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ABSTRACT

The ability to generate potent anti-tumour CTL responses is fundamental to the rejection

of many tumours. However many potent anti-tumour responses are suppressed by

regulatory T cells. The removal of this Treg suppression in the CT26 tumour model

uncovers potent cryptic anti-GSW11 CTL, which become immunodominant. I characterise

the GSW11-specific response and compare these with responses against the anti-tumour

AH1-specific T cells, a representative of the global T cell population in both Treg depleted

and replete tumour challenged mice. I show that the majority of CD8+ T cells recruited to

the tumour site in Treg replete mice are GSW11-specific. Interestingly, the vast majority of

these GSW11-specific T cells are in a PD1+ clonally exhausted state and thus unable to

clear the tumour. I also show that the percentage of clonally exhausted cells, and the

levels of PD1 on GSW11-specific T cells are much greater compared to AH1-specific T cells,

thus indicating preferential suppression among CTL populations. Furthermore, my data

revealed this phenomenon was also present in the draining lymph node during T cell

priming following CT26 tumour challenge. Investigation of differences in TCR Vβ usage

revealed expansion of particular Vβ families over others in the absence of Treg. This work

highlights the complex interplay between peripheral tolerance mechanisms and CTL, which

selectively hinders protective anti-tumour immunity.
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Chapter 1: Introduction

1.1 Cancer and the Immune system

The immune system has evolved to effectively combat viral and bacterial pathogens.

These invaders are often termed ‘foreign’ pathogens. The immune system is also

important for the clearance of abnormal tumour cells.  Cells of the immune system

called CD8+ cytotoxic T cells (CTL) are known to participate in the elimination of

tumour cells.  Conversely, other cells of the immune system can act in an

immunosuppressive and regulatory manner, such as the regulatory T cells (Treg), in

order to limit immune responses and preventing unnecessary or over-reactive immune

attack on healthy cells of the body.  The complex interplay between the two arms of

the immune system will be covered later in greater detail within this study, but when

both arm functions correctly, it ensures an ideal balance termed homeostasis, ensuring

that effective cytotoxic immune responses can take place but, at the same time, are

highly regulated and occur only where and when they are required.

Cancer is a disease whereby normal cells are undesirably transformed into cancerous

cells with aberrant and abnormal characteristics to the point where they lose normal

biological functions and potentially become evasive; growing to sections beyond their

usual cellular boundaries.  In a process what is now known as a ‘multiple hit

hypothesis’ (Knudson 1971), cancer cells arise and develop from the accumulation of

multiple numbers of genetic mutations, which are not detected or repaired and

subsequently leads to the loss of normal cellular regulatory functions.  The

accumulated mutations often give rise to special mechanisms which help the cancer

cells to survive.  Some of these mechanisms include modifications that enable them to
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evade the immune system allowing them to grow undetected and the loss of

controlled cell division and cell growth. The former mechanism of immune evasion will

be covered later in great detail as it forms part of this study.

The cell cycle and life-span of normal cells are usually highly regulated and as a

consequence many checkpoints are present to ensure correct and accurate cellular

division; both of which are essential for the correct functioning and growth of the cell

(Kastan & Bartek 2004; Hartwell & Weinert 1989).  Mutations in tumour suppressor

genes have been associated with cancer.  When functioning correctly these genes play

a role in the inhibition of cell division, proliferation, repair of damaged DNA or

induction of cell death.  Loss of these functions means the loss of the cell cycle ‘break’

that is essential to prevent cellular transformations into cancer.  Conversely mutations

in oncogenes have also been associated with cancer.  Oncogenes are mutations in

certain genes that are known to drive or promote cancer.  Incidences of mutations in

these genes have been strongly associated in cancer and studies looking at the

microRNA levels of certain genes have helped in diagnosis, predicting response to

treatment, and/or prognosis (Calin & Croce 2006).  In addition to uncontrolled cell

growth, a detrimental characteristic of abnormal cancerous cells are their ability to

invade or damage normal cells; either locally or distal from the original cancer site. This

is termed metastasis.  It is thought that the metastatic spread of cancer is the key

factor for mortality in this disease.  It is the leading cause of death worldwide and this

disease is responsible for 8.2 million deaths in 2012 (World Health Organisation, WHO,

(2012) http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx) (last accessed

11/07/2014).

DNA damage to oncogenes can occur in a number of ways.  Some examples are by free

oxygen radicals from external sources of radiation, alkylating chemicals capable of

purine base modifications or inhibitors of DNA topoisomerases which can lead to

single or double stranded breaks in the DNA (Froelich-Ammon & Osheroff 1995). In

addition to these, exposure to certain viral microbes capable of infecting DNA may also
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alter normal cellular physiological functions (Chaurushiya & Weitzman 2009;

McLaughlin-Drubin & Munger 2008; Giuliani et al. 2008). If DNA alterations, caused by

damage or viral modifications, are not repaired or passes undetected through the DNA

repair system, the genome is rendered less stable which has been associated with

cancer (Kastan & Bartek 2004).

To reach an invasive stage tumour cells must acquire mechanisms that are beneficial

so that they can persist in the body and grow; one of which must include evasion from

the immune system.  The idea linking cancer and the immune system have been

detected since the early 1900s; where it was proposed that tumour development is

normally suppressed by a healthy immune system (Ehrlich 1909), thus initially planting

the concept that the immune system may be of importance in the identification and

eradication of abnormal and damaged cells.  Whilst it is widely accepted that cells of

the immune system ensure the clearance of foreign invading pathogens, its role in the

promotion of or failure to eliminate infected or damage cells during cancer is less

easily defined.

An important factor in the prevention of transformed, cancerous cells from advancing

to a stage where they are capable of invasion is constant surveillance by the adaptive

immune system (Carreño et al. 2011; González et al. 2013).  CD8+ CTLs have previously

been labelled as the “foot soldiers of the immune system” (Zhang & Bevan 2011).

From as early as the 1970s, these thymus derived T lymphocytes have been known for

their ability to recognise, expand and differentiate in order to orchestrate its cytotoxic

activity and mediate cell lysis of targeted cells (Golstein et al. 1972; Cerottini et al.

1970).  During microbial or viral infections CD8+ T cells are effective at killing and

exerting cytotoxic effects as it recognises the target cells as ‘foreign’ invaders.

However, in cancer, it is less easily defined.  A difficult balance exists between

immunological attack of what were initially ‘self’ cells but now abnormally

transformed/cancerous, versus tolerance and the protection of overall ‘self’ cells from

an over-reactive immune attack. Forming the first part of the balance, include
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important mechanisms that determine or is required for an immune attack.  This

decision is thought to be dependent upon antigen recognition between a T cell

receptor (TCR) and the surface antigen being displayed by antigen presenting cells

(APC) (Kalergis et al. 1999; González et al. 2005; Wang et al. 1998). This interaction,

along with secondary co-stimulatory protein contacts required to mount an effective,

cytolytic, CD8+ T cell response will be covered in later sections.  The second part of the

balance includes mechanisms employed by the host to control and modulate the

immune system to prevent autoimmune attack of host tissues.  The latter will also be

covered later and it will be obvious that these mechanisms are utilised by cancer cells

to aid their evasion from the immune system.

1.2 The structure of the CD8+ TCR and the major histocompatibility

complex class I molecule

CD8+ CTLs are one of the major immune effector cells capable of viral clearance,

controlling tumour burden and tumour clearance. It is therefore important to consider

the protein complex that interacts with the receptors of these CTLs.  CD8+ T cells

recognise the virus or tumour derived antigens when they are presented by major

histocompatibility complex class I (MHC I) molecules (Zinkernagel & Doherty 1974).

The CD8+ TCR is made up of two subunits non-covalently bound by disulphide bonds.

One component of the dimer formation is an α–chain and the second component a β-

chain (represented in turquoise and dark blue in 1 respectively).  The complimentarity

determining regions (CDRs) in both the α–chain and β–chain are the point of contact

between the TCR and the peptide-MHC I complex (orange in Figure 1). It is here that

you get the most diversity within the different TCRs as each will recognise different

peptides bound to different MHC I heavy chains.

Similarly, the MHC I molecule is also made up of two molecules non-covalently linked.

The first molecule, which forms the majority of the MHC I molecule, is the α–chain or

heavy chain (represented in pink) and the second, smaller subunit is the β2m or light
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chain (light green). The peptide (in green) is held within the heavy chain peptide

binding grove and is presented to neighbouring CD8+ T cells. In humans, the heavy

chain is encoded in different HLA gene families and generally there are three main

classes; HLA-A, HLA-B and HLA-C. In mice, allelic differences occur depending on the

animal strain. Mice on a Balb/c background have H-2Kd, H-2Dd, H-2Ld; mice on a

C57BL/6 background have H-2Kb and H-2Db; and mice on a C3H/He and CBA

background have H-2Kk and H-2Dk.

Figure 1 – Crystal structure of the TCR and a peptide MHC I complex.

Crystal structure of the MART1-specific TCR bound to MHC I molecule with the MART1

antigenic peptide (green). Picture adapted from Gonzalez et al. (2013).
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Presented peptides have amino acids that are buried within the MHC I binding groove

and residues that are exposed to the TCR CDR regions. Peptides of 8-10 amino acids

long are ideal for presentation on MHC I to CD8+ TCRs (Zhang et al. 1992).  In addition,

particular residues within the peptide bind to the peptide binding groove of the MHC I

molecule via a series of key hydrogen bond formation and many are highly conserved

and serve as anchoring residues (Mitaksov & Fremont 2006; Zhang et al. 1992; Young

et al. 1995), most commonly found at amino acid position 2 and the final amino acid.

Although in some cases conserved anchoring residues at the C-terminus exist with the

N-terminus being more flexible in their sequence and sometimes length (some peptide

are 12 amino acid in length) (Prilliman et al. 1999). The stability of a given peptide-

MHC complex depends on the peptide interaction with the heavy chain binding groove

as well as its correct MHC allele (Margulies et al. 1993).

1.2.1 MHC I assembly and formation

The reliance of CD8+ T cells on peptide presentation by MHC I molecules is emphasised

as abnormalities in the antigens being presented or abnormalities in the MHC I

molecules themselves, have been associated with human malignancies (Garrido et al.

1997; Marincola et al. 2000).  Knowledge of what is the best or most potent peptide-

MHC I complex capable of priming and activating anti-tumour CD8+ T cells for inclusion

in tumour vaccine design is of growing interest as the role of CD8+ T cells in tumour

clearance and disease prognosis is becoming more apparent (Disis & Cheever 1996;

Robbins & Kawakami 1996; James et al. 2010).

In order to effectively display antigens to CD8+ T cells it is important that MHC I

molecule undergo correct protein folding and peptide loading.  The molecular steps of

the classical MHC I antigen processing machinery involves three main stages; the

breakdown of peptides in the cytoplasm, transport of these peptides into the

endoplasmic reticulum (ER) and trimming of these peptides for assembly onto MHC I

molecules (Heemels & Ploegh 1995).  Proteins set for degradation are tagged with
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ubiquitin and enter the proteasome complex, a large barrel-like structure with a

catalytic core made up of 28 subunits that resemble stacked heptamer rings (Tanaka et

al. 1997). Ubiquitinated peptides emerge from the catalytic core of the proteasome as

short peptides. More recently, in addition to the proteasome complex, it is also

thought that cytosolic proteases also play a role in the degradation (van Endert 1999).

Degraded short peptides are then actively translocated into the ER by the ATP binding

cassette- family transporter associated with antigen processing (TAP) protein. It is

thought that the proteasome, present in eukaryotes, have evolutionarily favoured

defined cleavage sites for efficient antigen processing and subsequent peptide binding

(Niedermann et al. 1997). Furthermore TAP also selectively chooses which peptide to

transport into the ER according to MHC I favourability. Overall TAP assisted peptide

transport generally selects those that are adapted for MHC I binding; correct length

(Koopmann et al. 1996).  However, TAP is also able to transport peptides that are

longer (Koopmann et al. 1996).  Because MHC I binds and present peptides that are

approximately 8 to 10 amino acids long, further processing of longer peptides occurs in

the ER.  Peptides longer than the desired length are trimmed to the correct length by

endoplasmic reticulum aminopeptidase 1 (ERAP1; called ERAAP in mice).  In humans

two enzymes perform this function, ERAP1 and ERAP2 (Saveanu et al. 2005), whereas

mice have only one ERAAP.  ERAAP trimming increases the frequency of peptides

available for binding to the MHC I for presentation as they are trimmed to the desired

length (Yan et al. 2006; York et al. 2002; Hammer et al. 2006). Assembly of the

correctly trimmed peptide and the MHC I molecule then occurs with the help of other

proteins; namely, calnexin, BiP, calreticulin, Erp57 and/or tapasin. Calnexin and BiP

first serve to stabilise the heavy chain of MHC I so the correct disulphide bonds may

form.  Once folded, the β-2-microglobulin (β2m) light chain associates together with

calreticulin and Erp57 which binds to TAP forming the peptide loading complex (PLC)

(Sadasivan et al. 1996; Hammond & Helenius 1995). The diagrammatic representation

of the antigen processing pathway is illustrated in Figure 2.
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Figure 2 – The antigen processing pathway.

The proteasome-dependent breakdown of peptides occurs in the cytoplasm followed by active

transport of these peptides into the ER lumen by TAP where they can be trimmed further to the correct

length for peptide loading onto the MHC by ERAAP.  Here the trimmed peptides join the Peptide Loading

Complex (PLC) which compromises of the MHC I molecule stabilised by chaperone proteins Calreticulin,

Erp57, TAP and Tapasin.  Binding of the peptide onto the MHC I stabilises the complex for subsequent

release from the PLC for protein trafficking onto the cellular plasma membrane for presentation to CD8+

T cells. Figure and full detailed review can be found in Parcej & Tampe (2010).
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High levels of polymorphisms exists within the MHC I molecules, with individuals

expressing multiple MHC I alleles.  These alleles may have differing rates and efficiency

of assembly, or their dependency upon the chaperones proteins, a process which is

fundamental for the successful formation of three separate non-covalently bonded

components and MHC I assembly. In addition to the endogenous MHC I antigen

processing pathway, a further pathway, cross presentation, exists where internalised

antigens are processed and trimmed to a length of approximately 8-10 amino acid

residues long and presented as a peptide-MHC I complex to be recognised by CTLs (for

review please see Kreer et al. (2011).  This pathway is dependent on good antigen

stability since antigen degradation can occur by endo/lysosomal proteases to actively

destroy putative epitopes (Savina et al. 2006; Cebrian et al. 2011; Schuette & Burgdorf

2014). Stable peptide-MHC I complexes that make it to the plasma membrane of the

cells are recognised by CD8+ T cells.

1.2.2 The single chain trimer (SCT) technology in research

Because different confounding factors may affect the presentation of peptide-MHC I

expression on the cellular surface, many research groups have utilised an alternative

option which takes the form of MHC I single chain timers (SCTs), in order to present

peptide to cells of the immune system and generate better immune responses (Hung

et al. 2007). In essence, SCTs are made up of the three normally separate components;

the peptide epitope, β2m, and the MHC I heavy chain all joined together with

interlinking glycine-rich linkers to create a single polypeptide chain (Hansen et al.

2009).  Correct folding of the protein will result in a structure that will closely resemble

an MHC molecule with bound peptide and β2m connected by the flexible G-linkers

(shown in red in Figure 3).
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Figure 3 –Diagramatic representation of a single chain trimer molecule

SCT technology is the creation of the three components of the MHC I molecule, the heavy chain, the

β2m light chain and the peptide, into 1 polypeptide chain by the insertion of 2 Guanine-rich linkers (G-

linkers).  The antigenic peptide is incorporated into the design which in theory will ensure peptide

docking onto the MHC I heavy chain binding grove.

Once the peptide epitope has been identified this technique has several advantages to

aid research on the immune system.

Firstly, the peptide-MHC I complex formed via the SCT method will bypass the antigen

processing machinery as the peptide-MHC I complex are encoded within one single

polypeptide chain, allowing the SCT, once folded, to exit the ER and present at the cell

surface.

Secondly, because each SCT on the cell surface presents the same peptide, the amount

of peptide epitope that is available for recognition by antigen-specific CD8+ T cells is

likely to be greater than endogenously processed antigens.  This is important since the

level of peptide precursors differs between antigens and some peptides have been

shown to be over-trimmed and destroyed by ERAAP significantly reducing the amount

available for presentation (Hammer et al. 2007; Reeves et al. 2013).  The use of the SCT

would therefore bypass this process ensuring that the peptide is presented to CD8+ T

cells.
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Thirdly, the down-regulation of MHC I molecules by tumour cells may lead to poor

anti-tumour CD8+ T cell responses and evasion of the immune response, which is

linked to poor disease prognosis (Bubeník 2003; Aptsiauri et al. 2007; Garcia-Lora et al.

2003; Seliger et al. 2000).  Efforts to restore MHC I presentation have used an excess of

the peptide antigen and/or the incubation of cells with deficiency in the antigen

processing machinery, at low physiological temperatures, however with only partial

success (Hicklin et al. 1999; Seliger et al. 1997).  The use of SCTs more recently was

found to better address these problems.  In both bound (Palmowski et al. 2009), un-

bound or soluble forms (Oved et al. 2005),  SCTs were able to generate effective CD8+ T

cell responses which mediate killing of tumour cells (Oved et al. 2005).

Fourthly, SCT can be further modified to form stable MHC I tetramers. As previously

discussed, the TCR recognises and binds peptide-MHC I complexes. Therefore, in order

to label and monitor antigen-specific T cell populations, MHC I tetramer technology,

whereby four monomeric peptide-MHC I complexes are joined together by a

streptavidin molecule and fluorescently conjugated to allow the labelling and

monitoring of antigen-specific T cell populations, have been extensively utilised.

However instead of making MHC I monomers the conventional way, the use of the SCT

technology to form the monomeric subunits is becoming more widespread.  These SCT

provide more stable tetrameric complexes to allow further understanding of peptide-

MHC and TCR interaction studies (Klenerman et al. 2002).  In conclusion, because SCT

molecules allows one peptide to uniformly occupy the MHC, it allows for the specific

study of biology and function of peptide-MHC and TCR interactions to elicit better CTLs

responses and when tetramerised to form SCT MHC I tetramers, is used to label and

identify antigen-specific populations of CD8+ T cells.

It is important to note that while TCR and peptide-MHC I interactions are important at

mediating immune responses, other secondary interactions are also essential to
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sustain proliferation survival and effector functions.  When a TCR binds and recognises

a peptide antigen complexed to a MHC I molecule on APCs, the rearrangement of both

intracellular and extracellular proteins aggregating to the T cell/APC interface creates

an immunological synapse (Grakoui et al. 1999; González et al. 2013). Proteins within

the immunological synapse, some positively or negatively regulating signals, work

together, to form the decision of T cell effector activation required for subsequent

tumour clearance.

1.3 Stimulatory and inhibitory molecules occur at the immunological

synapse

T cell activation is a crucial event in an effective cellular and humoral immune

response. In addition to TCR binding to a peptide-MHC I complex, engagement of other

co-stimulatory molecules are required for the stimulation of T cells.  On T cells, CD28,

4-1-BB, and OX40 act as co-stimulatory receptors for the ligands B7-1 (CD80)/B7-2

(CD86), 4-1-BBL (CD137L), and OX-40L (CD134L/CD252) respectively (Figure 4). The

formation of these co-stimulatory molecules at the immunological synapse occurs

during antigen recognition and provides the additional stimuli or confirmation required

for T cell activation.  Thus, the engagement of co-stimulatory molecules leads to

differentiation, proliferation, clonal expansion and also increased cytotoxic activity

(Habib-Agahi et al. 2007; Rogers et al. 2001; Holdorf et al. 2000). Conversely, a lack of

secondary co-stimulation often induces apoptosis (Borthwick et al. 2000).

When uncontrolled, T cell activation can be a debilitating consequence and give rise to

autoimmune disease.  To prevent constitutive over stimulation of T cells, intrinsic

pathways also exist on T cells to negatively modulate the immune response. These are

in the form of inhibitory receptors that are upregulated, to act as a negative control

feedback mechanism, following immune activation (Korman et al. 2006). Two major

inhibitory receptors are; cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed

death 1 receptor (PD-1) (Figure 4).
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Figure 4 – Stimulatory and Inhibitory molecules exist at the immunological

synapse.

Co-stimulatory receptors and their corresponding ligand(s) augment the interaction between

TCR and peptide-MHC I.  These provide secondary signals to promote T cell activation.  To

regulate this, co-inhibitory receptors also exist to negatively control signalling down the TCR.
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1.3.1 CTLA-4 is an inhibitory receptor capable of modulating CTLs

Similar to the CD28 co-stimulatory receptor, the ligands for CTLA-4 receptors are B7-

1(CD80) and B7-2(CD86).  CTLA-4, serves as an inhibitory receptor that dampens down

the immune system preventing autoimmunity (Walunas et al. 1994).  It is a competitor

for the B7 ligands and has a 100- to 1000-fold higher binding affinity compared to the

co-stimulatory receptor CD28 (Linsley et al. 1994; Greene et al. 1996).  The expression

of CTLA-4 is limited and regulated; almost negligible expression of the receptor is

found on resting T cells whereas CD28 expression is found at significantly higher levels

(Alegre et al. 1996).  CTLA-4 expression is only detectable post T cell activation and

despite maximal expression being detected only approximately 48-72 hours post T cell

activation, the receptor does not stay stable on the cellular surface for long. This is

despite having equal mRNA levels for both CD28 and CTLAA-4 (Freeman et al. 1992)

suggesting strict translational control of the protein receptor or rapid removal or

degradation from the cell surface. Some evidence points to the latter; The

cytoplasmic domain of CTLA-4 receptors contains a motif for the binding of clathrin pit

adaptor complex AP-50, which causes rapid internalisation of these types of receptors

into the cell (Chuang et al. 1997).  Within resting cells, CTLA-4 is found within

intracellular vesicles which are ready to fuse with the plasma membrane on the

cellular surface near the site of TCR and peptide-MHC I contact (Linsley et al. 1996).  In

summary, expression analysis has revealed that CD28 is higher in abundance but a

lower affinity receptor whereas the opposite is true for the CTLA-4 receptor.  A

comprehensive review on the competitive interactions between CD28, CTLA-4 and

their ligands have been written by Sansom (2000).

1.3.1.1 CTLA-4 mechanism of action

CTLA-4 inhibits T cell activation via the recruitment of SHP-1 and SHP-2 phosphatases,

which results in the inhibition of downstream factors such as Lck and Zap-70. This in

turn leads to a reduction of available transcription factors AP-1 and NF-κB (Teft et al.
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2006).  Two theories have been proposed for the overall effect of CTLA-4 engagement.

The first argues that engagement of CTLA-4 acts to increase the threshold required for

TCR activation (Egen & Allison 2002), whereas the second argues that it acts to

attenuate activation, preventing T cell division and inducing anergy (Vanasek et al.

2001).  The latter theory is supported by further observation that stimulated T cells

have higher levels of CTLA-4 which are also detected in recycling lysosomes.  T cells

which are constantly activated by antigen stimulation through the TCR are eventually

induced in to an anergic state whereby the ability to proliferate and their effector

functions, including the ability to secrete cytokines, are lost.  This anergic state is now

referred to as clonal T cell exhaustion (Yi et al. 2010; Wherry 2011; Wherry et al. 2007).

Further research interest into this phenomenon have led to the identification of a

receptor, PD-1, that was found to be up-regulated in clonally exhausted T cells.

1.3.2 PD-1 is an inhibitory receptor linked with clonally exhausted T cells

The PD-1 receptor was initially identified in 1992 in a genetic study involving T cell

hybridomas undergoing programmed cell death (Ishida et al. 1992).  Subsequent

microarray analysis using functioning and non-functioning CD8 T cells have identified

the selective upregulation of the PD-1 receptor in T cells that are not exerting effector

functions (Barber et al. 2006; Sharpe et al. 2007).  Further studies have also shown that

PD-1 accumulate at the immunological synapse(Pentcheva-Hoang et al. 2007), even

forming micro-clusters near the site of TCR and peptide-MHC I complex (Yokosuka et

al. 2012).  PD1 has two ligands; PD-L1 and PD-L2. The expression of these ligands varies

considerably as reviewed in detailed by Keir et al. (2008).  Briefly PD-L1 has a wider

expression profile than PD-L2.  PD-L1 is found on many cells of the immune system

including B cells, Treg, macrophages and mast cells. It is also found on cells that do not

form part of the immune system such as vascular endothelium, islets of the pancreas,

cornea and lungs.  This implies that the PD-1/PD-L1 pathway is important at not only

controlling the reactivity of T cells, but also defines specific immune privileged organ

sites that are protected against immunological attack.  Data from PD-1 knockout

animals supports this theory.  PD-1-/- C57BL/6 mice develop autoimmune disease
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similar to arthritis and lupus-like glomerulonephritis (Nishimura et al. 1999) and PD-1-/-

Balb/c mice develop lethal cardiomyopathy from immune attack of cardiac cells

(Nishimura et al. 2001).  Expression of PD-L2 is less widespread and was found to be

restricted to activated mast cells, macrophages and myeloid derived dendritic cells.

This suggests that PD-L1 plays a greater role when compared to PD-L2 at limiting the

immune response.

1.3.2.1 PD-1 mechanism of action

Similar to CTLA-4, ligation of the PD-1 receptor results in the recruitment of the SHP-1

and SHP-2 phosphatases (Chemnitz et al. 2004; Yokosuka et al. 2012; Okazaki et al.

2001). However in a study that compared the genetic profiles of T cells post CTLA-4 or

PD-1 ligation, reveal that the inhibitory effects of PD-1 is more effective than CTLA-4 at

preventing the transcriptional changes caused by T cell activation (Parry et al. 2005).

While many studies have utilised the use of blocking antibodies or knockouts in mouse

models to investigate the systemic effects of clonal exhaustion, comparatively not a lot

is known about how PD-1 alters the signalling pathway.  Post recruitment of the SHP-1

and SHP-1 phosphatases, phosphorylation events occur in a multi-step process which

are still being investigated. Experimental evidence shows that ultimately PD-1 ligation

inhibits Akt activation.  Akt regulates the metabolic activity of primary human T cells

and when the phosphorylation of Akt does not occur, there is also a decrease in

glucose metabolism (Frauwirth et al. 2002).  Ultimately the ligation of CTLA-4 and PD-1

prevents the phosphorylation and activation of Akt, however, the targets or pathway

the two different inhibitory receptors act upon differs.  It was found that only PD-1

ligation was able to alter the activation of P13-kinase prior to Akt (Parry et al. 2005)

suggesting the two inhibitory receptors may work differently, each targeting slightly

different pathways, but often to create the same result in limiting metabolic activity by

the inhibition of Akt.
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Activated T cells receiving secondary co-stimulation by the CD28 receptor, induces the

expression of an anti-apoptotic protein Bcl-xL (Boise et al. 1995). Real-time polymerase

chain reaction (RT-PCR) experiments were able to show that the expression of Bcl-xL is

inhibited upon PD-1 (Chemnitz et al. 2004) and furthermore it was shown that this was

also dependent upon P13-kinase.  Conversely ligation of CTLA-4 did not significantly

affect Bcl-xL expression (Blair et al. 1998). Combined, it illustrates that signalling

properties of the two inhibitory receptors differs and that would seem that the PD-

1:PD-L1 pathway would induce a higher susceptibility to apoptosis. A review on PD-1

signalling in T cells have been described by Riley (Riley 2009)

Notably there is interplay between signalling through the PD-1 pathway and the

strength of the TCR contact. Studies have reported stronger inhibition via the PD-1

pathway when the signal being transduced through the TCR is low resulting in the

detection of a greater number of PD-1 receptors (Wei et al. 2013). However this can

be overcome by interleukin-2 (IL-2) treatment (Carter et al. 2002), suggesting that

despite being clonally exhausted and unable to exert effector functions, these T cells

remain sensitive to IL-2.  Therefore, peptide-MHC I complexes that are able to elicit a

strong interaction through the TCR may be less refractory to and/or be able to

overcome PD-1 induced clonal exhaustion, and conversely TCR with weaker

interactions may be more susceptible to inhibition by the PD1:PD-L1 pathway.

1.3.3 PD-1 is present in chronic infection and cancer

PD-1 plays a role in disease where constant activation of T cells is present.  This can be

in the form of chronic microbial infection or persistent presence of tumour associated

antigens (TAA) in cancer.  Upregulation of PD-L1 is present during i) viral infections

such as HIV (Trabattoni et al. 2003; Barber et al. 2006; Day et al. 2006), Hepatitis C

(Urbani et al. 2006) and hepatitis B infections (Boettler et al. 2006) ii) bacterial

infections such as Helicobacter pylori (Das et al. 2006), Chlamydia trachomatis (Loomis

& Starnbach 2006), Porphyromonas gingivalis (Cohen et al. 2004) and ii) in parasitic-
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based infections such as Leishmaniasis (Liang et al. 2006) implicating the PD-1 pathway

as a mechanism of immune evasion.  Mouse studies further confirm the role of the PD-

1 pathway in immune control.

Mice deficient in the PD-1 receptor die of heart failure (Nishimura et al. 2001) or

develop fatal inflamation of the heart muscle and succumb to the disease by week 10

(Wang et al. 2010).  In addition, damage of the entire vascular system was observed

during a lymphocytic choriomenigitis virus (LCMV) infection showing that without the

PD-1:PD-L1 pathway to moderate the immune system, nothing protects the vascular

organs from CD8+ T cell mediated immune attack (Frebel et al. 2012).  In the NOD

mouse model of type-1- diabetes, an autoimmune disease caused by undesirable auto-

reactive T cells against β-cells of the pancreas, blocking the PD-1:PD-L1 pathway

accelerated the development of diabetes whilst PD-L2 blockade had hardly any effect

(Ansari et al. 2003).  Further examination of ligand expression revealed that inflamed

islets of the pancreas expressed PD-L1 but not PD-L2 (Ansari et al. 2003).  The wide

expression of PD-L1 implicates the importance of the PD1:PD-L1 pathway.  Further

data also suggest that cells within the pancreatic lymph nodes are more sensitive to

alterations in the PD-1:PD-L1 pathway during the early onset of diabetes when

compared to during the later stages of the disease (Guleria et al. 2007).

Mouse disease models where persistent antigenic stimulation is observed, revealed

that the induction of clonal exhaustion of CD8+ T cells occurs following activation,

expansion and effector function.  The loss of effector function resulting in a clonally

exhausted phenotype is thought to occur in a hierarchical manner; T cell proliferation

is lost first, followed by the production of IL-2, then the ability to produce the

transcription factor TNFα and finally production of IFNγ is halted (Wherry et al. 2007;

Wherry 2011).  The PD-1 receptor is key in the clonal exhaustion of T cells as identified

by their transient increase of expression in activated effector T cells and subsequent

prolonged expression during constant activation.  To overcome the effects of this

pathway, blocking antibodies against either the PD-1 receptor or the PD-L1/PD-L2



32

ligand has been extensively studied. Blockade of the PD-1:PD-L1 in HIV infection

prevents the loss of effector functions and causes changes in the ability of T cells to

survive proliferate and produce cytokines (Petrovas et al. 2006).  In LCMV infections,

utilising a PD-L1 blocking antibody allowed for the development of robust CD8+ T cell

responses and a significantly lower viral load (Barber et al. 2006).

In cancer, T cells also display a PD-1+ exhausted phenotype.  Indeed, cancerous cells

express high levels of PD-L1 (Ghebeh et al. 2006; Wu et al. 2006; Ohigashi et al. 2005).

Therefore the chronic exposure of CD8+ T cells to tumour antigens and the

establishment of an immunosuppressive tumour microenvironment through the

expression of PD-L1 are thought to induce clonal exhaustion in tumour infiltrating

lymphocytes (TILs).  As a consequence, T cells do not exert effector functions resulting

in the promotion of tumour growth.

The detection of the ligand, PD-L1, on cancer specimens correlates with poor disease

prognosis.  Immunohistochemistry studies on paraffin embedded tissue sections from

renal cell carcinoma patients indicate that those expressing the PD-L1 ligand had a

lower chance of survival compared to those whose tumour cells did not express PD-L1

(R. Thompson et al. 2006).  Other clinical data linking PD-L1 expression in other types

of cancers with poor prognosis include ovarian cancer (Hamanishi et al. 2007), bladder

cancer (Inman et al. 2007) and breast cancer (Muenst et al. 2014).  Furthermore,

studies have also documented that the expression of PD-1 TILs also indicates poor

prognosis.  Here, patients with higher levels of PD-1 expression present on TILs were

found to be at a much more advanced stage of cancer compared to those during the

earlier onset of the disease whose TILs had a lower PD-1 expression (Muenst et al.

2013; Hamanishi et al. 2007).. Combined, these data support the hypothesis that this

pathway is responsible for limiting T cell responses at the tumour site.  The

effectiveness of CD8+ T cells that have not been modulated by the PD-1:PD-L1 pathway

is startling.  In a study by Blank et al. (2004), adoptive transfer of tumour reactive PD-1-

/- CD8+ T cells resulted in tumour rejection in B16 melanoma challenged mice.  This
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success in their mouse model highlights the efficacy of CD8+ T cells in the absence of

limitations exerted by the PD-1:PD-L1 pathway.  The team observed successful tumour

rejection upon adoptive transfer of PD-1-deficient CD8+ T cells whereas CTLA-4-

deficients CD8+ T cells failed to achieve the same effects in this particular mouse model

(Blank et al. 2004). A reason for this could be explained by the expression of PD-L1 on

the tumour whereas CTLA-4 ligands would be found on APCs.  This finding supports the

important role of the tumour microenvironment in facilitating immune evasion.

To evaluate the effects exerted by the inhibitory pathway further, and to attempt to

improve immunity against tumours, various studies have utilised PD-1 or PD-L1

blocking antibodies to reduce PD-1:PD-L1 mediated suppression.  Many studies have

found that the removal or blockade of the inhibitory pathway restores immune control

of the tumour with T cell mediated tumour rejection being observed (Nomi et al. 2007;

J. Duraiswamy et al. 2013).  In addition the use of PD-1 blocking antibodies in chronic

HIV infection restores proliferation and cytokine effector functions in T cells that were

previously clonally exhausted (Barber et al. 2006).

These findings present a confounding situation.  The current data suggest that

overwhelming T cell stimulation can result in clonal T cell deletion by apoptosis.

Furthermore, we have previously discussed that inhibition by the PD-1 pathway results

in a decreased expression of anti-apoptotic or pro-survival proteins.  In contrary to

this, in HIV-related studies, PD1+ clonally exhausted T cells are present (detectable by

MHC I tetramers) indicating that chronic stimulation has not induced apoptosis.  This

leads to a couple of curious questions; Does the CD8+PD-1+ clonally exhausted

phenotype label terminally differentiated T cells that can no longer exert functional

effector functions? Or do they simply highlight an extra, heightened, level of activation

in T cells trying to exert effector functions but are prevented or halted from doing so

due to a negative feedback mechanism?  Initial studies, particularly when T cell

exhaustion was first explored, suggested the induction of a terminal phenotype;

particularly as increased levels of PD-1+ clonally exhausted T cells were reported as a
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positive correlation for disease progression and associated with very poor prognosis in

various cancers of different histological origins (Inman et al. 2007; Nakanishi et al.

2007; Hamanishi et al. 2007).  By contrast, other studies have reported a reversible

clonally exhausted phenotype (Barber et al. 2006; Trautmann et al. 2006; Carter et al.

2002) and that effector functions in these T cells can be rescued.  In a very recent

review (Schietinger & Greenberg 2014), it has been discussed that clonal T cell

exhaustion is an adaptive state whereby T cells are not terminally differentiated but

instead have entered a state of hypo-responsiveness.  Here, although the effector

functions of these T cells are not enough to clear the pathogen or tumour burden, the

clonally exhausted T cells are working still to control the disease to prevent

detrimental effects.  Studies that may support this notion can be extracted from

animal models of HIV (Jin et al. 1999; Schmitz et al. 1999), whereby depletion of CD8+ T

cells by an anti-CD8 monoclonal antibody, causes overwhelming plasma viraemia

which was not present when exhausted PD-1+CD8+ T cells were present, although the

infection was not cleared.  Why these exhausted T cells are maintained in these

diseased state even though they are unable to exert their cytotoxic activity is

unknown.  The failure to induce apoptosis in these clonally exhausted and non-

functional CD8+ T cells suggests a deliberate role for these exhausted T cells in the

control of disease burden and thus supports the hypo-responsiveness theory by

Schietinger & Greenberg (2014).  In addition to this theory, Blackburn et al. (2008)

have shown that blockade of the PD-1:PD-L1 pathway, post the detection of a PD1+

phenotype, still has the potential of restoring some effector functions.  However this

depends on the ‘extent’ of the clonally exhausted T cell.  They have identified PD-1

blockade is capable of reversing exhaustion in only PD-1int CD8+ T cells but not in more

heightened or more activated PD-1high CD8+ T cells (Blackburn et al. 2008).  In the case

of the latter T cell subset, blocking one pathway may not be enough and combined

blockade therapy may be required to elicit any form of effector functions.

To this end, the use of anti-PD-1 and anti-CTLA-4 combined therapy have shown

promising results.  Tumour regression was observed in 25% of mice post PD-1:PD-L1

blockade in a CT26 colon carcinoma tumour model.  Conversely, the use of anti-CTLA-4
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for blockade resulted in tumour regression in 33% of the mice.  Interestingly when

both treatments were combined in a simultaeneous injection, it led to tumour

regression in 75% of the tumour challenged mice (Duraiswamy et al. 2013).

1.3.3.1 T cell anergy and senescence are mechanisms also present in the tumour

microenvironment but differs from clonal T cell exhaustion.

Similar to clonal T cell exhaustion, T cell anergy is generally defined as a state of

hyporesponsiveness with particularly low production of IL-2 and incomplete T cell

activation. This is thought to be a consequence of either a lack of co-stimulatory

signals or too many co-inhibitory stimulation.  This state of T cell dysfunction has been

linked to the cancer tumour microenvironment as here there is often an imbalance

between the B7 family of receptors which can act as an activatory or inhibitory

manner.  Previous reports have shown that inhibitory receptors are present on human

tumours or on APC presenting TAA.  This includes B7-H1 (PD-L1), B7-DC (PD-L2), B7-H2

(ICOS-L) (Blank et al. 2004; Curiel et al. 2003; Zou & Chen 2008). The occurrence of a

poor co-stimulatory and high co-inhibitory environment results in an anergy-

promoting environment whereby T cells fail to become activated.  Conversely, clonal T

cell exhaustion occurs as a consequence to constant and persistant antigen-dependent

activation via the TCR which leads to the transcription and translation of inhibitory

receptors as a negative feedback loop in order to prevent constitutive T cell activation.

Clonally exhausted T cells have increased protein expression of inhibitory receptors

such as PD1 and TIM3. Like clonal T cell exhaustion, T cells induced into an anergic

state can have a molecular profile which show low cytokine production such as IL-2.

Notably, T cell arrest in a G1/S phase of the cell cycle is often observed in anergy.  Early

growth response gene 2 (Egr2) is a transcription factor key in this arrest (Zheng et al.

2012). Furthermore, anergic T cells have a stalled mTOR and Ras/MAPK cell signalling

pattern. This occurs because sole activation of the TCR via peptide-MHC I interaction

but no CD8 co-stimulation causes an imbalance in calcium concentrations which

consequently causes the retention of the RAP-1 transcription factor within the cytosol
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(Boussiotis et al. 1997; Dolmetsch et al. 1998) therefore preventing further

downstream signalling events leading to T cell activation.

T cell senescence is also a state whereby T cells fail to exert functional effector

function and initially thought to occour naturally as part of the aging process of a cells’

life-span.  With the completion of every cell division, telomeres within the nucleus

become shorter potentially affecting cell function (Adibzadeh et al. 1995).  This is a

molecular biomarker for cells undergoing senescence. In addition to the shortening of

telomeres, the loss of the CD28 receptor and cell cycle arrest is also observed in

senescent T cells (Effros 2004). Senescent T cells have defective cytotoxic capabilities

and proliferative potential.  Because the maintenance of a good pool of memory T cells

requires periodic rounds of activation and proliferation as opposed to new populations

arising from naïve T cells, repeated exposure to the same antigen in a tumour may

result in senescence of antigen-specific T cells that are continuously stimulated into

multiple rounds of proliferation. A key difference between clonally exhausted T cells

and highly differentiated CD8+CD28- senescent T cells, is that senescent T cells were

found to still contain the potential to secrete effector cytokines such as IFN, TNF and

IL-2 with little to no capacity of replication post activation (Plunkett et al. 2007;

Fletcher et al. 2005). Notably, defined features of clonally exhausted T cells are the

lack of ability to secrete effector cytokines which is thought to be lost in a stepwise

manner; with IL-2 being lost first and IFN being lost last (Wherry et al. 2003). To

improve T cell immunity, restoring the replicative functions in senescent T cells may

prove more difficult than the blockade of clonally exhausted T cells. One way to

restore proliferative function is by the manupulating p38; however, lack of p38

function may lead to complications such as the reduction of IFN and TNF secretion.

Furthermore, the inter-connection of the p38 pathway with the p53 pathway, means

that manipulating these checkpoints may limit their usefullness as therapy and

increase the risk of malignancies such as cancer. Indeed, a cell’s decision to limit

further proliferation because of chromosomal damage of the shortening of telomeres

can be seen as a safety mechanism to prevent further DNA damage. Similar to clonal T

cell exhaustion, T cells undergoing senescence are significantly increased in cancer
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patients when compared to age-matched healthy controls (Tsukishiro et al. 2003). In

vitro experiments have shown that primary T cells may be induced into a senescent

phenotype when continuously stimulated with tumour cells (Montes et al. 2008;

Tsukishiro et al. 2003).  Interestingly, T cells induced into CD8+/CD28- senescence may

acquire immunosupressive functions in a contact-dependent manner (Montes et al.

2008). An outline on the functional and phenotypic differences between T cell

senescence, anergy and exhaustion have been previously described by Akbar and

Henson (2011) and Crespo et al (2013).

1.3.4 The role of the PD-1:PD-L1 ligand in T-cell tolerance

Whilst cancer immunotheapeutic strategies are considering blockade of the PD-1:PD-

L1 pathway, when considering autoimmunity, the engagement of the PD1:PD-L1

pathway is desirable, thus suggesting its importance in T cell tolerance and immunity.

In this context, aberrant CD8+ T cell responses must be controlled and therefore the

PD-1:PD-L1 pathway provides an attractive means to do so.  Studies showed that the

development of autoimmune diabetes was accelerated in PD-1 -/- mice (Wang et al.

2005; Ansari et al. 2003).  The PD-1:PD-L1 pathway is also capable of maintaining

tolerance by promoting the development of Treg. Treg are a subset of T lymphocytes

with a CD4+ lineage which act to also negatively modulate the effector functions of

CD8+ T cells.  Details and their mechanisms employed for supression will be covered in

detail later.

Studies have shown that the addition of a PD-L1-Ig promotes the differentiation of

Treg with inhibitory capacity from naïve CD4+ T cells (Francisco et al. 2009).

Furthermore beads coated with PD-L1 promoted the development of induced Treg

(iTreg) cells in vitro and that further engagement by PD-L1-Ig enhanced the stability of

the suppressive activity of Treg (Francisco et al. 2009). Treg development and factors

affecting Treg-mediated suppression will be covered in more detail later.
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Similar to the CD8+ TCR, whereby both co-stimulatory and co-inhibitory receptors exist

to modulate the transduction of signalling via the TCR, the immune system has both

CD8+ effector T cells and Treg to modulate control to ensure the immune responses

are correct/required. We must therefore consider the importance of tolerance

mechanisms employed to ensure homeostasis in the host and to prevent

autoimmunity.

1.4 Central tolerance

Central tolerance forms an initial part of the defence against auto-immune

destruction, which occurs during T cell development in the thymus. However, because

not all self-antigens are present in the thymus, the education of all self-reactive T cells

cannot take place.  Some T cells recognising self-antigens may leave the thymus and

enter the periphery.  This is why in addition to central tolerance we also have the

peripheral tolerance mechanisms which forms as the second part and as the name

suggest occurs in the periphery.

Part of the central tolerance mechanism involves the maturation of T cells so that they

are designed to form part of an effective adaptive immune system versus foreign

pathogens and not harmful to host tissues. The segmentation of variable (V), diversity

(D), joining (J) and constant (R ) gene segments to create the α and β chains that make

up the TCR.  Whilst one T cell has a single TCR, there are vast repertoires of TCR

specificities that can be created in the thymus.  Each TCR is able to recognise peptides

bound to peptide MHC I or II complexes; the former by CD8+ T cells and the latter CD4+

T cells. The most important event of T cell central tolerance is clonal deletion of self-

reactive T cells.  Here, TCRs found to bind with high affinity to a self-antigen presented

on an MHC molecule will undergo a process called negative selection (Palmer 2003).

To experimentally confirm this CD8+ T cells expressing the H-Y TCR, specific for the

male antigen H-Y, was adoptively transferred into male or female mice.  They found

that these transferred T cells were clonally deleted, by negatively selected, in male
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mice whereas it was detectable and positively selected in female mice (Kisielow et al.

1988). Positive selection of T cells happen in the cortex of the thymus where the TCR

interacts with peptide-MHC complexes on cortical thymic epithelial cells (cTECs).  Here

T cells that bind with high affinity undergo apoptosis and those that bind with low

affinity are allowed to differentiate further.  One result of this differentiation is the

upregulation of CC chemokine receptor 7 (CCR7) and other molecules, which act by

trafficking these T cells into the medulla of the thymus.  Here these T cells are able to

interact with other types of cells such as the medullary thymic epithelial cells (mTECs)

and dendritic cells (DCs). Both thymus-resident DCs (Gallegos & Bevan 2004) and DCs

from the peripheral lymphoid organs (Heath & Carbone 2001) can present antigens to

the developing T cell.  Furthermore mTECs and DCs in the medulla are capable of

expressing co-stimulatory molecules such as B7-1(CD80) and B7-2(CD86), which upon

ligation post TCR:peptide-MHC interaction promotes the elimination of the self-

reactive T cell (Buhlmann et al. 2003; Gao et al. 2002).  Blockade experiments gave rise

to self-reactive T cells capable of inducing inflammation in many organs (Gao et al.

2002) thus giving an indication of the importance of central tolerance mechanisms.

An important step in T cell development is the process by which T cells are selected

based on their engagement with MHC molecules complexed with peptides derived

from self-proteins.  The selection of T cells is determined by the strength of this

interaction. TCR that binds with a high affinity leads to the deletion of the T cell via

apoptosis in a process called negative selection (Starr et al. 2003). T cells that fail to

engage or have a poor interaction with their TCR and MHC-peptide complex do not

receive a pro-survival signal and consequently die in a process termed death by

neglect.  T cells with a TCR/MHC interaction that falls in a window between these

thresholds received a pro-survival signal and following development are able to exit

(positive selection) the thymus and migrate through the lymphatic system.  This

process removes many T cells which would be self-reactive.  However, not all self-

antigens are expressed in the thymus for presentation on thymic epithelial cells

therefore allowing potential autoreactive T cells to exit the thymus.
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1.5 Peripheral tolerance

Autoreactive CD8+ T cells may escape the negative selection process within the

thymus.  This may be due to either the lack of expression of that particular self-antigen

in the thymus or because the avidity of the TCR and peptide-MHC I is low in the

thymus (Liu et al. 1995) and as a consequence the threshold determined for negative

selection is therefore not met allowing the T cell to escape. Therefore autoreactive T

cells that exit the thymus pose a significant risk potentially leading to autoimmune

disease.

Peripheral tolerance is a mechanism implemented to serve as a second checkpoint to

prevent autoimmune attack and maintain T cell tolerance.  Some mechanisms of

peripheral tolerance have been covered in detail in a Nature review by Mueller (2010).

Peripheral tolerance can be induced in a variety of ways.  First is the initial physical

separation of naïve autoreactive T cells with parenchymal cells that may express

peripheral antigens.  Naïve T cells express higher CD62L that enables trafficking of T

cells from blood into lymph nodes (Weninger et al. 2001).  This means that naïve CD8+

T cells emerging from the thymus are, in theory, restricted within the blood circulation

and secondary lymphoid organs (Mackay 1993), preventing them from encountering

peripheral antigens due to this physiological compartment.  However, DCs are able to

carry antigens obtained from phagocytic clearance of abnormal, apoptotic cells, to

lymphoid organs where they can be cross-presented to naïve CD8+ T cells.  This

constitutive process allows naïve CD8+ T cells to sample all the available self-antigens

in the periphery.  T cells that recognise any self-antigens with high avidity will be

activated and briefly proliferate.  However, with the absence of any co-stimulatory

secondary signals, proliferation stops and induction of T cell tolerance ensures that the

autoreactive T cells are either deleted (Hernandez et al. 2001) or anergised (Kearney et

al. 1994).
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By contrast, during a pathogenic infection, peripheral DCs become activated by

molecules such as toll-like receptors (Iwasaki & Medzhitov 2004).  Toll-like receptors

bind to conserved microbial fragments and serve to alert the immune system and

activate the innate pathway.  Activated DCs have a different phenotype than resting

DCs with a greatly enhanced capacity to present antigen and also increased cell surface

expression of co-stimulatory molecules. Therefore, when activated DCs travel to the

lymphoid organs they are capable of stimulating naïve T cells. This activation leads to a

number of changes within the T cell including the expression of Bcl-xL, an anti-

apoptotic protein (Boise et al. 1995) which results in prolonged survival of the T cell

and also the down regulation of CD62L & CCR7, which increase the immediate T cell

effector functions (Sallusto et al. 1999) and play a role in mediating the migration of

CD8+ T cells out of the vascular system towards the site of infection.

CD4-mediated T cell help is also required to activate CD8+ T cells.  Activated CD4+ T

cells have elevated expression of CD40L which interacts with the co-stimulatory

molecule CD40 on DCs (Bennett et al. 1998; Schoenberger et al. 1998; Toes et al. 1998)

promoting DCs maturation and activation.  Furthermore the co-stimulatory receptor

CD28 on activated T cells can also act on DCs to promote their activation, highlighting a

positive feedback loop of activation predominantly supported by experiments where

the presence of large numbers of CD8+ T cells were able to induce the activation of DCs

(Wang et al. 2001; Mintern et al. 2002).  The observation that large numbers CD8+ T

cells can provide their own help for their activation, has been shown to result in tissue

destruction and autoimmune disease such as diabetes (Kurts et al. 1997).

As previously discussed T cell responses can also be limited by engagement of the

interaction of inhibitory molecules. In addition to PD-1 and CTLA-1 other inhibitory

molecules also exist.  For example: activation induced cell death of T cells occur when

they encounter cell death signals, such as Fas ligand (FasL).  Its receptor, Fas, is always

expressed on activated T cells and interaction results in cell death.  A small number of

cells in the body (for example cells within the eye, brain, testes and placenta) express
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FasL and is indicative of an immune privilege site (Griffith et al., 1995; Bellgrau and

Duke, 1999; Guller and LaChapelle, 1999).

Death by neglect from co-stimulatory molecules can also occur at selected organs sites

as part a mechanism of peripheral tolerance; for example in the liver. Here,

autoreactive naïve CD8+ T cells are induced to briefly proliferate upon antigen

encounter at the organ site.  However this ultimately resulted in premature T cell

death. It was found that these T cells had lower RNA levels of IL-2 and pro-survival

molecules such as Bcl-xL (Bertolino et al. 1999).  In addition, the ligation of CD28 led to

the expression of IL-2 (Fraser et al. 1991; Jenkins et al. 1991) and Bcl-xL (Boise et al.

1995). Ligation of a stimulatory antibody to CD28 in the presence of hepatocytes to

provide the antigenic stimulation, prevented T cell death and resulted in sustained T

cell proliferation and good cytotoxic capabilities (Bertolino et al. 1999).  This revealed

that co-stimulatory molecules are also important in T cell tolerance in the periphery.

Peripheral tolerance mechanisms ensure that the majority of potentially autoreactive T

cells will not react against cells labelled as ‘self’.  However, this has an important

consequence for tumours in that these ‘self’ responses are required to target effective

anti-tumour responses. In the study of cancer immunology, the limiting factor to

mount an effective immune response was initially thought to be because of a lack of

identifiable antigens. However it is becoming clear that antigens on tumours, in both

mice and humans, may be quite immunogenic.  The increased proliferation and activity

of cancer cells may also result in the increased expression of genes whose product is

immunogenic.  Alternatively, mutations occurring at the DNA which facilitates cancer,

could potentially also alter the repertoire of displayed antigens. T cells that recognise

these altered antigens should not have normally been subjected to the tolerance

process (Gilboa 1999).  TILs are often observed at the site of a solid tumour, however,

in these instances poor anti-tumour response is observed. This lack of response is

thought to be due to a number of mechanisms, such as a potential lack of antigenic
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differences, tumour cells eliciting an immunosuppressive environment or peripheral

tolerance mechanisms which have been described previously, and Treg.

1.6 Immune regulation afforded by Treg.

The most widely studied immune-regulator of T cells is modulation by Treg.  By

definition, Treg are a specialised subset of T cells with regulatory suppressive function.

Their role is to predominantly suppress the effector functions of T cells in order to

prevent immune mediated destruction of host tissues.  Originating from a CD4+

lineage, Treg were initially identified by the expression of the IL-2 receptor α chain

CD25, and their suppressive activity is mediated by expression of the transcription

factor fork-head box protein 3 (Foxp3) (Fontenot et al. 2003; Yagi et al. 2004;

Fontenot, Rasmussen, Williams, et al. 2005). Treg are predominantly hypo-responsive

when signalled via their TCR but do share some cell surface markers with effector T

cells such as CD25, CTLA-4 and PD-1 as reviewed by Lohr et al. (2006).  However, the

expression of Foxp3 is Treg-restricted and essential for their suppressive activity since

depletions, deletions or genetic mutations of Foxp3 leads to the development of

autoimmunity in mice (Kim et al. 2009; Lahl et al. 2007; Chang et al. 2008).  The

phenotypic characteristics of scurvy mice displaying lymphoproliferative and fatal

autoimmune disease were initially thought to be due to mutations in the

forkhead/winged-helix protein called scurfin (Brunkow et al. 2001).  This was later

found out to be the same gene as Foxp3 (Schubert et al. 2001).  Scurvy mice were

found to be deficient in naturally occurring Treg and as a consequence they develop

multiple organ inflammation and due to autoimmune attack from lymphoproliferative

cells, thus implicating the importance of Treg in modulating the immune system.

Interestingly transfer of T cells with a regulatory phenotype into scurvy mice, recues

their otherwise fatal phenotype (Huter et al. 2008).

The important role of Foxp3+ Treg has also been implicated in human health; genetic

studies from a family cohort with inflammatory bowel disease, have identified
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mutations in the FOXP3 coding gene (Okou et al. 2014).  Furthermore, in vitro

experiments utilising the retroviral transfer of the FOXP3 gene into human naïve T cells

resulted in the development of a regulatory phenotype capable of suppressing the

proliferation of T cells in a contact dependent manner (Yagi et al. 2004).  Mutations in

the human Foxp3 gene is linked to a rare, X-chromosomally-linked disease called IPEX

(Bennett et al. 2001; Wildin et al. 2001).  IPEX patients display characteristics of

autoimmune disease which could include but is not limited to diabetes, eczematous

dermatitis, various autoimmune endocrinopathies, psoriasis, and even hair loss.

1.6.1 Treg development

During the development of Treg, there are two known subdivisions; naturally occurring

Treg (nTreg) and induced Treg (iTreg).  nTreg are present in the thymus expressing

Foxp3+ and are found at the double positive CD4+CD8+ stage prior to the development

of the single CD4+ stage (Fontenot, Rasmussen, Williams, et al. 2005).  In addition,

these cells express high levels of CD25 and their TCR are likely to recognise self-

antigens. Purified CD4+ thymocytes that have weak self-peptide to TCR interactions

were found to proliferate less in a 3[H]thymidine incorporation assay. Indeed the study

found that only those with affinities stronger than a certain threshold were able to

develop into CD25+ T cells (Jordan et al. 2001). This study suggests that in order to

proceed in their development to become CD4+CD25+ Treg, CD4+ thymocytes needs to

selectively recognise self-peptides as it seems that thymocyte selection towards a

CD25+ phenotype favours a TCR with high affinity for a self-peptide. This type of

selection will therefore promote the presence of Treg cells that leave the thymus with

TCRs that are highly reactive to self-antigens. Indeed some have suggested that Treg-

mediated recognition of self-antigens in the periphery is important for the

development of Treg-mediated suppression and peripheral tolerance provided

towards that organ (Taguchi et al. 1994; Seddon & Mason 1999).  Another study,

highlighting Treg may leave the thymus recognising self-antigens, found that the

transduction of TCR derived from regulatory T cells into non-regulatory T cells cause
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cells to rapidly expand in vivo and the effector functions of the activated T cells

induced wasting disease (Hsieh et al. 2004).

The development of iTreg, like the name suggests, are induced in the periphery.  These

cells arise from naïve CD4+ T cells in the periphery and acquire a suppressive

phenotype resulting from the development from Foxp3- to Foxp3+.  The exact

conditions required for their induction are not fully known, but the presence of certain

cytokines, such as TGFβ and IL-2, is required and is known to promote their

differentiation (Chen et al. 2003; Fantini et al. 2004; Davidson et al. 2007; Thornton et

al. 2004).

Increasing evidence has shown that Treg play a role in inhibiting immunity to tumours

(Curiel, 2008) and increasing numbers of Treg correlate with late stage cancer

progression (Nummer et al., 2007; Liyanage et al., 2002; Ormandy et al., 2005).  The

inhibitory role of Treg affects many cells of the immune system, including CD8+ T cells

and will be discussed below.

1.6.2 Mechanisms employed by Treg.

It has been widely accepted that Treg play important role in mediating suppression of

immune responses, the removal of which leads to autoimmunity.  Further

understanding on Treg has shed light on the intricate balance required to maintain an

ideal homeostasis in host tissues.  Exact mechanisms employed by Treg to suppress T

cells are not yet fully defined but it is thought to exist at a multifactorial level as is not

the result of one technique but a combined effort.  Some of these mechanisms will be

discussed below:
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1.6.2.1 Depletion of IL-2 from the microenvironment.

Treg produce little IL-2, however the absorption of IL-2 by Treg is required for Treg

survival and Foxp3 expression (Burchill et al. 2006) and is required for the

development of suppressive functions to become Treg.  This was first identified from

studies investigating IL-2 receptor knockout mice.  Here, mice did not live to adulthood

due to the induction of severe autoimmune disease (Sadlack et al. 1995; Suzuki et al.

1995) suggesting the importance of the IL-2: IL-2 receptor pathway in the development

of suppressive functions.  Further studies showed that during Treg development in the

thymus, autoimmunity observed in IL-2 β–receptor knockout mice was due to over

reactive CD4+ T cells (Suzuki et al. 1995).  Further proof of the requirement of

exogenous IL-2 for Treg development came from studies showing that upon activation,

the transcription factor Foxp3 mediates the increased expression of the IL-2 receptor

CD25 but down regulates IL-2 production (Thornton et al. 2004; Fontenot, Rasmussen,

Gavin, et al. 2005; Hori et al. 2003). Bayer et al. (2007), have highlighted that whilst it

is thought that IL-2 is required for the development of Treg cells in the thymus, in the

periphery the necessity is not as strong.  Here, experimental data shows that

CD4+CD25+Foxp3+ T cells with induced impaired IL-2 signalling were still able to exhibit

suppressive activity in vivo.  Although rates of proliferation in these T cells were much

lower, they lived longer and their suppressive activity was present, albeit at much

lower than the suppressive activity of normal CD4+CD25+Foxp3+ T cells with normal IL-2

signalling functions. Treg in the periphery express a high level of CD25, which is

required to absorb IL-2 from their surroundings.  Consequently this efficient

absorption of IL-2 results in the depletion of available IL-2 from the environment. This

served as a mechanism for the suppression of effector T cell responses since an IL-2

deprived environment has been shown to cause cytokine deprivation-induced

apoptosis from the upregulation of the pro-apoptotic molecule Bim (Pandiyan et al.

2007). In addition, the addition of exogenous IL-2 to previously suppressed effector

cells resulted in the removal of the suppressive effects exerted by the Treg (Thornton

& Shevach 1998), highlighting the importance of the effects of IL-2.
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1.6.2.2 Immunosuppressive cytokine mediators.

Other cytokines are also mediators of T cell responses.  Immunosuppressive cytokines

act as short range humoral factors to mediate the suppressive effects from Treg to

surrounding effector cells.  Predominantly, these include the cytokines IL-10, TGFβ,

and IL-35.

The immunosuppressive cytokine IL-10 has inhibitory effects on cells of the immune

system particularly in the maintenance of T cell tolerance of the intestines.

CD4+CD25+Foxp3+ Treg secrete IL-10 in abundance in the (Schreiber 1997; Rubtsov et

al. 2008; Jarry et al. 2008).  Rubstov (2008) highlights that the role of IL-10-mediated

suppression is limited to particular environmental interfaces and that IL-10 is not a

necessity for the control of systemic autoimmunity.  This is further supported by the

observation that systemic autoimmunity did not develop in mice lacking IL-10 or the IL-

10 receptor.  Here the development of lymphocytes were found to be normal as were

antibody responses and instead inflammation was restricted in the colon or the

gastrointestinal tract (Kühn et al. 1993).  Similarly studies utilising IL-10 -/- mice found

that they were unable to control inflammatory responses in the intestines (Asseman et

al. 1999) and Foxp3+ IL-10-deficient Treg were unable to exert immunosuppressive

effects in vivo (Suri-Payer & Cantor 2001).  Consequently in both cases the

development of colitis was observed.

Many cell types are able to secrete IL-10, however, upon encounter with tolerogenic

APCs, a sub-population of Treg in the periphery are induced into a type 1 regulatory T

cells (Tr1) (Roncarolo et al. 2006).  Tr1 cells are Foxp3- and suppress immune and

autoimmune responses via the production of high levels of IL-10 (Levings & Roncarolo

2005) effecting both naïve T cells and memory T cell responses (Roncarolo et al. 2006).
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TGFβ is another immunosuppressive cytokine and mice that are deficient in this

develop clear T cell-mediated autoimmunity thus implicating its involvement in

immune tolerance (Li et al. 2006).  As with IL-10, TGFβ is produced by Treg, however

unlike IL-10, TGFβ can be made in both soluble and membrane-bound forms

(Nakamura et al. 2001).  TGFβ was found to be capable of suppressing T cell

proliferation in vitro and the use of blocking TGFβ antibodies was found to partially can

partially restore T cell proliferation (Nakamura et al. 2001).  The development of iTreg

in the periphery has also been implicated with TGFβ as naïve CD4+ T cells can be

converted towards an iTreg phenotype in the presence of TGFβ. Many studies have

reported that TGFβ is essential for the induction of Foxp3 expression and the

maintenance of suppressive activity (Chen et al. 2003; Fantini et al. 2004; Marie et al.

2005).  Deficiency in TGFβ was shown to cause lethal autoimmunity in mice and

correlated with a significant reduction in the number of Foxp3+ cells (Marie et al.

2005).

1.6.2.3 Granzyme-mediated cytolysis.

In addition to the secretion of immunosuppressive cytokines IL-10 and TGFβ, other

suppressive strategies include cytolysis of effector cells by Treg.  The expression of

granzyme B in Tr1 Treg, mediate lysis of effector cells in a perforin-dependent manner

(Grossman et al. 2004). However Gondek et al. (2005) demonstrated granzyme B-

mediated cytolysis in a perforin-independent manner.  The cytolytic ability of Treg may

also be inducible by several factors such as TCR and CD28 ligation for example but it

was found that there is no requirement of IL-2 from Treg for granzyme B mediated

cytolysis (Efimova & Kelley 2009). Granzyme B is not detected in naïve Treg but

expression is present in Treg of tumour-challenged mice (Cao et al. 2007) suggesting its

importance in Treg mediated suppression of tumour clearance.
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1.6.3 Regulation of Treg by the PD-1:PD-L1 pathway.

The importance of the PD-1:PD-L1 pathway has been highlighted in previous sections.

In addition, it is also clear that Treg exert immunosuppressive effects on the immune

system and play a role in the maintenance of peripheral tolerance. Combined Treg

depletion and PD-1:PD-L1 blockade have been proposed as a superior therapeutic

strategy (Zhou et al. 2010).  Aside from the inhibitory effects exerted by both

mechanisms on effector T cells, a role of the PD-1:PD-L1 pathway also exist in the

development of Treg. Co-culture of PD-L1-coated beads with naïve Treg induced the

conversion of a Foxp3+ phenotype.  Furthermore, iTreg cells incubated for a 3 day

period with PD-L1 were found to have a more stable expression of Foxp3 compared to

controls (Francisco et al. 2009). Interestingly, in the absence of exogenous IL-2, small

quantities of PD-L1 are still capable of inducing Foxp3 expression.  However at its

highest concentration of PD-L1-coated beads, the development of Foxp3+ cell stops

(Francisco et al. 2009) suggesting that ligation with PD-L1 in small amounts is beneficial

for Treg development however when excessive, the overwhelming stimulation can act

in an inhibitory manner.

PD-L1 and TGFβ work in synergy to promote the development of Foxp3 expression in

iTreg.  Alone, PD-L1 is capable of inducing the developments of iTreg. However when

PD-L1 is combined with TGFβ treatment, it lowers the concentration threshold

required for TGFβ-induced Foxp3 expression.  Here, due to the synergistic effects TGFβ

in the 0.033–0.33 ng/ml range) were enough to achieve significant conversion of naïve

CD4+ T cells into Treg (Francisco et al. 2009).

In functioning CD8+ effector T cells successful signalling down the TCR result in the

phosphorylation of many proteins immediately downstream of the TCR including

Zap70 LCk and Phosphatidylinositol 3-kinase (PI3K).  This signal is in turn passed onto

other protein kinases further downstream including Akt.  Signalling via this pathway

ensures cell survival, due to the transcription of anti-apoptotic proteins, cellular
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proliferation and the differentiation into memory CD8 T cells (Kim & Suresh 2013).  The

PI3K/Akt pathway is highly regulated by phosphatase and tensin homolog (PTEN) and

SHIP phosphatases.  Combined these proteins are negative regulators of PI3K and work

by dephosphorylation (Sly et al. 2003). Deletions or mutational faults in these SHIP or

PTEN results in the over activation of PI3K/Akt pathway (Aman et al. 1998; Stambolic

et al. 1998). In the development of iTreg, a consequence of PD-L1 ligation in naïve

CD4+ T cells is the development of Foxp3 expression.  PD-L1 ligation leads to the

activation of increasing levels of PTEN and attenuation of Akt-mTOR signalling

(Francisco et al. 2009).  The constitutive activation of the signalling kinase Akt, and

thus further downstream kinases of Akt, is required for induced expression of Foxp3

(Haxhinasto et al. 2008; Sauer et al. 2008).

1.6.4 Treg in cancer

Tumours thrive due to immunosuppressive mechanisms that are capable of inhibiting T

cell activations and actions. Increasing evidence has shown that Treg play a role in

inhibiting immunity to tumours (Curiel 2008) and increasing numbers of Treg are

correlated with late stage cancer progression.  Studies in pancreatic cancer, where

survival rates from this particular cancer are still poor, took tissue sections from two

distinct sites during a pancreatectomy.  Immunohistochemistry from the sections of

confirmed primary carcinoma samples contained higher numbers of Treg compared to

sections obtained from the non-malignant  tissue section dissected from the same

patient (Nummer et al. 2007). Phenotypic studies have identified elevated Treg cell

numbers in the blood of patients with lung cancer, ovarian cancer (Woo et al. 2001),

colorectal carcinoma (Somasundaram et al. 2002), hepatocellular carcinoma (Ormandy

et al. 2005), breast and pancreatic cancer (Liyanage et al. 2002). The observed

behaviour of Treg infiltrating tissues have been linked to malignancy of the tissues and

a compromised poor prognosis (Unitt et al. 2005). Similar to circulating Treg, those

that are within the solid tumours during cancer growth are capable of the secretion of

inhibitory cytokines (Liyanage et al. 2002).  The tumour may also secrete chemokine

factors such as CCL22 which promote the migration of Treg towards the tumour (Curiel
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et al. 2004). During an inflammatory response mature dendritic cells also secrete

CCL22 in order to preferentially attract Treg to the inflammatory site to ensure the

control and attenuation of T cell responses at the site.  Tumours have mirrored this

precise homing mechanism to attract Treg towards the tumour site to create an

immune-privileged site that’s protected from attack by CTLs thus supporting the

growth of the tumour.

In addition to Treg recruitment, the development or maintenance of the suppressive

functions of Treg in the tumour microenvironment are also important for the tumour

to thrive. Some tumours may secrete TGFβ (Trapani 2005) which, as previously

covered, is involved in the induction of iTreg (Chen et al. 2003) and maintains the

stable expression of the suppressive functions of Foxp3.  Mice challenged with a

tumour that has been retrovirally transduced with a gene coding for TGFβ secretion,

had lower CTL responses compared to those challenged with the un-transduced

tumour (Kao et al. 2003).  When TGFβ signalling was specifically blocked, the

generation of improved anti-tumour immunity was observed and resulted in the

eradication of tumour (Gorelik & Flavell 2001).

The tumour endothelium may also express selective proteins that will encourage the

migration of Treg from the blood into the tumour site. Understandably higher

frequencies of vascular endothelial cells were detected in tumour tissue than non-

malignant tissue.  Furthermore, the expression of some intercellular adhesion

molecules such as ICAM-1 and -2, to promote adhesion plus transmigration of cells

from blood to peripheral tissues, were significantly higher (Nummer et al. 2007).

Interestingly, tumour resident Treg are identifiable by their increased expression in

CTLA-4 and OX40.  Indeed when the total CD4+ population within the tumour site was

observed, a big proportion of these T cells were also positive for Foxp3, CTLA-4 and

OX40 (Marabelle et al. 2013).  These tumour infiltrating Treg, were also found to be
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antigen-specific suggesting that the expression of these receptors could be due to a

response to antigen recognition (Marabelle et al. 2013). The identification of an

increase in certain receptors on tumour infiltrating Treg could prove useful in the

design of a monoclonal antibody therapy to decrease the effects of this population of

Treg at the tumour site.

1.6.5 Treg depletion studies

Due to the important immunosuppressive roles that CD4+CD25+Foxp3+ Treg cells exert

on the immune system, specifically in terms of down-regulation of the immune

response and the maintenance of immune self-tolerance, their role as a potential

target for manipulation in aid of a therapeutic strategy have been explored; not only in

cancer but also in autoimmune disease. This has been covered in a Nature review by

von Boehmer and Daniel (2013). The two potential application of treatment

represents the opposite arms of the immune system whereby regulatory effects can be

applicable to the design of therapy.  On one arm, for the treatment of autoimmune

disease, the immunosuppressive roles of Treg are desired; conversely, on an opposite

arm, for the treatment of cancer, inhibitory effects preventing robust immunity are not

desired.

Many immunotherapy attempts in cancer treatment have failed or are less effective

because of the immunosuppressive effects of the tumour microenvironment caused by

either the stoma cells of the tumour, the tumour itself and/or Treg at the tumour site.

One example of this is the use of toll-like receptor 9 (TLR9) agonist in cancer

immunotherapy. These agonists are injected at the tumour site and work by

enhancing the uptake of antigens by APCs to be presented to effectors of the immune

system. The increase of antigen-presentation triggers the increase of an anti-tumour

CD8+ response (Li et al. 2007), however efficacy varies amongst patients and is limited

(Brody et al. 2010).  Previous knowledge that Treg infiltration has been documented

and correlated with poor patients’ survival, has led to the notion that therapeutic
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approaches should consider both arms of the immune system; one a method to boost

anti-tumour immunity but also, two, a method to remove immunological suppression

(reviewed by Curiel (2007).  An immediate obvious consequence to this is the removal

of Treg to monitor the immune response observed in the absence of

immunosuppression. Studies utilising Treg depletion in combination with

immunotherapy treatment have observed better immune responses.  In the case of

the TLR9 agonist, co-injection of this and antibodies to deplete Treg at the tumour site

resulted in better immune responses and the gradual diminishing in size of the tumour

lump (Marabelle et al. 2013).

Further to this a human drug has been developed called Dinileukin diftitox (ONTAK).  It

is a protein containing two components; diphtheria toxin and IL-2.  The rationale

behind this molecule is that the IL-2 component of the protein will bind to CD25, an IL-

2 α-chain receptor, whilst the diphtheria toxin will help inhibit protein translation and

induce apoptosis (Foss 2000).  Because of the selectively high expression of CD25 on

Treg, administration of ONTAK at a dose of 9-12 µg/kg per patient, has resulted in Treg

depletion in breast, metastatic ovarian or squamous cell carcinoma patients (Barnett

et al. 2005). Further studies have utilised this drug as a method of Treg depletion and

as a consequence have observed various improvements in immunity (Dannull et al.

2005; Mahnke et al. 2007).  However one group did report ONTAK had no effect on the

Treg numbers in melanoma patients (Attia et al. 2005).  Despite the conflicting results

from research groups, the therapeutic strategy of Treg depletion by ONTAK is still

thought to be promising.  Many clinical trial studies are utilising this method in a

therapeutic setting either with the drug alone (clinical trial identifier number

NCT00425672) or in combination with another therapy (identifier number

NCT00515528) (http://www.clinicaltrials.gov). Patients recruited for ONTAK alone,

include those that did not respond to their other/previous treatments. Here it was

hoped that the treatment of ONTAK is to see if the depletion of Treg will improve their

current treatment since their immune responses have been poor thus far.  Conversely,

patients recruited to the combination treatment study will receive the treatment/drug



54

being tested with or without ONTAK.  Here it will examine the effect of ONTAK in

boosting the immune response.

Many studies suggest that the immunosuppressive effects of Treg can be localised.

Samples from breast cancer patients have detected higher levels of Foxp3 mRNA

within tumour-bearing lymph nodes when compared to non-tumour-bearing lymph

nodes (Matsuura et al. 2009). Treg traffic towards tumour sites by chemokine ligands

produced by the tumour cells; an example include the CC chemokine ligand 22 (CCL22)

(Curiel et al. 2004; Gao et al. 2007) and as a consequence, Treg was found in high

abundance at the solid tumour site, and malignant sites of ovarian cancer which they

argue created a protected site for tumour to thrive (Curiel et al. 2004).  Combining

these points it may therefore be important to direct Treg depletion, if possible,

towards localised sites.  This may also limit potential side effects which the host may

suffer from due to the Treg depletion. In a mouse model of breast cancer, they have

identified infiltration of Treg into the breast cancer tissues, which, interestingly was

few at the beginning of the disease but the number of Treg progressively increased as

the disease progressed. Local depletion of these Treg changed the profile secreted by

tumour infiltrating CTLs suggesting the removal of Treg suppression.  Furthermore, this

kind of treatment proved to be successful in tumour eradication even during the late

stages on fully established tumours.  This study suggests that the suppression of Treg is

localised and crucially occurs at the tumour site (Yu et al. 2005).

The impact of the importance of Treg could be put into context of why a cancer

immunotherapy may fail and why Treg depletion ONTAK should be taken into

consideration.  For example; IL-2 treatment has been administered to patients with

melanoma and renal cell carcinoma in the hopes of inducing the expansion and the

activation of CD8+ CTLs for better anti-tumour immunity (Rosenberg et al. 1987; Weiss

et al. 1992).  Results of IL-2 studies yielded varying success with small percentage of

patients displaying promising immune responses, whilst the majority of patients elicit

what they call ‘partial’ or minimal response (Rosenberg et al. 1987; Weiss et al. 1992).
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IL-2 does activate CD8+ T cell proliferation, which may help explain the initial positive

response observed in patients.  However IL-2 will also help ensure the development of

Treg in vivo (Ahmadzadeh & Rosenberg 2006).  It can be argued that ultimately this

may be the cause of the poor CTL responses observed. Further clinical trial studies are

looking into combination treatment of IL-2 and ONTAK (clinical trial identifier number

NCT00278369).

1.6.5.1 Treg depletion in mouse models help uncover cryptic CD8+ T cell

responses

To better understand the precise mechanisms of how the immune response functions

in the absence of Treg, the use of mouse models have been an invaluable tool for Treg

depletion studies. It is possible to examine host responses to aberrant genetic

mutations causing mutations of altered antigens, termed tumour-specific antigens

(TSA) that can be detected by T cells.  Additionally, the increased rate of growth,

metabolic activity and proliferation of cancer cells may also cause the overexpression

of antigens that are also present in normal cells but more so on tumours; these are

termed TAA.  It is a general consensus that tumours are recognised by the immune

system as abnormal and T cells, potentially specific for TAA or TSA, home towards the

tumour site as observed by the presence of TILs infiltrating tumour sites by a number

of studies.  However, in many instances TILs fail to induce tumour rejection. Since Treg

are thought to be a major component of this failure to reject tumours the ability to

deplete peripheral circulating Treg in mice is important to uncovering the mechanism

involved.  Indeed many studies in mouse models have discovered that Treg depletion

induces stronger immune responses.

A study by Yu et al., (2005) observed accumulating Treg at the tumour site.  Treg

depletion at the tumour site, even when the tumour was established, was able to

enhance anti-tumour immunity. Other studies have looked at Treg depletion prior to

tumour challenge. Depletion of CD4+CD25+ T cells via the injection of a PC61 (anti-
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CD25 monoclonal antibody) prior to tumour challenge caused complete tumour

rejection in a number of different mouse tumour models (Onizuka et al. 1999; Golgher

et al. 2002; James et al. 2010; Shimizu et al. 1999) suggesting that Treg play such a

large role at masking immune responses. In a pancreatic mouse tumour model, Treg

depletion improves tumour-specific immunity and augments whole-tumour cell

vaccines which limited the growth of the tumour and prolonged survival (Viehl et al.

2006). Alternatively, there have been studies which describe that a masked response,

detectable only by Treg depletion, are not specific to one particular antigen on a

tumour but instead is an immune response against shared tumour antigens.  Treg

depletion in a colon carcinoma CT26 mouse tumour model resulted in tumour free

survival in these mice.  These immune responses generate effective memory responses

as surviving mice were also able to reject a second challenge of CT26.  Further

investigations to answer whether this memory response was due to tumour specific or

shared tumour antigens, they further challenged surviving mice with tumours from

other histological origins such as a renal cell carcinoma RENCA and B cell lymphomas

A20 and BCL-1.  Survival in these mice suggested that responses was against a shared

tumour antigen (Golgher et al. 2002).  The antigenic epitope that this cross-protective

CD8+ T cell response is directed against has been recently contributed the GSW11

peptide (amino acid sequence GGPESFYCASW) (James et al. 2010).

In the absence of Treg depletion, the immunodominant antigen-specific T cell response

within the CT26 tumour model have previously been characterised as CD8 T cell

responses which recognise the AH1 tumour antigen within gp70426-431(Huang et al.

1996). The depletion of Tregs has uncovered cryptic T cell responses against GSW11.

Interestingly the novel TAA, GSW11, lie 800 base-pairs upstream of the AH1 (James et

al. 2010). This self-antigen is derived from the endogenous emv-1 ecotropic murine

leukaemia virus (MuLV) encoded within the genome of Balb/c mice. Small expression

of MuLV gp70 has been detected in the thymus by mRNA and qPCR analysis (Scrimieri

et al. 2013). Whilst antigens encoded by gp70 are highly expressed in tumours, there

are very little or no expression in normal tissues therefore allowing AH1-specific T cells

to escape negative selection (McWilliams et al. 2008; Scrimieri et al. 2013).
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In cancer MHC I molecules have the potential to display a repertoire of TSA or TAA for

CD8+ T cell recognition, however, only a couple of epitopes will have the potential to

elicit a real immune response.  This process whereby one antigenic epitope is more

immunogenic, that is they are more capable to elicit an immune response, than other

epitopes, is called immunodominance. Previous work in this lab has identified cryptic T

cell responses uncovered by the removal of immunosuppressive factors like Tregs.

Interestingly, Treg depletion changes the immunodominant response profile. In the

presence of Treg, responses of GSW11-specific T cell were negligible 12 days post

tumour challenge and instead the immunodominant response was provided by the

AH1-specifc CD8+ T cells. The depletion of Treg prior to tumour challenge removes the

negative immune modulation on both CD8+ T cell populations.  Elevated percentages

of both GSW11- and AH1-specific T cell response was observed in Treg depleted mice

but most interestingly the responses here displays co-dominance with even GSW11-

specific T cells being slightly higher than the AH1-specific response detected (average

of 1.5% and 1.3% of GSW11- and AH1-specific T cells responding respectively) (James

et al. 2010).  In this study the effectiveness of Treg at modulating an inhibitory control

over the immune system are highlighted. Mice challenged with the CT26 tumour do

not survive past day 25, however when Treg are depleted prior to tumour challenge,

mice live past day 100 and generate effective memory responses that they are immune

to future tumour challenges. Work contained within this thesis is an extension of

study in this mouse tumour model. It is interesting that Treg affect the CD8+ T cell

repertoire differently; the fact that only AH1-specifc T cell responses are detected

whereas Treg depletion resulted in co-dominance of AH1- and GSW11-specific T cells,

suggests that there is a preferential suppression of certain T cell population over

others.  To the best of our knowledge this will be the first study to investigate Treg-

mediated preferential suppression of CD8+ T cells.

Within this study we are interested in characterising the phenotypic differences of two

antigen-specific T cells during the course of a CT26 tumour challenge in BALB/c mice.
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Utilisation of this transplantable tumour model will allow us to directly monitor the

behaviours of antigen-specific tumour infiltrating T cells, both in terms of numbers and

phenotypic characteristics, during disease progression. The discrete growth of a

subcutaneous tumour lump in this tumour model ensures that any immunological T

cell responses against the tumour is examined and not unnoticed since the site of the

tumour growth will be the site of tumour injection. Furthermore, an advantage of the

CT26 murine tumour model is the reproducibility of experiments; subcutaneous

injection of the same number of tumour cells lead to replicable tumour growth kinetics

and survival.  The ability to culture tumour ex vivo and inject in vivo prior to an

experiment is another advantage of using this transplantable tumour model ensuring

speed and feasibility of experimental design required for this project.

It could be argued that murine tumour models whereby tumours growth occurs more

spontaneously and often spread across distal sites, such as the TRAMP mouse model

for example, is a more realistic representation of tumour growth and metastatic

spread in humans. However, the feasibility of monitoring the accumulation and

phenotypic characteristics of TILs within this model during disease progression,

particularly during the early days of tumour establishment, will be limited if the site of

tumour growth is spontaneous and unknown. In this study we are interested in the

comparison of two antigen-specific T cells, and the role they play during cancer

progression. It is therefore important to identify a site where the tumour cells will

establish and grow so that the immune responses against tumour antigens can be

monitored and compared. The growth kinetics of the CT26 tumour model affords to

the feasibility to do this. Upon CT26 tumour challenge, it is thought that tumour-

specific T cells are primed in the draining lymph nodes, where they potentially become

activated and subsequently traffic towards the tumour site.  It is not yet known

whether tumour cells travel to the draining lymph node and mediate direct T cell

priming or whether this is mediated by antigen uptake and presentation by dendritic

cells.
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The growth of the tumour occurs in a discreet manner at the site of injection and does

not metastasise to secondary sites. This therefore is an appropriate model which

causes the least harm and distress to mice as it is easy to monitor tumour growth and

define the progression of the disease.
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1.7 Research Hypothesis and Aims and Objectives

1.7.1 Hypothesis

CT26 tumour progression is mediated by the preferentially suppressed GSW11- over

AH1-specific T cells by Treg through mechanisms which may include the induction of

clonal T cell exhaustion, a contact dependent process, and the creation of an

immunosuppressive tumour microenvironment mediated by the secretion of inhibitory

cytokines.  The preferential suppression of GSW11-specific T cells over other antigen-

specific T cells could be due to the interplay present between the strength of TCR

signalling and levels of PD-1.

1.7.2 Aim

The project aims to further understand the mechanism(s) of Treg mediated

suppression of effective GSW11-specific T cell responses and why AH1-specific T cells

are less affected.

1.7.3 Objectives

1) To immunophenotype the GSW11-specific T cells during the course of a

CT26 tumour challenge.  Those that have infiltrated the tumour site will be

assessed in great detail.  This objective will include a T cell functional assay

to assess effector function of these T cells and assessment of the clonal

exhaustion marker PD-1.

2) To comparatively identify the behaviours of GSW11-specific T cells and

other antigen specific CD8+ T cells, such as the AH1-specific T cells, during

the course of a CT26 tumour challenge in the presence and absence of Treg
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in vivo.  This will outline properties within T cells that are changed or

affected by Treg.

3) To identify and outline the different properties present in GSW11-specific T

cells when compared to AH1-specific T cells which may explain why one are

more susceptible to suppression than the other.
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Chapter 2: Methods

2.1 Cell culture and in vivo experiments

2.1.1 Cell culture

Cells were cultured in complete RPMI or DMEM; consisting of RPMI 1640 (Lonza) or

DMEM (PAA laboratories) was supplemented with 10% foetal calf serum

(Globepharm), 50 U/ml penicillin/streptomycin (PAA laboratories), 2 mM L-glutamine

(PAA laboratories), 50 µM β2-Mercaptoethanol (Sigma), 1 mM sodium pyruvate (life

technologies) and 1 mM HEPES (PAA Laboratories). Media used for transfections were

RPMI or DMEM without supplements. Adherent cells were passaged regularly to

maintain ideal confluency for growth.  All Cells were kept in a 37oC incubator with 5%

CO2 and routinely screened for mycoplasma.

CT26, HeLa, and GSW11-specific H3-4-17 T cell hybridoma cells (James et al. 2010)

were cultured in complete RPMI. Phoenix E retroviral packaging cell was cultured in

complete DMEM. Cells harvested from mice were maintained in complete RPMI.

2.1.2 In vivo CT26 tumour challenge and Treg depletion

Animals were housed and bred in local facilities in the University of Southampton and

all experimental procedures carried out were in accordance with local ethical

committee guidelines under UK Home Office Project license held by Dr Edd James.

Balb/c mice aged 6-10 weeks were used and housed under pathogen free conditions,

in conventional husbandries.  For tumour challenge experiments, mice were injected
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subcutaneously (s.c.) with 105 CT26 on the right flank. For Treg depletion experiments,

mice were injected with 1mg PC61 antibody (made in house by Nasia Kontouli) three

days and one day prior to CT26 injection. Tumour growth and survival was monitored

following injection. Mice with tumours equal to or greater than 15mm were

determined as terminal and culled by cervical dislocation. For T cell kinetic

experiments mice were culled and spleens, draining lymph nodes and tumours (when

present) were harvested at days 3, 5, 7, 10, 14 17, 22 and 25.

2.1.3 Detection of antigen-specific TILs

CT26 tumours were harvested at the specified days and passed through a 70 µm nylon

membrane cell strainer (BD Falcon) to create a single cell suspension.  Approximately

1.5 x 106 cells were stained with PE-conjugated GSW11-specific MHC I tetramer and

incubated at 37oC for 30 minutes.  Cells were washed twice in 100 µl of FACS buffer (2

FCS in PBS with 0.01% sodium azide), and stained with APC-conjugated AH1-specific

MHC I dextramer at room temperature for 10 minutes. After washing, cells were

stained with pacific Blue conjugated α-CD8 (53-6.7; BD Biosciences) and incubated for

30 minutes at 4oC. Following staining cells were resuspended in 200 µl of FACS buffer

and data acquired on a FACSCanto I or II (BD biosciences).  Data was subsequently

analysed using FlowJo (TreeStar) software.

2.1.4 Ex vivo peptide T cell stimulation assay and the detection of IFN by flow

cytometry

Spleen, draining lymph node and tumours were harvested from Treg depleted or

replete CT26 challenged mice at the specified days.  Single cell suspension cells were

obtained as above and 1.5 x 106 cells stimulated with 1 µM GSW11, AH1 peptide (GL

Biochem) or PBS for 4 hours at 37oC in the presence of brefeldin A (BFA) Golgistop (BD

biosciences) in a 96-well U-bottomed plate. After 4 hours, responding T cells were

measured by intracellular cytokine staining for the production of IFN. Cells were
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washed and stained, with GSW11-specific MHC I tetramer then with AH1-specific MHC

I dextramer as previously described. Cells were washed as before, re-suspended in

FACS buffer and stained for Pacific Blue conjugated α-CD8 (53-6.7; BD Biosciences),

FITC conjugated α-PD1 (RMPI-30; eBioscience) antibody. Splenic and draining lymph

node cells were stained with APC conjugated α-CD62L (MEL-14; BD Pharmingen)

and/or PerCP conjugated α-CCR7 (4B12; BD Biosciences) for the determination of

memory T cells. Following cell surface staining cells were fixed and permeabilised with

100 µl of Cytofix/Cytoperm (BD Biosciences) for 20 minutes at 4oC. Cells were washed

and stained with PE-Cy7 conjugated α-IFN (XMG1.2; BD Biosciences) for 40 minutes at

4oC. After incubation, cells were washed twice and re-suspended in 200 µl of FACS

buffer for analysis by flow cytometry. Background levels (PBS stimulated) were

subtracted from peptide stimulated cells to show the number of antigen-specific T cells

producing IFN.

2.1.5 The detection of Treg by flow cytometry

Tumours, spleen and draining lymph nodes from CT26-challenged mice and spleen and

draining lymph nodes from PC61 treated, CT26-challenged mice were harvested at the

specified days post CT26 challenge and a single cell suspension was obtained as above.

Approximately 1 x 105 cells were stained for Pacific blue conjugated α-CD4 (RM-4-5: BD

Horizon) and FITC conjugated α-CD25 (7D4: BD Pharmingen) and incubated at 4oC for

30 minutes.  Cells were intracellular stained with α-Foxp3 (FJK-16S; eBioscience)

antibody for 30 minutes at 4oC after fixing and permeabilisation as previously

described with Cytofix/Cytoperm solution.  After staining cells were washed twice and

resuspended in 200 µl of FACS buffer and acquired on the flow cytometer.

2.1.6 Phenotypic analysis of TCR Vβ families

Mice treated or untreated with PC61 and challenged with CT26 were culled on day 22

and spleens harvested.  1 x 105 cells were washed and stained with either MHC I
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GSW11-specific tetramer or AH1-specific dextramer as previously described. Cells

were then washed and stained for expression of Vβ families using the mouse TCR α- Vβ

screening panel kit (BD Biosciences) according to manufacturers’ instructions and

incubated for 30 minutes at 4oC.  Cells were washed twice and resuspended in 200 µl

of FACS buffer and samples analysed by flow cytometry.

2.1.7 Extraction of CD4+CD25+ T cells utilising magnetic bead separation

Spleen and draining lymph nodes from a day 10 CT26 challenged Balb/c mice were

harvested and a single cell suspension was obtained as described above. Cells were

counted and resuspended in 1x108 cells/ml of isolation buffer (PBS with 2% FCS and

1mM EDTA).  These cells were then subjected to FlowComp Mouse CD4+CD25+ Treg

cells isolation kit (Dynabeads).  Briefly, this involves initial negative magnetic labelling

of CD4+ T cells according to manufacturer’s instructions and the flow

through/supernatant (CD4+ cells) collected. The CD4+ flow through is subjected to a

positive magnetic bead labelling of CD25+ T cells. The releasing buffer allows for the

elution of bead-free CD4+CD25+ T cells, which was washed twice in isolation buffer and

resuspended in RPMI for further use in co-culture experiments. The supernatant of

step two were also centrifuged and resuspended in RPMI for use in co-culture

experiments. A small sample was taken for staining and flow cytometry to confirm

isolation.

2.1.8 Co-culture of CT26 and GSW11-specific T cell hybridoma with Treg

A serial dilution of Treg was established as follows: 100µl of RPMI were placed across

10 consecutive wells in a flat-bottomed 96 well plate.  2x105 isolated CD4+CD25+ Treg

or CD4+CD25- cells in 100 µl were added into the first well and mixed. 100 µl of this

were taken and placed in the second well and this process was repeated across a total

of 8 wells.  In the last well Treg were not added and 100 µl from the second to last well

were discarded.  105 CT26 and 105 GSW11-specific T cell hybridoma was added into
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every well and left in a 37oC incubator for 72 hours.  The plate was centrifuged at 1500

rpm for 2 minutes and supernatant discarded.  100 µl of chlorophenol red-β-D-

galactopyranoside (CPRG) solution (containing 91 mg CPRG powder (Roche), 9 ml of 1

M MgCl2 and 1.25 ml Nonidetp40 (Sigma) all dissolved in 1 litre of PBS) were added to

each well of pelleted cells. When the T cell hybridoma is activated the transcription of

the LacZ reporter under an IL-2 promoter is induced generating β-galactosidase.  CPRG

is a substrate for β-galactosidase and when cleaved causes a colour change from

yellow to purple. The colour change is measured at 595 nm with the reference

wavelength of 655 nm subtracted (Biorad 680 microplate reader). Absorbance data

were graphed using Prism 6 (GraphPad).

2.1.9 The determination of antigen-specific precursor frequency

Splenocytes from naive Balb/c mice were harvested and a single cell suspension was

obtained as before. 1 x 106 cells were stained with GSW11-specific MHC I tetramer or

AH1-specific dextramer as previously described and then stained for α-CD8. After a 30

minutes incubation at 4oC, cells were washed twice and resuspended in 200 µl of FACS

buffer and analysed by flow cytometry.

2.2 Cloning

2.2.1 Restriction enzyme digest

The plasmid pcDNA3 (Invitrogen) or Pet3a (New England Biolabs) and the DNA insert

to be ligated into the vectors were digested in standard 30 µl digest reactions at 37oC

for 1 hour. Briefly, this comprises of 1x BSA, 1x Buffer, 2 µg DNA, 1 µg of each

restriction enzyme required at a concentration of ≥10 units/µl (Promega) with the

addition of dH2O to make up a total reaction of 30 µl. Double restriction digest

experiments are highlighted below.
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For ligation into vector Restriction enzymes used
pcDNA3 Hind III and Xho I
pET3a Nde I and Hind III
pMSCV Nco I and Xho I

Samples of the restriction digest were subsequently run on a 1% agarose

electrophoresis gel to visualise the correct sizes of the insert and vector DNA bands.

2.2.2 Gel extraction of DNA

Vusialised fragments on an agarose gel were cut and weighed.  DNA gel extraction was

carried out using NucleoSpin extract II (Macherey Nagel) according to manufacturer’s

instructions.  At the last step the DNA was eluted in dH2O instead of the elution buffer.

The eluted DNA was quantified using a NanoDrop (Thermo Scientific).

2.2.3 DNA Ligation

Restriction enzyme digested DNA insert and plasmid vector were ligated at a molar

ratio of 3:1 of insert : vector. The enzyme T4 DNA ligase (New England Biolabs) was

used with the 10x T4 DNA ligase buffer provided according to manufacturers’

recommendations. dH2O was used to total the reaction to 20 µl. The ligation tube was

incubated overnight at 16oC. 5µl of the reaction was used in transformation into

competent bacteria cells.
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2.2.4 Bacterial Transformation by heat-shock and the selection of bacterial

colonies

BL-21 codon plus RIPL competent bacteria (made in house by Patrick Duriez) were

used to transform cloned constructs in the Pet3a vector (New England Biolabs) and

JM109 competent E.coli cells (made in house by Nasia Kontouli) were used to

transform all plasmids containing a pcDNA3 vector (Invitrogen). Briefly this included

the addition of either 5 µl of ligated plasmid DNA or 1 µl of purified or precipitated

DNA, to the bacterial cells, incubated for 30 minutes at 4oC. The bacteria were heat-

shocked in a 42oC water-bath for 35 seconds, immediately placed on ice, followed by

the addition of 250 µl of SOC medium. The reaction was incubated at 37oC with

shaking at 220 rpm for 1 hour. JM109 cells were plated on LB agar plates containing

100 µg/ml ampicillin (Melford Laboratories) containing LB agar plates, whilst RIPL cells

were plated on Ampicillin, Streptomycin (Melford Laboratories) and Chloramphenicol

(Duchefa Biochemie) (all at 100 µg/ml) containing LB agar plates. Agar plates were left

overnight at 37oC.

LB SOC
0.5% Yeast Extract 2.5 mM KCl

2% Tryptophan 10 mM MgCl2
10 mM NaCl 10 mM Glucose

10 mM MgSO4

Colonies that grew on the selection plates were picked using a sterile 200 µl pipette tip

and placed in LB media containing Ampicillin (100 µg/ml) for JM109 cells or in LB

media containing Ampicillin, Streptomycin and Chloramphenicol (all at 100 µg/ml) for

RIPL cells. After overnight incubation at 37oC with shaking at 200 rpm, the plasmid

DNA was purified from the bacterial cells using Zyppy plasmid miniprep kit (Zymo

Research) according manufacturers’ instructions. DNA was eluted in dH2O.

Confirmation of the presence of the correct insert and vector was carried out by



69

restriction digest using the same restriction endonucleases which corresponded to the

restriction sites used to clone the insert into the vector.

2.2.5 DNA plasmid sequencing

To confirm successful cloning or successful incorporation of mutational base changes

via site directed mutagenesis (SDM), DNA plasmids were sent for sequencing (Source

BioSciences Ltd). Primers used for sequencing are listed below and were provided by

the company.

T7 forward TAATACGACTCACTATAGGG

SP6 reverse ATTTAGGTGACACTATAG

BGH reverse TAGAAGGCACAGTCGAGG

2.2.6 Maxiprep

Bacteria containing plasmids with confirmed inserts were grown in large quantities for

maxiprep. Briefly this involves adding 600 µl of the positive bacterial culture into 100

ml of LB containing appropriate antibiotics at the previous concentrations described

and leaving this overnight at 37oC with 220 rpm shaking. The Plasmid Maxi Kit (Qiagen)

was used, according to manufacturers’ protocol, to purify a larger quantity of plasmid

DNA. Purified DNA plasmid was eluted in 400 µl of TE endotoxin-free buffer (Qiagen).

2.3 PCR reactions
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2.3.1 Site directed mutagenesis

H2-Dd MHC I Single Chain Trimer construct incorporating the HIV peptide gp120, in the

pcDNA3 vector (a generous gift from Keith Gould, Imperial College London) was used

as the DNA template for SDM.

Since there were similarities between the two peptide sequences; we used these to

perform three-staged SDM mutations of the HIV peptide sequence RGPGRAFVTI, into

the GSW11 peptide sequence GGPESFCASW. Primers designed for the different SDM

reactions are listed below and for each steps mutations are italicised.

SDM1 5’ GCTTGTATGCTAGAGGACCAGAATCCTTTGTTACAATAGGAGGTGG

SDM1 3’ CCACCTCCTATTGTAACAAAGGATTCTGGTCCTCTAGCATACAAGC

SDM2 5 GCTAGAGGACCAGAATCCTTTTATTGTGCCTCTTGGGGAGGTGGGGGAGGCGGATCAGG

SDM2 3’ CCTGATCCGCCTCCCCCACCTCCCCAAGAGGCACAATAAAAGGATTCTGGTCCTCTAGC

SDM3 5’ GACCGGCTTGTATGCTGGAGGACCAGAATCC

SDM3 3’ GGATTCTGGTCCTCCAGCATACAAGCCGGTC

SDMY84C 5’ GGACCGCGCTGCGCTGTTACAACCAGAGC

SDMY84C 3’ GCTCTGGTTGTAACAGCGCAGCGCGGTCC

SDMG2C 5’ GTGCCTCTTGGGGATGTGGGGGAGGCGGATC

SDMG2C 3’ GATCCGCCTCCCCCACATCCCCAAGAGGCAC

SDMGSS 5’ CCAGAATCCTTTTATTCTGCCTCTTGGGGAGG

SDMGSS 3’ CCTCCCCAAGAGGCAGAATAAAAGGATTCTGG

SDM reactions were carried out in a 50 µl PCR reaction tube utilising the KOD high

fidelity Hot Start Polymerase (Promega). Reactions were set up as follows: 1 µl of KOD

polymerase, 5 µl of 10x buffer, 4 µl of MgSO4, 5 µl of dNTPs, 1.5 µl of primer 5’ and

primer 3’ (10 µM), 200 ng of DNA template and dH2O to create a 50 µl reaction.

Samples (PCR conditions) were subjected to PCR, with the conditions set out below, for

18 cycles using primer annealing temperatures recommended by the manufacturer.

PCR conditions
95oC for 2 minutes
95oC for 20 seconds
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65oC for 10 seconds 18 cycles
70oC for 3 minutes
4oC for indefinite

After SDM via PCR, the 50 µl PCR solution was subjected to a Dpn1 restriction digest at

10 units/µl (New England Biolabs) at 37oC for 1.5 hours to remove any original, un-

mutated methylated plasmids leaving new mutated DNA strands.

2.3.2 Ethanol precipitation

After subsequent digestion with Dpn1, DNA is precipitated from the SDM reaction

tube. Briefly 0.1x volume of sodium acetate (3 M, pH5.5) and 2.5x total volume of -

20oC 100% ethanol is added and centrifuged at 4oC for 20 minutes at 13000rpm.

Supernatant was discarded and 200 µl of -20oC 70% ethanol was added. The reaction

was centrifuged again as before for 5 minutes at 13000rpm and supernatant removed.

The DNA pellet was air-dried for 10 minutes and re-suspended in 10 µl of dH2O.

2.4 In vitro assay of GSW11-specific T cell hybridoma response

2.4.1 Transfection of GSW11 single chain trimer constructs

GSW11/H2-Dd MHC I SCT DNA constructs were transiently transfected into HeLa cells

using Fugene 6 (Roche). In a six well plate, HeLa cells were plated at 2 x 105 cells in 2

ml/well.  Cells were incubated at 37oC overnight to adhere and reach the ideal 60-80%

confluency for transfection. Transfection involved the addition of 3 µl Fugene 6 (3 µl

for every 1 µg DNA) into 97 µl of serum-free media. This was incubated at room

temperature for 5 minutes before adding 1 µg of plasmid DNA. After an incubation of

15 minutes at room temperature, the whole reaction was added into each well
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containing cells in a dropwise manner. Cells were harvested after 48 hours of

incubation and used in further experiments.

2.4.2 T cell activation assay as measured by colorimetric change

In a 96-well flat-bottomed plate, transfected HeLa cells or CT26 stable cells were

harvested, counted and titrated across the plate as previously described in 2.1.8. 105

cells of GSW11-specific T cell hybridoma were added into each well and after an

overnight incubation, cells were pelleted using centrifugation at 1500 rpm for 2

minutes and supernatant discarded. 100 µl of CPRG solution was added and

colorimetric measured (section 2.1.8).

2.5 The generation of a CT26 expressing GSW11/H-2Dd MHC I stable

cell line

2.5.1 Retroviral transduction via centrifugation

Phoenix E cells were seeded at the same confluency as HeLa cells above.  Phoenix E

packaging cell lines produces ecotropic retroviruses into the supernatant. These

retrovirus particles are capable of gene insertion into dividing murine or rat cells.

Phoenix E cells were transfected with either the GSW11/H2-Dd SCT constructs with or

without the incorporation the disulphide trap (d.t.) previously cloned into the pMSCV

viral vector.  The same Fugene 6 protocol as outlined previously in section 2.4.1 was

used for the transfection of DNA constructs into the Phoenix E cells. To harvest

retroviral particles produced by the packaging cell line the supernatant were collected

every 12 hours over a 36 hour period and frozen at -20 oC until spin infection. New

media was placed onto adherent Phoenix E cells at each collection point. The

supernatant harvested at 24 hours were thawed and 8 µg/ml polybrene (Sigma) was
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added to the supernatant prior to its addition onto adherent CT26 cells.  In a 6 well

plate, CT26 cells were plated at 60% confluency. CT26 supernatant was removed,

discarded and replaced with 2 ml/well of supernatant containing retroviral particles

and polybrene. Plates were then subjected to a centrifugation for 90 minutes at 2250

rpm at room temperature. Virus-containing supernatant was removed and replaced

with complete RPMI media. Retrovirally transduced CT26 stables cell line were

positively selected using 0.5 mg/ml Hygromycin antibiotic (InvivoGen). To confirm

successful insertion of SCT construct cell surface expression of H-2Dd using PE

conjugated α-Dd (34-5-8S: BD Pharmingen) increased expression was performed and

analysed by flow cytometry.  CT26 cells / stables were also used to in a T cell activation

assay to determine their ability to stimulation of GSW11-specific T cell hybridoma

(section 2.4.2).  CT26 stables were cultured in complete RPMI and passaged in the

same way as CT26 cells. Balb/c mice were challenged with 105 CT26 stables s.c. as

before and survival was monitored.

2.6 Generation of MHC class 1 tetramer

2.6.1 Transformation into BL21-CodonPlus competent cells for large scale

protein expression in RIPL bacteria.

RIPL bacteria transformed with the GSW11/H2-Dd SCTd.t MHC I molecule in Pet3a

expression vector were incubated at 37oC with 220 rpm shaking in 2 litres of selective

media.  For protein expression, LB broth with Ampicillin, Streptomycin and

Chloramphenicol each at a concentration of 100 µg/ml was used. Optical density (OD)

at 600 nm of culture was monitored using a SmartSpec 3000 spectrophotometer (Bio-

rad) and disposable cuvettes. When OD reached 0.6-0.8 absorbance, bacterial cells

were determined to have reached exponential growth and protein expression induced

by the addition of 1 mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Melford

laboratories).  IPTG-induced protein expression were left to inoculate for a further 4
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hours, after which a small sample was taken, OD measured, and equal amounts of

protein before and after IPTG induction were loaded on a reducing SDS-PAGE gel to

confirm protein expression. Once confirmed, remaining bacterial cells were pelleted

using a SLA 3000 RC6 centrifuge (Sorvall) at 6000 rpm for 10 minutes at 4oC. The

supernatant was discarded and the bacterial pellet was re-suspended in 5 ml of PBS,

pooled and centrifuged at 6000 x g for 15 minutes and supernatant was discarded. The

bacterial pellet was weighed and stored at -20oC for future use or was immediately

used in the purification of inclusion bodies.

2.6.2 The purification of inclusion bodies from E.coli bacteria

Bacterial pellet was re-suspended in BugBuster protein extraction reagent (Novagen).

Its formulation enables the gentle disruption of the cell wall for subsequent release of

soluble proteins within the cell.  In a 50 ml falcon tube BugBuster solution was used at

a ratio of 5 ml BugBuster for every gram of bacterial pellet. Lysosome (Sigma), Dnase I

(Sigma), and MgCl2 were also added at a concentration of 15 µg/ml, 20 µg/ml and

0.001 M respectively. These were left to mix at room temperature on tube rollers for

20 minutes before being centrifuged in a SLA SS-34 (Sorvall) at 18000 rpm for 10

minutes at 4oC. Supernatant was aspirated and 100 µl of supernatant was saved in an

eppendorf tube and labelled supernatant 1. The remaining pellet were re-suspended

in BugBuster solution as before, minus the additives, and left on tube rollers for 15

minutes at 4oC. Centrifugation was then repeated and before being discarded, 100 µl

of supernatant was saved in an eppendorf tube labelled supernatant 2.  The pellet was

washed twice with diluted BugBuster solution at a ratio of 1 BugBuster : 10 dH2O ratio

and centrifuged twice as before.  Again, 100 µl of supernatant was saved in eppendorfs

and labelled supernatant 3 and 4 after each respective wash. Solubilisation of

inclusion bodies was done overnight at 4oC.  This involved resuspending the pellet in

10 ml solubilisation buffer (8 M Urea, 50 mM MES at pH5.5, 0.1 mM EDTA and 0.1 mM

of DTT in dH2O) and left overnight on tube-rollers to promote solubilisation. After 16

hours the supernatant containing solubilised inclusion bodies was retained after

centrifugation at 18000 rpm for 15 minutes. Supernatant 1-4 and 15 µl of solubilised
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inclusion bodies were run on an SDS-PAGE for analysis of the [presence of inclusion

bodies.  Solubilised inclusion bodies were placed in 2 ml aliquots, snap frozen with

liquid nitrogen and stored at -20oC until required or immediately used in protein

refold.

2.6.3 Bradford Assay

Protein concentration was calculated using the colorimetric change of a Bradford

reagent (Bio-rad).  Bradford reagent was diluted one in five and 250 µl of this Bradford

buffer was added per well. 1 µl of each protein sample was added to a well containing

Bradford buffer ensuring that no bubbles are introduced. This was left at room

temperature for 5 minutes.  Colorimetric change induced by the protein sample was

compared to a BSA standard curve, which was constructed as follows: serial dilutions

of BSA between 2.5 and 10 µg/ml were prepared and added into 250 Bradford buffer

in the same 96 well u bottomed plate.  Absorbance of both the BSA standard curve and

protein sample were measured at 595 nm. Protein concentration of the sample was

calculated against the standard curve.

2.6.4 Refold of MHC I monomers from inclusion bodies

Refold of MHC I monomers from 15 mgs of inclusion bodies (obtained from

section 2.6.2) were carried out in a 250 ml refold buffer solution. Briefly this solution

consisted of 500 mM Tris pH 8.4 (Fisher Scientific), 400 mM L-arginine (Sigma), 5 mM

reduced glutathione (Sigma), 0.5 mM oxidised glutathione (Sigma), 0.5 M EDTA in

dH2O. Refold buffer was placed on a magnetic stirrer at 4oC. The solution was allowed

to chill before the addition of inclusion bodies. 15 mg of inclusion bodies were added

in three separate pulses of 5 mgs each pulse, over 3 days. After the incubation period

centrifugation was employed, protein aggregates, if any, were removed by

centrifugation at 3500 rpm for 15 minutes before concentration of the solution using

an Amicon model 8400 400 ml stir cell (Merck Millipore) according to manufacturers’
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instructions. Briefly this involved the assembly of an O-ring gasket between the base

of the unit and a Biomax PB Polyethersulfone Ultrafiltration 10 kD NMWL membrane

(Merck Millipore). Once the refolding solution is added into the canister, a gas tank is

attached to the lid of the Amicon cell stirrer. Gas pressure was used to concentrate

the solution from 250 ml to ~7-8 ml.

2.6.5 Purification of MHC I monomers via Column Chromatography

A gel filtration column were used to separate proteins by size, the folded MHC I

monomers would elute at different fractions than other irrelevant proteins that failed

to be removed during previous precipitation processes. A HighLoad 26/60 Superdex

200 prep grade column (GE Healthcare) was used throughout this study. The column

was initially washed with 10 ml of Buffer A (20 mM Tris pH 8.0) and the column was

allowed to run at a rate of 8 ml/minute. Any elutions from the column at this stage

were discarded. These wash steps was repeated two more times.  This also primes the

gel filtration column with Buffer A, ready for the sample.  The concentrated 8 ml refold

solution containing MHC I monomers were then injected into the valve using a 10 ml

syringe according to standard manufacturers’ instructions. The fraction size to be

collected was set to 4 ml/fraction and the peak flow rate were set to 4 ml/minute. The

column was run and all elutions were collected in fraction tubes on the carousel.  Due

to the nature and size of the MHC I molecule, it was expected that folded MHC I

monomers elute with a peak at 200 ml. When the peak is observed on the column

chromatography trace, the corresponding fractions were pooled together. A small

sample was taken and run on a reducing SDS PAGE gel and commassie stained.

2.6.6 Biotinylation of MHC I monomers

Purified MHC I monomers were pooled and subjected to an overnight biotinylation

reaction.  First pooled monomers were concentrated using an Amicon ultra-15

centrifugal filter units (Merck Millipore) into 7mls. Monomers were mixed in a 15 ml
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falcon tube with Buffer A containing 10 mM ATP, 5 mM MgCl2, and 5 mM Biotin

(Melford laboratories). 2 µg/ml of BirA protein ligase enzyme (made in house) was

added last and the tube was left to incubate at 16oC. After overnight incubation, the

solution was loaded into a Slide-A-Lyser 10K (Thermo Scientific) dialysis cassette for

the removal of any excess ATP and biotin. The cassette was placed in 1 L of PBS with a

magnetic stirrer and left at 4oC overnight and transferred into a new 1 L of PBS the

next morning.  The cassette was further subjected to an overnight dialysis in 1 L PBS

with 16% glycerol (Fisher Scientific). The biotinylated monomers were removed from

the dialysis cassette and placed in 200 µl aliquots and stored at -20oC until required for

tetramerisation immediately prior to staining. A small aliquot was also used in a

Bradford assay to determine protein monomer concentration, required prior to

tetramerisation.

2.6.7 Tetramerisation of MHC I monomers

All tetramerisation processes involved the use of Streptavidin PE (Molecular probes,

Invitrogen). We used a working ratio of 76 µl of streptavidin PE for every 50 µg of

monomeric MHC proteins used. Monomers were tetramerised as required prior to

each staining experiment. The amounts of tetramer required were calculated

depending on how many samples were to be stained and the total streptavidin was

calculated according to the ratio for tetramerisation.  Tetramerisation was carried out

at 4oC. PE conjugated streptavidin were added to the biotinylated monomers in 5

equal pulses, each pulse were added at least ten minutes apart until the total of PE

conjugated streptavidin required has been added to the monomers.  Adding

streptavidin at 5 smaller intervals means that in theory the monomers remain in

excess in comparison to the streptavidin. As a consequence all binding sites on

streptavidin are bound by monomer, thus resulting in tetramers as opposed to

mixtures of potential dimers or trimers.
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2.7 Software, statistics and graph plots

Two-tailed unpaired t tests were performed utilising the Prism software version 6

(GraphPad). Graphs were plotted by either Prism software or Microsoft office Excel

(Microsoft). Plots from Flow cytometry were analysed by FlowJo (TreeStar).
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Chapter 3: The production of a GSW11/H-2Dd MHC I tetramer

using a Single Chain Trimer.

3.1 Introduction

Tetrameric MHC I molecules complexed with an antigenic peptide have been used in

research for the identification and enumeration of antigen-specific T cells (Altman et

al. 1996; Lemke et al. 2011). A detailed protocol describing the conventional methods

of MHC I tetramers has been reported (Altman & Davis 2003) and has been used by

many studies proving its usefulness in providing information of the immune response

during infection and autoimmune disease (Appay & Rowland-Jones 2002; Kita et al.

2003). To create a tetramer the peptide epitope sequence and its MHC restriction is

required. In this study we utilise H-2Dd as it was previously shown to present GSW11.

As illustrated in Figure 5, conventional methods for the creation of an MHC I tetramer

involves the expression of murine MHC I heavy chain (H-2Dd) and human light chain

β2m from expression vectors in E.coli. Once purified, these are incubated together in

the presence of the peptide in question to allow refolding of a peptide MHC I complex.

Subsequently, these monomeric complexes are concentrated and biotinylated.

Biotinylation of individual monomers allows for multimerisation into tetramers using

fluorescently conjugated streptavidin.
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Figure 5 – Diagrammatic representation of the conventional structure of a

MHC I molecule.

The structure of a conventional MHC I tetramer is made up of three separate subunits; in our case, the GSW11

peptide, the H-2Dd MHC I heavy chain and the β2m light chain.  The biotinylation of these monomers allows for

multimerisation into tetramers using molecules such as fluorescently-conjugated streptavidin.

We had previously shown that GSW11 rapidly dissociated from H-2Dd with a short

half-life (20 minutes) (James et al. 2010). Attempts to create a GSW11/H-2Dd

tetramer using conventional methods by refolding GSW11 peptide, β2m and H-2Dd

together were unsuccessful (data not included); folding of monomeric complexes was

successful but these complexes rapidly unfolded and formed aggregates. . It is

therefore likely that the low binding affinity of the GSW11 peptide prevents the

formation of a stable GSW11/H-2Dd MHC I complex. This led us to consider the

creation of a GSW11/H-2Dd tetramer using the SCT method.

SCTs have been used successfully in both diagnostic and therapeutic settings (Huang et

al. 2005; Hung et al. 2007; Palmowski et al. 2009) highlighting their potential as a
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research tool. SCTs are engineered to form a structure that, when folded, resembles a

MHC l molecule (Hansen et al. 2009). The benefit of a SCT, is that the molecule is

made up of a single polypeptide chain Figure 6 as opposed to three separate molecules

(Oved et al. 2005; Hansen et al. 2009). In theory, when folded, this single polypeptide

structure will allow the incorporation of a loaded peptide that should remain docked

into the MHC I binding groove even for low affinity peptide. SCT therefore form more

stable structures and have a longer cell surface half-life than native MHC class l

molecule displaying the endogenous peptide (Yu et al. 2002).

Figure 6 – Diagrammatic representation of an SCT molecule.

The antigenic peptide of an SCT is joined onto the N terminus of a β2m light chain by a guanine rich linker (G-linker).

In addition, the C terminus of the β2m is then further joined onto the N terminus of the Dd heavy chain by a second

G-linker.

Previous data identifying GSW11-specific T cells, have employed the detection of IFN

producing GSW11-specific T cells following GSW11 peptide stimulation (James et al.

2010).  This assay detects the presence of T cells that are functioning i.e. those that are

capable of producing IFN. As a consequence, the presence of any T cell that is non-

functioning or clonally exhausted is therefore not detectable. The creation of a

GSW11-specific MHC I tetramer would allow the identification and quantification of

this population during tumour growth.

As outlined and supported by the data observed by James et al. (2010), we

hypothesised that GSW11-specific T cells are being suppressed by Treg in the tumour.

Because we also hypothesise that suppression will render T cells unable to elicit its

effector functions, the creation of the tetramer is therefore an essential tool to allow

us to detect and quantify the presence of GSW11-specific T cells.
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3.2 Results

3.2.1 The creation of a GSW11 H-2Dd Single chain trimer DNA construct by Site

Directed Mutagenesis

Rather than using the standard protocol methods for the creation of stable SCTs

(Hansen et al. 2009) I generated the GSW11/H-2Dd SCT construct by re-engineering a

HIV gp120/H-2Dd SCT construct (in pKG4 vector, a generous gift from Keith Gould,

Imperial College London). Initial steps involved the removal of the SCT construct from

the pKG4 vector (Figure 7a) and the subsequent insertion of this gp120/H-2Dd SCT

construct into a pcDNA3 expression vector. The restriction enzymes HindIII and XhoI

were used for this purpose.  After successful ligation of the insert into the vector, it

was digested again with the same restriction enzymes in either a double digest where

by both enzymes were present or a single digest where only one was used. The

identity of the ligated plasmid was confirmed via gel electrophoresis. As illustrated,

bands that are of the correct size corresponding to the insert (1.5 kB) and pcDNA3

vector (5.4 kB) were present (Figure 7b) following successful ligation.
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Figure 7 – Cloning gp120 DdSCT into pcDNA3 expression vector.

Two plasmids (pKG4 and pcDNA3) were digested with Hindlll and Xhol, to remove the HIV-SCT from the parental

vector (lane 1) and to prepare the new expression vector for ligation (lane 2)and visualised on agarose gel.

Fragments corresponding to the pcDNA3 vector and gp120/H-2DdSCT insert (5.4kb and 1.5kb respectively) were

extracted from the gel and ligated overnight at 16oC. b) Following ligation the DNA plasmid were left undigested

(lane 1), digested with HindIII and XhoI in a double digest (lane 3) or with HindIII in a single digest (lane 2) for

confirmation that a double digest yielded two DNA fragment bands of the expected size.

To mutate the HIV peptide (RGPGRAFVTI ) to GSW11 (GGPESFYCASW) we adopted a

three step SDM protocol (Figure 8a) designed around amino acid sequence similarities

present in both peptides. Firstly, because of the presence of the Gly, Pro amino acids

at positions 2 and 3 of both sequences and secondly the presence of a Phe residue in

the middle of both peptides; 3 successful SDM reactions created three different

constructs. The first construct incorporated the mutation of the VTI from the HIV

peptide into the CASW sequence of the GSW11 peptide (called SDM1 reaction), the

second construct was the result of the conversion of GRA amino acids into ES (termed

SDM2), and the third to change the final R residue into a G at the (SDM3) in order to

finally create the full GSW11 peptide sequence.

b)a)
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At each SDM step, DNA plasmids were sequenced to confirm successful mutation.

Transfection of SDM1, SDM2 and SDM3 constructs into HeLa cells and subsequent cell-

surface staining of Dd showed strong Dd staining in approximately 70% of the cells

across all three constructs confirming that despite being mutated, the H-2Dd MHC I

molecule is folded and presented at still detectable on the cellular surface of HeLa cells

(Figure 8c).

To test if the mutated peptide-MHC SCT constructs are able to fold and stimulate

GSW11-specific T cells, transfected HeLa cells were incubated with GSW11-specific T

cell H3-4-17 hybridoma and their responses were assessed (Figure 8c).  Results indicate

that constructs with partial mutations of the GSW11 peptide were unable to elicit a T

cell response. Only when the full GSW11 H-2Dd/SCT construct was created was

stimulation of the GSW11-specific T cell hybridoma observed (Figure 8c). Interestingly,

the SDM2 construct only differs from the full GSW11 H-2Dd/SCT (SDM3) construct by a

single amino acid residue (R instead of a G at amino acid position 1) and yet this was

not recognised by GSW11-specific T cells.  This observation could relate to the inability

to incorporate the amino acid arginine into the Dd MHC I binding groove as the

structure of arginine is larger and more branched when compared to the structure of

glycine (G).

With the successful creation of the GSW11 H-2Dd/ SCT construct we proceeded to

create a version with a disulphide trap. The mutation of the 2nd Glycine residue in the

first G-linker between peptide and β2M and the Y84 residue in the Dd heavy-chain into

Cysteine residues, result in the formation of a disulphide trap (Truscott et al. 2007).

This trap has the effect of tethering the peptide in question into the F pocket of the

MHC I binding groove therefore improving the stability of the SCT construct serves to

exclude competitor peptides with stronger affinity (Truscott et al. 2007). This is

particularly useful in peptide-MHC complexes associated with low affinity peptides

such as the GSW11 peptide (James et al., 2010). Sequencing results confirmed

successful mutations of the two cysteine residues by SDM. Following mutagenesis, SCT
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constructs with and without the disulphide trap were transfected and their ability to

elicit a T cell response were measured as before. As expected, cells transfected with

plasmid containing the GSW11 H-2Dd/ SCT with the disulphide trap (d.t.) were able to

bind and generate a higher T cell response compared to the initial GSW11 SCT

construct without the trap (Figure 9).
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Figure 8 – Creation of a GSW11/H-2Dd SCT DNA construct via SDM.

a) Similarities in amino acid residues between the gp120 HIV peptide and the GSW11 peptide were used as

anchoring residues and three SDM reactions utilised to generate the GSW11/H-2Dd SCT. b) The three DNA

constructs obtained from the SDM reactions were transfected into HeLa cells and stained for cell surface Dd

molecules. Numbers in the histograms denote the percentage of cells expressing the SCT. c) HeLa cells were

transfected with the 5 different DNA constructs and incubated with GSW11-specific T cells (H3-4-17). T cell

responses were measured by colorimetric change as shown by the absorbance at 595 nm.

b)a)

c)
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Figure 9 – SCT H-2Dd construct incorporating a disulphide trap elicits a

greater T cell response compared to the standard version.

HeLa cells were transfected with either pcDNA3.1 empty vector (negative control), GSW11/H-2Dd SCT DNA

construct or GSW11 d.t/H-2Dd SCT DNA construct and their ability to stimulate GSW11-specific T cells (H3-4-17)

assessed. d.t. indicates a SCT construct incorporating a disulphide trap.

3.2.2 Protein expression of the GSW11/H-2Dd SCTd.t. monomers in E.coli

The stimulation of GW11-specific T cells when GSW11/Dd SCT d.t. were transfected

into HeLa cells suggests that the SCT fold correctly and are expressed at the cell

surface in the correct protein conformation. I therefore went on to generate tetramer

molecules of the SCT to examine GSW11-specific T cell responses ex vivo. To express

the SCT protein from a DNA construct, I utilised an E.coli protein expression vector.

High level, large scale expression of recombinant proteins results in the accumulation

of inclusion bodies in vivo (Fahnert et al. 2004).  Inclusion bodies represent a contained

pure source of the expressed protein, however, in order to elicit biological activity of

the protein, inclusion bodies needs to be solubilised, refolded into the protein tertiary

structure and separated from other proteins or the same proteins that have incorrectly

folded (Rudolph & Lilie 1996; Vallejo & Rinas 2004).
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Using the restriction digest enzymes BamHI and NdeI, the GSW11/H-2Dd SCTd.t.

construct was cloned into a pET3a mammalian expression vector which is compatible

for the transformation into RIPL competent E.coli cells with BL-21 CodonPlus for

protein expression. We confirmed successful ligation into pET3a vector; digesting the

ligated plasmid with the two enzymes and running it on a gel, visualised correctly sized

bands corresponding to Pet3a vector and the GSW11/H-2Dd SCTd.t insert (Figure 10a).

Sequencing of the plasmid also confirmed the presence of a GSW11/H-2Dd SCTd.t

construct.

The DNA plasmid was transformed into RIPL BL21-codon plus competent E.coli cells for

large scale protein expression. Cells that have incorporated the construct would

survive the selective media containing the antibiotics ampicillin, streptomycin and

chloramphenicol. Positively selected colonies were grown in 2 litres of LB broth again

under antibiotics selection.  The addition of IPTG during the exponential curve of the

bacteria growth ensured efficient protein expression of the inserted DNA construct.

Figure 10b confirms IPTG-induced protein expression after 4 hours. Protein expression

is depicted by the thicker band present after the addition of IPTG and 4 hours

incubation at 37oC (highlighted in black box).
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Figure 10 – Protein expression of the GSW11/H-2Dd SCTd.t construct.

a) Agarose gel electrophoresis confirming successful cloning of the GSW11/H-2Dd SCTd.t construct into pET3a

expression vector using the restriction enzymes, NdeI and BamHI. Lane 1 illustrates plasmid DNA that has not been

digested with any restriction enzymes, Lane 2 depicts a plasmid DNA treated with BamHI only and lane 3 represents

a plasmid that has been treated with both BamHI and NdeI. The full construct was sequenced to confirm full

identity before protein expression. b) E.coli transformed with the GSW11/H-2Dd SCTd.t. construct in the pET3a

vector grown in 2 litres of LB with selective media (ampicillin, streptomycin, and chloramphenicol) with IPTG-

induced protein expression.  Samples were run under reducing conditions in a SDS protein gel. The lanes depict

protein analysis before and after IPTG induction. The expression of GSW11/H-2Dd SCTd.t. protein is highlighted in

the black dashed box.

a) b)

50 kDa
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3.2.3 The extraction and refold of protein inclusion bodies

Post protein expression, the bacterial pellets were harvested and these are E.coli

containing the expressed recombinant protein.  Although the IPTG-induced over

expression of proteins in E.coli is widely used in many studies, it has previously been

reported by the Centre for Eukaryotic Structure Genomics (CESG)

(http://targetdb.pdb.org/statistics/sites/CESG.html) (last accessed 12/08/2014) that

30% or less are expressed in soluble forms.  Therefore, the majority of the proteins

that are expressed are in form of insoluble inclusion bodies. These cannot be used

directly for protein studies, however, because of their insolubility they provide a very

pure source of protein which needs to be rearranged into their native protein

conformation to function as an active protein monomer.

Post protein expression, the bacteria were harvested by centrifugation and the

GSW11/H-2Dd SCTd.t containing inclusion bodies were extracted using BugBuster

protein extraction reagent. We ran a sample of each of the discarded supernatants

from each wash step on a SDS gel to confirm purification of GSW11/H-2Dd SCTd.t

containing inclusion bodies.  Our results show that protein debris was detected in the

sample of the discarded supernatant at each wash step confirming the removal of

debris and the purification of inclusion bodies (Figure 11). After the fourth wash, the

pellet was resuspended in 8M UREA overnight to denature and solubilise the inclusion

bodies for the refold process. Our results show that the majority of cell components

are removed in the first BugBuster wash. Cell lysis and perforation of the cell wall and

other protein debris is removed within the first BugBuster wash and these protein

debris were detected in the discarded supernatant (Figure 11) as expected. The

second wash was also able to remove the remaining remnants of debris.  The third and

fourth washes however had a similar pattern as the pure inclusion bodies sample that

has been denatured and dissolved in 8M urea suggesting that in the third and fourth

wash the reagent applied was beginning to also wash out small amounts of inclusion



92

bodies in the discarded supernatant.  This indicated that only three washes with

BugBuster are required for this particular protein preparation.

Figure 11 – The purification of GSW11/H-2Dd SCTd.t. inclusion bodies.

BugBuster protein extraction reagent and centrifugation was used according to manufacturer’s instructions on E.coli

expressing the GSW11/H-2Dd SCTd.t.  After each wash step, with the pellet retained and the supernatant discarded,

a sample of discarded supernatant was saved and run on a reducing SDS page gel as depicted by wash lanes 1-4.

After overnight denaturation and solubilisation in 8M UREA, the purified inclusion bodies were run on a gel.  A large

band of purified inclusion can be seen at 50kDa corresponding to the expressed GSW11/H-2Dd SCTd.t.

Once solubilised in a denaturant, 15 mg were added into a 250ml refold buffer as

previously reported to allow for the slow removal of the denaturant (Fischer et al.

1993). Different proteins have different requirements for bond formation as a

consequence refold conditions may vary between proteins (Willis et al. 2005; Tsumoto

et al. 2003).  We utilised a refold buffer containing an oxidising agent and a three day

long refold as outlined in methods.  For our particular protein we found that it is

essential to add the 15 mg of solubilised inclusion bodies in a three pulse step (5 mg

per pulse); the first pulse was added on the evening of the first day, the second and
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third pulse on the second day in the morning and evening respectively, and the

mixture was left for a third day. The success of the three pulse step was supported by

the observation of the seldom formation of protein aggregates. This is thought to be

due to only small amounts of protein being folded into its native state at any one time,

therefore maximising the space within the refold buffer reduces the amount of

collisions with unfolded proteins which is believed to facilitate aggregate formation.

We rarely observed protein aggregates, however when it occurred the whole refold

buffer was centrifuged for the removal of aggregates and the supernatant placed back

onto the refold process before the next pulse were added as the removal of any

incorrectly folded aggregates, reduces the chance of further aggregates from forming.

After day 3 the refold buffer was concentrated to approximately 7 ml and loaded into a

column. The column trace, indicated folded protein was present in fractions 7-13,

which were collected (Figure 12a), pooled into one fraction and loaded onto an anion

exchange chromatography column for separation by size to charge ratio. Purified

folded monomers were collected from fractions 13-18 (Figure 12b) according to the

chromatography trace. After overnight biotinylation, the monomers were kept at -20oC

and tetramerisation using streptavidin:PE was performed immediately before any

experiments involving tetramer staining.
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Figure 12 – The GSW11/H-2Dd SCTd.t. was refolded into MHC I monomers

and separated by column chromatography

a) Column chromatography trace to separate proteins by size highlights fractions of folded monomers (black box)

which was pooled and subjected to an ion exchange chromatography. b) Ion exchange chromatography trace

separates proteins further by size to charge ratio. Trace indicates final fractions of MHC I monomers which were

pooled. Reducing SDS page gel of all fractions confirmed protein identity was of a 50kDa protein which is as

expected.

a)

b)
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3.2.4 Identifying optimum staining conditions for the GSW11/H-2Dd SCTd.t.

tetramer

The staining protocols for tetramers can vary greatly.  The variety of MHC alleles and

TCR affinity for the peptide-MHC complex may contribute to this variability; a useful

review can be found by Wooldridge et al (2009). In addition, temperature is an

important factor also as the ability of an peptide-MHC I tetramer to detect its

complementary TCR is previously reported to be temperature dependent (Whelan et

al. 1999).

I therefore first sought to identify the optimum staining protocol for staining of

GSW11-specific T cells using our GSW11/H-2Dd SCTd.t. tetramer.  GSW11-specific (H3-

4-17) T cell hybridomas were stained at 22oC or 37oC for 30 or 60 minutes and assessed

by flow cytometry.  Our results indicate that tetramer staining at room temperature

(22oC) failed to stain GSW11-specific T cell hybridoma (Figure 13). However, H3-4-17

cells were successfully stained at 37oC for 30 minutes as illustrated by the shift

observed with tetramer (red line) compared to unstained cells (grey line). Interestingly,

incubating cells for 60 minutes resulted in a decrease in staining. From these

experiments I conclude that staining using the GSW11/H-2Dd SCTd.t. tetramer prior to

analysis via flow cytometry should be carried out at 37oC for 30 min.
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Figure 13 – The GSW11/H-2Dd SCTd.t. tetramer staining conditions.

H3-4-17 GSW11-specific T cells were stained with the GSW11 Tetramer (red) or were left unstained (grey) and

incubated at 22oC (room temperature) or 37oC for either 30 minutes or 60 min. At 22oC the MHC I tetramer failed to

stain at both temperatures. Conversely, at 37oC the tetramers were able to stain T cells this however this did not

improve if the time of staining was increased to 60 min.

I next determined the ideal concentration of tetramers required for successful staining.

Staining conditions was carried out at 37oC for 30 min.  The addition of 1 µl (6 µg) of

tetramers per 50 µl of total volume for staining showed detectable staining of H3-4-17

cells (Figure 14). Increasing the amount of tetramer added increased the staining of

H3-4-17 cells with the addition of 4 µl (24 µg) and 8 µl (48 µg) showing the greatest

staining. However, since there was little difference between the addition of 24 µg and

48 µg of tetramer, we used 24 µg of tetramer in subsequent experiments.



97

Figure 14 – Titration of tetramer for optimal staining.

Protein purification yielded 6 mg/ml of GSW11/H-2Dd SCTd.t. MHC I tetramers conjugated to streptavidin PE.  0.5,

1. 2, 4, or 8 µl were used to stain GSW11-specific T cell hybridomas. 24 µg per test (4 µl) was found to show

sufficient staining to distinguished tetramer positive cells.

Co
un

t

MFI
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3.2.5 The GSW11/H-2Dd SCTd.t. MHC I tetramer specifically stains GSW11-

specific T cells

The previous experiment successfully identified the staining conditions required for

the tetramers.  However the presence of two peaks in the histograms indicated two

sub-populations of cells that stained with the GSW11 tetramer with different

intensities. This poses a concern as the GSW11-specific T cell hybridomas used in

these experiments are clonal and therefore in theory should all stain with the GSW11

tetramer to the same degree. It is possible that, over time in culture, these cells may

lose their sensitivity to the GSW11 peptide and therefore will not bind to the GSW11-

specific tetramer. To test if this is the case, fresh GSW11-specific T cell hybridomas

were thawed from liquid nitrogen and stained with 24 µg of the GSW11-specific

tetramer and incubated at 37oC for 30minutesas before.  In addition to this, an

irrelevant T cell hybridoma (specific to the H-2Kb restricted SL8 (SIINFEKL) peptide) was

also stained with the GSW11 tetramer.  Importantly, our results showed that the

GSW11 tetramer stained GSW11-specific T cells (71.6%) but not the SL8-specific T cells

(3.19%) (Figure 15). This result indicated that the previous result observed was due to

the loss of sensitivity of the GSW11-specific T cell hybridomas whilst in culture.
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Figure 15 – The GSW11 tetramer stains only GSW11 specific T cell

hybridomas.

To prove specificity, two T cell hybridoma cell-lines were stained. B3Z (SL8 specific) and H3-4-17 T cell hybridomas

(GSW11 specific) were stained with the GSW11 tetramer and assessed for binding by flow cytometry. 71% of the

GSW11-specific T cells stained positive for tetramer whereas only 3.19% of the B3Z SL8-specific T cell hybridoma

stained positive for tetramer.
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3.3 Discussion

This chapter outlines the successful creation of a GSW11-specific MHC I tetramer

utilising the SCT technology.  Site directed mutagenesis by PCR was successfully used

to mutate fragments of the peptide sequence from the HIV epitope to the GSW11

epitope. Because the GSW11 peptide has a low half-life binding affinity to the MHC I

molecule (James et al. 2010), previous attempts to create a monomer using the

conventional methods of creating separate protein subunits of heavy chain, light chain

and peptide, have failed; the peptide dissociates and peptide-MHC monomer complex

falls apart and subsequently cannot be tetramerised.  The monomers making up the

tetramer described within this chapter were created via the SCT method; a strategy

whereby the DNA construct from a single polypeptide-chain was created, comprising

of the GSW11 peptide in question, a G-linker connecting it to β2m, followed by

another G-linker connecting it to a Dd heavy chain molecule.  Upon folding this

polypeptide chain successfully resembles a GSW11-MHC I complex.

To further improve the molecule, we also inserted a disulphide trap was generated to

tether the GSW11 peptide onto the MHC.  Previous research using SCT molecules

employing the disulphide trap technology, have reported better stability of the

peptide-MHC complex and a lesser likelihood of the peptide being displaced by other

competitor peptides (Lybarger et al. 2003; Truscott et al. 2007). To support this, we

observed that cells transfected with the GSW11-MHC I SCT DNA construct with the

disulphide trap were better at stimulating GSW11-specific T cell hybridomas than

those transfected with the non-trap version; thus confirming that the incorporation of

a disulphide trap improves the SCT design.

Prior to this achievement, in order to monitor GSW11-specific T cell responses we have

relied on a T cell stimulation assay that detects IFN production by GSW11-specific T

cells after peptide stimulation. This assay only detects responding GSW11-specific T

cells and is therefore unable to detect GSW11-specific T cells that are unable to exert
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effector functions. The literature has reported many examples whereby the

immunosuppressive effects of the tumour microenvironment have led to the inhibition

CD8+ T cells (Ghebeh et al. 2006; Zhou et al. 2010). In many cases these T cells are PD-

1+ therefore suggesting a clonal T cell exhaustion phenotype (Hamanishi et al. 2007;

Muenst et al. 2013; Muenst et al. 2014).  Clonally exhausted T cells are unable to exert

effector function as their ability to produce effector cytokines such as IL-2 and IFN are

lost in a sequential manner (Wherry et al. 2007; Wherry 2011). To explore whether, in

the presence of Treg, GSW11-specific T cells are being induced into apoptosis or clonal

exhaustion the generation of antigen-specific tetramers is therefore a requirement.

This tetramer will be subsequently used for the identification and enumeration of

GSW11-specific T cells in in vivo experiments within the CT26 tumour mouse model.

This tetramer will detect total GSW11-specific T cells present in the sample regardless

of whether they are functioning (able to secrete effector cytokines such as IFN) or

non-functioning. Combined, the detection of IFN post peptide stimulation and the

utilisation of GSW11-specific MHC I tetramer staining, will allow for the enumeration

of total GSW11-specific T cells which can be dissected further to include the

proportions that are clonally exhausted and those capable of exerting effector

functions.
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Chapter 4: Treg-mediated preferential suppression of GSW11-

specific T cells.

4.1 Introduction

Treg, expressing CD4+CD25+FoxP3+ are capable of preventing the activation and

function of other T cells (Curiel 2007; Sakaguchi et al. 2008; Sakaguchi et al. 2009).

Their role includes the suppression of autoimmunity by regulating immune responses

against antigens expressed by normal tissues (i.e. self-antigens) (for review see Read

and Powrie (2001)).  Since many antigens expressed on tumours are self-antigens, Treg

may prevent the generation of an effective anti-tumour immune response. In support

of this elevated levels of Treg are detected in the blood of cancer patients (Woo et al.

2001).  Furthermore, human Treg were found to accumulate at the tumour site in

ovarian cancer with higher numbers correlating with a poorer prognosis (Curiel et al.

2004) potentially contributing to an immune privileged site. These observations have

led to new immunotherapeutic strategies in which, Treg depletion used in combination

with vaccination strategies elicited better anti-tumour immune responses and is

applicable in both human (Dannull et al. 2005) and mice immune systems (Klages et al.

2010).

Previous work in this lab utilised a well-characterised murine colon carcinoma tumour

model, CT26.  CT26 is poorly immunogenic and as a consequence results in terminal

tumour growth when injected into Balb/c mice. However, Treg depletion in mice prior

to CT26 challenge results in tumour free survival. These CT26-immune mice also reject

CT26 when re-challenged, inducing robust, protective anti-tumour immunity.

Interestingly CT26-immune mice are also able to reject tumours of different
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histological origins when challenged, which is mediated by CD8+ T cells.  This suggests

that the anti-CT26 response induced in the absence of Treg is cross-protective (Golgher

et al., 2002). HPLC and mass spectrometry analysis of peptide fractions from CT26

initially identified the AH1 peptide epitope (SPSYVYHOF) which is encoded by the gp90

env gene (423-431) of the endogenous MuLV, emv-1 virus (Huang et al. 1996).

Vaccination strategies utilising AH1 found that these peptide-specific T cell responses

are not cross-protective suggesting that the cross-protection observed in Treg-

depleted mice was due to other CD8+ T cell responses against another cryptic epitope

uncovered by Treg depletion (Golgher et al., 2002).  Indeed, James et al. (2010)

identified one of these cryptic antigens, GSW11 (GGPESFYCASW). GSW11 is H-2Dd

restricted and is also encoded by gp90 of the emv-1 virus (134-143). GSW11 is

endogenously generated in multiple tumour cell lines thus indicating that the cross-

protective CTL responses observed was due to CTL responses against this shared

tumour epitope (James et al. 2010). Interestingly, following CT26 tumour challenge in

wild-type (Treg-replete) Balb/c mice, IFN-producing GSW11-specific T cells were

virtually undetectable whereas AH1-responses were immunodominant. However in

the absence of Treg, both anti-AH1 and GSW11 T cell responses were detectable.  The

GSW11- specific T cell response was greatly increased compared to AH1 and thus both

anti AH1 and GSW11 responses were co-dominant, with GSW11-specific T cells in

some cases displaying higher responses than AH1. These results indicate that Treg

preferentially target GSW11-specific over AH1-specific T cells. This selective targeting

of immunosuppression in one population of CD8+ T cells over another is a novel

observation and in this chapter we characterise these responses further.

We sought to enumerate T cell responses to the two gp90 epitopes during CT26

tumour challenge in Treg deplete and replete mice, investigating whether Treg

infiltration is correlated with tumour progression. Because protection in Treg depleted

mice correlated with the appearance of GSW11-specific CTL, we hypothesised that the

lack of tumour rejection observed in CT26-challenged wild-type mice is due to a lack of

functional IFN-producing GSW11-specific T cells.  Furthermore, that Treg play a role in
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mediating this immunosuppression and that their presence is a contributing factor to

tumour growth and progression.

4.2 Results

4.2.1 The precursor frequency of GSW11-specific T cells are higher than AH1-

specific T cells

The number of antigen-specific precursor T cell populations present in wild-type naïve

mice contributes to determining the (poly)specificity of the adaptive immune response

and has been correlated to the magnitude of immune responses observed to a

particular peptide-MHC I complex (Alanio et al. 2010; Jenkins & Moon 2012). Despite

being negligible in Treg replete CT26-challenged mice, GSW11-specific IFN+ T cell

responses in Treg-depleted mice are similar to those observed to AH1 (James et al.

2010).  While this observation implied that the lack of anti-GSW11 response in wild-

type mice was not due to differences in precursor frequency it was important to show

this directly. To assess the initial specific T cells precursor frequency we used antigen

specific tetramers and dextramers to enumerate the number of T cells from wild-type

Balb/c splenocytes (Figure 16). Approximately 1 in every 1000 of CD8+ T cells were

found to be AH1-specific (0.096% of total CD8+ T cells), whereas the precursor

frequency of GSW11-specific T cells was 0.212% of total CD8+ T cells, about twice as

many as AH1-specific T cells. This data suggests that the differences observed in

antigen-specific T cells upon CT26 challenge was not due to the precursor frequency,

and furthermore indicated that the precursor frequency of T cells recognising the

cryptic T cell epitope is at least double that of the AH1 epitope which dominates the T

cell response in tumour-bearing wild-type mice when measured by IFN staining.
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Figure 16 – Precursor frequency of GSW11- and AH1-specific T cells.

Splenic cells from wild-type Balb/c mice were stained for AH1-and GSW11-specific T cells. a) All CD8+ T cells were

gated and within this gate cells positive for dextramer and tetramer were enumerated. Fluorescent numbers from

cells unstained with dextramer or tetramer was subtracted as background fluorescence. b) Precursor frequency

percentages of GSW11- and AH1-specific T cells in wild-type Balb/c mice.  N=3 mice and data is a representative of

two independent experiments. ** p ≤ 0.01, as determined by two-tailed unpaired T test.

Unstained Stained Unstained Staineda)

b)
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4.2.2 CT26 tumour challenge in the presence of Treg results in tumour growth

despite CTL tumour infiltration

There are three possible explanations for the observation that precursor frequency is

high and yet no anti-GSW11 response is detectable in wild-type mice.  The first could

be that Treg-mediates the prevention of T cell priming and expansion of naïve anti-

GSW11. Alternatively, Treg allow priming and expansion of anti-GSW11 responses but

prevent their migration to the tumour or lastly, Treg allow priming and expansion of

naïve GSW11-specific T cells, and permits their trafficking to the tumour but prevent

them from developing into effector CTL.

To confirm the same CT26 growth/survival kinetics in my hands mirrored those

previously published, Balb/c mice were injected with 105 CT26 cells subcutaneously

and tumour progression monitored. The tumour mass was palpable at approximately

day 7 and was clearly visible by day 10/11.  By day 23, all tumours had reached a size

of 15mm in any direction and the mice culled (Figure 17) according to the legal

guidelines set by the Home Office UK.
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Figure 17 - Balb/c CT26 challenge survival curve.

Balb/c mice were injected s.c. with 105 CT26 at day 0. a) Tumour growth was monitored and tumour size was

graphed.  b) Mice were culled when tumour size reached 15mm. The percentage survival is plotted. N=5 mice and

this is a representation of at least 2 independent experiments.

a)

b)
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These results confirm that in the presence of Treg, CT26 challenged mice display poor

anti-tumour immunity and succumb to the tumour. That the immunodominant T cell

response in lymph nodes of these mice, measured by intracellular staining of IFN,

were against the AH1 epitope whilst GSW11-specific T cell responses were negligible

(James et al. 2010). For CD8+ T cells to exert cytotoxic effects upon tumour cells

infiltration towards the tumour site is required. I therefore used our GSW11-specific

MHC I tetramer to monitor tumour infiltration of CD8+ GSW11-specific T cells to

determine whether poor immunity observed against the tumour is due to a lack of TILs

trafficking to the tumour site or due to the immunosuppressive tumour

microenvironment.

Mice were challenged with CT26 and tumour tissues, if present, were harvested during

the course of the challenge at days 3, 5, 7, 10, 14, 17 and 22. Single cell suspensions of

the tumour tissue were examined for CD8+ and GSW11-specific T cells. Tumours were

only detected from day 7 onwards so no tumour sample was examined at days 3 and 5.

Examination of the tumour revealed recruitment of GSW11-specific T cells to the

tumour site. Our gating strategy for the identification of antigen-specific T cells (Figure

18a) shows that out of the total CD8+ T cells present at the tumour site, a large

proportion of these were found to be GSW11-specific T cells; at day 14 and 17 post

CT26 tumour challenge, almost 60% and 85% respectively (Figure 18b) of the total

CD8s at the tumour were GSW11-specific. Furthermore, for comparison to GSW11-

specific T cells, tumour samples were also stained with AH1-specific MHC I dextramers.

AH1-specific T cells were also recruited to the tumour site but not in as great a number

as GSW11-specific T cells. A small proportion of CD8+ T cells at the tumour site were

found to be AH1-specifc; between days 7-14 ≤10% of total CD8+ T cells were AH1-

specific. At days 17 and 22 this number doubled to approximately 20%. However we

report that at no point during the course of the CT26 tumour challenge were AH1-

specific as frequent as GSW11-specific T cells.
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We next sought to determine whether the tumour recruited GSW11-specific T cells

were functional. Harvested single cell suspensions of tumours were incubated with

GSW11 or AH1 peptide ex vivo and assessed for production of IFN as detailed in the

methods.  Briefly, ex vivo cells were incubated with peptide or PBS for 4 hours at 37oC

in the presence of Brefeldin A. These samples were then stained for cell surface CD8

and intracellular IFN. Our results indicate that during early stages of the CT26

challenge, day 7 and 10, functional GSW11-specific T cells are present.  Approximately

2% of GSW11-specific CD8 T cells are producing IFN (Figure 19b). However as the

tumour progressed the frequency of IFN producing GSW11-specific T cells decreased;

at days 14 and 17 only 1% were functional and by day 22 approximately 0.5% were

eliciting an effector function (Figure 19b). This information, combined with previous

data (Figure 18), indicates that despite tumour infiltration a very large proportion of

these GSW11-specific T cells are incapable of exerting effector functions and induced

into a suppressed state. Conversely there is development of T cell effector responses in

AH1-specific T cells; between days 7 and 10 during the early stages of the disease,

percentages of functional AH1-specific T cell responses were lower than GSW11.

However by days 14 and 17 these have reached levels that are comparable to GSW11-

specific T cells and interestingly, by day 22 during the terminal stages of the disease,

greater AH1-specific T cell responses were detected compared to GSW11. In

summary, whereas we observe the highest levels of functional GSW11-specific T cells

at the early stages of tumour progression, the same is not true for AH1-specific

responses as throughout the course of the tumour challenge AH1-specific T cell

responses slowly develop and increase despite disease progression and tumour

growth. It is important to note that the gradual increase of AH1-specific responses did

not facilitate tumour rejection in these mice.
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Figure 18 - The recruitment of GSW11-specific T cells to the tumour site.

a) Illustration of the gating strategy used in this study to obtain percentages for GSW11-specific T cells at the

tumour site.  Lymphocytes were gated in the forward-side scatter and CD8+ cells selected.  All CD8+ T cells were

analysed for staining of GSW11-specific MHC I tetramers. Three quadrants were summed as indicated by (+) up to

give the total percentages of GSW11-specific T cells.  b) Tumours from Balb/c mice, challenged with CT26, were

harvested at certain days post tumour challenge.  Single cell suspension of tumour sample were subsequently

stained for CD8 and GSW11-specific MHC I tetramer or AH1-specific dextramers.  Out of the total CD8+ T cells

detected, the percentage of GSW11- and AH1-specific T cells were plotted on the graph. c) A representative

diagram of the proportions of AH1- and GSW11-specific T cells detected at the tumour site per tumour harvest day.

The diameter is relative to tumour size and the proportions relate to antigen-specificity in relative to each other.

N=3 mice and the trend observed is a representation of 3 separate experiments. **p ≤ 0.01 in a two-tailed unpaired

T test.
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Figure 19 - The majority of GSW11-specific T cells detected are non-

functional.

a) Illustration of the gating strategy used in this study to obtain percentages for GSW11-specific T cells at the

tumour site.  Lymphocytes were gated in the forward-side scatter and CD8+ cells were selected.  All CD8+ T cells

were analysed for staining of GSW11- and AH1-specific MHC I tetramers. The two right quadrants (IFN+) were

summed up to give the total percentages of functional (IFN-producing) GSW11-specific T cells.  b) Tumours from

Balb/c mice, challenged with CT26, were harvested at certain days post tumour challenge.  Single cell suspensions of

tumour sample were stimulated with 1 µM of either GSW11 or AH1 peptide at 37oC for 4 hours and subsequently

stained for GSW11-specific MHC I tetramer or AH1-specific dextramers respectively, CD8 and also intracellular

stained for IFN.  Out of the total CD8+ T cells detected, the percentages of functional GSW11-specific T cells were

plotted on the graph.  N=3 mice and the trend observed is a representation of 3 separate experiments. c) A

diagrammatic representation of T cell proportions of total CD8+ cells at the tumour. Dark green and dark blue

represents functional AH1- and GSW11-specific T cells respectively, whist their light-coloured counterparts

represents non-functional T cells. p ≤ 0.01 as determined by an two-tailed unpaired T test.

c)
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4.2.3 Increasing numbers of Treg are detected at the tumour site

Despite increasing numbers of tumour infiltrating GSW11-specific T cells, the majority

did not produce IFN following peptide stimulation. Taken together with the

observation that effective IFN+ GSW11-specific T cell responses could be elaborated in

the absence of Treg, we therefore sought to examine whether Treg could suppress

effector function of these CD8+ T cells at the tumour site. We initially examined the

kinetics of Treg infiltration by staining for CD4, CD25 and Foxp3 in tumour samples

throughout the tumour development.  Our gating strategy focused on the selection of

the lymphocyte population on the forward/ side scatter of the tumour sample and

CD4+ T cells were then selected (Figure 20a). Our data suggests that Treg infiltration of

the tumour occurs during the early stages of tumour development; Treg numbers at

the tumour gradually increases between days 7-14 (Figure 20b). However, from day

14 onwards the Treg population remains high and constant. These results indicate that

Treg are being recruited to the tumour where they remain throughout the tumour

challenge until the mice are culled.  The increasing levels of Treg and their persistence,

especially during later stages of the disease, correlates with the decreasing numbers of

IFN-producing GSW11-specific T cells we previously observed (Figure 19b).  This

further implicates the role of Treg in the immunosuppression of GSW11-specific TILs in

the tumour microenvironment.
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Figure 20 - The recruitment of Treg to the tumour microenvironment.

a) The gating strategy employed for the detection of Treg. Lymphocytes were determined by the forward/ side

scatter and only CD4+ T cells selected. Any values in the unstained negative control (often 0%) were subtracted

from the stained samples. Percentages in the graph represent CD25+Foxp3+ of total CD4+ T cells. b) Tumour samples

were harvested from Balb/c mice at days post CT26 tumour challenge and stained for CD4, CD25 and Foxp3. N=3

mice and this trend observed is a representation of at least 3 different experiments.

a)

b)

Negative control

Treg staining:
CD4+CD25+Foxp3+
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To establish whether the effector function of GSW11-specific T cells is affected by Treg,

we carried out co-culture in vitro experiments.  Primary Treg from a CT26-challenged

Balb/c mouse were extracted using magnetic beads. As defined in the methods, eluted

Treg were confirmed as expressing CD4, CD25 and Foxp3 by flow cytometry (data not

shown). GSW11-specific (H3-4-17) T cell hybridoma was used as a representative of

expanded GSW11-specific T cells that migrate to the tumour. Co-culture of Treg with

GSW11-specific (H3-4-17) T cell hybridoma and CT26 cells showed that GSW11-specific

T cell responses were lower when the number of Treg increased to a ratio of 1:2 or 1:1

Treg:GSW11-specific T cells (Figure 21).  This further supports our hypothesis that poor

anti-tumour immunity in CT26 challenged mice is due to Treg-mediated suppression of

GSW11-specific T cells.

Figure 21 - In vitro co-culture of increasing numbers of Treg reduces

responses in GSW11-specific T cell hybridomas.

Treg extracted from CT26-challenged Balb/c mice were titrated in increasing numbers.  These were then co-cultured

with 105 GSW11-specific (H3-4-17) T cell hybridomas and 105 CT26 cells. T cell activation under the LacZ IL-2

promoter induces the production of β-galactosidase which if created, cleaves its substrate, CPRG, which induces a

colour change measurable at an absorbance of 595 nm. Data is a representation of at least 3 independent

experiments.
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4.2.4 Treg depletion removes immunosuppression and increases anti-tumour

immunity

Treg modulate the immune system by exerting inhibitory effects.  Consequently the

removal of Treg has been known to improve immune responses.  This is also echoed in

our present study.  In CT26-challenged mice, Treg depletion by the injection of PC61,

uncovers anti-tumour immunity resulting in survival (Golgher et al. 2002). Figure 22a

illustrates the Kaplan Meier survival curve for CT26-challenged mice that either has

(Treg replete) or has not (Treg depleted) been treated with PC61.  Comparable to

previous work (Golgher et al. 2002), we also observed improved immunity and tumour

rejection in Treg depleted mice.  To confirm Treg depletion we enumerated the

differences in CD4+CD25+ Treg cell numbers in Treg replete and Treg depleted mice

(Figure 22b).  At day 7 post tumour challenge we observe at least 90% Treg depletion

of CD4+CD25+.
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Figure 22 - Treg depletion results in anti-tumour immunity and survival.

a) BALB/c mice were treated with PC61 (anti-CD25 antibody) by i.p. injections 3 days and 1 day (green line) or left

untreated (red line) prior to the CT26 challenge at day 0.  The graph plotted is the survival curve.  Mice were culled

when tumour size reached 15mm. n=5 mice. b) Successful in vivo depletion of Treg by treatment of PC61.  Mice

harvested at day 7 post CT26 challenge with or without Treg depletion were analysed for CD4+CD25+ cells. Flow-

cytometry analysis suggests effective Treg depletion from 2 lymphoid tissue sites.

a)

b)
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As an extension to these observations outlined at the tumour site in CT26-challenged

mice, we wanted to monitor the responses of GSW11-specific T cells in Treg depleted

CT26-challenged mice.  To enable comparisons between the two mice populations, the

spleen and draining lymph nodes were harvested from both Treg deplete and Treg

replete mice.  The analysis of AH1-specific T cells was also included as a comparison.

Cells were stained for antigen specificity, CD8 and IFN production following peptide

stimulation.  To ensure that the response observed is due to peptide-specific

stimulation of T cells, background IFN+ production (PBS stimulated) was subtracted

from the IFN+ percentages obtained from the antigen stimulated sample (Figure 23a).
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.

Figure 23 – Treg depletion reveal higher percentages of functional antigen-

specific T cell responses.

Wild-type or Treg depleted mice were challenged with CT26. Spleen and draining lymph nodes were harvested at

the specified days and samples were stimulated with 1 µM of either GSW11 or AH1 peptide at 37oC for 4 hours and

stained for antigen specificity and IFN. a) All CD8+ cells were gated as previously described and IFN+ cells from the

background PBS stimulated sample was subtracted from the peptide stimulated sample and the resulting

percentage is plotted on graph b).  N=3 mice each harvest day and graphs are a representation of 2 (Treg depleted

mice) and at least 3 (wild-type mice) independent experiments. * p ≤ 0.05
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Examination of T cells from lymphoid organs revealed that the removal of Treg

resulted in higher percentages of functional antigen-specific T cells in general (Treg

depleted row, Figure 23b). This difference in functional antigen-specific T cells is more

obvious in T cells from the spleen and, during the later stages of the tumour challenge,

in the lymph node. On most days throughout tumour challenge in Treg depleted mice

GSW11-specific T cells are immunodominant in both lymph nodes and spleen.

Although during the late stages of the disease the responses are more comparable

showing co-dominance.  This is in contrast to responses observed in Treg replete mice

where responses are co-dominant at the early stages with AH1 becoming

immunodominant later.

In the presence of Treg (wild-type mice row, Figure 23b), there are smaller numbers of

functional T cells detected; less than 1% of total CD8s at both organ sites.  Notably,

GSW11-specific responses are higher at the early days post tumour challenge;

however, there is an obvious decreasing trend in GSW11-specific response as CT26

progresses.  It is interesting that this decreasing trend is present in both the lymph

node and the spleen.  This pattern of GSW11-specific response in the presence of Treg-

mediated immunosuppression mirrors our previous findings of GSW11-specific TILs in

the tumour microenvironment (Figure 19).  Conversely, we observe an increase in

AH1-specific responses with disease progression, which is more obvious in the spleen

than the draining lymph node. In these mice because GSW11-responses are

decreasing and being immunosuppressed, AH1 eventually becomes the

immunodominant response observed. Despite the increase of AH1-responses mice

still succumb to the CT26 challenge therefore suggesting that again, similar to what is

occurring in the tumour, these responses are not enough for tumour rejection.
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4.2.5 Functional GSW11-specific T cells from Treg depleted mice display central

memory lineage

As previously reported (Golgher et al. 2002) we observe that PC61 treated CT26-

immune mice are also able to reject CT26 with tumour free survival when challenged

40 days after the primary CT26 challenge (data not shown). The induction of effective

anti-CT26 immune responses upon subsequent CT26 challenge suggests that GSW11-

specific T cells are able to differentiate into memory T cells in Treg depleted mice.

Effective immunity towards previously encountered antigens is conferred by central

memory T cells (Roberts et al. 2005). Furthermore recall responses by memory T cells

are known to be more efficient. Indeed, Treg depletion by PC61 depletes CD4+CD25+

Treg however as reported in the literature (Zouggari et al. 2009; Betts et al. 2011)

proportions of CD4+CD25+ Treg cells will eventually recover.  Therefore, the immunity

observed to secondary CT26 challenges were observed in the presence of Treg by, we

hypothesise, effective memory T cells.

To confirm the recovery of CD4+ CD25+ Treg in our previously Treg depleted mice, mice

that have survived the first CT26 tumour challenge were given a second challenge of

CT26.  Spleen and draining lymph node were harvested at day 7 and 40 post the

second tumour challenge.  Flow cytometric analysis of CD25+CD4+ Treg revealed

comparable CD4+CD25+ cell numbers in both the spleen and draining lymph nodes

(Figure 24) as the untreated CT26-challenged mice (Figure 29b).  This confirms the

recovery of the CD4+CD25+ Treg population in Treg depleted mice.  Despite the

recovery of Treg population, a second challenge of CT26 was also rejected. We

therefore sought to confirm that GSW11-specific T cells were able to differentiate into

cells with a memory phenotype. We assessed the expression of memory markers on

functional AH1- and GSW11-specific T cells.  Spleen and draining lymph node were

harvested from PC61-treated re-challenged mice at day 7.  T cells were stained for CD8

and the lymphoid homing markers CD62L and CCR7 and IFN production.  Of the total

CD8+ T cells detected, cells that were producing IFN were gated and labelled as IFN+

cells.  These cells are either AH1 or GSW11 specific as a consequence of the
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stimulation by AH1 or GSW11 peptide respectively.  Cells that were non-functional

were labelled as IFN- cells.  This gating strategy is outlined in Figure 25a.  Our

evaluation of the expression of memory markers indicated that a larger proportion of

functional GSW11-specific T cells displayed both central (CD62LhighCCR7high) or effector

(CD62LintCCR7low) memory phenotype when compared to AH1-specific T cells detected

as functional. Additionally, the MFI detected is much higher on GSW11- than AH1-

specific T cells.

It was difficult to establish a clear double positive population using quadrant gating

therefore an alternative gating strategy was used as shown in Figure 25b. When the

same gating strategy was applied and compared to the CD8+IFN- T cell population

CD62L and CCR7 staining was clearly lower indicating negative or lower expression on

non-functional T cells.

Our data revealed that there were significantly more functional GSW11-specific central

and effector memory T cells in the spleen than AH1-specific T cells.  This was also true

for the draining lymph node; however, the difference between GSW11- and AH1-

specific T cells was less significant.
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Figure 24 – Recovery of CD4+CD25+ Treg population in PC61-treated mice.

Treg depleted mice from Figure 22a that have survived CT26 tumour challenge were re-challenged with a second

dose of CT26 at day 40.  Spleen and tumour draining lymph node were subsequently harvested 7 days and 40 days

after the second CT26 challenge and assessed for CD4+CD25+ staining.  Levels of CD4+CD25+ cells in these PC61-

treated mice are comparable to the levels detected for untreated CT26-challenged mice in Figure 22b.
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Figure 25 – Functional GSW11-specific T cells form effective central and

effector memory markers.

Treg depleted surviving mice were re-challenged with CT26 and spleen and draining lymph nodes were harvested at

day 7. Single cell suspensions of cells were stimulated with 1 µM of either GSW11 or AH1 peptide at 37oC for 4

hours and subsequently cell surface stained for CD8, CD62L, CCR7 and intracellular for IFN.  a) Outline of the gating

strategy used to distinguish antigen-specific T cells with those that are non-functional IFN- (quadrant gate Q1) or

functional IFN+ (quadrant gate Q2) post GSW11 or AH1 peptide stimulation is shown for clarity. b ) Representative

b)

a)

c)
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plots of cell proportions that are CD62LhighCCR7high, an indicative of central memory or CD62LintCCR7low an indicative

of effector memory. c) Percentages of central (CCR7high) and effector memory (CCR7low) T cells detected on

functional AH1- and GSW11-specific T cells from the draining lymph node and spleen. N=3 mice ** indicates a

significant P value of < 0.01, as determined under a two-tailed unpaired T test.
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4.3 Discussion and future work

Previous studies have identified that the removal of Treg induces a robust and

protective immunity towards CT26 tumour challenge in vivo (Golgher et al. 2002). This

anti-CT26 response was subsequently shown to be primarily due to the induction of

GSW11-specific T cell responses (James et al. 2010). Treg are known for their

immunosuppressive role; however, we have shown that GSW11-specific T cells

responses are preferentially targeted over AH1. This is a novel area of research which

has not been characterised in detail.

Utilising GSW11-specific MHC I tetramers, we were able to monitor GSW11-specific T

cells throughout the course of CT26 tumour challenge.  Our data revealed the active

recruitment of GSW11-specific T cells towards the tumour site which increased

throughout the tumour challenge.  To compare this data in context to other antigen-

specific CD8+ T cells, we also monitored AH1-specific T cells using commercially bought

MHC I dextramers.  Our data on the recruitment of AH1-specific T cells showed that

comparatively, the numbers of AH1-specific T cells recruited to the tumour site does

not mirror those observed for GSW11-specific T cells. The observation that the

majority of CD8+ T cells at the tumour site were GSW11-specific indicated the

recruitment of potentially effective tumour-specific T cells.

Despite this, effective anti-tumour immune responses and tumour rejection was not

observed as these CT26-challenged mice succumbed to the tumour.  This situation has

also been reported in a human study involving patients with melanoma whereby the

detection of elevated tumour antigen-specific T cells (in their case as high as 42% of

total CD8s were tetramer positive) were later found to not be an appropriate marker

for disease prognosis as there was no correlation between tumour antigen-specific T

cells with patients who relapsed or those who did not (Rosenberg et al. 2005). These

findings implicate the importance of immunosuppression in determining the efficacy of

CTL responses to mediate tumour rejection.
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The combination of MHC I tetramer staining and IFN production assay, allowed us to

show that of those CD8+ T cells (mostly GSW11-specific) being recruited to the tumour

site, the vast majority are unable to elicit effector functions in response to peptide

stimulation.  Additionally, we were able to show that the proportion of functional

GSW11-specific T cells decreased further as the tumour progressed (~3% at day 7

decreasing to less than 1% at day 22). In contrast, functional AH1-specific T cell

responses were slightly lower than those to GSW11 at early stages (days 7-10).  When

put into the context of total CD8s a much lower proportion of AH1-specific T cells are

being suppressed. Furthermore, our observation at the later time points i.e. day 22,

show the percentages of functional AH1-specific T cells were greater than GSW11-

specific responses suggesting AH1-specific T cell responses are more resistant to

suppression than GSW11-specific T cells. However, increased AH1-specific responses

were not enough to clear the tumour burden and mice still succumb to the tumour. It

is interesting that during the tumour time course, the decrease of functional GSW11-

specific T cells correlated with tumour burden and growth.  A number of factors can

contribute to this, for example, inhibitory cytokines IL-10 or TGFβ within the tumour

microenvironment act on T cells to induce and maintain T cell anergy (Becker et al.

1994; Taylor et al. 2006).  Furthermore Treg secrete IL-10 and TGFβ to induce

immunosuppression of anti-tumour immunity (Jarnicki et al. 2006).  In this study

infiltration of Treg were observed at the tumour which implicates their role in the

induction of T cell anergy by the secretion of IL-10 and/or TGFβ. In addition to this, the

lack of effector functions observed could be due to the induction of clonal T cell

exhaustion which has been reported on CD8+ T cells from chronic viral infections

(Trabattoni et al. 2003; Barber et al. 2006) and cancer (Wu et al. 2014). The expression

of PD-L1 on a wide variety of tumours (Inman et al. 2007; Muenst et al. 2014;

Hamanishi et al. 2007) may also further implicate the role of the PD-1:PD-L1 pathway

as one of the contributors of poor tumour immunity.
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Utilising MHC I tetramers and dextramers with peptide stimulation T cell assay and

IFN intracellular staining, have allowed us to calculate proportions of total antigen-

specific T cells at the tumour site that are functional and non-functional.  However it is

important to note that, in some experiments cells that were positive for IFN

production following GSW11 or AH1 peptide stimulation were found to not stain for

tetramer or dextramer respectively.  For the purpose of this study however these cells

were still included in the functional antigen-specific T cells analysis as they were

stimulated with either GSW11 or AH1 peptide and those producing IFN should

therefore represent GSW11 or AH1-specific T cells respectively. Activated T cells down

regulate their TCR (José et al. 2000; Utzny et al. 2006; Martínez-Martín et al. 2011) as a

negative feedback loop to prevent constitutive activation.  In addition TCR

internalisation has been reported to occur rapidly (Utzny et al. 2006) therefore it is

likely that peptide stimulation induced internalisation of TCR reducing the levels

available for tetramer or dextramer binding. To potentially address this problem,

future experiments detecting antigen-specific T cells may benefit with an incubation of

dasatinib prior to staining with MHC I tetramers and dextramers.  Dasatinib is a

tyrosine kinase inhibitor that has previously been shown to reduce internalisation of

the TCR (Lissina et al. 2009; Wooldridge et al. 2009) and consequently, the availability

of more TCRs on the cellular surface increases the intensity of MHC I tetramer staining.

Many cancer studies have shown significantly higher numbers of Treg in the blood of

patients compared to healthy subjects (Ormandy et al. 2005; Wolf et al. 2003) or

patients with metastatic cancer compared to those with benign neoplasms (Akin et al.

2011).  However, none have monitored antigen-specific CD8+ T cell numbers, as the

tumour develops, and correlated them with Treg numbers within the same study.

Here, we found that the increasing suppression of functional GSW11-specific T cells

correlates with disease progression/severity of tumour burden and that,  this

suppression may be Treg-mediated since we also observe increasing numbers of Treg

recruited to the tumour site over-time.
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To link Treg presence with function of Treg-mediated suppression, we showed in vitro

that stimulation of GSW11-specific T cells were lower when incubated with increasing

numbers of Treg.  Thus confirming a correlation of Treg-mediated suppression with

effector function of GSW11-specific T cells.  However it is important to note that,

whilst the Treg used in this study were purified from CT26 challenged mice, the T cells

used in this study are GSW11-specific T cell H3-4-17 hybridomas. These experiments

would need to be repeated using ex vivo purified primary GSW11-specific T cells.

Treg play a role in the negative modulation of the immune system towards tumours

(Curiel 2008).  High numbers have been correlated with late stage cancer progression

or poor prognosis.  As a consequence, a number of research groups, including us, have

been interested in the investigation of improved immunity in the absence of Treg

(Onizuka et al. 1999; Shimizu et al. 1999; Li et al. 2010).

In this study we were able to also induce effective anti-tumour immunity leading to

tumour rejection and survival by Treg depletion.  We observed ~90% or better

depletion of Treg post PC61 treatment.  Total complete Treg depletion is not required

as in the numbers observed in our Treg depleted mice were enough for tumour

rejection.

Li et al., (2010) also utilised the PC61 injection as a method of Treg depletion in

attempt to improve anti-tumour responses to melanoma.  However, despite 70% Treg

depletion observed in their mice, these did not result in immunity against melanoma

growth. Our percentages of depletion were higher, although, it must be highlighted

that firstly, our experiments were carried out in Balb/c mice whereas other studies,

used C57BL/6N mice (Wang et al. 2008; Li et al. 2010).  Secondly, it is important to

note that Treg were depleted prior to CT26 challenge whereas Li et al., (2010) depleted

Treg 8days after tumour challenge. This suggests that the priming stage of T cells is

important to determine whether they are able to facilitate tumour rejection. Indeed in
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a similar study utilising Treg depletion, also in C57BL/6N mice, observed similar

CD4+CD25+ Treg depletion profiles as we observed in our mice (Haeryfar et al. 2005).

PC61 treatment reduced CD4+CD25+ cells from 8.6% to 0.5% and similar to our study, a

single injection of PC61 was administered prior to the injection of a transformed

tumour cell line. These studies highlight the importance of Treg suppression during

the early stages of T cell priming and may determine whether a protective immune

response is observed or not.

In the CT26 tumour model, elevated immune responses to CT26 were observed

following Treg depletion via the i.p. injection of PC61.  The recovery of CD4+CD25+ Treg

cells in PC61-treated mice has been previously documented and was also observed in

our study. Some studies have argued about the efficacy of Treg depletion via the PC61

method, as despite apparent depletion of CD25+ cells, cells with low expression of

CD25 but high expression of Foxp3 may remain.  Thus, recovery of the Treg population

may occur by potentially two means. First, the development of peripheral CD4+CD25-

cells to develop a CD25+ expression and the second, the return of CD25 expression on

Foxp3+ cells that has transiently down regulated its CD25 when PC61 was administered

(Couper et al. 2007).  Despite these studies, we and other groups found that total Treg

depletion was not required to induce an improvement in CD8+ immune responses

although it has been argued at least 70% depletion is required to elicit tumour

rejection in melanoma mouse models (Li et al. 2010).

We hypothesised that GSW11-specific T cells form central and effector memory T cells

due to the fact that second CT26 challenge in Treg depleted mice results in tumour

rejection and survival.  Our analysis showed that in those T cells that are functioning, a

large proportion of the central and effector memory T cells GSW11-specific.  In

comparison to GSW11, very few AH1-specific memory T cells were found in the spleen,

although similar levels of memory cells were observed in the draining lymph node.

Our findings strongly suggest that Treg depletion allows for the formation of effective

memory T cells.  This finding is expected as memory CD8+ are known for being the
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maintenance of long lived (protective) immunity to previously encountered antigens

(Bajénoff et al. 2010) and that good secondary immune responses are dependent on

the development of memory T cells during the first infection and the ability to recall

central memory T cells (Roberts et al. 2005).  In the context of cancer, central memory

derived T cells have been found to elicit stronger anti-tumour immunity when

compared to effector memory T cells (Klebanoff et al. 2005) or CD8+ T cells transduced

with tumour antigen-specific TCR gene (Wu et al. 2013). However, effector memory T

cells have been shown to have an increased capacity for proliferation and a more rapid

ability to induce effector function compared to central memory T cells (Manjunath et

al. 2001; Sallusto et al. 2004). We detected a larger percentage of GSW11-specific

effector memory than central memory T cells in both the spleen and the draining

lymph node suggesting effector memory T cells as being important in the secondary

response. This however, does not preclude the role of central memory T cells in these

responses. It would be interesting to harvest at different time points following second

tumour challenge to investigate if proportions of effector and central memory markers

on functioning T cells remain the same.

Utilising a combination of MHC I tetramers or dextramers and IFN production we

were able to characterise the GSW11- and AH1- specific T cell responses respectively

during the course of the CT26 tumour challenge.  Our data monitoring functional

antigen-specific T cells responses in both Treg depleted and Treg repleted mice

revealed a number of things. Firstly, we observed generally higher percentages of

functional T cells residing in the spleen and draining lymph nodes in Treg depleted

mice when compared to Treg replete mice.  In addition, of these responses, higher

GSW11-specific responses were detected in Treg depleted mice when compared to

AH1.  This difference is particularly obvious during the earlier and middle stages of the

CT26 tumour challenge as towards the later time points co-dominance were observed.

Lastly, in the presence of Treg, we observed that the number of functional GSW11-

specific T cells is highest during the early stages of tumour challenge. Furthermore we

have previously observed the same pattern profile in tumour-resident GSW11-specific

T cells (Figure 19).  The combined observation from three tissue sites fully supports our
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hypothesis that the effector function of GSW11-specific T cells are rendered into an

unresponsive state and this lack of function in GSW11-specific T cells enables tumour

growth in CT26 challenged mice. In combination with the observation that increased

GSW11-specific T cells are functional with Treg depletion, further implicates the

importance of these GSW11-specific T cells for tumour clearance.

The functional data outlined in this study suggests that AH1 is more resistant to Treg-

mediated immunosuppression when compared to GSW11-specific T cells, thus

resulting in anti-AH1 responses being immunodominant in the presence of Treg.

Whilst a change in the immunodominant epitope mediated by Treg depletion is a novel

report, a change in immunodominance has previously been reported in chronic versus

acute LCMV viral infection.  Using two strains of LCMV virus, Armstrong for acute

infection, cleared within 8 days, or Cl-13, for a chronic infection which lasts 3 months

or indefinitely, a study was able to show that GP33-specific T cells were detectable by

MHC I tetramer staining throughout a chronic infection but failed to produce IFN. This

is similar to our observation with the GSW11-specific T cells in Treg replete mice.

However the change in immunodominance of this study occurs via the selective

deletion of certain epitope-specific T cells over others (Wherry et al. 2003). In this

chapter our observed change in the most immunodominant responses was not due to

abundance or deletion of T cells.

It is interesting to note that at day 22, the total numbers of GSW11-specific T cells have

decreased back down to 60%, suggesting that effector function inactivity may

eventually lead to deletion or apoptosis of these cells.  Despite this slight decrease,

total number of GSW11-specific T cells at the tumour are still consistently higher than

AH1-specific T cells.  The observation of the recruitment and persistence of GSW11-

specific T cells may prove useful in identifying a therapeutic window if these T cells can

be rescued.
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Chapter 5: Treg-mediated immunosuppression induces clonal

exhaustion in GSW11-specific T cells.

5.1 Introduction

Tumour progression is often accompanied by acquired mechanisms to evade the

immune system such as immunosuppression of CTLs.  Immunosuppression results in

the loss of the anti-tumour T cells ability to expand, proliferate and exert effector

functions enabling tumour to persist. I have shown above that reduced CD8+ T cell

responses, potentially due to ineffective priming, were observed in the presence of

Treg most notably in GSW11-specific T cells. This is reflected by the decrease in

functionality in GSW11-specific T cells as the disease progresses which correlates with

the infiltration and persistence of Treg. This correlation with recruitment and

maintenance of high numbers of Treg at the tumour site, implicates the important role

of Treg in immunosuppression of GSW11-specific T cells at the tumour site.

Many studies have identified a state of T cell dysfunction in both chronic viral

infections and tumour models whereby antigen experienced CD8+ T cells are unable to

exert effector function termed clonal T cell exhaustion. It was initially identified that

cells undergoing clonal T cell exhaustion express the PD-1 receptor (Ishida et al. 1992).

A deficiency in PD-1 in mice causes the development of fatal, immune-mediated,

inflammation and autoimmune attack of the heart muscle (Wang et al. 2010).  Thus

implicating the important role of negative inhibition of CD8+ T cells via the PD-1

pathway.  In cancer, tumour cells have been shown to promote an immunossupressive

environment and through the expression PD-L1 (one of the ligands to PD-1) (R.

Thompson et al. 2006; Hamanishi et al. 2007). The expression of PD-L1 on Treg

(Sandner et al. 2005; Habicht et al. 2007) and tumour cells (Blank et al. 2005) may help

negatively regulate TILs inducing them into a clonally exhausted state.
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The mechanisms by which Treg are able to exert immunosuppression are not yet

completely understood and therefore needs to be explored. Whilst Treg are also

capable of exerting immunosuppressive cytokines, such as IL-10 (Schreiber 1997;

Rubtsov et al. 2008; Jarry et al. 2008), it is also possible that there is interplay from the

microenvironment created by CT26; as established CT26 tumours are capable of

secreting TGFβ which may help recruit Treg.  Additionally, a recent study has found

that the PD-1 pathway and Treg work in tandem to limit the effectiveness of adoptive

T cell transfer therapy (Zhou et al. 2010). I therefore explored the possibility that Treg

and the PD-1:PD-L1 pathway may work in synergy in the CT26 tumour model to create

the immunosuppressive effects observed upon GSW11-specific T cells.

In this chapter we explore the potential mechanisms which may be exerted on GSW11-

specific T cells and assess whether the lack of functionality observed is due to clonal T

cell exhaustion.  PD-1 expression on antigen specific T cells was monitored throughout

the course of the CT26 challenge.  We hypothesise that the majority of GSW11-specific

T cells are suppressed into a clonally exhausted state. This is due to the previous

observation that greater proportions of GSW11-specific T cells were suppressed

compared to AH1-specific T cells.

In addition we will also investigate mechanisms which may be present in the tumour

microenvironment to promote this clonal exhaustion induction.  Thus, PD-L1

expression on CT26 cells will also be assessed potentially implicating the role tumour

cells have in the induction of clonal T cell exhaustion.

5.2 Results
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5.2.1 Induction of a clonally exhausted phenotype in tumour infiltrating GSW11-

specific T cells

The limitation or termination of an immune response is mediated by many

mechanisms but one that has been well characterised is the inhibitory co-stimulatory

receptor PD-1 on CD8+ T cells.  Ligation of this receptor by its predominant ligand PD-

L1, on CD8+ T cells causes the loss of T cell effector functions in a step by step manner;

first proliferation is halted followed by a decrease in IL-2 secretion then the inability

for TNFα and IFN production, ultimately resulting in a non-functional phenotype

called clonal T cell exhaustion (Wherry et al. 2007; Wherry 2011).  Our observations

outlined the infiltration of GSW11-specific T cells to the tumour.  However, only a very

small percentage produced IFN indicating the vast majority of GSW11-specific T cells

were non-functional. We therefore wanted to investigate whether the induction of

clonal T cell exhaustion was responsible for the lack of functionality observed in these

T cells. To address this we assessed PD-1 expression on tumour infiltrating GSW11-

specific T cells. In order to determine whether clonal exhaustion correlated with the

differential suppression of CD8+ T cell specificities (GSW11 vs AH1), PD-1 expression on

AH1- and GSW11-specific T cells was compared.
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Figure 26 - PD-1 expression on non-functional T cells.

a) Non-functional GSW11-specific T cells versus IFN were gated as before (Figure 18a).  Each quadrant of T cells

were further analysed for PD-1 with an MFI of 103 or greater deemed as PD-1 positive and the same gates were

used across all samples/quadrants. b) Tumours from CT26 challenged mice were harvested at the specified days,

stained for CD8, antigen-specificity, PD-1 and IFN production. Percentages in the graph are obtained from cells in

the first 2 left hand quadrants of a). N=3 mice and the experiment repeated 2 separate times.

a)

b)
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We found that there was a greater percentage of non-functional GSW11-specific T cells

expressing PD-1 compared to AH1-specific T cells throughout tumour challenge, with

the exception of day 14.  It is worth noting that even at earlier time point of tumour

challenge, the percentage of GSW11-specific T cells expressing PD-1 is very high.

These levels remained constantly high throughout tumour challenge suggesting that

clonal exhaustion has been induced in these T cells prior to day 7. By contrast, AH1-

specific T cells show an increase in percentages of cells being clonally exhausted as the

tumour challenge progresses; showing the lowest levels at day 7 and increasing until

day 14.  These data suggest that the expression of PD-1 (induction of clonal

exhaustion) occurs at a faster rate in GSW11- compared to AH1-specific T cells.

Antigen-specific IFN-producing cells (T cells still capable of effector functions)

expressing PD-1 were also examined.  In general, lower percentages of functional T

cells expressed PD-1 consistent with the cells being functional.  This is expected since

cells exerting effector function have been shown to have low expression of PD-1.  A

representative plot of this is displayed in Figure 27a whereby functional GSW11-

specific T cells (IFN+) at day 10 post CT26 tumour challenge were analysed for their

PD-1 expression.  Surprisingly, analysis of functional GSW11-specific T cells during the

latter stages of tumour challenge, revealed upregulated PD-1 expression (Figure 27a

and b). Either this represents a subset of functional PD1 expressing cells or a

population of effector T cells in the process of becoming clonally exhausted.  We

believe the latter because upregulation of PD-1 has been reported on activated T cells

in chronic simian immunodeficiency virus infection (Hong et al. 2013).
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Figure 27 - Functional T cells express greater levels of PD-1 at later time

points of tumour challenge.

a) Tumours were harvested, stained were gated as before, similar to Figure 26a, however here the right hand side

gates (IFN+) were selected and PD-1 expression assessed from a day 10 and day 22 mouse. An example plot of a

left hand side gate (IFN-) is also included for comparison. b) Percentages of PD-1 expression on functional GSW11-

and AH1-specific T cells were plotted from mice harvested on days 7,10,14,17 and 22.  N=3 mice and the

experiment has been repeated 2 times. * p ≤ 0.05 as determined by a two-tailed unpaired T test.

a)

b)
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5.2.2 Functional GSW11-specific T cells primed in the draining lymph node

express less PD-1 in Treg-depleted mice than Treg-replete mice

The gradual increase in expression of PD-1 on functional GSW11-specific TILs lead us to

question whether this was a consequence of an immunosuppressive tumour

microenvironment, or if regulatory mechanisms also occurred during T cell priming at

the lymph node prior to trafficking to the tumour site.  We therefore assessed the PD-1

expression on antigen-specific T cells from the draining lymph node from Treg-replete

and Treg-depleted mice.  GSW11-specific T cells were shown to be clonally exhausted

as early as day 7 after tumour challenge in Treg-replete mice (Figure 30). In addition,

clonal exhaustion was preferentially observed in GSW11- compared to AH1-specific T

cells, mimicking the phenotype observed in tumours (Figure 26). We also observed

small percentages of antigen-specific T cells expressing PD-1 at early time points

(during T cell priming); of total functioning GSW11-specific T cells, 2% at day 3 and 10%

at day 7 expressed PD-1.  Since the percentage of GSW11-specific T cells expressing

PD-1 is lower than that observed at the tumour it suggests that additional

immunosuppression is occurring at the tumour site.

When comparing PD-1 expression between Treg depleted and replete mice we found

that during the early days post tumour challenge (day 3, 7 and 10), PD-1 expression on

AH1-specific T cells remained constant regardless of whether Treg were present or not.

By contrast, in Treg replete mice a much greater proportion of GSW11-specific T cells

expressed PD-1 (5-10%) compared to Treg depleted mice (0.5-3%).  This suggests that

Treg affect T cell priming in the draining lymph nodes. However, this does not preclude

a role for tumour cells which may have trafficked to the lymph node. In conclusion,

GSW11-specific T cells were found to be more susceptible to PD-1 expression during

tumour challenge with the upregulation of PD-1 dependent on the presence of Treg.
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Figure 28 - GSW11-specific T cell priming are affected by the presence of

Treg.

Balb/c mice was treated with PC61 (Treg-depleted) or left untreated (Treg-replete) and injected with CT26 at day 0.

Tumour draining lymph nodes were harvested during the specific days and assessed for expression of PD-1 and IFN

following peptide stimulation.  N-= 3 mice and data is a representative of at least 2 independent experiments. * is

an indicative of a significant value of p ≤ 0.05 as determined by a two -tailed unpaired T test.
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5.2.3 PD-L1 expression is induced on CT26 in vivo

In addition to the immunosuppressive functions of Treg, the tumour may also mediate

immunosuppression. Because we previously observed the suppression of anti-tumour

CTLs into a PD1+ phenotype, we also investigated inhibitory ligand expression PD-L1

expression on CT26 tumour cells in vivo. Some tumours develop characteristics that

allow them to evade the constant immune surveillance provided by the immune

system.  PD-L1 cell surface expression capable of inducing the PD-1:PD-L1 pathway for

clonal T cell exhaustion of TILs has been reported on many types of tumours (Ghebeh

et al. 2006; Inman et al. 2007; Gadiot et al. 2011; Wu et al. 2014). Since we observed

PD-1 expression, which is biased against the elaboration of a functional anti-GSW11

response, we examined whether CT26 tumours expressed PD-L1.

Staining of tumour samples with PD-L1 showed that PD-L1 expression was significantly

increased on tumour samples taken ex vivo compared to levels observed on CT26 cells

prior to injection; 5.92% of cells were displaying PD-L1 with a MFI of 435 were

detected on CT26 cells prior to injection and this number increases to 65.9% with an

MFI of 2569 when CT26 samples were taken ex vivo.  This suggests that the tumour

upregulates PD-L1 expression following injection. Furthermore, expression of PD-L1

remains consistently high throughout the tumour challenge. The upregulation of PD-

L1 on CT26 in vivo suggests that the PD-1:PD-L1 pathway may play a role in the

suppression of GSW11-specific T cells at the tumour site.
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Figure 29 - Upregulation of PD-L1 cell surface expression on CT26 cells in

the tumour microenvironment.

a) CT26 cell line was stained with anti-PD-L1 antibodies before injection into Balb/c mice.  Established tumours were

harvested and stained with PD-L1 as before. b) Percentages and c) mean fluorescent intensity of PD-L1+ expression

on tumour cells were compared to a negative control and presented on a graph. N=3 except at Day 0 when 1 CT26

cell line sample was injected and Day 25 where only 2 mice survived for harvest. This represents 2 independent

experiments.

b)

c)
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5.2.4 Down regulation of MHC I on tumour cells correlates with disease

progression

We have previously shown that by targeting the antigen processing pathway and

increasing the levels of GSW11 peptide (by the inhibition of ERAAP for reduced peptide

trimming), tumour free rejection was observed despite the presence of Treg (James et

al. 2013) thus suggesting that levels of H-2Dd presenting the GSW11 peptide appears

to be important for the priming of GSW11-specific T cells.  Because anti-GSW11 is a

highly potent anti-tumour response we next sought to investigate whether the H-2Dd

may be selected for MHC downregulation in the window after priming and before

complete CD8+ T cell exhaustion.

Tumours have many mechanisms to mediate immune evasion; one such example is the

down regulation of MHC I molecules.  This mechanism has been previously reported as

a method of immune escape utilised by cancer cells (Algarra et al. 2004; Bubeník 2004;

Inoue et al. 2012; Pan et al. 2013); enabling tumours from being subjected to MHC I-

restricted, CD8-mediated lysis.  We wanted to therefore examine whether H-2Dd

expression on CT26 changes during tumour challenge. CT26 tumour cells prior to

injection were analysed for cell surface expression of H-2Dd (the MHC I restriction of

GSW11). This level of expression was then compared to CT26 tumours harvested ex

vivo. CT26 was found to express H-2Dd throughout the experiment (Figure 30).

However the level of expression (MFI) was found to decrease as the tumour

progressed (Figure 30).  Our data therefore indicates that down regulation of H-2Dd

molecule, which correlates with tumour growth, and thus GSW11 presentation may

form part of an immune-evasion mechanism preventing activation of GSW11-specific

CD8+ T cell responses.
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Figure 30 - The down regulation of H2-Dd MHC I at the tumour site.

Tumour samples from CT26-challenged Balb/c mice were harvested at day 14, 17, 22 and 25 and stained for H-2Dd.

a) Red lines depict a negative control of an unstained CT26 sample and blue lines depict cell surface expression of

Dd on CT26 tumour samples extracted ex vivo.  Mean fluorescent intensity of each plot is included in the key boxes.

b) MFI values of cell surface H-2Dd expression are plotted. N= 3 mice except on Day 25 where only one mice

survived. The trend observed is a representative of at least 3 different experiments.

a)

b)
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5.3 Discussion and future work

Although cancers can be moderately immunogenic, immunosuppressive networks

within the tumour microenvironment often limits the effector functions of CD8+ T cells.

Clonally exhausted T cells have been widely described as a state of T cell dysfunction

whereby the ability to exert effector function is lost.  The detection of PD-1 expression

on TILs of breast cancer patients have been correlated with a poor disease prognosis

(Muenst et al. 2013). Furthermore, the expressions of PD-1 ligand, PD-L1 on tumours

(including cancers of the bladder, breast, lung, colon, cervix, ovary, liver, glioma, and

melanoma) has been reported and is one method of immune evasion (for review see

Blank et al. (2005)).  In this study, our previous observations highlighted the reduction

in effector function of the GSW11-specific T cells correlated with disease progression

and the presence of Treg.  In this chapter, we focussed on the link between effector

function and PD-1 in the presence and absence of Treg.

My data showed that both AH1- and GSW11-specific T cells express PD-1, suggesting

the lack of effector function observed in TILs was due to the induction of a clonally

exhausted phenotype.  PD-1 expression on non-functional GSW11-specific T cells at

day 7, the earliest time-point upon which tumours are palpable, was found to be

extremely high (80%). Interestingly, PD-1 expression on GSW11-specific T cells was

found to be more elevated than on AH1-specific T cells; approximately 75% and 45%

respectively at day 7.  After day 7, non-functional GSW11-specific T cells retained high

PD-1 expression with the greatest percentages detected at days 10 and 22; when ~80%

of cells expressed PD-1.  Assessment of PD-1 expression on AH1-specific TILs after day

7 revealed a gradual increase in percentages (day 7 = 65%, day 10 = 65%, day 14 =

70%).  This showed a clear distinction in clonal exhaustion induction between AH1- and

GSW11-specific T cells with GSW11-specific TILs being clonally exhausted at early time

points than AH1.
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Interestingly, even in functional antigen-specific T cells PD-1 expression was apparent.

However, the percentages of functional T cells expressing PD-1 is generally much lower

across all days and across both types of antigen specificities compared to the

expression detected on non-functional T cells.  With the exception of day 14, where

high levels of PD-1 expression were observed on AH1-specific T cells, the percentage of

PD-1 expressing functional T cells increased during tumour challenge.  This increase of

PD-1 expression correlates with disease severity.  In addition, comparison of the MFI of

PD-1 expression revealed that cells have a brighter MFI at day 22 compared with

samples from the earlier stages.  Similarly, in a previous study linking the presence of

clonally exhausted T cells in TILs, also reported ~80% of total CD8+ TILs expressed PD-1

(Sakuishi et al. 2010). The failure of T cells to respond occurs in a stepwise manner,

with IL-2 production being the first effector function trait that is lost, followed by

Tumour necrosis factor-α production and it has been reported that the production of

IFN is a T cell effector function that is more resistant to inactivation (Wherry et al.

2003; Fuller & Zajac 2003; Fuller et al. 2004).  It is therefore a possibility that our

measurement of IFN producing GSW11-specific T cells which express PD-1 may be at

the process of becoming clonally exhausted.  Indeed, in a study looking at clonal T cell

exhaustion in SIV infections, described the upregulation of the PD-1 receptor on

activated T cells (Hong et al. 2013).  Furthermore the upregulation of PD-1 causes a

shift in dose-responses curve suggesting that higher T cell receptor signal is required

for T cell activation when PD-1 is present (Wei et al. 2013).

In addition to Treg-mediated immunosuppression, we identified that the tumour may

also promote an immunosuppressive microenvironment through the down-regulation

of MHC I and increased expression of PD-L1.

Downregulation of cell surface MHC I resulting in reduced peptide presentation to

CD8+ T cells forms an effective method of immune evasion and is utilised by many

cancer types (Bubeník 2003; Algarra et al. 2004; Romero et al. 2005).  Peptide vaccines

have varying success rates and despite the successful expansion of antigen-specific T
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cells by peptide (Rosenberg et al. 2005) and dendritic cell vaccines (J. S. Yu et al. 2004),

it is possible that the efficacy of these types of treatment in humans may be limited

should tumours down regulate MHC I expression preventing the activation of tumour

specific cytotoxic T cells.  Downregulation of the H-2Dd occurs in CT26 cells in vivo,

which correlates with the presence of lower percentages of GSW11-functional T cells

at the latter stages of disease and therefore may provide a link between the T cell

responses and H-2Dd expression.  The reduction of a H-2Dd expression may also

increase the susceptibility of GSW11-specific T cells to clonal exhaustion through the

PD-1:PD-L1 pathway since PD-1 inhibition is correlated to the strength of TCR signal

(Keir et al. 2005).  In addition, analysis of CT26 tumour cells taken ex vivo revealed a

high expression of PD-L1 ligand throughout the course of the tumour challenge when

compared to the PD-L1 expression on CT26 prior to the injection.  The combination of

high PD-L1 expression and reduced H-2Dd expression on CT26 may create the

environment for the induction of clonal exhaustion in GSW11-specific T cells.

Analysis of PD-1 expression on functional GSW11- and AH1-specific T cells in the

draining lymph node revealed that immunosuppression of functional GSW11-specific T

cells also occurs.  This is important since T cell priming likely occurs in the draining

lymph node and implicates the role of Treg in defining a clonally exhausted phenotype

in GSW11-specific T cells at a very early stage. This is not observed in AH1-specific T

cells as no difference is observed whether Treg are present or not pointing to a

GSW11-specific mechanism. Ultimately, this supports again the novel finding that

GSW11-specific T cells are preferentially suppressed.

In a recent study by Duraiswamy et al (2013) the implications of the PD-1:PD-L1

pathway in the CT26 mouse tumour model was also highlighted.  They reported that

approximately 60% of total CD8s in the tumour were PD-1+. However the study did

not elaborate on which day the CT26 tumour was harvested for analysis. Because of

this it is difficult to directly compare my results with those previously published.

However, when comparing over the time course I observed similar percentages at
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early stages (day 7-10), however I observed a much greater percentage of PD-1

expressing CD8+ TIL at later time points (day 14 onwards). In terms of a functionally

exhausted phenotype, Duraiswamy et al did not compare effector function of PD1-

with PD-1+ T cells but instead outlined that CD8 T cells with PD-1+CTLA-4+ expression

had a significantly reduced capability for effector function also as measured by IFN

staining when compared to PD-1+CTLA-4-.  These results confirmed the hypothesis

outlined in a review by Wherry et al (2011) in that there are multiple stages of T cell

suppression and that total T cell suppression occurs in a stepwise manner.  Initial

studies argued that a clonally exhausted phenotype (PD-1+) is a terminal state of T cell

dysfunction particularly when expression is correlated with very poor prognosis in

cancer patients (Inman et al. 2007; Nakanishi et al. 2007; Hamanishi et al. 2007).

However, our data shows that T cells still exert effector function despite expressing

PD-1, suggesting that in addition to T cells that are no longer exerting effector

function, PD-1 is also upregulated in T cells with heightened level of activation prior to

the loss of all effector functions.  Expression of PD-1 may therefore be only partly

indicate a clonally exhausted phenotype.  This is supported by T cells with PD-1+CTLA-

4- being better at exerting effector function when peptide-stimulated compared to PD-

1+CTLA-4+ T cells (Duraiswamy et al. 2013). This, combined with our data supports the

views that are expressed by some in the literature in that expression of PD-1 is not a

terminal state of dysfunction but potentially represents a heightened level of

activation whereby T cells enter a state of hypo-responsiveness as part of a defence

tolerance mechanism (Schietinger & Greenberg 2014; Wherry 2011).

Methods to rescue or prevent T cell dysfunction have been the focus of many studies.

These include antibody treatment for the blockade of PD-1:PD-L1 pathway (Barber et

al. 2006; Trautmann et al. 2006) and T cell rescue treatment by IL-2 (Carter et al. 2002).

As discussed previously, an effective cancer treatment is one that is likely to combine

more than one strategy to modulate two or more of the many arms that control

effective anti-tumour immunity.  The removal of Treg by PC61 antibody prior to

tumour challenge, results in tumour rejection and the identification of a robust

effective GSW11-specific T cell population, which is not observed in the presence of
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Treg (James et al. 2010).  The utilisation of a dual blockade treatment against PD-1 and

CTLA-4 has also resulted in improved immunity leading to tumour rejection in CT26-

challenged mice (Duraiswamy et al. 2013).  Additionally they found that, whilst single

blockage treatment of PD-1 blockage was effective in some mice, blocking CTLA-4 only

had no desirable effects on immunity. Only the combination of blocking both PD-1 and

CTLA-4 shows significant tumour survival indicating the synergistic effect of using both

antibodies. Indeed, a study by Parry et al (2005) has highlighted that ligation by PD-1

and CTLA-4 functions by activating different pathway mechanisms. The fact that two

inhibitory pathways are activated by the two inhibitory receptors, explains why dual

blockade provides synergistic effects.  Furthermore, the fact that PD-1 blockage had

some effects in some mice whereas CTLA-4 blockade did not, provides information

that may highlight that the inhibitory pathway of the PD-1:PD-L1 pathway has a

greater effect on inducing T cell responses and should be preferentially targeted in

therapy.  In our study we observe the increase and subsequent persistence of large

percentages of GSW11-specific T cells, showing that these T cells do not undergo

apoptosis.  This is potentially a promising observation, as this may allow their re-

activation from clonal exhaustion by PD-1 blockade and permit tumour rejection. To

investigate this future studies will investigate whether the of checkpoint blockade PD-

L1 therapy in CT26 tumours affects GSW11-specific T cell responses and clonal

exhaustion.
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Chapter 6: Investigating the relationship between specificity and

suppressibility.

6.1 Introduction

Due to the immunosuppressive roles of Treg, their depletion has often resulted in

increased CD8+ T cell responses (Haeryfar et al. 2005). In our study, the presence of an

effective anti-tumour CD8+ T cell population, in particular against the GSW11 peptide

epitope, is only apparent in the absence of Treg. Indeed, in the presence of Treg, the

induction of clonal T cell exhaustion in CD8+ T cells highlights the immunosuppressive

role conferred by these regulatory mechanisms. Our observation that this suppression

occurs preferentially in GSW11-specific T cells is of potential significance in a

therapeutic setting where the ability to switch on the most potent anti-tumour

responses could be key. It is therefore important to understand why GSW11-specific T

cell populations are more prone to Treg-mediated immunosuppression.

We hypothesise that the TCR interaction of GSW11-specific T cells with antigen

presenting cells including tumours, is an important component in the ability to induce

clonal exhaustion through PD-1/PD-L1 interaction. CD8+ T cells are defined by their

antigen-specificity which is determined by the genetic combinations of the VDJ genes

encoding for the various components of the TCR.  The increased presence of TCRs

arising from the same clone of Vβ gene families have previously been reported in

diseased states.  This is particularly obvious in autoimmunity where the disease

manifests due to an aberrant immune response caused by T cells; here, a skewed or

marked increase in the presence of certain Vβ families, are often reported in diseased
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patients but is missing from healthy controls (Jenkins et al. 1993; Pietra et al. 1994;

Simpson et al. 1995).

Ultimately we would like to link: i) Antigen presentation, i.e. abundance and kinetic

stability of GSW11 peptide MHC I complexes with ii) antigen recognition, i.e. TCR

affinity and repertoire diversity to better understand iii) suppressibility, i.e. the

induction of clonal T cell exhaustion in the context of iv) immunodominance.  From the

data from previous chapters, we know that the presence of Treg affects suppressibility

and immunodominance (i.e point iii and iv). What we would like to explore next is the

properties in i) and ii) to better understand mechanisms affecting Treg-mediated

immunosuppression.

We have highlighted that the specificity of potent anti-tumour changes in the presence

or absence of Treg, we next sought to determine whether the ‘quality’ of the TCR may

also differ in the presence or absence of Treg which links points ii) and iii). Previous

studies investigating autoimmunity, disease manifest in autoreactive T cells and

characterisation of the Vβ families revealed the selective usage of particular Vβ

families over others (Gigliotti et al. 1996; Zhang et al. 2006; Egwuagu et al. 1993). In

our tumour model it is therefore possible that the removal of Treg may alter the Vβ

repertoire as the removal of regulatory mechanisms may promote the expansion of

particular Vβ families more than others. The presence of predominant Vβ families

over others in Treg depleted mice may reveal information of TCR origin which confers

to the protective immunity observed on GSW11-specific T cells. In our study we

hypothesise that Treg, affect the proliferation of certain Vβ families.  In this chapter I

hope to uncover the properties present in the robust effective anti GSW11 response

observed in Treg depleted mice which are hidden when Treg are present.

Furthermore I investigate whether altering point i) the abundance of antigen

presentation, can have an effect suppressibility (point iii) and presumably
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immunodominance (point iv).  In this chapter we would like to explore whether the

induction of clonal T cell exhaustion may be overcome though increased presentation

of cell surface peptide-MHC I and to determine whether this stimulation via the TCR

will be enough to overcome clonal T cell exhaustion despite the presence of Treg.

6.2 Results

6.2.1 Vβ repertoire is altered in Treg depleted CT26 challenged mice

The depletion of Treg causes a change in the T cell profile with a large increase in

GSW11-specific T cell responses; which are required to clear the tumour. With the

observation that GSW11-specific T cells were preferentially suppressed by Treg

compared to AH1-specific T cells, we wanted to investigate whether there were

differences in the T cell properties between GSW11- and AH1-specific T cells.  This

would allow a better understanding of why GSW11-specific T cells are preferentially

targeted for immunosuppression.

To better our understanding we sought to phenotype the Vβ family usage of both AH1-

and GSW11-specific T cells derived from both Treg depleted and replete CT26

challenged mice.  Analysis of the V usage by GSW11- and AH1-specific T cells was

carried out on splenocytes from Treg replete and depleted mice day 22 post CT26

challenge (Figure 31). GSW11-specific T cells were found to use wider repertoire of V

compared to AH1-specific T cells. The vast majority of Vβ families detected on GSW11-

specific T cells were comparable in the presence or absence of Treg, except, Vβ3, Vβ9

and to a lesser extent vβ13 were found to be considerably higher in Treg depleted

mice with the most striking difference observed in Vβ3 family expression where almost

half of GSW11-specific T cells express this receptor in Treg depleted mice compared to

only ~7.5% in Treg replete mice.  Interestingly, we did not observe any common usage
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of Vβ families between treatment groups (Vβ6 and Vβ9 on Treg replete mice and

Vβ8.3 Vβ10b Vβ12 Vβ17 on Treg depleted mice) when examining AH1-specific T cells.

This is a somewhat surprising observation and the experiment would need to be

repeated to confirm this pattern of expression. Interestingly, the Vβ families that were

detected on AH1-specific T cells of Treg replete mice were expressed in similar

proportions in GSW11-specific T cells; one exception being Vβ17, which was not

detected on GSW11-specific T cells. The presence of Vβ TCR on GSW11-specific T cells

which were found at similar levels regardless of whether Treg were present or not

(such as Vβ8.3) suggests that these T cells may be more resistant to

immunosuppression.
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Figure 31 - The effects of Treg depletion on GSW11- and AH1-specific T

cells the Vβ repertoire.

a) Lymphocytes gate was selected from the forward-side scatter as before, CD8+Tet+ cells or CD8+Dex+ cells were

selected and from these populations the gating strategy for Vβ analysis is shown. For the determination of a

positive Vβ peak the same gating strategy illustrated was applied throughout all samples. b) Splenocytes were

harvested at day 22 from Treg depleted (Dark blue) or replete (light blue) Balb/c mice challenged with CT26. CD8+ T

cell population were isolated using magnetic beads sorting. Purified were then stained for FACS analysis and gating

strategy in a applied to the analysis. Percentages of Vβ family were calculated as displayed in a.

GSW11-specific T cells AH1-specific T cells

a)

b)
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6.2.2 Overcoming clonal T cell exhaustion

We have previously shown that ERAP inhibition, prevents over trimming of the GSW11

peptide in the cytosol causing increased expression on the cellular surface to make

CT26 more immunogenic (James et al. 2013). In addition to this, I have previously

highlighted that downregulation of H-2Dd MHC I expression in vivo correlates with

tumour growth. Taken together, these suggest that abundance of GSW11

presentation might be an important factor in priming and/or effector function in the

tumour microenvironment.

To test this idea, we set out to create a CT26 cell line retrovirally manipulated to

display increased cell surface expression of GSW11 peptide loaded MHC I complex.  In

theory, despite the low affinity of the GSW11 to the MHC I, an increased cell surface

expression of GSW11/H-2Dd may provide more opportunity for and/or stable binding,

which would potentially result in higher stimulation of GSW11-specific T cells.  This

increase in signal through the TCR may overcome the inhibitory signals provided by

PD-1:PD-L1 interaction, preventing clonal T cell exhaustion, and thus improving anti-

tumour immunity.

We initially created a retroviral vector containing the GSW11/H-2Dd SCT DNA

construct which would be transfected into a retroviral packaging cell line.  GSW11/H-

2Dd SCT DNA construct was cloned into a retroviral vector as illustrated and successful

ligation was confirmed by sequencing (Figure 32a). Retrovirus was produced and used

to infect CT26 to create CT26 cell line expressing GSW11/H-2Dd SCT.  In order to

confirm successful incorporation of the GSW11/H-2Dd SCT construct into the genome,

we used PCR to amplify the GSW11/H-2Dd SCT insert from cDNA obtained from the

two CT26 stable cell lines created; SCT with and without the disulphide trap. Figure

32b shows the successful incorporation of the DNA in both CT26 stables as PCR

products at 1.5 kb is detectable from cDNA samples from CT26 stables.  Furthermore
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an attempt to PCR out the insert from cDNA of a CT26 cell line (non-transduced) was

unsuccessful.
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Figure 32 - Retroviral transduction of CT26 with increased GSW11-MHC I

complex.

a) A diagrammatic representation of GSW11/H-2Dd SCT cloned into a retroviral vector pMSCV hygro conferring

antibiotic resistance to Hygromycin (Hygro). This plasmid was transfected into a retroviral packaging cell line and

the supernatant containing the retrovirus were used in the transduction of CT26  b) Following retroviral

transduction, cDNA of CT26 GSW11/H-2Dd SCT or GSW11/H-2Dd SCTd.t stable cell line and CT26 non-transduced

cell line were subjected to a PCR with primers to amplify for the presence of the inserted DNA. c) CT26 GSW11/H-

2Dd SCT stable and CT26 cell line were assessed for their cell surface expression of Dd MHC I molecule by flow

cytometry and illustrated an increased cell surface expression of H2-Dd in stably transfected CT26 compared to non-

transfected CT26.
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After the detection of the incorporated plasmid into the CT26 genome we next sought

to confirm that this construct is correctly translated and folded into the tertiary p:MHC

I complex structure.  We therefore compared CT26 and CT26 GSW11/H-2Dd SCT stable

cell lines for cell surface expression of Dd.  Our results confirmed that the CT26

GSW11/H-2Dd SCT stable cell line expressed greater levels of H2-Dd. Because no

peptide-specific antibody is available we assumed that the increased Dd cell surface

expression has the loaded GSW11 peptide docked within its peptide binding grove as

the DNA transfected encoded for a SCT (Figure 32c). However, to further confirm that

the increased Dd expression was due to GSW11 loaded MHC I we assessed the ability

of CT26 and CT26 GSW11/H-2Dd SCT stable cell line to stimulate GSW11-specific T cell

hybridomas.  We found that the CT26 GSW11/H-2Dd SCT stables stimulated the

GSW11-specific H3-4-17 hybridoma to greater levels than the non-transduced CT26

cells (Figure 33a).

Next wanted to assess its ability to stimulate GSW11-specifc T cells in vivo; CT26 and

CT26 GSW11/H-2Dd SCT were injected into Balb/c mice.  As expected, mice injected

with CT26 succumb to tumour growth before d 23 (Figure 33b).  Interestingly, mice

challenged with CT26 GSW11/H-2Dd SCT displayed improved anti-tumour immunity;

with 85% of mice surviving the tumour challenge.

To test if these surviving mice developed protective memory response and thus were

also immune to secondary challenges of CT26. Five surviving mice were therefore

injected with non-transduced CT26 100days following rejection of the primary tumour.

We observed the same tumour free survival in these mice as in our PC61 treated mice

(Figure 33c). Our results indicate that increased cell surface of expression of

GSW11/H-2Dd SCT complex, is able to elicit robust anti-CT26 immunity, likely due to

the activation of GSW11-specific T cells, suggesting that the increased GSW11/H-2Dd
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surface expression is sufficient to overcome suppression of GSW11-specific T cells in

the presence of Treg.
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Figure 33 - Overcoming clonal T cell exhaustion in the presence of Treg.

a) CT26 and CT26 GSW11/H-2Dd SCT stables were co-cultured with 105 GSW11-specific T cell hybridoma and T cell

responses were measured at 595 nm. b) 105 CT26 GSW11/H-2Dd SCT stables and CT26 cell line were injected into

wild-type Balb/c mice at day 0 and a Kaplan-Meier survival curve was plotted. N= 4 mice in the CT26 group and 7

mice in the CT26 GSW11/H-2Dd SCT stable group. c) Surviving mice from b (green line) and wild-type Balb/c mice

(red line) were injected with 105 of CT26 and Kaplan-Meier survival curve was plotted. N=3 in the CT26 group and 5

in the Surviving mice group.

a) b)

c)



165

6.3 Discussion and future work

An effective T cell response to a pathogen or cancer is usually made up of a number of

T cell specificities. However within this response those directed toward a single antigen

may be responsible for the majority of the response observed, a phenomenon termed

immunodominance. In addition, the response against a particular antigen may be

biased such that a low diversity of TCR usage within a responding T cell population is

observed (Cose et al. 1995; Maryanski et al. 1996; Pannetier et al. 1995).  It has been

argued that in these cases an oligoclonal T cell origin is predominant, which helps

shape the favourable immune response observed (Maryanski et al. 1996). For

example, in the context of autoimmunity, the strength of an autoimmune attack has

been linked to a restricted TCR repertoire.  In patients with aplastic anaemia (AA), the

presence of a restricted repertoire of Vβ families was more predominant when

compared to healthy controls; an increased expression of Vβ15 was observed in over

70% of AA patients which is thought to contribute to disease manifestation.

Furthermore, a follow-up patient screening after treatment involving

immunosuppressive drugs found that the expression of Vβ15 expressing T cells

occurred less frequently post treatment compared to before treatment and,

conversely, Vβ9 usage was observed more frequently in patients following treatment

(Kook et al. 2002). Interestingly in the context of ovarian cancer, one study reported

the increased usage of Vβ2, Vβ3, Vβ6 and Vβ7 in ovarian tumour-specific T cells.

Furthermore, the use of blocking monoclonal antibodies to Vβ3 and Vβ6 have led to

the inhibition of cytotoxicity in CTLs suggesting that effector function was mediated by

TCR with these Vβ usage (Peoples et al. 1994). In the case of our CT26 model we found

that the Vβ repertoire expressed by anti-tumour T cells is also affected by Treg

suppression. I found that a greater proportion of GSW11-specific T cells displayed

selective usage of Vβ3 from Treg depleted compared to Treg replete mice.

Interestingly our assay was unable to detect Vβ3 expression by AH1-specific T cells

from both mouse groups.  Our information suggests that the presence of TCR clonality

expressing Vβ3 potentially contributes to the effective GSW11-specific T cell

population present in Treg depleted mice.  This result therefore suggests that

development of GSW11-specific T cell clones expressing Vβ3 is either prevented or
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targeted for suppression in the presence of Treg.  TCR with Vβ3 expression on GSW11-

specific T cells may be more reactive and therefore more susceptible to

immunosuppression by peripheral tolerance mechanisms such as Treg.

Another Vβ expressing T cell clone that may contribute to the effective anti-tumour T

cell response in Treg depleted mice is those expressing Vβ9. These T cells, although to

lesser extent than Vβ3, were found at much greater levels in the absence of Treg.

Furthermore, Vβ9 expression was only found on AH1-specific T cells from Treg

depleted mice, this suggests the development of T cells expressing Vβ9 TCR may be

sensitive to Treg-mediated suppression across both antigen specificities.  The

observation that autoimmune disease prevalence correlated with the expression of

certain Vβ families, lead to the further assumption that the selective usage of that

particular clone(s) is/are responsible for pathogenesis or disease manifestation

(Jenkins et al. 1993; Pietra et al. 1994; Simpson et al. 1995; Kook et al. 2002).  In our

study whether Vβ3 or Vβ9 expressing T cells have the most potent effector functions

or anti-tumour immunity needs to be further explored; by extracting these cells and

initially expanding them ex vivo for subsequent assays to either assess their ability to

proliferate and/or their be stimulated in the presence or absence of Treg would be

important.  In addition, their ability to bind to the GSW11-MHC I complex will be

assessed to examine whether the affinity for peptide/MHC I correlates with their

susceptibility to Treg mediated suppression. This would therefore provide an

important link between Treg suppression of T cell clones and affinity of

TCR:peptide/MHC I.

Another notable observation from our TCR Vβ data is that GSW11-specific T cells were

found to have developed from a wider range of Vβ families in general when compared

to AH1-specific T cells as, using this assay, we were able to detect the presence of

more Vβ family types on GSW11-specific T cells than AH1.  Therefore suggesting that

during genetic rearrangement of V(D)J genes, there was more redundancy allowed for

the creation of the TCR for GSW11-specific T cells than AH1.



167

We investigated whether the susceptibility to inhibition/suppression could be

overcome by increasing the number and stability of GSW11/Dd complexes at the cell

surface.  Indeed, the creation of CT26 expressing increased cell surface H-2Dd SCT

resulted in better GSW11-specific T cell responses in vivo and in vitro.  Interestingly,

tumour challenge of wild-type mice with the CT26-GSW11/ H-2Dd SCT resulted in

tumour free survival in almost all mice (5/7).  This suggests that by increasing the

expression of GSW11-MHC I complexes proper priming and activation of GSW11-

specific T cells are possible even in the presence of Treg.  We have previously

published that GSW11 peptide is more susceptible to peptide trimming by ERAAP as

inhibition of ERAAP enhances the generation of GSW11 peptide for peptide

presentation by H-2Dd (James et al. 2013). This also resulted in rejection of CT26

tumour in which ERAAP expression has been silenced.  In the CT26-GSW11/SCT I

created, the expression of MHC I is independent from the antigen processing pathway

(L. Li et al. 2010). Thus the presentation of GSW11 peptide presented on H-2Dd of this

stable cell line is more stable and not subjected to the peptide trimming ability of

ERAAP in the cell allowing greater levels of presentation. This stable expression of

GSW11/MHC I on tumours would also favour CD8+ T cell mediated toxicity from TILs at

the tumour site.  Furthermore, whole peptide-MHC I complexes can be acquired by

DCs and expressed on their cell surface from virally infected cells (Wakim & Bevan

2011) and tumours (Zhang et al. 2008). It is therefore possible that DCs are able to

acquire these stable GSW11/H-2Dd SCT complexes from CT26 and present to

naïve/activated T cells. The increased expression of GSW11/H-2Dd SCT is sufficient to

prime naïve GSW11-specific T cells, and thus prevent the induction of clonal T cell

exhaustion, despite the presence of Treg and therefore needs to be investigated

further.
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Chapter 7: Discussion and future direction

7.1 Discussion

Regulatory T cells are global modulators of the adaptive immune system capable of

regulating CD8+ T cell responses involved in autoimmunity and anti-tumour immunity.

This study is a detailed extension of previously published data from this lab whereby

Treg depletion not only increases CD8+ T cells responses, which has widely been

reported in the literature, but also reveals cryptic CD8+ T cell responses that were

undetected in Treg replete mice.  Our research interest involves the characterisation of

two CD8+ T cell responses against tumour antigens; AH1 (SPSYVYHQF) (Huang et al.

1996) and GSW11 (GGPESFYCASW) (James et al. 2010).  Interestingly, in the presence

of Treg only CD8+ T cell responses against AH1 were detected whereas both tumour

antigens were found to be elevated to comparable levels following Treg depletion

(James et al. 2010).  Therefore indicating preferential suppression of GSW11-specific T

cells. In this study we utilised a combination of MHC I tetramer staining and effector

function following peptide stimulation in order to fully characterise both GSW11- and

AH1-specific T cell responses throughout the course of a CT26 tumour challenge.  In

contrast to the snapshot of antigen-specific responses previously published, we

wanted to monitor the behaviour of GSW11-specific T cells throughout the course of

the tumour challenge, in order to answer a number the following questions.

 Does the lack of effector function detected in the published data reflect the

lack of T cell expansion of GSW11-T cells, possibly due to the lower half-life of

the GSW11-peptide over AH1 (James et al. 2010) or like many studies, do we

see no anti-GSW11 response due to a clonally exhausted phenotype induced in

the presence of Treg but absent upon Treg-depletion?
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 And if they are exhausted when, throughout the tumour challenge, does this

induction occur and is there potential for rescue?

In this study I have addressed these initial questions.  GSW11-specific MHC I tetramers

have allowed us to observe that a large proportion of total CD8+ T cells infiltrating the

tumour site were GSW11-specific.  Numbers were much greater than AH1 throughout

the course of CT26 challenge, reaching maximum values of 80% at d17.  However our

analysis of their ability to exert effector functions revealed that the vast majority of

these were non-functional.  This suggests that, despite high levels of tumour

infiltrating tumour-specific T cells, this is not a good indicator of tumour rejection.

Similarly, a study monitoring the presence of antigen-specific CD8+ T cells in a modified

vaccination strategy in patients with melanoma showed a successful increase in

numbers of antigen-specific CD8+ T cells (1% to 10% of total CD8s) in 42% of patients

tested, with an additional 17% of patients displaying tetramer+ percentages greater

than 10% of total CD8s.  However, this did not result in complete tumour rejection.

Furthermore those that had higher percentages of tumour-specific T cells, were not

immune to the recurrence of melanoma suggesting ineffective development of these

CD8+ responses into memory T cells, concluded that the presence of a greater amount

of antigen specific T cells is not an appropriate marker for patients’ prognosis

(Rosenberg et al. 2005).

Treg depletion generally increased the overall effector functions observed in T cells;

confirming that effector functions in both GSW11- and AH1-specific T cells are

negatively regulated by Treg.  Ours is not the first study to report that Treg-mediated

immunosuppression affects CD8+ T cell activation and secretion of IFN.  For example,

in a study investigating herpes simplex virus, the immunodominant CD8+ T cell

response was found to be suppressed by Treg and, similarly to our study, Treg

depletion prior to virus infection resulted in an enhanced antigen-specific T cell

response and increased IFN secretion (Suvas et al. 2003). In another study, Treg

depletion prior to the administration of a vaccine for renal cell carcinoma resulted in
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higher numbers of IFN-producing tumour-specific T cells compared to vaccine alone

when extracted CD8s were stimulated (Dannull et al. 2005). This is also observed in

our study; both AH1, and GSW11-specific T cells were able to produce more IFN,

however, we highlight that the magnitude of some CD8 T cell populations may be

better than others upon Treg depletion.  This was an avenue that was not explored in

the previous studies. Additionally, in our model, memory CD8+ T cells developed in

Treg depleted mice conferred immune protection to future tumour challenges;

effective GSW11-specific T cells, detected in mice re-challenged with CT26 displayed

central and effector memory markers.  The development of immunodominant CD8+ T

cells which differentiate into memory CD8s is important in vaccine development.  The

successful generation of memory T cells can be difficult as it requires the incorporation

of a number of factors.  The first, the efficient signalling via the TCR, is dependent upon

the strength of the interaction between TCR and its affinity to the pMHC I and the

availability to peptide antigens (Zehn et al. 2009; Wherry et al. 1999).  The second is

the requirement for co-stimulation as in the absence of co-stimulation, antigen

recognition alone may induce T cell anergy or deletion in naïve CD8+ T cells (Mescher

et al. 2006).  Lastly, the presence of key inflammatory cytokines (IL-12, TNFα, TNFβ, IL-

2, IFN) is required to help shape the magnitude of primary response and aid in their

subsequent development into memory although the dependency on which cytokines

has previously been reported to be pathogen-dependent and varies (L. Thompson et

al. 2006).  We observed the successful generation of GSW11-specific T cells upon Treg

depletion and CT26 challenge and when cell surface expression of GSW11-MHC I is

increased. Combined, these observations indicate that co-stimulatory molecules at the

APC/TCR immunological synapse are present and able to promote T cell activation and

the potential development into memory T cells.  However, this process may be

sensitive to IL-2, as a proposed mechanism of action of Treg is to act as an IL-2 ‘sink ’

removing IL-2 from the local microenvironment lowering the availability for GSW11-

specific T cells which require higher IL-2 levels compared to AH1-specific T cells to

proliferate (personal communication, Dr. Edd James).  Interestingly, this potential

mechanism is overcome when there are more GSW11-MHC I complexes available for

TCR engagement which we have proved in two ways; first by the re retroviral

transduction into the genome of the GSW11-MHC I complex into CT26 cell line and
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thus increasing cell surface expression (Figure 32 and 33), and secondly by the

knockdown of ERAAP resulting in increased availability of the GSW11 peptide for

binding to MHC I molecules (James et al 2013; in which I am also one of the authors on

the paper).

In general, tumours are poorly immunogenic which often allows escape from the

cytotoxic effects of the host immune system.  As previously outlined this can be due to

a number of mechanisms (Houghton & Guevara-Patiño 2004; Z. Yu et al. 2004): firstly,

there may be limiting numbers of antigen-specific CD8+ T cells present in the host T cell

repertoire, secondly, CD8+ T cells do not mount an effective response against low

affinity peptide MHC I, and thirdly, CD8+ T cell tolerance occurs via various mechanisms

such as deletion, anergy or Treg immunosuppression.  Despite this, the precursor

frequency of GSW11-specific T cells in naïve Balb/c mice being double the amount of

AH1-specific, did not predict the magnitude of immune response as suggested by

Jenkins & Moon (2012).  We found that Treg mediated immunosuppression

preferentially suppressed T cells that are GSW11-specific correlating with high PD-1

expression indicating a clonally exhausted state.  PD-1 expression on dysfunctional T

cells unable to exert effector functions has been widely reported in both the context of

cancer (Muenst et al. 2013; Wu et al. 2014) and chronic viral infections (Day et al.

2006) where there is antigen persistence.  Notably, this was more prevalent on

GSW11- than AH1-specific T cells suggesting that AH1-specific T cells were less

susceptible to the induction of PD-1 expression.   AH1-specific T cells were found to

increase between day 7 - day 14, suggesting that AH1-specific T cells were less prone

to clonal T cell exhaustion than GSW11. Furthermore we found that this observation

was present in both the tumour and draining lymph node thus indicating that the

upregulation of PD-1 can occur as early as during T cell priming and not only at the

tumour site.  It is possible that once migrated from the lymphoid organs into the

tumour, the immunosuppressive tumour niche induces GSW11-specific T cells into a

deeper clonally exhausted state with higher levels of PD1.
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PD-1 expression on clonally exhausted CD8+ T cells in the CT26 tumour model has been

shown previously (Duraiswamy et al. 2013; Sakuishi et al. 2010).  In addition, co-

expression of CTLA-4 on CD8+ T cells indicated a more severe state of clonal

exhaustion. However these studies did not follow PD-1 expression throughout the

course of the tumour challenge nor did they identify the PD-1 expression on CD8+ T

cells from different anatomical sites to determine when clonal exhaustion was

induced. Furthermore we compared clonal exhaustion on T cells with different

specificities and are able to show that the severity of clonal exhaustion may differ

between different T cell populations.

Interestingly, checkpoint blockade therapy successfully induced tumour rejection but

only when two inhibitory pathways were blocked (Duraiswamy et al. 2013; Sakuishi et

al. 2010).  Single blockade of PD-1 had a partial effect indicating the requirement to

engage two different inhibitory pathways to be effective. AH1-specific T cells elicited

effector function in mice treated with anti-PD-1 and anti-CTLA-4 suggesting their role

in tumour rejection (Duraiswamy et al. 2013).  In addition to CTLA-4, co-expression of

PD-1 and Tim3 has been shown to be important in tumour rejection in the CT26 model

(Sakuishi et al. 2010) and present on dysfunctional CD8+ T cells in colorectal cancer

patients (Arai et al. 2012).  Similar to combined blockade with CTLA-4, treatment with

anti-Tim3 and anti-PD-L1 in the CT26 model also resulted in synergistic effects

compared to single blockade treatments (Sakuishi et al. 2010).  Since GSW11-specific T

cells are more susceptible to clonal exhaustion, blockade of inhibitory pathways, such

as PD-1/Tim3/CTLA-4, may greatly enhance their ability to maintain their cytotoxic

effector functions. We would hypothesise that in both instances (PD-1 and CTLA-4 or

Tim3 blockade) GSW11-specific T cell responses would be induced and important in

modulating tumour growth. It would therefore be interesting to assess the effect of

anti-PD-1 and anti-CTLA-4 on GSW11-specific responses. The effectiveness of anti-PD-1

and anti-CTLA-4 has been assessed as a therapeutic strategy.  However within these

studies, total CD8+ T cell responses were assessed without measurement of antigen-

specific responses.
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Indeed, the relevance of checkpoint inhibitory blockade has been the strategy of a

number of clinical trials.  Antibodies that target the PD-1 inhibitory receptor have

reported promising results (e.g. anti-PD-1 monoclonal antibody nivolumab or

pidilizumab (anti-PD-1).  However, whist some patients displayed tumour size

regression, for many patients variable or little effects were observed.  For example, in

a phase II pidilizumab clinical trial, patients with diffuse large B-cell lymphoma after

hematopoietic stem-cell transplantation reported an overall response rate in 51%

(Armand et al. 2013).  Similarly, pidilizumab treatment of relapsed follicular lymphoma

patients who did not respond well to rituximab was successful in 52% of patients with

14% showing only partial success (Westin et al. 2014) in accordance with the

standardised response criteria set out by the Revised Response Criteria for Malignant

Lymphoma (Cheson et al. 2007).  These mixed responses were found in many other

studies; for example in lung cancer (Hall et al. 2013; Forde et al. 2013), ovarian cancer

and metastatic melanoma (Razzak 2013).  Why some patients respond whereas others

do not, remains unknown.  Indeed, to maximise patients’ responses, combination

checkpoint blockade therapy incorporating both anti-CTLA-4 and anti-PD-1 in patients

has been trialled.  In advanced melanoma, 53% of patients showed a positive response

with an 80% tumour reduction (Wolchok et al. 2013).  Another combination study

utilising the two inhibitory pathways showed less compelling results as only 17% of the

melanoma patients recruited displayed complete or partial response (Brahmer et al.

2012).  Data from these clinical trials suggest that PD-1 blockade is ‘better’ than PD-L1.

This may be due to expression of PD-L2, which is more restricted to specific anatomical

places. Blocking of the inhibitory pathway using anti-PD-L1 would only cover the

PD1:PD-L1 interaction and does not exclude inhibitory effects exerted by binding on

PD-L2.  In addition, PD-L1 is also able to interact with B7.1 to prevent its binding to the

co-stimulatory receptor CD28 (Butte et al. 2007).  Consequently, anti-PD-L1 blockage

may inadvertently also prevent the ligation of the co-stimulatory receptor CD28 and

hence may explain the lower responses rate observed in patients treated with anti-PD-

L1 therapy compared to anti-PD-1 blockade therapy.  In support of this theory, the

recent result of a phase I clinical trial on the anti-PD-1 drug pembrolizumab (MK-3475),
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reported that out of the 411 patients recruited, the average 1 year survival rate of

patients with advanced metastatic melanoma treated with this drug compared to non-

treated was 69% and 25% respectively (Ribas et al. 2014); resulting in a three-fold

increase in patient survival.  Notably in all these studies, only total CD8+ T cell and not

antigen specific responses were examined. As outlined in this study, one T cell

population may be more susceptible to modulation by the PD-1:PD-L1 pathway.  As a

consequence, it may be important to examine the effects on different antigen specific

CD8+ T cell responses in patients to investigate a possible correlation with positive anti-

tumour responses. Is it possible that those patients who show promising tumour

regression with PD-1 blockade are able to mount a GSW11-like T cell response?

Further experiments to link PD-1 blocking antibodies with increased GSW11-specific T

cells are currently being conducted and if successful, the data within this study can be

used as a pre-clinical model of disease.

I show that Treg immunosuppression of GSW11-specific T cells drives them into a

clonally exhausted state, implicating Treg in the induction of clonal T cell exhaustion.

The observation that less tumour infiltrating Treg are observed with PD-1 blockade

(Duraiswamy et al. 2013) further implicates Treg in the PD-1:PD-L1 pathway, although,

how tumour infiltration of Treg is affected is not known.  I observed higher

percentages of functional GSW11-specific T cells following Treg depletion, however,

Treg depletion after CT26 challenge was unsuccessful at eliciting tumour rejection

(personal communication, Dr. Edd James) thus showing that early T cell priming events

help shape the immune response.  This has been reflected in many studies utilising

other mouse tumour models.  For example in a melanoma mouse tumour model Treg

depletion, 8 days post tumour challenge resulted in the development of a terminal

tumour growth before day25 and no tumour rejection was observed (Li et al. 2010)

whereas in a glioma brain tumour mouse model, the depletion of Treg three weeks

prior to tumour challenge resulted in complete tumour free survival (Maes et al. 2013).

These data suggest that Treg mediated immunosuppression affects the priming of

CD8+ T cell responses immediately post tumour challenge.  Indeed, our data looking at

functional antigen-specific T cells in the draining lymph nodes revealed the slow
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upregulation of PD-1 expression on GSW11-specific T cells in the presence of Treg.  The

absence of PD-1 upregulation in Treg depleted mice and the generation of robust

effective anti-tumour memory responses, indicates that Treg-mediated suppression

during priming is important for the determination of a successful anti-tumour CTL

response.

Cryptic, potent, anti-tumour responses in the form of the GSW11-specific T cells were

only uncovered with Treg depletion.  The presence of increased immune responses in

the absence of Treg has also been exploited in clinical trials.  ONTAK which contains an

IL-2 component that binds to CD25, and a diphtheria derived toxin component to

induce apoptosis (Foss 2000), has been widely used in the context of cancer

therapeutics.  Regression of melanoma metastases were reported in 31% of patients

recruited to the study (Rasku et al. 2008) and ONTAK treatment resulted in increased

levels of tumour-specific CD8+ T cells detected in patients’ blood. Further data from a

phase III clinical trial reported similar positive response rates, 38%, in their patients

with cutaneous T-Cell Lymphoma (Duvic et al. 2013). Alone, clinical trial data for Treg

depletion has shown that the benefit of ONTAK treatment is limited. As a

consequence ONTAK is being explored in combination therapies, for example in

combination with DC vaccine in the treatment of ovarian carcinoma, in the hopes that

Treg-depletion augments the T cell responses caused by DC-based vaccine.  This study

is still ongoing and is expected to finish July 2015 (identifier number NCT00703105;

http://www.clinicaltrials.gov).

Immunodominance refers to the phenomenon that despite the fact that there are

many peptides that can be a target, CD8+ T cell responses are often targeted towards a

handful, of single peptide determinants.  To the best of our knowledge our study is the

first that have described a shift of immunodominance to a different epitope upon Treg

depletion and highlights the preferential suppression of GSW11-specific T cell

responses by Treg.  Previous studies have examined the relationship between Treg and

immunodominance (Haeryfar et al. 2005).  The removal of Treg increased CD8+
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responses to all three antigens within an immunodominant hierarchy, however, the

responses to the immunodominant antigen was enhanced to a greater level compared

to the two subdominant antigens suggesting that Treg depletion selectively enhances

the most immunodominant T cell responses.  This study therefore indicates that Treg

are not responsible for the determination of immunodominance hierarchies but are

responsible for narrowing the differences between each antigen determinants within

the hierarchies (Haeryfar et al. 2005).  In my study I observed a change in the

immunodominance hierarchy between GSW11- and AH1-specific T cells.  This

difference may relate to the cryptic responses which are only uncovered following Treg

depletion.  Therefore responses that are found in the presence of Treg may be

subjected to different levels of suppression.

7.2 Future research directions

In this study I did not observe evidence of T cell deletion in tumour-specific CD8+ T

cells. We found that a large proportion of total CD8+ T cells (~80%) were GSW11-

specific, however, these expressed PD-1+ and were unable to exert effector functions.

In future experiments it would be interesting to investigate whether the persistence of

these GSW11-specific T cells at the tumour microenvironment can be utilised for

therapy.  One way to assess this is to use anti-PD-L1 blocking antibody at the tumour

site as soon as tumour is palpable. If regression of tumour growth is observed, then

this may implicate the immunosuppressive role of the tumour microenvironment.

Conversely, if tumour growth still persists, despite blockage of PD-1:PD-L1 at the

tumour site, this suggests the importance of Treg mediated suppression during T cell

priming at determining the GSW11-specific T cell response.

In addition to the assessment of the effects of PD-1:PD-L1 locally at the tumour, in a

separate experiment we would also like to examine the effect of anti-PD-1 on GSW11-

specific T cell responses. To further develop this work for publication in vivo

checkpoint blockade experiments with anti-PD1 would provide the crucial link into a
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therapeutic setting.  Our observation that the GSW11-specific T cells are more

susceptible to the induction of clonal exhaustion therefore suggests that modulation of

the PD1:PD-L1 axis may enhance the effector function of these T cells and potentially

mediate tumour rejection.  Our preliminary attempts to use blocking anti-PD1

antibodies post CT26 tumour challenge demonstrates in some mice regression of the

growing tumour (data not shown).  For publication purposes, this finding will need to

be confirmed and the immune compartments assessed for T cell effector function and

epitope specificity.  Furthermore, it may be necessary to troubleshoot the appropriate

window for the administration of the blocking antibodies for optimum survival.  This is

because previous experiments involving Treg depletion have shown that protective

anti-tumour immunity is observed when PC61 depletion antibody is administered prior

tumour challenge. We did not observe an improvement in T cell immunity when we

Treg depletion occurred post tumour challenge.  Combined, these experiments suggest

that early T cell priming events play an important role in the determination of good

anti-tumour T cell immunity. Antibody will be injected almost immediately post CT26

tumour challenge on days 3, 6, 9 and the GSW11- and AH1-specific T cells assessed

throughout.  As previously carried out in this study we would utilise MHC I tetramer

technology and IFN functional T cell assay to determine proportions that are capable

of effector functions and those that are not.  Because GSW11-specific T cells were

found to be susceptible to the induction of a clonally exhausted state, we would

therefore predict that blocking antibody to this pathway, may result in a lower

proportion of PD-1 expression on GSW11-specific T cells and a greater proportion

being functional.

To further develop this work for publication we would also like to better understand

the early priming events key to shaping the T cell immune response. Antigens from

tumour cells injected subcutaneously may be presented by APCs and presented to

prime naïve T cells at the draining lymph node.  Conversely, tumour cells may also

migrate from the site of injection and present antigens to prime naïve T cells at the

draining lymph node (Ochsenbein et al. 1999) in a process termed as tumour direct

priming.  A study by Wolkers et al. (2001) have outlined that the detection of tumour
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cells within lymphoid organs have resulted in effective T cell mediated immunity to

tumours.  Similarly, experiments utilising tumours lacking in MHC I molecules were

able to produce equally efficient tumour-specific T cell responses therefore showing

that dendritic cell cross-priming also play an important role in the induction of good T

cell responses (Wolkers et al. 2001).  In the CT26 model, it is uncertain whether direct

tumour priming mediates tumour rejection in the absence of Tregs.  It would be

interesting to create a CT26 cell-line transduced with GFP and track their migratory

pattern to the draining lymph nodes post injection into Balb/c mice. This would allow

us to determine whether the tumour cells are able to directly prime T cells within the

lymphoid organs or whether it is essential that an immunological synapse is formed

between APC with the appropriate co-stimulatory receptors.

This study has described that CT26 cells growing in vitro have little expression of PD-L1,

the inhibitory ligand for the PD1 receptor on CD8 T cells, however this expression is

upregulated when transplanted in vivo.  Therefore, to further our understanding of the

role of the tumour microenvironment in inducing clonal exhaustion of T cells, further

developments would include the genetic knockdown of PD-L1 expression on CT26 by

siRNA, and their subsequent injection into Balb/c mice to monitor the rate of clonal T

cell exhaustion on GSW11-specific T cells.  This strategy may provide us with the

insight as to what proportion the fate of GSW11-specific T cells is determined by the

tumour microenvironment or if the clonally exhausted fate is pre-determined during

priming at the lymphoid organs before migration to the tumour.

We will also assess the ability to rescue clonally exhausted T cells using exogenous IL-2.

It has been previously described that IL-2 treatment restores function of PD1+ isolated

T cells ex vivo (Setoguchi et al., 2005), we will therefore use cell-sorting to extract

GSW11-specific T cells, most of which would be PD-1+, and incubate ex vivo with IL-2

and subsequently assess the ability to rescue effector functions via production of IFN-γ

staining or proliferation by CFSE.  In theory, the presence of increasing numbers of

infiltrating Treg at the tumour site in vivo, means that less IL-2 is available in the
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microenvironment for uptake by the CD8+ T cells.  We have previous unpublished data

that indicates GSW11-specific T cells are more sensitive and require more IL-2 than

AH1-specific T cells for their proliferation and activation.  Therefore, if initially effective

in vitro, we will assess the ability to rescue function of tumour-resident T cells by

administration of IL-2 in vivo.

To further understand the properties that make GSW11-specific T cells more

susceptible to immunosuppression, we will immunophenotype the Vβ families present

in GSW11-specific T cells at the lymphoid organs and compare to those that are

present at the tumour site in Treg replete mice.  Previous data in this study have

shown that Treg depletion is capable of altering the Vβ repertoire on both GSW11- and

AH1-specific T cells.  This would allow us to confirm whether the immunosuppressive

environment conferred by the CT26 tumour is also able to directly affect the repertoire

of the Vβ families.

Lastly, to link TCR properties with the expansion or suppression of particular Vβ

families we hypothesise that TCR with particular Vβ families may bind to GSW11-MHC I

complexes with higher affinity than others therefore linking TCR affinity to Vβ usage.

Those with lower affinities may be more susceptible to modulation by Treg, being

upregulated in Treg depleted mice but not observed in Treg depleted mice (for

example Vβ3 in GSW11-specific T cells).  Conversely, those with higher affinity are less

affected by Treg-mediated modulation for expansion (for example Vβ8.3).  To

determine this we would examine the rate at which fluorescently-conjugated GSW11-

specific MHC I tetramers are displaced by unlabelled tetramers between the different

predominant Vβ families.
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7.3 Summary

In summary, our data show that Treg-mediated suppression affects T cell priming of

GSW11-specific T cells whereas those that are AH1-specific are less affected.  To help

explain the step by step mechanisms involved in the immunosuppression of GSW11, a

schematic diagram representing the key findings of this study is highlighted in Figure

34. I have found that in the presence of Treg (Figure 34a), functional GSW11-specific T

cells at the draining lymph node upregulate PD-1 expression (Chapter 5, Figure 28).

These T cells would therefore be impaired from exerting their cytotoxic effects

following migration to the tumour site. In addition, their effector function is further

affected by i) the increasing presence of Treg infiltration at the tumour site (Chapter 4,

Figure 20), mediated by the secretion of TGFβ by CT26, ii) the increased cell surface

expression of PD-L1 on CT26 (Chapter 5, Figure 29) and iii) by the inability to form

stable GSW11-H-2Dd MHC I/ TCR complexes due to down regulation of MHC I on the

tumour (Chapter 5, Figure 30).  In combination, these mechanisms may tip the balance

such that GSW11-specific T cells become clonally exhausted.  In contrast, these

mechanisms are absent in Treg depleted mice (Figure 34b), resulting in the generation

of potent anti-GSW11-specific T cells which mediate rejection of the tumour and

furthermore develop into memory T cells capable of eliminating a second CT26

challenge (Chapter 4, Figure 25).  These data indicate that the assessment of Treg-

mediated effects on different antigen-specific CD8+ T cell populations would be

important in understanding anti-tumour responses especially in the clinical setting.
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Figure 34 - Mechanisms involved in the suppression of GSW11-specific T

cells.

A schematic summary of the mechanisms involved in mediating the immunosuppression of GSW11-specific T cells in

(a) Treg replete mice and (b) how these mechanisms are absent leading to the generation of effective memory T

cells in Treg depleted mice. Tm=Tumour.

a)

b)
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