, 7-, 9or 11-GFP constructs; in WT, dominant negative (DN), or constitutively active (CA)
forms; or empty GFP vector (EV) for 24hrs. Cells were stained using recycling
CTLA-4 method B and surface CTLA-4 was analysed by flow cytometry.
A. Representative plots show Rab-GFP and Surface CTLA-4 expression.
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Figure 5.4 B&C – Overexpression of Rab5 and Rab11 mutants affects CTLA-4
surface expression:
WT CTLA-4-mCherry transduced HeLa cells were transfected with Rab4-, 5-, 7-, 9or 11-GFP constructs; in WT, dominant negative (DN), or constitutively active (CA)
forms; or empty GFP vector (EV) for 24hrs. Cells were stained using recycling
CTLA-4 method B and surface CTLA-4 was analysed by flow cytometry.
B. Histogram showing GFP high gating strategy. C. Graph showing Surface
CTLA-4 MFI of GFP high cells normalised to EV. Data shown as mean ± SD from
at least three independent experiments. * p<0.05 (compared to EV), by one-way
ANOVA and Dunnett’s multiple comparisons test.
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CTLA-4 surface expression as internalised CTLA-4 is prevented from recycling to
the plasma membrane. Overexpression of Rab9 DN also caused a reduction in
surface CTLA-4 levels (~20%), which supports the earlier hypothesis the Rab9
retrograde trafficking route may play a role in the recycling of CTLA-4. Cells with
high Rab4 CA expression showed a small increase in surface CTLA-4 (~8%) which
might suggest that CTLA-4 is being recycled via the fast Rab4 route, but this is not
likely a major pathway for CTLA-4 as Rab4 DN expressing cells did not show a
decrease in surface CTLA-4.

Finally, I used the recycling staining method B to investigate whether overexpressing
different Rab-GTPases alters CTLA-4 recycling. Cells were fed with anti-CTLA-4
at 37°C for 1hr to label surface and internalised CTLA-4. Next they were stained
with anti-human IgG Alexa Fluor 647 on ice to detect antibody-bound CTLA-4 at the
cell surface, and then at 37°C for up to 40’ to stain any antibody-bound CTLA-4 that
recycled to the cell surface. The cells were then analysed by flow cytometry, and
gated on a narrow band of Rab-GFP expression (“GFP high”) (Figure 5.5 A). Cells
expressing Rab5 DN showed a rapid increase in recycling CTLA-4 up to 20’ before
slowing to a rate similar to EV, while overexpression of Rab5 WT or CA had no
effect of CTLA-4 recycling (Figure 5.5 B). This suggests that trafficking through
the early endosome is not a rate limiting step in CTLA-4 recycling, as neither Rab5
WT nor CA increased recycling, but inhibiting early endosomal traffic may force
CTLA-4 to use the Rab4 fast recycling route, which would explain the initial
increase in recycling seen with Rab5 DN. Overexpression of Rab11 DN caused a
~20% decrease in recycling over 40’ while overexpression of Rab11 WT and CA
caused a ~20% and ~40% increase respectively. This supports the theory that
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Figure 5.5 A&B – Overexpression of Rab5 and Rab11 mutants affects CTLA-4
recycling:
WT CTLA-4-mCherry transduced HeLa cells were transfected with Rab4-, 5-, 7-, 9or 11-GFP constructs; in WT, dominant negative (DN), or constitutively active (CA)
forms; or empty GFP vector (EV) for 24hrs. Cells were stained using recycling
CTLA-4 method B and recycling CTLA-4 was analysed by flow cytometry.
A. Histogram showing GFP high gating strategy. B. Graphs showing Recycling
CTLA-4 MFI of GFP high cells normalised to EV 40’ value. Data shown as mean ±
SD from at least three independent experiments. * p<0.05, by two-way ANOVA and
Dunnett’s multiple comparisons test.
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CTLA-4 recycles via a Rab11 regulated pathway, and the dose response type effect
seen between the levels of active GTP-bound Rab11 and CTLA-4 recycling suggests
that the Rab11 controlled step of the pathway is rate limiting. Despite the effects
seen on total and surface CTLA-4 expression, overexpression of Rab9 DN only
caused a small, non-significant, decrease to CTLA-4 recycling. No significant
effects on CTLA-4 recycling were seen with overexpression of WT or mutant Rab4
and Rab7 constructs.

Having shown that overexpression of some Rab-GTPases alters CTLA-4 recycling, I
next wanted to investigate whether overexpression of the Rab constructs would have
a functional effect on CTLA-4 transendocytosis. HeLa cells transduced with WT
CTLA-4 were transiently transfected with the various Rab-GFP constructs or an
empty GFP vector control. After 24hrs, cells were used for a transendocytosis assay.
The Rab transfected CTLA-4+ HeLa cells, were incubated at 37°C for 5hours with
CTV labelled CD80-mCherry or CD86-mCherry expressing CHO cells at a 1:1 ratio,
and then analysed by flow cytometry. After co-incubation a proportion of the
CTLA-4+ HeLa cells became mCherry positive as CTLA-4 dependent
transendocytosis removes and internalises the mCherry tagged ligands (Figure 5.6
A, red box). A larger fraction of the CTLA-4 HeLa cells acquired CHO CD80mCherry compared to CHO CD86-mCherry, and those that had acquired ligand had
acquired higher levels of mCherry. The higher level of CD80 acquisition versus
CD86 fits with the published data, which shows CTLA-4 has a higher affinity for
CD80.
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Figure 5.6 A&B – Overexpression of Rab11 mutants affects CTLA-4
transendocytosis, particularly of CD86:
WT CTLA-4 transduced HeLa cells were transfected with Rab5-, 7-, or 11-GFP
constructs; in WT, dominant negative (DN), or constitutively active (CA) forms; or
empty GFP vector (EV) for 24hrs. Cells were incubated with CTV stained blank,
CD80- or CD86-mCherry transduced CHO cells at a 1:1 ratio for 5hrs and analysed
by flow cytometry. A. Example plots showing transendocytosis of ligand-mCh from
CTV+ CHO cells into CTV- HeLa blank (top) or WT CTLA-4 HeLa EV (bottom),
red box highlights acquired ligand in the CTLA-4+ HeLa cells. B. Example plots
showing GFP expression vs ligand uptake in WT CTLA-4 HeLa EV cells and the
possible effects of Rab-GFP overexpression. Blue box marks ligand positive cells,
red box marks ligand negative cells. Blue and red lines mark possible trend of Rabs
that increase or decrease ligand uptake, respectively.
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Figure 5.6 C – Overexpression of Rab11 mutants affects CTLA-4
transendocytosis, particularly of CD86:
WT CTLA-4 transduced HeLa cells were transfected with Rab5-, 7-, or 11-GFP
constructs; in WT, dominant negative (DN), or constitutively active (CA) forms; or
empty GFP vector (EV) for 24hrs. Cells were incubated with CTV stained blank,
CD80- or CD86-mCherry transduced CHO cells at a 1:1 ratio for 5hrs and analysed
by flow cytometry. C,D,E. Representative plots show Rab11- (C), Rab5- (D), or
Rab7-GFP (E) expression and CD80-/CD86-mCherry acquisition of GFP+ gated
HeLa cells. Red and blue lines highlight the gradients of CD80-mCh+ HeLa cells,
dashed boxes highlight points of interests.
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Figure 5.6 D – Overexpression of Rab11 mutants affects CTLA-4
transendocytosis, particularly of CD86:
WT CTLA-4 transduced HeLa cells were transfected with Rab5-, 7-, or 11-GFP
constructs; in WT, dominant negative (DN), or constitutively active (CA) forms; or
empty GFP vector (EV) for 24hrs. Cells were incubated with CTV stained blank,
CD80- or CD86-mCherry transduced CHO cells at a 1:1 ratio for 5hrs and analysed
by flow cytometry. C,D,E. Representative plots show Rab11- (C), Rab5- (D), or
Rab7-GFP (E) expression and CD80-/CD86-mCherry acquisition of GFP+ gated
HeLa cells. Dashed red boxes highlight points of interests.
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Figure 5.6 E – Overexpression of Rab11 mutants affects CTLA-4
transendocytosis, particularly of CD86:
WT CTLA-4 transduced HeLa cells were transfected with Rab5-, 7-, or 11-GFP
constructs; in WT, dominant negative (DN), or constitutively active (CA) forms; or
empty GFP vector (EV) for 24hrs. Cells were incubated with CTV stained blank,
CD80- or CD86-mCherry transduced CHO cells at a 1:1 ratio for 5hrs and analysed
by flow cytometry. C,D,E. Representative plots show Rab11- (C), Rab5- (D), or
Rab7-GFP (E) expression and CD80-/CD86-mCherry acquisition of GFP+ gated
HeLa cells.
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Figure 5.6 F-H – Overexpression of Rab11 mutants affects CTLA-4
transendocytosis, particularly of CD86:
WT CTLA-4 transduced HeLa cells were transfected with Rab5-, 7-, or 11-GFP
constructs; in WT, dominant negative (DN), or constitutively active (CA) forms; or
empty GFP vector (EV) for 24hrs. Cells were incubated with CTV stained blank,
CD80- or CD86-mCherry transduced CHO cells at a 1:1 ratio for 5hrs and analysed
by flow cytometry. F. Histogram showing GFP high gating strategy. G,H. Graphs
showing MFI of transendocytosed CD80-mCh (G) or CD86-mCh (H) in GFP high
HeLa cells normalised to EV. Data shown as mean ± SD from at least three
independent experiments. * p<0.05 (compared to EV), by one-way ANOVA and
Dunnett’s multiple comparisons test.
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By gating on GFP+ CTLA-4 HeLa cells and plotting Rab-GFP expression against
ligand-mCherry acquisition, the effect of Rab overexpression on transendocytosis
was examined. The blue box in the example plot of EV-GFP shows CTLA-4 cells
that are ligand positive, while the red box marks ligand negative CTLA-4 cells
(Figure 5.6 B). In cells overexpressing a Rab construct that increases
transendocytosis it would be expected that either the proportion of ligand positive
cells, that are in the blue box, would increase, or the ligand positive cells would
uptake more ligand and so would trend up with increasing Rab expression, as shown
by the blue line. Conversely, overexpression of a Rab that decreases
transendocytosis would be expected to have a higher proportion of ligand negative
cells, in the red box, or for the ligand positive cells to trend downward with
increasing Rab expression, as shown by the red line.

Analysis of the various Rab constructs revealed that cells expressing increasing
levels of Rab11 DN appeared to acquire less CD80 than EV, Rab11 WT or CA, as
highlighted by the steeper gradient of the red trend-line compared to the blue and the
increased population of mCherry negative cells (Figure 5.6 C). Overexpression of
Rab11 DN also decreased transendocytosis of CD86, as shown by the increased
proportion of mCherry negative cells (Figure 5.6 C, CD86- red box vs CD86+ blue
box). Rab11 WT expressing cells showed a similar level of CD86 acquisition to EV
cells, while HeLa cells expressing Rab11 CA acquired increased levels of CD86.
Cells expressing high levels of Rab5 DN had a smaller fraction of CD80-mCherry
negative cells than Rab5 WT expressing cells, while cells expressing Rab5 CA were
intermediate (Figure 5.6 D, red box). However there was no obvious difference in
CD86 acquisition for the Rab5-GFP expressing HeLa cells. Overexpression of
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Rab7-GFPs also had no clear effect on either CD80- or CD86-mCherry
transendocytosis (Figure 5.6 E). Quantification of the relative ligand-mCherry MFI
in cells expressing high levels of construct supports these findings. The
quantification confirms that Rab5 DN and Rab11 DN showed a small, and nonsignificant, increase and decrease in CD80 acquisition respectively (Figure 5.6
F&G). In contrast, overexpression of Rab11 DN caused a ~40% reduction and
overexpression of Rab11 CA caused a ~30% increase in CD86 levels, indicating
selective effects on CD86 transendocytosis (Figure 5.6 F&H). These data suggest
that CTLA-4 surface expression and recycling, as regulated by Rab5 and Rab11, are
important for transendocytosis, and that the importance of CTLA-4 recycling is
greater for CD86.

Next I wanted to investigate the role of LRBA in CTLA-4 expression and recycling
as LRBA has been implicated in these processes. To do this WT CTLA-4-mCherry
transduced HeLa cells were transfected with siRNA targeting LRBA or a scramble
control, or left untransfected, and used in a recycling assay. Cells were fed with antiCTLA-4 at 37°C for 1hr to label surface and internalised CTLA-4 and then stained
on ice with anti-human IgG Alexa Fluor 647 to detect surface CTLA-4. Next, cells
were incubated with anti-human IgG Alexa Fluor 647 at 37°C for up to 40’ to stain
any antibody-bound CTLA-4 that recycled to the cell surface. Cells were then fixed,
permeabilised, and stained with rabbit anti-LRBA and anti-Rabbit IgG Alexa Fluor
488 or the secondary antibody alone, and analysed by flow cytometry. The LRBA
staining shows that the siRNA knockdown was successful, with a 60% reduction
seen compared to the scramble control (Figure 5.7 A&B). The negative control for
the LRBA stain was a secondary only stain, not staining of an LRBA negative cell,
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Figure 5.7 A&B – siRNA Knockdown of LRBA decreases CTLA-4 surface
expression and recycling:
WT CTLA-4-mCherry transduced HeLa cells were transfected with siRNA targeting
LRBA (LRBA KD) or a scramble control (Scr) or untransfected (UT). These cells, or
HeLa blank (-ve), were fed with anti-CTLA-4 for 1hr before staining for surface and
recycling CTLA-4 (method B). Cells were then fixed, permeabilised and stained with
anti-LRBA or 2o Ab alone (2o Ab). Cells were analysed by flow cytometry.
A. Representative histograms showing LRBA, Total CTLA-4 and Surface CTLA-4
staining. B. Graph showing LRBA and CTLA-4 MFIs normalised to the scramble
control. Data are shown as mean ± SD of four independent experiments. * p<0.05,
by two-way ANOVA and Tukey’s multiple comparisons test.
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Figure 5.7 C&D – siRNA Knockdown of LRBA decreases CTLA-4 surface
expression and recycling:
WT CTLA-4-mCherry transduced HeLa cells were transfected with siRNA targeting
LRBA (LRBA KD) or a scramble control (Scr) or untransfected (UT). These cells, or
HeLa blank (-ve), were fed with anti-CTLA-4 for 1hr before staining for surface and
recycling CTLA-4 (method B). Cells were then fixed, permeabilised and stained with
anti-LRBA or 2o Ab alone (2o Ab). Cells were analysed by flow cytometry.
C,D. Graphs showing recycling CTLA-4 MFI normalised to Scr 40’ (C) or
normalised to Total CTLA-4 and Scr 40’ (D). Data are shown as mean ± SD of four
independent experiments. * p<0.05, by one-way ANOVA and Tukey’s multiple
comparisons test.
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which is likely to underestimate the level of background, meaning that the
knockdown was probably better than the histogram and quantification suggest. The
knockdown of LRBA only had a very small effect on total CTLA-4 levels but caused
~15% reduction in surface CTLA-4 expression. LRBA knockdown also caused a
~20% decrease in recycling CTLA-4 relative to scramble control (Figure 5.7 C).
This decrease was not just due to the small decrease in total CTLA-4 expression, as
normalising to total CTLA-4 before normalising to the scramble control still revealed
that LRBA knockdown cells had ~15% less recycling CTLA-4 (Figure 5.7 D). This
suggests that either LRBA only has a minor impact on total and surface CTLA-4
expression and recycling, or that the residual LRBA that remains following the
knockdown is sufficient to maintain CTLA-4 expression and trafficking at almost
normal levels. Given that homozygous knockout of LRBA is required to give a
patient phenotype while those with heterozygous mutations are largely unaffected,
this may indicate substantial knockdown is required for a functional impact.

As the published data show that patients lacking LRBA show increased CTLA-4
degradation, I next set out to investigate the role of LRBA in the degradation of
CTLA-4 in my HeLa cell model. To do this, HeLa cells transduced with WT
CTLA-4-mCherry were transfected with siRNA targeting LRBA or a scramble
control, or left untransfected, and used in a degradation assay. The cells were fed
with human anti-CTLA-4 for 1hr to label surface and internalised CTLA-4 pools,
before being washed and incubated at 37°C for up to 4hrs. Cells were fixed,
permeabilised and washed to remove unbound or degraded anti-CTLA-4, and then
stained with anti-Human IgG Alexa Fluor 647 to detect remaining antibody-bound
CTLA-4 and with rabbit anti-LRBA and anti-Rabbit IgG Alexa Fluor 488, or the
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secondary antibody alone, and analysed by flow cytometry. As before, the LRBA
knockdown successfully reduced LRBA expression by over 60% but had minimal
effect on total CTLA-4 expression or anti-CTLA-4 uptake (Figure 5.8 A&B).
Quantification of relative CTLA-4 degradation shows that LRBA knockdown caused
a small, and non-significant, increase in CTLA-4 degradation (Figure 5.8 C). This
further suggests that LRBA only has a minor impact on CTLA-4 trafficking in HeLa
cells, or that the residual LRBA expression is sufficient for it to function.

To investigate the possibility that the lack of effects following LRBA knockdown
was due to the cell type, I next used WT CTLA-4 transduced Jurkat cells that had
had LRBA knocked out in most cells using CRISPR/Cas9 targeting (Figure 5.9 A).
The LRBA staining shows that ~60% of the cells are complete homozygous
knockout, while the remaining ~40% cells are heterozygous knockouts and so retain
approximately half of their LRBA expression. These cells, or untreated WT CTLA-4
Jurkat cells, were fixed, permeabilised and stained with anti-CTLA-4, anti-LRBA,
anti-LAMP3, and Hoechst before analysing by confocal microscopy. The confocal
images confirm that the CRISPR knockout of LRBA was successful in most cells as
LRBA staining was greatly reduced compared to the WT CTLA-4 cells (Figure 5.9
B&C). The images also reveal that the knockout caused a reduction in CTLA-4
expression, with only perinuclear staining remaining in most cells. The
quantification of LRBA and CTLA-4 MFI confirmed these findings, as the LRBA
knockdown cells had ~65% reduction in LRBA staining and ~50% in CTLA-4
staining. This suggests that LRBA has a greater impact on CTLA-4 trafficking and
degradation in Jurkat cells compared to HeLa cells, as a similar reduction of LRBA
caused a much greater decrease in CTLA-4 expression. In order to see if the LRBA
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Figure 5.8 A&B – siRNA Knockdown of LRBA may increase CTLA-4
degradation:
WT CTLA-4-mCherry transduced HeLa cells were transfected with siRNA targeting
LRBA (LRBA KD) or a scramble control (Scr) or untransfected (UT). These cells, or
HeLa blank (-ve), were fed with human-anti-CTLA-4 for 1hr, washed, and incubated
at 37°C for up to 4hrs. Cells were then fixed, permeabilised and stained with antihuman Alexa-Fluor 647 and anti-LRBA or 2o Ab alone (2o Ab). Cells were analysed
by flow cytometry. A. Representative histograms showing LRBA, Total CTLA-4
and Ab feed staining. B. Graph showing LRBA, Total CTLA-4 and Ab feed 0hr
MFIs normalised to the scramble control. * p<0.05, by two-way ANOVA and
Tukey’s multiple comparisons test.
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Figure 5.8 C – siRNA Knockdown of LRBA may increase CTLA-4 degradation:
WT CTLA-4-mCherry transduced HeLa cells were transfected with siRNA targeting
LRBA (LRBA KD) or a scramble control (Scr) or untransfected (UT). These cells, or
HeLa blank (-ve), were fed with human-anti-CTLA-4 for 1hr, washed, and incubated
at 37°C for up to 4hrs. Cells were then fixed, permeabilised and stained with antihuman Alexa-Fluor 647 and anti-LRBA or 2o Ab alone (2o Ab). Cells were analysed
by flow cytometry. C. Graph showing αHuman-af647 MFI normalised to 0hr values.
Data are shown as mean ± SD of three independent experiments. * p<0.05, by twoway ANOVA and Tukey’s multiple comparisons test.
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Figure 5.9 A – CRISPR knockout of LRBA decreases CTLA-4 expression in
Jurkat cells, but does not increase lysosomal localisation:
LRBA was knocked out in WT CTLA-4 transduced Jurkat cells using CRISPR/Cas9
(LRBA KO). These cells, or untreated WT CTLA-4 Jurkats (WT), were fixed and
stained with anti-CTLA-4, anti-LRBA, anti-LAMP3 and Hoechst 33342.
A. Histogram showing expression of LRBA (contributed by Claudia Hinze).
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Figure 5.9 B&C – CRISPR knockout of LRBA decreases CTLA-4 expression in
Jurkat cells, but does not increase lysosomal localisation:
LRBA was knocked out in WT CTLA-4 transduced Jurkat cells using CRISPR/Cas9
(LRBA KO). These cells, or untreated WT CTLA-4 Jurkats (WT), were fixed and
stained with anti-CTLA-4, anti-LRBA, anti-LAMP3 and Hoechst 33342. B.
Representative confocal images showing CTLA-4 and LRBA staining, insets show
magnified regions of the main image. White arrows mark examples of colocalisation
outside of the TGN area. Scale bars = 10µm. C. Graph showing CellProfiler
quantification of LRBA and CTLA-4 MFI. Data are shown as mean ± SEM of four
images. * p<0.05, by two-way ANOVA and Sidak’s multiple comparisons test.
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Figure 5.9 D&E – CRISPR knockout of LRBA decreases CTLA-4 expression in
Jurkat cells, but does not increase lysosomal localisation:
LRBA was knocked out in WT CTLA-4 transduced Jurkat cells using CRISPR/Cas9
(LRBA KO). These cells, or untreated WT CTLA-4 Jurkats (WT), were fixed and
stained with anti-CTLA-4, anti-LRBA, anti-LAMP3 and Hoechst 33342. D.
Representative confocal images showing CTLA-4 and LAMP3 staining, insets show
magnified regions of the main image. White arrows mark examples of colocalisation
outside of the TGN area. Scale bars = 10µm. E. Graph showing CellProfiler
quantification of the percentage of CTLA-4+ vesicles that colocalise with LRBA
(from A) or CD63. Data are shown as mean ± SEM of four images.
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knockout causes CTLA-4 trafficking to lysosomes to increase, CTLA-4 staining was
compared to the lysosomal marker LAMP3. The WT CTLA-4 transduced Jurkats
showed colocalisation between CTLA-4 and LAMP3 in the perinuclear region and in
peripheral compartments (Figure 5.9 D). The remaining CTLA-4 in the LRBA
knockout cells appeared to show similar colocalisation. Quantification of the
colocalisation between CTLA-4 and either LRBA or LAMP3 using CellProfiler
revealed that LRBA knockout caused a decrease in the colocalisation of CTLA-4
with LRBA but only caused a minor increase in CTLA-4 colocalisation with LAMP3
(Figure 5.9 E). The decreased colocalisation between CTLA-4 and LRBA may be
just due to the decreased LRBA expression, or it may be caused by the decreased
LRBA expression altering CTLA-4 traffic away from the compartments LRBA is
localised in. Also although the LRBA knockout caused a reduction in CTLA-4
levels, these data indicate that CTLA-4 does not accumulate in lysosomes. To
confirm whether LRBA knockout causes an increase in CTLA-4 degradation, a
lysosomal inhibitor could be added to the experiment to prevent CTLA-4 degradation
and see if CTLA-4 levels are recovered, or a CTLA-4 degradation assay could be
carried out.

In a number of my previous experiments there have been suggestions that antibody
ligation alters CTLA-4 trafficking and the transendocytosis assay indicated different
Rab GTPase involvement when CTLA-4 was interacting with CD80 versus CD86.
As such I decided to investigate whether binding to different ligands affects CTLA-4
recycling. WT CTLA-4-mCherry transduced HeLa cells were fed with 1µg/ml
ticilimumab, CD80-Ig or CD86-Ig at 37°C for 1hr and then stained for either total
ligand uptake or recycling. For the total ligand uptake, after the ligand feed the cells
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were fixed, permeabilised and stained with anti-human IgG Alexa Fluor 647. For the
recycling, after the ligand feed the cells were stained with anti-human IgG Alexa
Fluor 647 on ice for 10’ to stain surface ligand-bound CTLA-4 and then at 37°C for
up to 40’ to stain any ligand-bound CTLA-4 that recycled. The total uptake of
ticilimumab, CD80-Ig and CD86-Ig fits with the known affinities for CTLA-4, as
ticilimumab showed the highest uptake, while CD80-Ig displayed ~40% uptake and
CD86-Ig ~15% uptake relative to ticilimumab (Figure 5.10 A&B). The recycling
section of the experiment revealed that ticilimumab-bound CTLA-4 showed the
highest recycling stain, followed by CD80-Ig and lastly CD86-Ig (Figure 5.10
C&D). Interestingly, if the recycling CTLA-4 MFI was normalised to the total
ligand uptake to give a measure of how much each ligand-bound CTLA-4 molecule
recycles, it is now CD86-Ig that has the highest level of relative CTLA-4 recycling
while CD80-Ig and ticilimumab both show only around 65% of the CD86-Ig value
(Figure 5.10 E). This suggests that although ligand uptake and detection of ligandbound CTLA-4 recycling is dependent on ligand-CTLA-4 affinity, binding of high
affinity ligands may decrease the amount the CTLA-4 recycles.

To further investigate the hypothesis that binding to different ligands alters CTLA-4
trafficking, WT CTLA-4 transduced HeLa cells were fed with 1µg/ml ticilimumab,
CD80-Ig or CD86-Ig at 37°C for 1hr and then stained with anti-CTLA-4 (C19),
CTV, Hoechst 33342, and either anti-Rab5, anti-Rab7, or anti-TfR before being
analysed by confocal microscopy. If ligation with CD80-Ig or ticilimumab does
decrease CTLA-4 recycling, these ligands might be expected to show decreased
colocalisation with TfR, which localises to recycling endosomes, and increased
colocalisation with Rab7 labelled late endosomes. The first thing you notice is how
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Figure 5.10 A&B – Binding to different ligands alters the recycling of CTLA-4:
WT CTLA-4-mCherry transduced HeLa cells, or HeLa blank (-ve), were fed with
Ticilimumab (Tici), CD80-Ig or CD86-Ig for 1hr, then stained for total ligand uptake
or recycling of ligand-bound CTLA-4 (method B) for up to 40mins. Cells were
analysed by flow cytometry. A. Representative histograms showing total ligand
uptake. B. Graph showing total ligand uptake MFI normalised to Tici. Data shown
as mean ± SD of four independent experiments. * p<0.05, by one-way ANOVA and
Tukey’s multiple comparisons test.
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Figure 5.10 C-E – Binding to different ligands alters the recycling of CTLA-4:
WT CTLA-4-mCherry transduced HeLa cells, or HeLa blank (-ve), were fed with
Ticilimumab (Tici), CD80-Ig or CD86-Ig for 1hr, then stained for total ligand uptake
or recycling of ligand-bound CTLA-4 (method B) for up to 40mins. Cells were
analysed by flow cytometry. C. Representative histograms showing CTLA-4
recycling. D. Graph showing recycling CTLA-4 MFI. E. Graph showing recycling
CTLA-4 MFI normalised to total ligand uptake. Data shown as mean ± SD of four
independent experiments. * p<0.05, by two-way ANOVA and Tukey’s multiple
comparisons test.
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hard it is to analyse four-colour confocal images by eye. Looking at the three colour
insets, it appeared that CTLA-4 colocalisation with Rab5, Rab7 and TfR was broadly
similar across the conditions (Figure 5.11 A,B&C). However, very few of the
ticilimumab or CD80-Ig positive vesicles showed colocalisation with Rab5 or TfR,
while many CD86-Ig+ Rab5+ and CD86-Ig+ TfR+ vesicles could be seen. The Rab7
images had the opposite pattern, as ticilimumab and CD80-Ig showed high levels of
colocalisation with Rab7 and while CD86-Ig had greatly reduced colocalisation. The
quantification of colocalisation confirmed this, as the percentage of CD86-Ig+
vesicles that colocalised with Rab5 (~35%) was around three times that for
ticilimumab (~10%) and CD80-Ig (~12%) (Figure 5.11 D). The colocalisation with
TfR showed a similar pattern but with lower colocalisation, as ~10% of CD86-Ig
vesicles colocalised with TfR compared to ~4% and ~5% for ticilimumab and CD80Ig respectively. Quantification of the colocalisation with Rab7 showed that over
20% of ticilimumab and CD80-Ig positive vesicles colocalised whereas only around
8% of the CD86-Ig positive vesicles did. Interestingly, although the images
appeared similar, quantification of CTLA-4 colocalisation with the different markers
revealed that feeding with CD80-Ig or ticilimumab caused a slight reduction in
colocalisation with Rab5 and TfR and an increase with Rab7, while feeding with
CD86-Ig caused a slight increase in Rab5 colocalisation and had no effect on Rab7
or TfR colocalisation (Figure 5.11 E). Quantifying the colocalisation of double
positive vesicles containing CTLA-4 and ligand associating with the different
markers reveals a similar pattern to the colocalisation of ligand alone, but with higher
percentages (Fig 5.11 F). These results suggest that binding of a high affinity ligand,
ticilimumab or CD80-Ig, alters CTLA-4 trafficking, pushing CTLA-4 toward late
endosomes and it’s degradative pathway and so reducing recycling. On the other
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Figure 5.11 A – Ligation of CTLA-4 with different ligands alters its trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were fed with 1µg/ml of ticilimumab, CD80-Ig
or CD86-Ig at 37oC for 1hr. Cells were fixed and stained with anti-CTLA-4,
CellTrace Violet, Hoechst 33342, and anti-Rab5, anti-Rab7, or anti-TfR and
analysed by confocal microscopy. A. Representative confocal images of Rab5,
insets show magnified regions of the main image. White arrows mark examples of
CTLA-4/Ligand/Marker triple colocalisation, yellow arrows mark examples of
CTLA-4/Marker colocalisation, pink arrows mark examples of Ligand/Marker
colocalisation. Scale bars = 20µm.
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Figure 5.11 B – Ligation of CTLA-4 with different ligands alters its trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were fed with 1µg/ml of ticilimumab, CD80-Ig
or CD86-Ig at 37oC for 1hr. Cells were fixed and stained with anti-CTLA-4,
CellTrace Violet, Hoechst 33342, and anti-Rab5, anti-Rab7, or anti-TfR and
analysed by confocal microscopy. B. Representative confocal images of Rab7, insets
show magnified regions of the main image. White arrows mark examples of
CTLA-4/Ligand/Marker triple colocalisation, yellow arrows mark examples of
CTLA-4/Marker colocalisation, pink arrows mark examples of Ligand/Marker
colocalisation. Scale bars = 20µm.
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Figure 5.11 C – Ligation of CTLA-4 with different ligands alters its trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were fed with 1µg/ml of ticilimumab, CD80-Ig
or CD86-Ig at 37oC for 1hr. Cells were fixed and stained with anti-CTLA-4,
CellTrace Violet, Hoechst 33342, and anti-Rab5, anti-Rab7, or anti-TfR and
analysed by confocal microscopy. C. Representative confocal images of TfR, insets
show magnified regions of the main image. White arrows mark examples of
CTLA-4/Ligand/Marker triple colocalisation, yellow arrows mark examples of
CTLA-4/Marker colocalisation, pink arrows mark examples of Ligand/Marker
colocalisation. Scale bars = 20µm.
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Figure 5.11 D-F – Ligation of CTLA-4 with different ligands alters its
trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were fed with 1µg/ml of ticilimumab, CD80-Ig
or CD86-Ig at 37oC for 1hr. Cells were fixed and stained with anti-CTLA-4,
CellTrace Violet, Hoechst 33342, and anti-Rab5, anti-Rab7, or anti-TfR and
analysed by confocal microscopy. D,E,F. Graphs showing CellProfiler
quantification of the percentage of Tici/CD80/86+ (D), CTLA-4+ (E), or CTLA-4+
Tici/CD80/CD86+ (F) vesicles that colocalise with marker+ vesicles. Data shown as
mean ± SEM from at least three separate images. * p<0.05, by two-way ANOVA and
Tukey’s multiple comparisons test.
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Figure 5.11 G&H – Ligation of CTLA-4 with different ligands alters its
trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were fed with 1µg/ml of ticilimumab, CD80-Ig
or CD86-Ig at 37oC for 1hr. Cells were fixed and stained with anti-CTLA-4,
CellTrace Violet, Hoechst 33342, and anti-Rab5, anti-Rab7, or anti-TfR and
analysed by confocal microscopy. G,H. Graphs show CellProfiler quantification of
the Tici/CD80/86-Ig MFI (G) or CTLA-4 MFI (H) of the HeLa cells. Data shown as
mean ± SEM from at least six separate images pooled from two independent
experiments. * p<0.05, by one-way ANOVA and Tukey’s multiple comparisons test.
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hand, when CTLA-4 binds to the low affinity ligand CD86-Ig it’s trafficking is
unaffected. Measuring the MFI of the different ligands showed that, as in Figure
5.10, ligand uptake levels seem to correspond to affinities as ticilimumab had the
highest MFI, CD80-Ig had the next highest and CD86-Ig had the lowest (Figure 5.11
G). It is also possible that ligand uptake is more similar between the different
ligands but that the lower affinity ligands fall off CTLA-4 to a greater extent and are
washed out of the cells following permeabilisation. Interestingly, quantification of
CTLA-4 MFI in cells fed with each of the ligands revealed that feeding with
ticilimumab caused an approximately 37% reduction in CTLA-4 level compared to
untreated cells, while CD80-Ig caused a ~22% reduction and CD86-Ig caused a
~11% reduction (Figure 5.11 H). These data support the hypothesis that binding of
high affinity ligands to CTLA-4 increases it’s trafficking towards lysosomes for
degradation, whereas binding to CD86 has very little effect on CTLA-4 traffic.

Having shown that binding to ligand-Ig can alter the trafficking of CTLA-4 I next
chose to investigate whether the same effects are seen with ligand acquired via
transendocytosis. This was studied in 3 different systems; HeLa cells, Jurkat T cell
line and primary human Treg cells. WT CTLA-4 transduced HeLa cells were
incubated at 37°C for 1hr with CD80-GFP or CD86-GFP transduced CHO cells, or
blank CHO cells, at a ratio of ~1:2 to ensure all the HeLa cells had access to ligand.
The cells were then fixed and stained with anti-CTLA-4 (C19), CTV, Hoechst
33342, and either anti-Rab5, anti-Rab7, anti-LAMP3, or anti-LRBA before being
analysed by confocal microscopy. The Rab5 stained cells showed some vesicles that
contained CTLA-4, CD80-GFP and Rab5 but the majority of the colocalisation
between CTLA-4 and CD80-GFP appeared to occur outside of Rab5 positive
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Figure 5.12 A – Transendocytosis of different ligands alters CTLA-4 trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. A,B,C,D. Representative confocal
images of Rab5 (A), Rab7 (B), LAMP3 (C), or LRBA (D), insets show magnified
regions of the main image. White arrows mark examples of CTLA-4/GFP/Marker
triple colocalisation, yellow arrows mark examples of CTLA-4/GFP colocalisation,
cyan arrows mark examples of GFP/Marker colocalisation, pink arrows mark
examples of CTLA-4/Marker colocalisation. Scale bars = 20µm.
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Figure 5.12 B – Transendocytosis of different ligands alters CTLA-4 trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. A,B,C,D. Representative confocal
images of Rab5 (A), Rab7 (B), LAMP3 (C), or LRBA (D), insets show magnified
regions of the main image. White arrows mark examples of CTLA-4/GFP/Marker
triple colocalisation, yellow arrows mark examples of CTLA-4/GFP colocalisation,
cyan arrows mark examples of GFP/Marker colocalisation, pink arrows mark
examples of CTLA-4/Marker colocalisation. Scale bars = 20µm.
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Figure 5.12 C – Transendocytosis of different ligands alters CTLA-4 trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. A,B,C,D. Representative confocal
images of Rab5 (A), Rab7 (B), LAMP3 (C), or LRBA (D), insets show magnified
regions of the main image. White arrows mark examples of CTLA-4/GFP/Marker
triple colocalisation, yellow arrows mark examples of CTLA-4/GFP colocalisation,
cyan arrows mark examples of GFP/Marker colocalisation, pink arrows mark
examples of CTLA-4/Marker colocalisation. Scale bars = 20µm.
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Figure 5.12 D – Transendocytosis of different ligands alters CTLA-4 trafficking
in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. A,B,C,D. Representative confocal
images of Rab5 (A), Rab7 (B), LAMP3 (C), or LRBA (D), insets show magnified
regions of the main image. White arrows mark examples of CTLA-4/GFP/Marker
triple colocalisation, yellow arrows mark examples of CTLA-4/GFP colocalisation,
cyan arrows mark examples of GFP/Marker colocalisation, pink arrows mark
examples of CTLA-4/Marker colocalisation. Scale bars = 20µm.
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Figure 5.12 E-G – Transendocytosis of different ligands alters CTLA-4
trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. E,F,G. Graphs showing CellProfiler
quantification of the percentage of CTLA-4+ (E), CD80/86+ (F), or CTLA-4+
CD80/CD86+ vesicles (G) that colocalise with marker+ vesicles. Data shown as
mean ± SEM from at least six separate images pooled from two independent
experiments. * p<0.05, by two-way ANOVA and Tukey’s multiple comparisons test.
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Figure 5.12 H-K – Transendocytosis of different ligands alters CTLA-4
trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated for 1hr with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of ~1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -LAMP3, or LRBA and analysed by confocal microscopy. H,I. Graphs showing CellProfiler
quantification of the CTLA-MFI (H) or CD80/86-GFP MFI (I) of the HeLa cells.
J. Graph showing the CellProfiler quantification of the CD80/86-GFP MFI of the
CHO cells normalised to CHO only values. K. Graph showing CellProfiler
quantification of the percentage of CD80/CD86+ vesicles that colocalise with
CTLA-4+ vesicles. Data shown as mean ± SEM from at least six (H,I,K) or at least
three (J) separate images pooled from two independent experiments. * p<0.05, by
two-way ANOVA and Tukey’s (H,I,K) or Sidak’s (J) multiple comparisons test.
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compartments (Figure 5.12 A). In contrast, most of the colocalisation between
CTLA-4 and the transendocytosed CD86-GFP also colocalised with Rab5.
Colocalisation with Rab7 and LAMP3 showed the opposite pattern, as most of the
CTLA-4+ CD80-GFP+ vesicles were also Rab7 or LAMP3 positive while very few
of the CTLA-4+ CD86-GFP+ vesicles colocalised with Rab7 or LAMP3 (Figure
5.12 B&C). The cells stained for LRBA showed no obvious colocalisation between
CD80-GFP and LRBA, while the HeLa cells incubated with CHO CD86-GFP
appeared to have a few vesicles which contained CTLA-4, CD86-GFP and LRBA
(Figure 5.12 D). Automated quantification of the colocalisation supports these
observations as the percentage of CTLA-4 positive vesicles that colocalised with
Rab5 increased from around 9% when no ligand was present to ~11% when CHO
CD80-GFP were added and ~13% when CHO CD86-GFP were added (Figure 5.12
E). When the HeLa CTLA-4 cells were incubated with CHO blank cells
approximately 11% of the CTLA-4 positive vesicles colocalised with Rab7 and
LAMP3. Interaction with CHO CD80-GFP increased the colocalisation to ~19%
with Rab7 and ~14% with LAMP3, while interaction with CHO CD86-GFP had less
of an effect with ~14% and ~13% colocalisation with Rab7 and LAMP3
respectively. CTLA-4 colocalisation with LRBA decreased from ~12% when
incubated with CHO blank cells to ~11% when CHO CD80-GFP cells were added,
but increased slightly to ~13% when incubated with CHO CD86-GFP. A similar
pattern was seen when analysing CD80/CD86-GFP colocalisation with the markers,
but the differences between CD80 and CD86 are larger except for with LRBA when
the difference is still ~2% (Figure 5.12 F). The greatest differences between CD80
and CD86 are seen when analysing the colocalisation of CTLA-4+ CD80/CD86GFP+ double positive vesicles which suggests that the effects of ligand binding on
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CTLA-4 trafficking are somewhat masked by CTLA-4 molecules that have not
interacted with ligand, when looking at total CTLA-4 colocalisation (Figure 5.12 G).
These data support the earlier hypothesis that interaction with CD80 drives CTLA-4
towards a more degradative trafficking pathway, as marked by Rab7 and LAMP3,
but binding to CD86 has little effect. Furthermore, measuring the MFI of CTLA-4 in
the HeLa cells showed that interaction with CHO CD80-GFP cells caused a small but
consistent decrease in CTLA-4 levels compared to CHO blank or CHO CD86-GFP
cells (Figure 5.12 H). Quantification of CD80/CD86-GFP MFI within the HeLa
CTLA-4 cells showed that CD80 accumulates to a greater extent than CD86, which
suggests either more CD80 is being acquired via transendocytosis or its degradation
is slower (Figure 5.12 I). Interestingly, analysing the relative CD80/CD86-GFP
MFI in CHO cells incubated with HeLa CTLA-4 cells or on their own revealed that
CD86 is more efficiently cleared from the CHO cell than CD80, as CD86 showed a
~46% reduction while CD80 only showed a ~20% reduction (Figure 5.12 J). This
suggests that transendocytosis of CD80 is reduced compared to CD86, and so the
increased CD80 accumulation in the HeLa CTLA-4 cells seen in Figure 5.11 D is
due to decreased degradation. As CD80 has a higher affinity for CTLA-4 than
CD86, and accumulates more in the HeLa cells after transendocytosis, it was
expected that CD80 would remain bound to CTLA-4 longer and as such show greater
colocalisation. However the quantification shows that colocalisation between CD80GFP or CD86-GFP and CTLA-4 are largely similar, with CD86 colocalisation the
same or up to ~7% lower in the different experiments (Figure 5.12 K). Even though
a similar percentage of CD80 and CD86 positive vesicles colocalise with CTLA-4, as
CD80 accumulates more and CTLA-4 expression is reduced in cells that interact
with CD80 this suggests that there is less ligand-free CTLA-4 available. Together
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these data suggest that interaction with CD80 causes trafficking of CTLA-4 to late
endosomes and lysosomes to increase, increasing CTLA-4 degradation. And this in
turn, combined with the increased ligand occupancy of the remaining CTLA-4 means
there is less CTLA-4 available to regulate CD80 expression by transendocytosis.

In order to investigate whether transendocytosis of different ligands alters CTLA-4
trafficking in a T cell line, the same transendocytosis experiments described above
were repeated with Jurkat cells transduced with WT CTLA-4. These Jurkat cells
were incubated overnight at 37°C with CD80-GFP or CD86-GFP transduced CHO
cells, or blank CHO cells, at a ratio of 1:3 to favour ligand uptake in the Jurkat cells.
The cells were then fixed and stained with anti-CTLA-4 (C19), CTV, Hoechst
33342, and anti-TfR or anti-LAMP3 before being analysed by confocal microscopy.
Many vesicles were observed that contained both CTLA-4 and CD80-GFP but
neither showed much colocalisation with TfR (Figure 5.13 A). On the other hand,
the Jurkat cells incubated with CHO CD86-GFP cells appeared to have less
colocalisation between CTLA-4 and CD86-GFP, but the majority of this
colocalisation seemed to occur in TfR positive compartments. The colocalisation
with LAMP3 showed the opposite pattern as most of the CTLA-4 and acquired
CD80-GFP colocalised with LAMP3, whereas very few vesicles in the CD86-GFP
treated cells showed colocalisation between LAMP3 and either CTLA-4 or CD86
(Figure 5.13 B). Quantification of the colocalisation supported these observations,
as CTLA-4 showed greater colocalisation with CD80 (~43-48%) than with CD86
(~22-35%) (Figure 5.13 C). Compared to CHO blanks, incubating the Jurkat cells
with CHO CD80-GFP or CD86-GFP cells decreased colocalisation between CTLA-4
and TfR from ~24% to ~14% and ~16% respectively (Figure 5.13 D). On the other
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Figure 5.13 A – Transendocytosis of different ligands may alter CTLA-4
trafficking in Jurkat cells:
WT CTLA-4 transduced Jurkat cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank at a ratio of 1:3. Cells were fixed and stained with antiCTLA-4, Hoechst 33342, and anti-TfR or anti-LAMP3 and analysed by confocal
microscopy. A,B. Representative confocal images of TfR (A) or LAMP3 (B), insets
show magnified regions of the main image. White arrows mark examples of
CTLA-4/GFP/Marker triple colocalisation, yellow arrows mark examples of
CTLA-4/GFP colocalisation, cyan arrows mark examples of GFP/Marker
colocalisation, pink arrows mark examples of CTLA-4/Marker colocalisation. Scale
bars = 10µm.
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Figure 5.13 B – Transendocytosis of different ligands may alter CTLA-4
trafficking in Jurkat cells:
WT CTLA-4 transduced Jurkat cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank at a ratio of 1:3. Cells were fixed and stained with antiCTLA-4, Hoechst 33342, and anti-TfR or anti-LAMP3 and analysed by confocal
microscopy. A,B. Representative confocal images of TfR (A) or LAMP3 (B), insets
show magnified regions of the main image. White arrows mark examples of
CTLA-4/GFP/Marker triple colocalisation, yellow arrows mark examples of
CTLA-4/GFP colocalisation, cyan arrows mark examples of GFP/Marker
colocalisation, pink arrows mark examples of CTLA-4/Marker colocalisation. Scale
bars = 10µm.
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Figure 5.13 C-H – Transendocytosis of different ligands may alter CTLA-4
trafficking in Jurkat cells:
WT CTLA-4 transduced Jurkat cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank at a ratio of 1:3. Cells were fixed and stained with antiCTLA-4, Hoechst 33342, and anti-TfR or anti-LAMP3 and analysed by confocal
microscopy. C,D,E,F. Graphs showing CellProfiler quantification of the percentage
of CD80/86+ vesicles that colocalise with CTLA-4+ vesicles (C), or the percentage
of CTLA-4+ (D), CD80/86+ (E), or CTLA+ CD80/CD86+ (F) vesicles that
colocalise with marker+ vesicles. G,H. Graphs showing CellProfiler quantification of
the CD80/86-GFP MFI (G) or CTLA-4 MFI (H) of the Jurkat cells. All data shown
as mean ± SEM from at least four separate images. * p<0.05, by two-way ANOVA
and Tukey’s multiple comparisons test.
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hand, incubation with CHO CD80-GFP almost doubled colocalisation between
CTLA-4 and LAMP3 (~6% to ~12%) while CHO CD86-GFP only caused a nonsignificant increase. Analysis of the colocalisation between CD80/CD86-GFP and
the markers or between CTLA-4 plus CD80/86-GFP and the markers revealed a
similar pattern of colocalisation (Figure 5.13 E&F). As with the HeLa cell
transendocytosis, the greatest difference between the effects of CD80 and CD86 on
CTLA-4 trafficking was seen in the analysis of CTLA-4+ CD80/86-GFP+ double
positive vesicles, which further suggests that unligated CTLA-4 may be masking the
effects of ligand binding. Measuring the MFI of CD80/86-GFP and CTLA-4 in the
Jurkat cells revealed the same results as were seen in the HeLa cells, with greater
ligand-GFP accumulation and decreased CTLA-4 levels in cells incubated with
CD80-GFP expressing CHOs (Figure 5.13 G&H). These results support the
previous hypothesis that binding to the high affinity ligand, CD80, skews CTLA-4
traffic away from recycling and towards degradation resulting in decreased CTLA-4
expression levels, and show that these effects are not just seen in HeLa cells.

Having shown that ligand binding alters CTLA-4 traffic in two different cell lines, I
next wanted to see if ligand binding had similar effects in human Tregs. For this,
cultured Tregs (CD4+ CD25+ Foxp3+) were incubated overnight with 1µg/ml OKT3
and CHO CD80- or CD86-GFP at a ratio of 1:3. The cells were then fixed and
stained with anti-CTLA-4, Hoechst 33342, and anti-Rab5, anti-TfR, or anti-LAMP3
and analysed by confocal microscopy. The images appeared to show a mainly
similar pattern of colocalisation between the markers and CTLA-4 or CD80/86-GFP
as was seen in the HeLa and Jurkat cells (Figure 5.14 A,B&C). CD80 treated cells
showed few examples of CTLA-4 and ligand colocalisation with Rab5 and TfR,
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Figure 5.14 A – Transendocytosis of different ligands may alter CTLA-4
trafficking in Treg cells:
Cultured Treg cells were incubated overnight with 1µg/ml OKT3 and CHO CD80- or
CD86-GFP at a ratio of 1:3. Cells were fixed and stained with anti-CTLA-4, Hoechst
33342, and anti-Rab5, anti-TfR, or anti-LAMP3 and analysed by confocal
microscopy. A,B,C. Representative confocal images of Rab5 (A), TfR (B), or
LAMP3 (C), insets show magnified regions of the main image. White arrows mark
examples of CTLA-4/GFP/Marker triple colocalisation, yellow arrows mark
examples of CTLA-4/GFP colocalisation, cyan arrows mark examples of
GFP/Marker colocalisation, pink arrows mark examples of CTLA-4/Marker
colocalisation. Scale bars = 10µm.
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Figure 5.14 B – Transendocytosis of different ligands may alter CTLA-4
trafficking in Treg cells:
Cultured Treg cells were incubated overnight with 1µg/ml OKT3 and CHO CD80- or
CD86-GFP at a ratio of 1:3. Cells were fixed and stained with anti-CTLA-4, Hoechst
33342, and anti-Rab5, anti-TfR, or anti-LAMP3 and analysed by confocal
microscopy. A,B,C. Representative confocal images of Rab5 (A), TfR (B), or
LAMP3 (C), insets show magnified regions of the main image. White arrows mark
examples of CTLA-4/GFP/Marker triple colocalisation, yellow arrows mark
examples of CTLA-4/GFP colocalisation, cyan arrows mark examples of
GFP/Marker colocalisation, pink arrows mark examples of CTLA-4/Marker
colocalisation. Scale bars = 10µm.
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Figure 5.14 C – Transendocytosis of different ligands may alter CTLA-4
trafficking in Treg cells:
Cultured Treg cells were incubated overnight with 1µg/ml OKT3 and CHO CD80- or
CD86-GFP at a ratio of 1:3. Cells were fixed and stained with anti-CTLA-4, Hoechst
33342, and anti-Rab5, anti-TfR, or anti-LAMP3 and analysed by confocal
microscopy. A,B,C. Representative confocal images of Rab5 (A), TfR (B), or
LAMP3 (C), insets show magnified regions of the main image. White arrows mark
examples of CTLA-4/GFP/Marker triple colocalisation, yellow arrows mark
examples of CTLA-4/GFP colocalisation, cyan arrows mark examples of
GFP/Marker colocalisation, pink arrows mark examples of CTLA-4/Marker
colocalisation. Scale bars = 10µm.
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Figure 5.14 D-H – Transendocytosis of different ligands may alter CTLA-4
trafficking in Treg cells:
Cultured Treg cells were incubated overnight with 1µg/ml OKT3 and CHO CD80- or
CD86-GFP at a ratio of 1:3. Cells were fixed and stained with anti-CTLA-4, Hoechst
33342, and anti-Rab5, anti-TfR, or anti-LAMP3 and analysed by confocal
microscopy. D,E,F. Graphs showing CellProfiler quantification of the percentage of
CTLA-4+ (D) or CD80/86+ (E) vesicles that colocalise with marker+ vesicles, or the
percentage of CD80/86+ vesicles that colocalise with CTLA-4+ vesicles (F). G,H.
Graphs showing CellProfiler quantification of the CD80/86-GFP MFI (G) or CTLA4 MFI (H) of the Tregs. All data shown as mean ± SEM from at least four separate
images. * p<0.05, by two-way ANOVA and Sidak’s multiple comparisons test.
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while more vesicles colocalised with LAMP3. Whereas in CD86 treated cells, more
vesicles of CTLA-4 or CD86-GFP showed colocalisation with TfR and very few
colocalised with LAMP3, but in these cells colocalisation between CTLA-4 or CD86
and Rab5 also appeared to be low. Quantification of the colocalisation between
either CTLA-4 or ligand-GFP and the markers supported these observations.
CTLA-4 from Tregs incubated with either CD80 or CD86 showed low colocalisation
with Rab5, with approximately 5% of CTLA-4 positive vesicles colocalising (Figure
5.14 D). In comparison to CD86, incubation with CHO CD80-GFP cells caused
decreased CTLA-4 colocalisation with TfR (~17% vs ~21%) and increased CTLA-4
colocalisation with LAMP3 (~31% vs ~24%). Colocalisation between CD80/86GFP and the markers followed a similar pattern (Figure 5.14 E). As was seen in the
Jurkat cells, quantification of the colocalisation between CTLA-4 and CD80/86-GFP
revealed that, although there was some variation, CD80-GFP always showed higher
colocalisation with CTLA-4 than CD86-GFP (Figure 5.14 F). Measuring the MFI
of ligand-GFP and CTLA-4 in the Tregs showed that, like in HeLa and Jurkat cells,
CD80 accumulates more than CD86 and the cells incubated with CD80 have lower
CTLA-4 levels, although the effect on CTLA-4 level is more variable in this cell type
(Figure 5.14 G&H). These data further support the hypothesis of ligand binding
altering CTLA-4 trafficking, and also suggest that this is a true physiological effect
and not just a function of CTLA-4 expression in cell lines.

Having shown that ligation alters the trafficking of CTLA-4 using confocal
microscopy, I also wanted to confirm and extend these findings using highthroughput imaging. This was performed in collaboration with UCB in Slough.
Using high-throughput imaging greatly increases the number of cells that can be
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analysed and importantly eliminates any bias, conscious or unconscious, in the
selection of which cells to image. WT CTLA-4 transduced HeLa cells were
incubated at 37°C overnight with CD80-GFP or CD86-GFP transduced CHO cells,
or blank CHO cells, at a ratio of 1:2. The cells were then fixed and stained with antiCTLA-4 (C19), CTV, Hoechst 33342, and either anti-Rab5, anti-Rab7, anti-Rab9, or
anti-LAMP3 before being analysed by high-throughput widefield microscopy. The
representative image shown highlights the fact that the widefield images can image a
larger area but with lower resolution and apparently greater variation, within and
between fields, than the confocal images generated previously (Figure 5.15 A vs
Figure 5.12 A). This is partly due to the limitations of widefield microscopy and the
difficulty of maintaining good focus across the whole plate, but could be improved
by further optimisation of fixing and staining protocols. The lower signal:noise of
these images made automated analysis more difficult, and thresholds were set to be
particularly stringent to avoid misclassifying background staining as a vesicle.
Despite this, the quantification of colocalisation and MFI mainly supports the
confocal data, just with lower percentages. The CTLA-4 and ligand from HeLa cells
incubated with CD80-GFP showed increased colocalisation with Rab7 and LAMP3
compared to CD86-GFP, however CD80-GFP also showed higher colocalisation
with Rab5 (Figure 5.15 B,C&D). The colocalisation of CD80/CD86-GFP with
CTLA-4 fits with the previously data, as CTLA-4 showed higher colocalisation with
CD80 than CD86 (Figure 5.15 E). The MFI data highlight the variation seen
between images, as the counter-stain should have no effect on CD80/CD86-GFP or
CTLA-4 MFI and so all four sets of data should look the same but there are
significant differences between them (Figure 5.15 F&G). The CD80/CD86-GFP
MFI is mostly similar to the confocal data, but the Rab7 and LRBA stained samples
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Figure 5.15 A – High-throughput imaging can be used to investigate the effects
of ligand binding on CTLA-4 trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of 1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -Rab9,
or -LAMP3, and analysed by high-throughput widefield microscopy.
A. Representative widefield image of Rab9, insets show magnified regions of the
main image.
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Figure 5.15 B-E – High-throughput imaging can be used to investigate the
effects of ligand binding on CTLA-4 trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of 1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -Rab9, or LAMP3, and analysed by high-throughput widefield microscopy. B,C,D,E. Graphs
showing CellProfiler quantification of the percentage of CD80/86+ (B), CTLA-4+
(C) , or CTLA+ CD80/CD86+ (D) vesicles that colocalise with marker+ vesicles, or
the percentage of CD80/86+ vesicles that colocalise with CTLA-4+ vesicles (E).
Data shown as mean ± SEM from 32 separate images (Rab7 CD80 is only 16
images).
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Figure 5.15 F&G– High-throughput imaging can be used to investigate the
effects of ligand binding on CTLA-4 trafficking in HeLa cells:
WT CTLA-4 transduced HeLa cells were incubated overnight with CHO CD80- or
CD86-GFP or CHO blank cells at a ratio of 1:2. Cells were fixed and stained with
anti-CTLA-4, CellTrace Violet, Hoechst 33342, and anti-Rab5, -Rab7, -Rab9, or LAMP3, and analysed by high-throughput widefield microscopy. F,G. Graphs
showing CellProfiler quantification of the CD80/86-GFP MFI (F) or CTLA-4 MFI
(G) of the HeLa cells. Data shown as mean ± SEM from 32 separate images (Rab7
CD80 is only 16 images).
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show comparable levels of CD80-GFP and CD86-GFP accumulation, rather than
CD86-GFP being lower. The CTLA-4 MFI data is even more at odds with the
confocal data as the cells incubated with CHO CD80-GFP cells express the same or
even higher levels of CTLA-4 than the untreated or CD86-treated cells. Together
these results suggest that high-throughput imaging could be a useful tool to enable
larger imaging experiments to be carried out, but the methods require optimisation to
improve the image quality and minimise the variation between images.
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5.3. Discussion
To better understand the regulation of CTLA-4 trafficking, the effects of several
perturbations were investigated. Although the data of Chapter 4 showed that
CTLA-4 colocalises with a number of Rab GTPases, those results do not tell us
whether these Rabs were actively involved in the trafficking of CTLA-4. Rab
GTPases function as molecular switches, as they undergo major conformational
changes when they change between their inactive GDP-bound and active GTP-bound
states (Pfeffer, 2005). The functional involvement of the Rabs were investigated
using overexpression of WT Rab GTPases, or constitutively active (CA) or dominant
negative (DN) versions which contain specific mutations that “lock” the Rab into its
GTP-bound state, by decreasing its GTPase activity (Tisdale et al., 1992; Walworth
et al., 1992), or its GDP-bound state, by lowering its affinity for GTP (Feig and
Cooper, 1988; Ridley et al., 1992).

My work indicates that different facets of CTLA-4 trafficking are regulated by Rab5,
Rab7 and Rab11, and possibly by Rab9. Overexpression of Rab5, in WT, DN or CA
form, affects CTLA-4 degradation, surface expression and recycling. Rab5 is mainly
localised to early endosomes where it facilitates heterotypic fusion of endocytic
vesicles with the endosome as well as homotypic fusion of early endosomes (Gorvel
et al., 1991; Bucci et al., 1992; Stenmark et al., 1994). Rab5 has also been shown to
localise to the plasma membrane where it is involved in the formation of clathrincoated vesicles (McLauchlan et al., 1998). My work revealed that HeLa cells
expressing high levels of Rab5 CA show reduced CTLA-4 degradation as well as a
small decrease in surface CTLA-4 expression. This is consistent with published
data, as overexpression of Rab5 CA has been shown to partially inhibit EGF
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degradation and to cause the accumulation of TfR in enlarged early endosomes,
which form due to increased homotypic fusion (Stenmark et al., 1994; Papini et al.,
1997). Furthermore expression of Rab5 CA has been shown to increase endocytosis
of receptors such as TfR (Stenmark et al., 1994). This paper showed that
overexpression of Rab5 WT also caused an increase in TfR internalisation, which is
consistent with my finding that Rab5 WT overexpression caused a small decrease to
surface CTLA-4 levels. My results also indicate that overexpression of Rab5 DN
increases both CTLA-4 surface expression and recycling. The effect on surface
CTLA-4 level was expected as expression of Rab5 DN has been shown to inhibit
endocytosis, both for fluid phase cargoes and receptors such as TfR (Bucci et al.,
1992; Stenmark et al., 1994). It was somewhat surprising that overexpression of
Rab5 DN had no effect on the half-life of CTLA-4, as Rab5 DN is reported to
decrease the degradation of several cargos and published data has shown that Rab5
DN expression causes a greater inhibition of EGF degradation than Rab5 CA
expression (Papini et al., 1997; McCaffrey et al., 2001; Gulappa, Clouser and
Menon, 2011). Together, these data indicate that CTLA-4 internalisation and
trafficking towards lysosomes, via early endosomes, is regulated by Rab5. In Rab5
DN overexpressing cells, CTLA-4 recycling was increased, particularly at early time
points. This result was interesting, as published work has shown that Rab5 DN
decreases the rate of TfR recycling but increases recycling of human luteinizing
hormone receptor (Bucci et al., 1992; Stenmark et al., 1994; Gulappa, Clouser and
Menon, 2011). This inhibition of Rab5 function may be forcing CTLA-4 to recycle
via the Rab4 dependent fast recycling route. Also as recycling was unaffected by
Rab5 WT or CA expression this suggests that internalisation and trafficking through
early endosomes is not rate limiting for CTLA-4 recycling.
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My work also suggests that Rab11 regulates the surface expression and recycling of
CTLA-4. Rab11 functions at the recycling endosome where it is involved in
regulating traffic to the plasma membrane but also to the TGN (Ullrich et al., 1996;
Wilcke et al., 2000). Overexpression of Rab11 WT and CA in HeLa cells caused an
increase in both surface CTLA-4 levels and increases the amount of CTLA-4
recycling, while Rab11 DN had the opposite effect. This seems logical, as increasing
Rab11 function would be expected to increase recycling and therefore delivery of
CTLA-4 to the cell surface, while overexpressing Rab11 DN would inhibit this
pathway. The Rab11 DN data is supported by a number of studies which show that
expression of dominant negative Rab11 inhibits recycling of receptors from this
compartment to the plasma membrane as well as trafficking from recycling
endosomes to the TGN (Ullrich et al., 1996; Ren et al., 1998; Wilcke et al., 2000;
Dale et al., 2004). Furthermore, the Rab11 WT and CA results are consistent with a
study which revealed expression of these forms of Rab11 increase recycling of
angiotensin II type 1A receptor (Dale et al., 2004). However, overexpression of
Rab11 WT and CA have also been shown to decrease TfR recycling in a number of
cell types (Ullrich et al., 1996; Ren et al., 1998; Wilcke et al., 2000). These data
suggest that CTLA-4 is recycled to the plasma membrane via the recycling
endosome, either directly or via the TGN, and this is regulated by Rab11.
Furthermore, as the effects of Rab11 on surface expression and recycling can be
increased by expressing Rab11 CA, and not just inhibited by Rab11 DN, this
suggests that Rab11 regulated trafficking is a rate-limiting step in the CTLA-4
trafficking pathway.
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My work indicates that CTLA-4 degradation is regulated by Rab7, as cells
overexpressing Rab7 DN have an increased CTLA-4 half-life. This is consistent
with published data, as studies have shown that Rab7 DN expression prevents the
maturation of early endosomes into late endosomes and the fusion of late endosomes
with lysosomes, which inhibits the degradation of LDL and causes M6PR and
Cathepsin D to accumulate in early endosomes (Vitelli et al., 1997; Press et al.,
1998; Bucci et al., 2000). Another finding of my study is that overexpression of
Rab9 DN caused a small decrease in surface CTLA-4 levels, and a non-significant
decrease in CTLA-4 recycling. It has previously been shown that Rab9 DN inhibits
the recycling of M6PR from endosomes to the TGN (Riederer et al., 1994). As such,
it is possible that CTLA-4 can be trafficked to the TGN via a Rab9 regulated route as
part of a recycling route, and so inhibiting this pathway reduces delivery of CTLA-4
to the plasma membrane. More repeats, or siRNA knockdown of Rab9, may help to
confirm whether the small effects seen are real or just noise. My results also suggest
that Rab4 is not important in the regulation of CTLA-4 trafficking, as no large effects
were seen in any of the assays where Rab4 WT, DN or CA were overexpressed.

Altogether, these Rab data support the CTLA-4 trafficking model shown in Figure
5.16. In this model, surface CTLA-4 is internalised and enters early endosomes, in
steps regulated by Rab5. Once in the early endosome, CTLA-4 can either be sorted
for recycling, or it can remain in the endosome as it matures into a Rab7+ late
endosome before being trafficked to a lysosome. If trafficking through the early
endosome is inhibited by Rab5 DN expression, CTLA-4 may be shuttled into the
Rab4 fast recycling route. The CTLA-4 sorted for recycling in the early endosome is
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Figure 5.16 – Model of CTLA-4 trafficking pathways as regulated by Rab
GTPases:
A. CTLA-4 internalisation and traffic to and through the early endosome is regulated
by Rab5. Once in the early endosome, CTLA-4 either traffics to the lysosome for
degradation via a Rab7-regulated pathway, or recycles to the cell surface via a
Rab11-regulated pathway. B. Rab5 DN expression increases recycling at early time
points. This may be because CTLA-4 is shuttled into the fast Rab4 recycling route
when traffic through the early endosome is inhibited. C. Rab9 may also be involved
in CTLA-4 recycling from the late endosome to the cell surface via the TGN.
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trafficked to the cell surface, either via the recycling endosomes or via recycling
endosomes and the TGN, under the regulation of Rab11 and possibly Rab9. It would
be interesting to carry out similar experiments in Jurkat cells or primary Tregs, so see
if the same Rab GTPases function in CTLA-4 trafficking in these more physiological
cell types.

Having shown that CTLA-4 colocalises with LRBA in HeLa cells, in this Chapter I
revealed that LRBA regulates CTLA-4 trafficking in HeLa and Jurkat cells.
Relatively recent work has revealed that biallelic mutations in the LRBA gene cause
immunodeficiency with autoimmunity in patients which is due to a decrease in
CTLA-4 expression in their Treg and activated conventional CD4 T cells (Lo et al.,
2015; Hou et al., 2017). Lo et al. propose a model whereby binding of CTLA-4 to
LRBA prevents it from being sorted to lysosomes for degradation and enables the
CTLA-4 to recycle, and so loss of LRBA leads to an increase in CTLA-4
degradation. In this study I show that siRNA KD of LRBA in HeLa cells caused a
small but consistent decrease in total and surface CTLA-4 expression while in the
Jurkat LRBA CRISPR model, CTLA-4 expression was roughly halved. One reason
why the CTLA-4 level may have been less affected in the HeLa cells is that the
siRNA knockdown of LRBA was incomplete. The data suggests that whatever
percentage of LRBA protein that was remaining in the HeLa cells was sufficient to
maintain CTLA-4 trafficking at near to normal levels. The differences between the
HeLa and Jurkat cells could also be due to cell specific differences in trafficking.
Recently reported LRBA knockout mouse models exhibit much less severe
immunological phenotypes and a smaller decrease in CTLA-4 expression than
human patients with LRBA deficiency (Lo et al., 2015; Burnett et al., 2017; Gámez-
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Díaz et al., 2017; Hou et al., 2017). Furthermore, Burnett et al. report that the
decrease in CTLA-4 expression is greater in Tregs than in CD4 memory/effector T
cells. This suggests that the importance of LRBA in CTLA-4 trafficking varies
across species and may differ between cell types.

As well as decreasing CTLA-4 expression, the HeLa cell model showed a reduction
in CTLA-4 recycling and a non-significant increase in CTLA-4 degradation. These
data provide direct evidence, for the first time, that loss of LRBA decreases CTLA-4
recycling and are consistent with the model proposed by Lo et al., which suggests
that LRBA plays a similar role in CTLA-4 trafficking in HeLa cells and T cells.
Despite CTLA-4 levels being reduced in the Jurkat LRBA CRISPR cells, these cells
showed a non-significant increase in the colocalisation between CTLA-4 and the
lysosomal marker LAMP3. It is possible that once in the lysosome CTLA-4 is
rapidly degraded, and so even though lysosomal trafficking is increased, CTLA-4
does not accumulate and so colocalisation does not increase significantly. It is also
possible that the loss of LRBA is somehow decreasing the rate of CTLA-4
expression in these cells, rather than decreasing recycling and increasing
degradation. To test these ideas, the CTLA-4 recycling and degradation assays
performed on the HeLa cells could be repeated using the Jurkat model.

One of the major findings of this study is that ligation of CTLA-4 alters its
trafficking. The flow cytometry recycling assay revealed that in HeLa cells although
ligand uptake corresponded to affinity, with ticilimumab having the highest uptake
followed by CD80-Ig and then CD86-Ig, CD86-Ig-bound CTLA-4 showed the
highest relative recycling level. The HeLa, Jurkat and Treg cell confocal data of
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ligand-Ig feeds and transendocytosis all showed that CD80-bound CTLA-4 has
increased colocalisation with Rab7 and LAMP3, markers of CTLA-4’s degradative
pathway, whereas CD86-bound CTLA-4 showed a relative bias towards
colocalisation with Rab5 and TfR, markers of CTLA-4 recycling compartments. In
addition to this, the CTLA-4 expressing cells incubated with CD80-GFP CHOs
consistently showed a decrease in CTLA-4 MFI compared to the cells incubated with
CHO blank or CHO CD86-GFP. Furthermore, in the Jurkat and Treg cells in
particular, acquired CD80 showed a higher colocalisation with CTLA-4 than CD86.
These data suggest that binding of a high affinity ligand, CD80 or ticilimumab, to
CTLA-4 is longer lived but targeted towards lysosomal degradation perhaps via a
kinetically slower route. In contrast when CTLA-4 binds to a low affinity ligand,
CD86, the CD86 is more quickly released and this either has no effect on CTLA-4
trafficking or biases CTLA-4 towards recycling.

This hypothesis is also consistent with the finding that HeLa CTLA-4 cells were
better able to downregulate the expression of CD86-GFP than CD80-GFP on CHO
cells. This hypothesis would also help to explain why, in Chapter 4, antibody-bound
CTLA-4 showed decreased colocalisation with TfR and LRBA, proteins which mark
CTLA-4’s recycling pathway. This hypothesis is further supported by the Rab-GFP
overexpression transendocytosis assay, as CD80 acquisition was increased in HeLa
cells expressing Rab5 DN but was not significantly altered by Rab11 DN or CA
expression. In contrast, CD86 acquisition in the HeLa cells was greatly affected by
Rab11 DN and CA expression, but not by Rab5 DN expression. Taken together
these data suggest a model (Figure 5.17) whereby transendocytosis of CD80 is more
dependent on CTLA-4 surface expression, as once CTLA-4 internalises with CD80
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Figure 5.17 – Model showing the effects of CD80 and CD86 transendocytosis on
CTLA-4 traffic:
Following transendocytosis (TE) of CD80, CTLA-4 and CD80 remain bound for
longer and CTLA-4 traffic is biased towards degradation and so less CTLA-4 is
available to regulate CD80 levels on the APC. After TE of CD86, the ligand rapidly
dissociates allowing CTLA-4 to recycle and bind to further CD86 molecules, and so
CTLA-4 is better able to regulate CD86 levels on the APC.
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they are trafficked together to lysosomes for degradation with little or no recycling of
CTLA-4. On the other hand, CD86 transendocytosis is likely to be dependent on
CTLA-4 recycling to increase uptake of this low affinity ligand, as when CD86bound CTLA-4 is internalised the CTLA-4 is able to release the CD86 and recycle to
the cell surface to interact with further molecules of CD86. Based on such a model it
would be predicted that CD80-CTLA-4 complexes would be more easily detected
than CD86-CTLA-4 complexes. This fits with the previously mentioned Jurkat and
Treg confocal data where CTLA-4 colocalisation was higher with CD80 than CD86,
but would need to be confirmed, possibly using immunoprecipitation, as
colocalisation does not necessarily mean the two proteins are bound.

The effect of ligation on CTLA-4 trafficking has not been studied before, but this
model, whereby binding to different ligands alters the fate of the receptor, appears to
be analogous to EGFR. Like CTLA-4, when EGFR is internalised it can either be
recycled or trafficked to lysosomes for degradation (Decker, 1990; Ebner and
Derynck, 1991). It has long been known that EGFR trafficking is differentially
regulated by the binding of different ligands, as EGF binding induces EGFR
degradation, like CD80-bound CTLA-4, whereas after TGFα binding EGFR is able
to recycle, like CD86-bound CTLA-4 (Decker, 1990; Ebner and Derynck, 1991;
Roepstorff et al., 2009). These differential effects are due to the different affinities
of the ligands at endosomal pH, as both ligands induce EGFR ubiquitination and
trigger internalisation, but when the complexes reach early endosomes TGFα
dissociates whereas EGF remains bound. This binding sustains ubiquitination of the
receptor targeting it for degradation whereas unbound EGFR is deubiquitinated and
recycled (Ebner and Derynck, 1991; Longva et al., 2002). Due to these apparent
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similarities, it would be interesting to see if similar mechanisms are involved in the
regulation of CTLA-4 trafficking.

5.4. Summary
In this chapter I investigated the effects of a range of perturbations on CTLA-4
trafficking. The findings are summarised below in a table (Table 5.1). The results
show that CTLA-4 degradation is dependent on Rab5 and Rab7, while recycling is
dependent on Rab5, Rab11 and possibly Rab9. Furthermore the LRBA KD/KO data
shows for the first time that loss of LRBA causes recycling of CTLA-4 to decrease.
The results also support a model whereby CTLA-4 trafficking is altered by ligand
binding, and binding to CD80 has different effects compared to binding CD86.

Perturbation
Rab5 DN

Effect
CTLA-4 surface ↑↑, CTLA-4 recycling (at early time points) ↑,
(CD80 TE ↑?)

Rab5 CA

CTLA-4 degradation ↓

Rab7 DN

CTLA-4 degradation ↓

Rab11 WT

CTLA-4 recycling ↑

Rab11 DN

CTLA-4 surface ↓, CTLA-4 recycling ↓, CD86 TE ↓

Rab11 CA

CTLA-4 recycling ↑↑, CD86 TE ↑

Rab9 DN

(CTLA-4 surface ↓?)

Rab4 WT/DN/CA

No effects

LRBA KD/KO

CTLA-4 total ↓, CTLA-4 surface ↓, CTLA-4 recycling ↓,
(CTLA-4 degradation ↑?)

CD80 binding

CTLA-4 degradation ↑, CTLA-4 recycling ↓

CD86 binding

CTLA-4 degradation ↓, CTLA-4 recycling ↑

Table 5.1 – Summary of the effects of perturbations on CTLA-4 trafficking
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Chapter 6: Final discussion
CTLA-4 is an inhibitory T cell co-receptor that forms a vital checkpoint in the
regulation of T cell activation. CTLA-4 is predominantly expressed by regulatory T
cells (Tregs) and functions by binding to and removing its ligands, CD80 and CD86,
from the surface of antigen presenting cells (APCs) via transendocytosis. This
inhibits the activation of conventional T cells as the stimulatory co-receptor CD28 is
prevented from binding to CD80 or CD86. In order to interact with its ligands,
CTLA-4 needs to be at the cell surface but the majority of the receptor is found in
intracellular compartments as surface protein is rapidly internalised. Internalised
CTLA-4 is either trafficked to lysosomes for degradation or recycled back to the cell
surface, although the pathways and regulation of CTLA-4 trafficking have been
poorly characterised.

One of the major sets of findings from this thesis is a detailed understanding of
CTLA-4 localisation and the Rab GTPases that regulate CTLA-4 trafficking. Steady
state colocalisation with a range of markers showed that CTLA-4 localises to early,
late and recycling endosomes, as well as lysosomes and the TGN. I also showed that
CTLA-4 degradation is dependent on Rab5, Rab7, and LRBA, while CTLA-4
surface expression and recycling is dependent on Rab5, Rab11 and LRBA. As such,
my LRBA data fit with the general model proposed by Lo et al. whereby LRBA is
involved in the fate decision of whether CTLA-4 recycles or degrades (Lo et al.,
2015). In the future it would be interesting to investigate whether these findings are
the same in primary T cells, and to see if there are differences in CTLA-4 trafficking
in Tregs vs Tcons.
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Another key finding from my work is that CD80 and CD86 have differential effects
on CTLA-4 trafficking. In the literature CD80 and CD86 are usually referred to as
CD80/86 as if they are interchangeable, which raises the question as to why CD28
and CTLA-4 have two ligands, rather than just one. My data suggests that following
binding to CD80, CTLA-4 trafficking is biased towards lysosomal degradation and
away from recycling, whereas when CD86 binds, trafficking is either unaltered or
biased towards recycling. Also CD80 appears to stay bound to CTLA-4 for longer
following internalisation than CD86. Together, these data suggest that following the
interaction of a CTLA-4+ T cell with a CD80 expressing APC, the CTLA-4 is either
degraded or blocked by CD80 binding and so is less able to regulate ligand levels,
whereas CTLA-4 is able to effectively regulate the ligand levels of CD86+ APCs.
This model is supported by my data which showed that HeLa CTLA-4 cells are more
able to reduce CD86 expression than CD80 expression on CHO cells. These data are
consistent with the hypothesis that CD86 is the main ligand for T cell costimulation
whereas the main function of CD80 is regulation of CTLA-4 (Borriello et al., 1997;
Collins et al., 2002).

Due to the importance of CTLA-4 in regulating T cell responses, it has become a
target in the clinic for treating a range of diseases, either by blocking CTLA-4 or
providing extra soluble CTLA-4-Ig. However these treatments, and in particular
CTLA-4 blockade, are relatively blunt tools with considerable side effects. As such
it may be possible to use this greater understanding of CTLA-4 trafficking and the
differences between CD80 and CD86 to improve treatments and develop ways to
adjust the CTLA-4 checkpoint more finely. For example, there may be potential to
dampen CTLA-4’s inhibition of T cell activation by specifically disrupting
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CTLA-4’s interaction with CD86 while maintaining its ability to bind to CD80. On
the other hand, the inhibitory function of CTLA-4 may be able to be boasted by
increasing Rab11 or LRBA function to increase CTLA-4 recycling, which appears to
be particularly important in the regulation of CD86 expression.
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