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Understanding the signalling pathways controlling activation and differentiation of CD8 T cells will
facilitate their exploitation for anti-cancer therapy. The Akt/PKB signalling pathway influences
CD8 T cell function and differentiation but published data are discrepant. Utilising a PDK 46>¢
knock-in mutant mouse model, in which T cells exhibit impaired Akt activity, data presented here
show that sub-optimal Akt activity limits CD8 T cell IFN-y and IL-2 production, granzyme B
expression and cellular cytotoxicity. Additional chemical inhibition of Akt further hindered
cytotoxicity and granzyme B expression. Microarray and confirmatory qPCR showed reduced
expression of transcripts encoding the membrane trafficking protein BAIAP3 in PDK*4¢%E cells
which may be responsible for some of these effects.

Previous data from the group showed that PDK*4%° CD8 T cells have a skewed memory
population. Here single cell RNA sequencing and unsupervised clustering was used to define 7 cell
subsets at the peak of Listeria Monocytogenes infection and in which a memory precursor
effector cell-like phenotype was favoured by PDK*4%5E cells. Additionally, mRNA encoding
ribosomal proteins was enriched in PDK**¢°t compared with WT CD8 T cells, and also in more
memory-like cells across both samples. PDK*4®°E cells also exhibited enrichment in OXPHOS-
related transcripts, a feature previously correlated with a memory phenotype.

Use of PDK*®t mutant cells, pharmacological inhibition (Akti) and a constitutive form of Akt (Myr-
Akt), allowed further examination of effects of altered Akt activity on oxidative phosphorylation.
These data showed no significant improvement in spare respiratory capacity (SRC) in Akt-inhibited
WT CD8 T cells cultured in IL-2 although Akt inhibition in PDK**5€ CD8 T cells resulted in a
significant improvement in SRC. Enforced Akt activity in CD8 T cells cultured in IL-15 reduced SRC.
However, SRC remained higher than IL-2-treated cells, indicating that whilst increased Akt activity
impairs oxidative phosphorylation, there are aspects of IL-15 signalling that cannot be overcome
by constitutive Akt activity. Despite a beneficial metabolic and cytotoxic profile, Myr-Akt
transduced IL-15 treated CD8 T cells were only marginally superior to IL-15 treated controls cells
at conferring tumour therapy.

SGK1, a kinase sharing homology with Akt, was also examined for its effects in CD8 T cells. Under
stimulation with normal or restrictive concentrations of IL-2, pharmacological inhibition of SGK1
had negative effects on cellular proliferation. Further, stimulation of SGK1 through increased NacCl
concentrations in culture media caused increased survival of CD8 T cells in both cytokine replete
and limiting conditions.

Together the data presented in this thesis show that reduced Akt signalling causes a defect in the
cytotoxic capacity of CD8 T cells in vitro and alters the transcriptome of CD8 T cells at the peak of
an immune response, inducing a more MPEC phenotype. In addition, new subsets of CD8 T cells
were identified through Drop-Seq. Mitochondrial oxidative phosphorylation was shown to be
negatively regulated by Akt activity. Lastly, SGK1 was shown to increase survival and proliferation
of CD8 T cells. These data have implications for CD8 T cell differentiation and treatments aimed at
manipulating Akt for therapeutic benefit.
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Chapter 1

Chapter1 Introduction

In recent years there has been a shift in the way cancers are treated. Now entering the
mainstream, immunotherapies are beginning to replace chemotherapy and radiation treatments
as primary therapy options. Immunotherapy is an umbrella term that covers many different
treatments, including antibody therapy, vaccines and adoptive immune cell transfers. T cell based
immunotherapies hinge on the ability to not only generate CD8" T cells capable of eradicating the
patients’ cancer cells, but also to generate a memory response that will protect the patient in the
long term. As such, understanding the signalling pathways and molecular mechanisms of memory

generation within CD8* T cells is critical to future development of CD8 T cell based therapies.

1.1 The Immune System

The immune system protects the host against disease instigated by foreign pathogens as well as
internal aberrations such as cancer, and can be further subcategorised into innate and adaptive

immune responses.

1.1.1 Innate Immunity

In mammalian systems, the innate immune system represents the first active line of defence
against infectious pathogens. The innate immune system is comprised of many different cell types
including; neutrophils, eosinophils, basophils, mast cells, monocytes, macrophages, NK cells and
dendritic cells to name but a few?. The primary function of the innate immune system is to
respond swiftly to pathogenic infection, and initiate the immune response?. Innate immunity is
reliant on pathogen-associated molecular patterns (PAMPs); these are expressed on many
common pathogens. For example, both lipopolysaccharide (LPS) and flagellin are considered
PAMPs, as both are evolutionarily conserved molecules found in multiple bacterial species.
Pattern recognition receptors (PRRs), which identify PAMPS, have evolved over the past 750
million years to recognize common biological signs of infection®. As such, the innate immune
system is activated by a combination of PAMPs through toll-like receptors (TLRs) and PRRs to
recruit the adaptive arm of the immune system. One such recruitment mechanism is through the

secretion of chemokines that act as chemo-attractants.
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Specific aspects considered to be part of the innate immune system act indirectly upon the
adaptive immune system. LPS is an excellent example of one such aspect. LPS is recognized by the
innate toll-like receptor 4 (TLR4), a PRR along with CD14, LPS binding protein (LBP) and
lymphocyte antigen 96 (MD-2), which bind the surface lipid present in all gram-negative bacteria
as a complex. Upon binding to dendritic cells LPS causes their activation and enhances their
expression of costimulatory factors such as CD80, CD86 and CD40, as well as inducing the
secretion of inflammatory cytokines such as IL-12°. Upregulation of these factors will contribute

greatly to an effective response from the adaptive immune system.

In addition to PAMPs, which have evolved over time to detect external signals such as those of
flagellin or LPS, there also exist damage/danger associated molecular patterns or DAMPs. DAMPs
are biomolecules generated from internal host damaged cells and tissue, through necrosis or
apoptosis. Hence, in a similar manner to how PRRs have evolved over time to recognise LPS, so
have other receptors evolved to recognise markers of damage to host cells. Examples of DAMPs
include HMGB1, DNA/RNA, S100 proteins, as well as purine metabolites such as ATP, adenosine
and uric acid®. These factors are well known to induce classical inflammatory responses.
Fragmented RNA released from UV-radiation damaged cells activates TLR3 on keratinocytes, the
subsequent inflammation caused by this pathway has been shown to be responsible for the
effects of sunburn’. Similarly, excessive levels of uric acid can induce gout, an extreme

inflammatory form of arthritis®.

In summary, the innate immune system orchestrates an immediate response to pathogens and
internal cellular damage, displaying evolutionarily conserved molecular sequences that are
recognized by receptors with a limited repertoire. This can induce a primary immune response to
contain the infection or address the internal damage, whilst simultaneously activating the

adaptive immune system.

1.1.2 Adaptive Immunity

Unlike the innate immune system which is a rapid, non-specific response, the adaptive immune
system is slower and exceptionally specific. The adaptive immune system is primarily represented
by two cell types, B cells and T cells. The primary difference between the innate and adaptive

immune system is the ability of B and T cells to rearrange their antigen receptors. Both the B cell
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receptor (BCR) and T cell receptor (TCR) are capable of undergoing a form of genetic
recombination in order to increase the diversity of their receptor repertoire. Typical aff TCRs, for
example, are formed from the recombination of one of each gene segments; 70-80 Variable (V)
segments with 61 possible Joining (J) segments in the a chain and 52 V segments, 13 J segments
and 2 Diversity (D) segments in the B chain®. The number of potential TCR variants is thought to
be between 10% and 10%, although not all of these possible TCRs can be expressed
simultaneously®. This level of diversity enables T cells to respond to virtually any antigen that may

present itself to the immune system.

1.2 T Cell Development and Activation

T cells represent the cell-mediated arm of the adaptive immune response, they are specialised for
the clearance of viral infections as well as optimal activation of B cells among other functions. T
cells can be subcategorised; the most typical variant are af T cells, which can be split further into
CD4* T cells and CD8* T cells. An atypical variant T cell subset also exists, known as y6 T cells. This

section will cover the development and activation of typical mouse af T cells.

1.2.1 Maturation

T cells, B cells and NK cells all originate from a common lymphoid progenitor cell that is derived
from the bone marrow. During early immune development, some of these common lymphoid
progenitor cells migrate to the thymus gland, situated above the heart where they undergo a
development process to generate functional, self-tolerant and mature T cells. Initially, lymphoid
progenitor cells in the thymus are known as early immature thymocytes and are designated as

double negative cells (DN), due to a lack of CD4 and CD8 expression.

1.2.1.1 DN1-4

There are 4 stages of development that DN cells progress through whilst in the thymus, called
DN1-4. At the DN1 stage the thymocytes have yet to rearrange the a and B chains of their T cell
receptors (TCR), hence the TCR is not expressed. During the transition from DN1 to DN2, the RAG
enzymes catalyse rearrangement of genes encoding the diversity (D) and joint (J) regions of the

TCR B chain'’. The joining of the variable (V) region to the DJ region occurs once the cells have
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transitioned into the DN3 stage. The defining feature of the DN4 stage is expression of the pre-
TCR, which is comprised of a fully rearranged TCR B chain covalently bonded to the pre-a chain, a
transmembrane protein belonging to the immunoglobulin superfamily!?. The stimulation
transduced through the pre-TCR, is sufficient to promote survival in those cells with an effective
rearrangement of the B chain, in a process known as B selection®®. Furthermore, pre-TCR
signalling initiates the recombination of the TCR a chain, as well as disrupting any further TCR 8
chain rearrangement through allelic exclusion*. During the DN4 stage there is a rapid
proliferation of thymocytes which also coincides with the upregulation of CD4 and CD8, and the
expression of the rearranged TCR a chain, which supplants the pre-a chain!®. These thymocytes
now express a complete af TCR as well as both of the co-receptors, CD4 and CD8; they are now

considered to be double positive cells (DP).

1.2.1.2 DP-SP

These DP cells move into the cortex of the thymus and undergo positive selection. During this
process, DP cells are presented peptides derived from self-antigens on MHC class | and |l
molecules by the cortical thymic epithelial cells (cTEC). Only cells that bind with the appropriate
affinity to either peptide/MHC molecule complex will receive the necessary survival signals; cells
that have an inappropriate binding affinity are neglected and die. It is during this process that the
vast majority of DP cells are eliminated from the potential T cell pool*®. During positive selection
the fate of the DP cells is also determined; if they react to self-antigen bound to MHC class |
molecules they are destined to become CD8 T cells, conversely a reaction with MHC class
molecules indicates a future CD4 T cell lineage®®. The cells that survive the positive selection
process are now considered single positive cells (SP), as their interactions in the thymic cortex

cause the downregulation of either CD4 or CDS.

These SP cells migrate to the medulla of the thymus for negative selection. Negative selection
eliminates cells that react too strongly to self-antigens, which minimises release of T cells that
could potentially cause autoimmune reactions®® resulting in central tolerance. Cells that have a
weak affinity for self-antigen/MHC exit the thymus and become fully functional CD4 and CD8 T
cells. However, certain CD4 T cells possess an intermediate affinity for self-antigen. These cells
differentiate into natural regulatory T cells, or nTregs. These nTreg cells contribute to peripheral

tolerance by suppressing excessive or unnecessary immune responses in the periphery.
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1.2.2 Activation

Once CD4* and CD8* T cells have exited the thymus they circulate throughout the host entering
secondary lymphoid tissues. To become fully activated, T cells must receive three signals. Signal 1
is triggered through peptide-presenting MHC class | molecules interacting with the TCR. Signal 2
follows recognition of costimulatory molecules such as CD80/86 binding to CD28 on T cells. Signal
3 is in the form of cytokine stimulation. These three signals not only assist in activation of CD8 T
cells but also influence differentiation and their eventual fate. Coordination of these signals
controls the immune response. This response is typically divided into three phases?’. The first
phase is expansion. This immediate reaction to a presented antigen is rapid clonal expansion of
naive immune cells in combination with differentiation of the cells to a more effector phenotype.
This leads to the peak of the response where the numbers of antigen-specific cytotoxic effector
cells are at their highest. Second comes the contraction phase. This occurs after the peak of the
response and once the antigen has been cleared. The effector cells begin to die off via a
combination of activation induced cell death (AICD) and/or from lacking the appropriate survival
signals to persist into the final stage'®. This process of contraction typically causes the death of
90% of antigen-specific cells®. Lastly, there is the memory phase. Cells that have survived
contraction have differentiated to a state where they can mediate their survival in an antigen
independent mechanism. These cells are now considered to be in a primed state and will react

substantially faster than naive cells upon re-exposure to the same antigen.

1.2.21 Signal 1 - T Cell Receptor

Conventional CD4* and CD8" T cells possess an aff TCR as well as the co-receptor CD4 or CDS,
which allows interactions with appropriate peptide-presenting MHC class Il and class | molecules
respectively. Upon entering a lymph node, T cells have the potential to encounter APCs, usually

dendritic cells, which can present peptides that are complementary to the TCR of that T cell.

The mechanism of antigen presentation is therefore critical for proper activation of T cells. For a
professional antigen presenting cell such as a dendritic cell, in the context of MHC class |
molecules, the process starts with the proteasome?. Proteasomes are cytoplasmic protein
complexes that degrade damaged, misfolded and foreign proteins through proteolytic
mechanisms?!. Upon encountering a pathogen, such as a virus, dendritic cells are capable of small
acts of phagocytosis?. This allows them to acquire pathogen proteins, which are subsequently

ubiquitinated, marking them for proteasomal degradation?. This degradation produces peptides
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of variable length, typically peptides between 8-11 amino acids in length are the most suitable for
MHC class | binding®*. As peptides are not constantly generated at the correct length, ERAP1/2
also act to fine tune peptides produced by the proteasome, cleaving N-terminal amino acids to
generate peptides of the correct length?®. Construction of the MHC class | complex begins within
the lumen of endoplasmic reticulum. A single heavy a-chain, consisting of three domains, and 2-
microglobulin (B2M) comprise the MHC class | molecule?®. Before their association, calnexin acts
to stabilise the a-chain, which is inherently unstable alone?’. ERp57 also aids in stabilising the
complex, which allows the formation of the peptide binding groove between the al and a2
domains of the a-chain and releases calnexin?. Calreticulin binds to the proto-MHC molecule,
forming the peptide loading complex (PLC)%. The PLC then binds to the peptide transport protein
TAP and the protein tapasin®. TAP, in an ATP dependent mechanism, transports peptides from
the cytosol into the lumen®. The orientation of the PLC ensures the maximal chance that peptides
will bind to the groove formed by the a1l and a2 domains3!. Once a peptide of significantly high
affinity is bound, the complex disassociates, the completed peptide bound MHC class | structure is
transported to the cell surface through vesicle transport32. Thus, an MHC class | molecule
presenting a peptide of sufficient affinity will be bound by a TCR on the surface of a CD8 cell,
leading to T cell activation. This process is outlined in Figure 1-1. This process of dendritic cells
phagocytosing extracellular antigens, before processing them for display through MHC class |
molecules is termed cross-presentation. Cross-presentation is an essential mechanism for
activation of the adaptive immune system in cases of viral infections that do not target dendritic
cells directly, or with tumour cells®*. This process is also required for successful induction of

cytotoxic immunity through vaccination.

There is debate as to how the MHC-TCR interaction leads to T cell activation. One model is based
on conformational change of the TCR following MHC binding. This model posits that the residues
that are phosphorylated by the TCR-activating kinase Lck are sequestered and hidden within the
plasma membrane®®. Upon MHC-TCR interaction, these residues are released from the membrane
and are then available for phosphorylation by Lck3¢. Another model of TCR activation suggests
that TCRs are kept in a state of inactivity by the action of CD45, a transmembrane phosphatase
enzyme. Upon MHC interaction with the TCR, the receptor is then associated into lipid rafts that
contain a high density of co-receptors and co-stimulatory molecules that spatially occlude the

large extracellular domain of CD45 from interfering with TCR activation®’.
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Figure 1-1 — Mechanism of Antigen Processing and Presentation
a chain of MHC class | is stabilised by the binding of calnexin (CNX). B2M associates with the a chain. ERp57 binds the proto-MHC class | molecule, releasing
calnexin. Calreticulin also binds to form the peptide loading complex (PLC). The PLC then binds the peptide transport channel TAP, and its binding protein Tapasin
(TAPBP). Peptides generated by the proteasome are transported into the endoplasmic reticulum (ER), they are then trimmed by ERAP1/2 to create peptides that
are able to bind the MHC class | molecule. This peptide loaded MHC class | molecule is transported to the cell surface for recognition by TCR of CD8 T cells.
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Regardless of the specific mechanism behind MHC-TCR interaction, following TCR/peptide/MHC
interaction, Lck phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs) of
CD3 and the { chains®. These phosphorylated ITAMs allow binding of the ZAP70 kinase and its
subsequent activation. Activated ZAP70 phosphorylates adaptor proteins such as linker of
activated T cells (LAT). LAT allows the recruitment of various downstream signalling molecules
that all contribute to the activation of T cells, such as PLCy1 and PI3K3>38, PLCy1 subsequently
converts PIP; into inositol trisphosphate (IPs) and diacylglycerol (DAG). IPs binds to receptors on
the endoplasmic reticulum and induces intracellular calcium release, which in turn induces NFAT
nuclear translocation. The presence of DAG leads to the activation of PKC, NF-kB, RAS and

MAPK3,

In certain environments, it is also possible for T cells to receive TCR stimulation, but be deprived
of the necessary co-stimulation required for complete activation. This forces T cells into a state
where their proliferation and effector functions are inhibited, known as anergy. Anergic T cells
are held in a hypo-responsive state until either they receive the necessary stimuli or succumb to
eventual cell death®®. Anergy exists as a peripheral tolerance mechanism and limits the activation
of CD4" and CD8* T cells to those sites that express both co-stimulatory molecules and TCR-

stimulating antigens.

1.2.2.2 Signal 2 - Co-stimulation

Perhaps the best documented co-stimulatory molecules are CD80 and CD86, also known as B7-1
and B7-2, which interact with CD28%. CD28 is expressed on resting naive CD8 T cells, whereas
CD80 and CD86 are expressed on APCs such as dendritic cells. Upon dendritic cell activation, in
conjunction with peptide presentation, CD80 and CD86 are upregulated; thus, presenting naive
CD8 T cells with both signals 1 and 2. CD28 is a key co-stimulatory molecule as it contains two key
structural motifs in its cytoplasmic tail: YMNM and PYAP*'. YMNM binds to the p85 subunit of
PI3K whereas PYAP facilitates the activation of Ras, ERK and NFAT*°. The combination of these
two signalling pathways acts to enhance CD8 T cell survival, through upregulation of anti-
apoptotic factors such as Bcl-X(*L. Through PI3K mediated Akt signalling, GLUT1 expression and
thereby glucose uptake is also enhanced, this allows newly activated CD8 T cells to meet the new

metabolic demands induced by activation®.
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The interaction of CD28 with CD80/86 are not the only co-stimulatory molecules to be involved in
T cell activation. The tumour necrosis factor receptor superfamily (TNFRSF) contains multiple
proteins that can provide co-stimulation such as CD27, 0X40, DR3 and 4-1BB*. The TNFRSF
consists of 27 receptors that can bind TNF like molecules. The vast majority of TNF ligands are
trimeric membrane bound structures, as this is when they are capable of providing the most
effective stimulation®*. TNFRSF members can be bound as a single receptor but are also typically
engaged in a trimeric state®. Whilst some TNFRs are expressed constitutively on T cells such as
CD27, others such as DR3, 4-1BB and OX40 are inducible; only becoming expressed upon TCR
engagement, CD28 cross-linking or exposure to certain cytokines*. Upon binding their cognate
ligand, TNFRSF proteins largely interact with TRAF adaptor proteins, which can activate the
canonical, and in some cases non-canonical NF-kB pathways. As well as activating NF-kB, TNFRSF
proteins can also increase the expression of the anti-apoptotic proteins BCL-2 and BCL-XL*34647,
Knockout studies have also demonstrated the importance of TNFRSF members. When CD70, the
ligand for CD27, was knocked out, it was shown that the interaction between these two molecules
is important for a robust primary response but inconsequential for the recall response of CD8 T
cells to lymphocytic choriomeningitis virus (LCMV)*:. However, CD27, 4-1BB and OX40 have all

been shown to be critical in shaping the CD8 T cell memory pool®.

Similarly, 4-1BB has been shown to be key for activation of CD8 T cells. As shown by 4-1BBL"
mice, the absence of cognate ligand causes a substantial reduction in number of primary effector
cells in response to LCMV infection following peptide immunization®. The lack of 4-1BB signalling
also impacts memory, as the same 4-1BBL” study demonstrated a compromised ability of cells to
respond to secondary infection®’. Use of anti-4-1BB Ab has shown that it induces increased
proliferation of CD8 T cells in response to infection with attenuated vaccinia virus (VACV)>.,
However, excessive signalling has also been shown to impair the development of memory CD8 T

cells, indicating a balance of 4-1BB stimulation is required for optimised CD8 T cell function®..

0X40 was initially identified as a marker of T cell activation®?, before later being shown to act as a
costimulatory molecule with its cognate ligand OX40L>. Unlike CD40, which is constitutively
expressed on dendritic cells, OX40L is not expressed by dendritic cells unless it has undergone
prior stimulation by CD40-CD40L interaction or TLR induction®*. Similarly, T cells do not express
0OX40 unless they have also undergone TCR activation, but they require co-stimulation through
CD28 in order to sustain this expression®®. Much like 4-1BB and the other TNFRSF proteins, OX40-

OX40L interaction promotes proliferation and survival in CD8 T cells®®.
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Members of the TNFRSF have also been implicated in having an important role in the contraction
phase of T cell activation. These molecules assist in inducing the cell death required to pair back

the T cell population in order to give rise to the memory population of T cells*’.

As part of the peripheral tolerance mechanism, co-inhibition can also restrain activation of T cells.
This allows for regulation of hyperactive T cells and also assists in preventing inappropriate
activation. Molecules such as cytotoxicity T-lymphocyte-associated antigen 4 (CTLA-4) and
programmed death 1 (PD-1) act as negative forms of co-stimulation®®. CTLA-4 is homologous to
CD28 and possesses an even higher affinity for CD80/CD86 than CD28. This increased affinity
allows CTLA-4 to displace CD28 and sequester CD80/CD86. Aside from competitive binding with
CD28, CTLA-4 also signals by activating the phosphatases SHP2 and PP2A>. These deactivate the
major signalling nodes, such as Akt and PLC, downstream of TCR signalling, thus abrogating CD8 T
cell activation. PD1/PD-L1 signalling works in a similar manner, by activating SHP, another
phosphatase. PD-1 can also inhibit PI3K and PKC signalling; two critical enzymes in T cell

activation®.

1.2.23 Signal 3 - Cytokines

Broadly, cytokines are small immunomodulatory proteins involved in activation and modulation of
immune cells. There are many classes of cytokine, such as interleukins, chemokines, interferons
and members of the tumour necrosis family of proteins, many of which have unique roles
depending on the cell type they are affecting. CD4* and CD8* T cells are both heavily influenced by

cytokines released over the course of an immune response.

Cytokines such as IL-12, IFN-y, IL-4, and IL-10 can induce CD4"* T cells to differentiate into different
phenotypes that can be pro-inflammatory, anti-inflammatory or even display auto-immune

effects.

Cytokines can also greatly impact the activation and differentiation of CD8* T cells. There are pro-
inflammatory cytokines such as IL-2 and IL-12 that promote terminal differentiation and enhanced

effector functions. As well as IL-7 and IL-15 that are required by naive CD8" T cells for survival. The
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Figure 1-2 — Three Signal Mechanism of T Cell Activation.

Peptide presented by MHC class | molecule is bound by the T cell receptor, with CD8 aiding with the interaction by
affixing to the a3 domain of MHC class | molecule. This interaction allows Lck phosphorylation of CD3 and Z-chain
sites. This allows recruitment and activation of the kinase ZAP-70. ZAP-70 phosphorylates the adaptor proteins LAT
and SLP-76. These proteins allows the binding and activation of signal transduction enzymes PI3K, PDK1, Akt, PLCy,
Ras. CD28 is the standard example of a co-stimulatory molecule that also feeds into PI3K stimulation. TNFRSF
proteins 4-1BB, OX40, DR3 and CD27 also contribute to multiple T cell stimulatory pathways through TRAF adapter
proteins. Common y-chain cytokine receptors can bind soluble cytokines, in the case of IL-2, or they can be
presented by another cell, IL-15 is an example of this trans-presentation. This figure displays an overview of the
three primary signals necessary for full T cell activation.
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transition of these cells into the memory phase, which will be discussed in a later section

(1.2.3.2).CD4 and CD8 T Cells. An overall display of these signals is displayed in Figure 1-2.

1.2.2.4 CDA T cells

Effector CDAT cells, more commonly referred to as T helper cells (Tx cells), are capable of
differentiating into a broad range of subtypes upon activation; each with their own profile of
chemokine receptors and secreted cytokines. There are eight Ty cell subsets currently recognized,

however only five of them, Th1, Th2, Th17, Tr and Tregs, have been extensively studied®:.

The Th1 subset is characterised by the upregulation of the transcription factor Tbet, the secretion
of IFNy and the expression of CXCR3; a chemokine receptor®?®3, Development of the Ty1 subtype
is induced by IL-12 and IFNy®4. IL-12 signals through the transcription factor STAT4, which
generates a positive feedback loop by causing increased IFNy production®. Ty1 cells are primarily
involved with assisting CD8* T cells responses against intracellular pathogens such as influenza,

vaccinia and mycobacteria.

Th2 cells express GATA-3 as their signature transcription factor and secrete IL-4, IL-5 and IL-13%,
Th2 cells contribute to immune responses against extracellular parasites such as helminths. IL-4
induces GATA-3 by upregulating STAT6; increased expression of these transcription factors also
suppresses the Ty1 subtype by downregulating STAT4%, The Tn2 subset is also involved in the
allergic response, as it is able to promote the production of IgE from B cells, as well as activating

mast cells; both are critical to the allergic response.

Th17 cells are functionally responsible for host defence against fungi and extracellular bacteria,
but are also implicated in many pathogenic inflammatory and auto-immune conditions. The
combination of TGF-B, IL-6, IL-21 and/or IL-23 can induce the Ty17 subtype, and it is primarily

characterised by the expression of RORyt transcription factor and the secretion of IL-17%,

T follicular helper (T) cells are a unique subset of CD4 T cells that specialize in assisting B cells

during their reactions in the germinal centre. The route of differentiation for T is reliant on a
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multistage process, unlike the previous subsets mentioned which can be induced by exposure to
specific cytokines. During initial priming of naive CD4 T cells by dendritic cells a fate determining
decision occurs based on the expression of the chemokine receptor CXCR5%. CD4 T cells
expressing CXCR5 then migrate to B cell follicles, where they will undergo further differentiation
to generate T cells. During dendritic cell priming it is the interaction of IL-6, ICOS (CD278), IL-2

and TCR signalling that determines initial CXCR5 expression®.

There also exists a subset of CD4* T cells known as regulatory T cells, or Tregs. Tregs themselves can
be split into thymic Tregs (NTregs) and peripherally induced Tregs (iTregs), depending on their point of
origin’®. Natural Tregs arise from the population of CD4* T cells in the thymus that bind MHC class Il
molecules with an intermediate affinity but not so high as to be eliminated through negative
selection. Induced Tegs arise from stimulation of CD4* T cells with TGF-B in the periphery’. Whilst
functionally comparable to nT.gs, and expressing similar molecules such as the Foxp3
transcription factor and the alpha chain of the IL-2 receptor, CD25, iTregs form an important non-
redundant subset of regulatory T cells that work in concert with nTregs to impose peripheral

tolerance’?.

As previously mentioned these are only the most common CD4" subsets, there are also Th22, Th9,
Trl and Th3. However, these subsets have only been discovered in the past 5 years, and hence
there is much less information available about them. It should be noted that new CD4* T cell
subsets continue to be proposed as research continues, it is likely that this list will continue to

expand over the coming years.

CD4* T cells also play a role in the optimal priming of CD8* T cells, in a process termed CD4
licensing’®. This process is mediated through interaction of the costimulatory protein CD40 with
its cognate ligand CD40L4, CD40 is constitutively expressed at low levels on dendritic cells’.
CD40L is induced upon CD4* T cells following binding of their TCR to peptide bound MHC class Il
molecules. The effect of this CD40-CD40L interaction effectively ‘licenses’ dendritic cells,
increasing their expression of costimulatory molecules such as CD70 and also increasing the
production of cytokines”™. This licensing allows dendritic cells to augment CD8* T cell activation,
this does impact the primary response, but has also been shown to be critical for development of

substantive memory populations’®. Whilst the generally accepted model is that of CD4* T cells
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stimulating CD40 on dendritic cells, it has also been proposed that dendritic cells may act as a

docking station for CD4* T cells to stimulate CD40 on CD8"* T cell directly”’.

Whilst known to support the CD8" T cell immune response, it has more recently been
demonstrated that CD4"* T cells can possess potent MHC class |l dependent anti-tumour activity’.
However, this has been shown to primarily occur in melanoma models or in specifically abnormal
immunological settings such as radiation associated lymphopenia’. The ability of CD4* T cells to
directly contribute to the cytotoxic destruction of melanoma associated tumours is due to the fact

that, unlike most cancerous cells, melanoma do not lack MHC class Il expression®°.

1.2.2.5 CDS8 T cells

Whilst CD4 T cells can enhance the eradication of certain cancers®, it is the primary role of CD8T

cells to target both cancerous and other infected or non-self cells for elimination®.

1.2.2.5.1 CDS8 T cell activation

CD8T cells are initially activated following TCR recognition of an appropriate peptide-MHC class |
molecule complex on the surface of antigen-presenting cells (APCs). This activation process is also
influenced by the presence of costimulatory molecules and inflammatory conditions found in
peripheral lymph nodes. During this activation process, CD8 T cells undergo extensive clonal
expansion and migrate into the periphery. MHC class | molecules are expressed on the surface of
nearly all nucleated cells and generally present fragments of normal cytosolic proteins, created
through the mechanism of antigen processing. This identifies the cells as self and due to the
mechanisms of central and peripheral tolerance, CD8T cells should not target these cells.
However, in the case of viral infection, for example, intracellular viral proteins are degraded by
the proteasome, leading to viral peptide fragments being presented on MHC class | molecules.
This presentation will initiate the process by which CD8 T cells, known at this point as cytotoxic T
lymphocytes (CTLs), will eliminate the infected cells. The presentation of altered or non-self
peptides can also occur in cancerous tissues, where the deregulation of certain signalling
pathways leads to the production of aberrant proteins, which are subsequently processed and

presented on MHC class | molecules.
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1.2.2.5.2 CD8+ T cell effector mechanisms

CTLs are capable of destroying their target cells through a range of different mechanisms. The
predominant method is the release of cytotoxic granules, which contain an assortment of
granzymes and perforin®. Perforin oligomerises and inserts itself into the membrane of the target
cell and generates pores to allow the entry of the granzymes. Whilst perforin is capable of
inducing cell death by itself, granzymes are the primary molecules utilised in order to induce
apoptosis. Granzymes are serine proteases that interrupt the fundamental functions of a cell to
cause death by apoptosis. Granzyme B, for example, cleaves and activates caspase-3, an enzyme
responsible for activating a Dnase enzyme which then proceeds to cleave the DNA in the nucleus
into unusable fragments. Granzyme B can also cleave Bid, this protein in its cleaved form can
recruit proteins to the mitochondrial membrane and cause its permeability®®. The increased
permeability of the mitochondria releases cytochrome c which is a critical component of the
apoptosome, a multi-protein complex which activates another caspase enzyme. This cascade of
caspase enzyme activation essentially terminates all critical processes; shredding the DNA
prevents protein production and cell division, and disrupting the integrity of the mitochondrial
membrane prevents production of ATP. CTLs can also induce targeted apoptosis through Fas
ligand, which causes apoptosis through binding to Fas and induction of the death-induced

signalling complex.

1.2.2.5.3 Phases of CD8+ T-cell activation and differentiation

A typical CD8 T cell immune response consists of three main phases, expansion, contraction and
memory®. For example, in response to a viral infection, CD8 T cells will clonally expand, rapidly
increasing their numbers in order to combat the virus. After approximately one week, CTLs enter
a programmed contraction phase when the vast majority (>90%) of cells are terminally
differentiated and die by apoptosis®*8®. After approximately a month the remaining cells become
known as memory CD8T cells and are characterised by decreased immediate effector functions
and an increased capacity for proliferation upon re-exposure to antigen. These memory CD8 T
cells can persist for the lifespan of an organism, providing long term protection against
subsequent infections. The manner in which memory cells are maintained is antigen-independent
and relies primarily on the cytokines IL-7 and IL-15 to induce self-renewal. Cytokines influence
CD8+ T cells throughout all stages of their activation and differentiation and a more detailed

description of the effects of key cytokines on CD8+ T cells therefore follows.
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1.2.254 Influence of cytokines on CD8+ T cells

Upon infection PAMPs are recognised by the innate immune system, primarily dendritic cells and
macrophages, causing release of the pro-inflammatory cytokine IL-12%. IL-12 induces the
expression of transcription factors such as T-bet, in CD8 T cells that correlate with increased
effector functions and differentiation into short lived effector cells (SLECs)®, which will be
discussed later (chapter 1.2.4.1). Strong inflammatory conditions induced by IL-12 and other pro-
inflammatory cytokines can preclude the development of memory cells, as they heavily enforce

the SLEC phenotype.

IL-2 is another key cytokine influencing CD8 T cell responses. IL-2 contributes at all stages of CD8 T
cell activation, it produces robust proliferation in CD8 T cells during the primary response, but also
helps shape the memory population®. IL-2 signals through receptors composed of chains CD25,
CD122 (which is shared with the IL-15 receptor) and CD132 which is frequently referred to as the
common-y chain. CD132 is present in a number of other cytokine receptors, such as those binding
to IL-4, IL-7, IL-9, IL-15 and IL-21%°, CD25 is not expressed by resting CD8 T cells and is only
upregulated upon stimulation with inflammatory cytokines such as IL-12 or even IL-2 itself. The
expression of CD25, provides the initial binding interaction for IL-2°%. The interaction of CD25 and
IL-2 promotes formation of the heterotrimeric IL-2 receptor with CD122 and CD132, which in turn
stimulates signalling through the transcription factor STATS as well as PI3K and MAPK
pathways® 2. As such, an increase in the expression of CD25 causes cells to become more
sensitive to the presence of IL-2%3, The expression of CD25 is not uniform amongst CD8 T cells,
those that express more CD25 are likely to have received more IL-2 stimulation and display a
more terminally differentiated phenotype. These CD25"e" cells display greater expression of the
transcription factors T-bet and Blimp-1 as well as the effector molecules granzyme B, IFNy and
perforin®. Conversely, CD8 T cells that express less CD25 favour expression of Bcl-6 and CD62L,
two early signs of memory development and persistance®. As such, IL-2 drives massive expansion
of the CD8 T cell population whilst also inducing a more effector like phenotype. However, as
exposure to the cytokine increases, the potential for memory decreases; hence the regulation of

the high affinity receptor CD25 is critical for an effective immune response.

IL-7 and IL-15 are two more common-y chain cytokines that regulate the function of CD8 T cells.
Unlike IL-2 and IL-12, these cytokines are not associated with inflammation and driving an effector

phenotype, but regulate CD8 T cell homeostatic proliferation and survival. IL-7 is a key component
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of homeostasis of the naive CD8 T cell pool, allowing proliferation without activation®. As
mentioned in the section above, IL-15 and IL-2 share the receptor subunits CD122 and CD132.
However, they differ in their high affinity subunit, which is IL-15Ra for IL-15. IL-15Ra is
constitutively expressed at very low levels on CD8 T cells, although it can be induced by I1L-2%.
Signalling through IL-15 is transduced through STAT3 and STATS5, as well as the MAP kinase

pathway, leading to induction of Bcl-2; a critical pro-survival protein®,

Not all cytokines act to promote CD8 T cell mediated immune responses. IL-10 and TGF-B are anti-
inflammatory cytokines that have an inhibitory role in T cell responses. These cytokines are

commonly secreted by Tregs as @ mechanism to inhibit inappropriately activated immune cells.

1.2.3 CDS8 T Cell Subsets

1.23.1 SLECs and MPECs

The fates of CD8T cells are determined during the initial immune response. Before the peak of the
response, CD8T cells can already be separated into two distinct precursors; short lived effector
cells (SLECs) and memory precursor effector cells (MPECs). These two cell subsets are
distinguished based on their expression of IL-7R and KLRG1, with SLECs expressing a KLRG1"" |L-
7R phenotype and MPECs expressing the inverse; KLRG1'°" |L-7R"&" 88 SLECs represent the
population of CD8T cells that make up the majority of the initial immune response, are destined
to become terminally differentiated and undergo apoptosis during the contraction phase. MPECs
comprise the population of effectors that retain enough plasticity to give rise to the entire pool of

memory CD8 T cells®.

The mechanisms that lead to the SLEC and MPEC phenotypes have yet to be fully understood and
some models will be discussed in later chapters. However, the transcription factors T-bet and
Eomesodermin (Eomes) are central to the early differentiation process®. Expression of T-bet, as
induced by IL-12, sets up a gradient of effector like properties; with CD8 T cells expressing high
levels of T-bet favouring SLEC differentiation and low T-bet expressing cells developing into
MPECs®. Thus, CD8 T cells lacking T-bet expression subsequently fail to form SLECs during an

immune response®. Eomes-deficient CD8 T cells display no impairment in developing the MPEC
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phenotype. However, after progression into the memory phase they show an inability to properly
express CD122, CD62L and CXCR3, all of which are critical for IL-15 maintenance and homing to
the lymph nodes. Due to the lack of these proteins, Eomes-deficient CD8 T cells show diminished
central memory formation, reduction in long-term survival and decreased homeostatic

proliferation®,

1.2.3.2 Effector Memory and Central Memory

In early studies memory CD8 T cells were separated into two distinct phenotypes based on the
expression CD62L, an adhesion molecule and CCR7, a chemokine receptor which regulates the

ability of naive and memory CD8 T cells to enter lymph nodes®

. Memory CD8 T cells expressing
both these molecules are termed central memory cells (Tcm), whereas cells lacking these
molecules are known as effector memory cells (Tem). Due to the differential expressions of CD62L
and CCR7, Tcm cells primarily migrate towards lymph nodes and the spleen, whereas Tewm cells

circulate through the blood and also through non-lymphoid tissue®.

Tem cells act as progenitor cells in secondary immune responses, they possess the capacity to self-

103 Whilst Tcwm cells are able

renew and differentiate into effector cells upon antigen restimulation
to secrete IFNy and IL-2, they lack immediate effector functions®. However, the lack of effector
functions is balanced by an increased proliferative potential’®®. Hence, the generation of Tew is
critical to long term immunity. Conversely, Tem cells provide an immediate effector response,
achieved by continual expression of cytotoxic granules, as well as the ability to secrete increased

quantities of TNF-a and IFNy*. Tey cells compared to Tem cells show a significantly decreased

proliferative ability and do not have the capacity for long-term self-renewal.

Whilst Tcm and Tem subsets were identified some time ago, two more memory subsets have been

recently proposed and will be discussed in the sections below.

1.233 Resident Memory

It was noted recently that there is a population of Tem that do not circulate through the blood and
instead reside within non-lymphoid tissues such as the skin, gut and lungs®*. These non-circulating

Tem cells are termed resident memory cells or Trm. Aside from their reduced migratory ability, they
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are functionally comparable to Tem'®. They do possess some unique characteristics such as
increased expression of CD69 and CD103, as well as tissue specific integrins and chemokine

receptors to enhance their tissue residency?°,

1.234 Stem-cell Like Memory

Stem-cell like memory CD8 T cells, or Tscw, were first identified by Gattinoni et al in 2009'%° who
showed that by activating the Wnt-B-catenin signalling pathway during CD8 T cell activation, it
was possible to arrest the differentiation of naive CD8 T cells into effectors. This generated a
unique subset of CD8 T cells that presented with a CD44'"°% CD62L"e" Sca-1Me" CD122"eh Bcl-2Mie
phenotype. These Tscu cells were self-renewing multipotent CD8 memory cells with proliferative
and anti-tumour abilities that exceed that of both the Tcw and Tem subtypes. Tsem cells also display
an ability to differentiate into all subsequent CD8 memory subtypes!. Given that this Tscu subset
has recently been found in patients that received vaccinations for yellow fever 35 years

111

previously'?, and that their proliferative and anti-tumour capabilities exceed that of typical

memory subsets, these cells would be ideal for adoptive cell therapies in cancer treatment.

1.24 Models of Differentiation

Whilst some of the signals and transcription factors required to generate each particular subset of
CD8 T cells are known, the precise mechanisms of differentiation have remained elusive. Initially,
it was believed that all T cells were fated to either effector or memory cells during development in
the thymus. However, studies have determined that each individual T cell is multipotent, capable
of generating all possible phenotypes available!*?!3, Due to these studies, the separate precursor
model as it was known has largely been dismissed. However, there still remain multiple theories

for CD8 T cell differentiation some of which are discussed below.

1.24.1 Decreasing Potential Model

This model states that repetitive stimulation of T cells with antigen and pro-inflammatory
cytokines drives terminal differentiation. With each successive round of stimulation, T cells
acquire a greater level of effector function and cytotoxic capability but lose the features of
memory cells, such as longevity and proliferative ability. Thus, T cells that receive minimal

repetitive stimulation form MPECs and eventually populate the CD8 memory cell pool, whereas
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cells that receive multiple stimulations favour SLECs and terminal differentiation. There is
evidence to support this model, as restricting the amount of antigen or inflammatory cytokines,
and hence reducing the number of repeated stimulations, can lead to accelerated memory

formation'4.

1.24.2 Signal Strength Model

This model is similar to the decreasing potential model described in the previous section except
that instead of successive rounds of stimulation leading to a loss of multipotency, it posits that the
overall strength/intensity of the initial stimulatory signal determines eventual fate. Studies show
that stimulation with a weak antigen can cause anergy, whereas after strong antigen stimulation,
activation induced death can occur!®®. This model has been shown to be dependent upon a
minimum of three different parameters; antigen affinity, co-stimulation and duration’®, To a
certain extent these factors can compensate for each other, for example, a weak affinity antigen
can be compensated for by an increased level of co-stimulation or prolonged duration of

stimulation®*®.

1.24.3 Asymmetric Cell Division

Typically, cell division is symmetrical; all aspects of the cell such as organelles and signalling
pathway enzymes are divided equally, generating two equivalent daughter cells. However, in
asymmetric cell division, structures such as organelles and key signalling pathway enzymes are
not divided equally. There is evidence that certain molecules critical to CD8 T cell development
are asymmetrically inherited, such that daughter cells proximal to the APC inherit more CD8, TCR,
T-bet, Myc and mTORC1, whilst the distal daughter cell will lack these factors!'”!8, This,
therefore, generates a proximal cell that contains more factors associated with the SLEC
phenotype and a distal cell that retains a more MPEC phenotype. As asymmetric cell division can
theoretically occur at each cell division, this may explain why some CD8 T cells show plasticity in
their ability to interconvert between the SLEC and MPEC phenotype. If this theory is taken to its
logical extreme, it would suggest that spatial division of the factors that regulate effector vs

memory phenotype is a key mechanism in determining the final fate of a CD8 T cell.
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1.25 vo T Cells

v8 T cells are often referred to as a bridge between innate and adaptive immune systems'?®, This
is because they display features associated with each system. The TCR receptors of these y6 T
cells are composed of the corresponding y and 6 chains. Much like the conventional a and
chains, these y and & chains also undergo recombination as part of their maturation process!?.
Unlike aB T cells, however, their TCR repertoire is significantly restricted in its recognition of
antigens!?®. y6 T cells are considered atypical primarily due to their ability to recognise non-MHC
restricted antigens!?’. In addition to this, y& T cells also are found at higher concentrations in
different biological sites, particularly in the skin as well as the gut mucosa, as part of the

intraepithelial lymphocyte population*?**2,

1.3 PI3K-Akt Signalling Pathway

Whilst TCR engagement with MHC molecules, co-stimulation and cytokines drive the activation
and differentiation of CD8 T cells, ultimately, it is the network of downstream signalling pathways
and transcription factors that they induce which determines the fate and function of CD8 T cells.
Multiple factors contribute to the process and not all can be covered in this thesis. The work
completed in this thesis primarily covers the enzymes downstream of the PI3K signalling pathway,
in particular PDK and Akt, as well as the various transcription factors that they regulate.
Understanding the underlying signalling pathways of CD8 T cells and more importantly how they
can be manipulated, will aid the design of more effective treatments for cancer and viral

infections. A summarised form of this pathway is shown in Figure 1-3.
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LAT, SLP76,
PLCy1, ITK
Figure 1-3 — The TCR - PI3K/Akt Signalling Pathway in CD8 T Cells

Stimulation through the TCR and other factors causes phosphorylation of tyrosine
170 on CD28, this phosphorylation of a motif within CD28 acts as a binding site for
p85 regulatory subunit of PI3K. This relieves the inhibition of p85 on the catalytic
p110 subunit, causing activation of PI3K. PI3K then catalyses PIP; into PIPs which
acts as a binding partner for kinases containing pleckstrin homology domains, such
as Akt and PDK1. PDK1 and mTORC2 phosphorylate Akt to cause maximal activation.
Subsequently Akt phosphorylates and inhibits GSK3. Lack of GSK3 activity allows
translocation of B-Catenin, and activation of TCF/LEF transcription factor. In CD8 T
cells, PDK1 has been implicated in the release of Rheb to stimulate mTORC1, which -‘
induces enhanced cell growth and mRNA translation. Akt also inhibits the

transcription factor FOXO1.

Cell Growth, Translation,
Metabolism

Nucleus

KLFZ, IL-7R, Bim, CD62L Tcfl, Lefl, Myc, Eomes
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13.1 PI3K

The PI3K pathway receives signals from various environmental inputs including growth factors,
TCR stimulation, cytokines, insulin and other hormones. Further, PI3K has considerable control
over the numerous cellular activities that those environmental inputs induce including growth,
proliferation, glucose uptake, survival, differentiation and ribosomal efficiency. Hence, P13K itself,
as well as its major downstream signalling elements PDK, Akt and the mTOR complexes are
important for CD8 T cell function!?*124, Multiple studies confirm that impairing PI3K activity in T
cells can cause a myriad of functional defects in CD8 T cells, from diminished primary and
secondary responses to altered cell trafficking, defective proliferation, cytokine production and

even preventing T cells from maturing and exiting the thymus'®1?7,

Different classes of PI3K have been described, defined by the combination of proteins that come
together to form the heterodimer. Class | PI3Ks are by far the most common form of the enzyme
found in mammals and comprise an isoform of the p110 catalytic subunit bound to a regulatory
subunit. The p110 catalytic subunit has four distinct isoforms designated a, B, y and §, each with
different downstream functions and tissue expression patterns. Class | PI3Ks can be further split
into class IA and IB based on the combination of the subunits. Class IA PI3Ks contain p110a, B or §

128 \Whereas, class

commonly bound to the regulatory subunit known as p85, or its splice variants
IB PI3Ks are formed by the interaction between the p110y subunit with either p101 or p84/p87
acting as a regulatory subunit'?®, p110a and p110B are expressed in virtually all tissue. Conversely,
p110y and p1106& are more restricted in expression, present at highest levels in the leukocyte

population?,

The crystal structures of the catalytic and regulatory subunits have provided insights into the
mechanics of their interaction. Whilst there is some variation in their structure, broadly the
catalytic p110 subunits possess a conserved domain structure. The p110 structure consists of an
adaptor binding domain (ABD), a Ras-binding domain (RBD), a C2 domain (for membrane lipid
association), and a helical motif leading into the kinase domain which itself is split into an N-
terminal and C-terminal lobe®. The typical p85 structure consists of an N-terminal SH3 domain, a
Bar cluster region homology (BH) domain, followed by the core signature of PI3K regulatory
subunits, two Src homology 2 domains (nSH2 and cSH2) separated by a coiled-coil domain (iSH2)

that promotes binding to p110*3%13!, The iSH2 domain of p85 is bound by residues found in the
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kinase domain, the ABD and C2 domains of p110*32, The contact between iSH2 and ABD is high
affinity, however the strength of the bond between iSH2 and the C2 is variable due to differences
in sequence in the p110 isoforms. This variable interaction between iSH2 and C2 domains helps to
explain the differential sensitivity that PI3K isoforms have for the inhibitory p85*3. The cSH2
domain of p85 is critical to the inhibition of p110 isoforms as it binds between two helices of the
kinase domain®3. During T cell activation, phosphorylated tyrosine sequences from costimulatory
molecules such as CD28 bind to the SH2 domains of p85. This relieves the inhibitory pressure on
p110, allowing its kinase domain to function and for it to associate with phosphatidylinositol 4, 5-

bisphosphate (PIP,) rich membranes®*.

PI3Ks phosphorylate the inositol molecule phosphatidylinositol 4,5-bisphosphate (PIP;) to
generate phosphatidylinositol 3,4,5-trisphosphate (PIPs)'*. This PIPs molecule acts as a second
messenger and docking platform for downstream molecules in this pathway. Many proteins can
bind and be activated by PIP;including IRS-1, dynamin and phospholipase C (PLC). However, most
studies on CD8 T cells have focussed on the PI3K targets PDK and Akt. Excessive PI3K activity has
been associated with multiple cancers and PI13K is thus considered an oncogene. PI3K is negatively

regulated by the phosphatase enzyme PTEN and PTEN is often downregulated in cancer.

The balance of PI3K signalling is critical for the maturation process of CD8 T cells in the thymus. It
has been demonstrated that when PI3K§ is deleted in CD8 T cells there is compensation in the
form of PI3Ky, which acts in a redundant manner to allow progression of developing

thymocytes!®®

. When both of these PI3K isoforms are deleted there is a profound block between
the DN3-DN4 transition®. This block is indicative of a lack of progression past B selection, due to
a lack of the pre-TCR signal that would be typically transduced through the PI3K signalling
pathway. This results in a substantial reduction in the number of peripheral T cells, DP T cells in
the thymus, as well as the size of the thymus itself!3. T cells that manage to transition into the DP
state with co-expression of CD4 and CD8 also displayed significant reduction in survival, which
was attributed to reduced expression of proteins from the Bcl2 family of pro-survival proteins,
leading to increased apoptosis mediated by BIM*%, Conversely, the deletion of PTEN, the negative
regulator of PI3K, causes excessive activity in the PI3K signalling pathway*’. This increased PI3K
activity can allow T cells to effectively bypass the checkpoint of B selection, allowing T cells to

progress to DP stage!®. As such, PI3K and the proper function of its signalling pathway is key to

the development of functional peripheral T cells.
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1.3.2 PDK1

3-phosphoinositide dependent protein kinase-1, also known as PDK1, is immediately downstream
of PI3K in its signalling pathway. It acts as an intermediary protein kinase, transducing activation
signals received by PI3K. PDK1 is known to be a master regulator of multiple AGC kinase family
members such as Akt, PKC, S6K, RSK and SGK%8, PDK1 consists of an N-terminal kinase catalytic
domain, with a C-terminal pleckstrin homology (PH) domain®*°. The PH domain mediates binding
to the product of activated PI3K, PIPs'%. This association of PDK1 and PIPs mediates localisation of
PDK1 to the plasma membrane. Whilst PDK1 lacks a self-inhibitory domain, and is therefore
considered constitutively active, it is dependent on this localisation to be able to mediate its
effects through phosphorylation of Akt'*8, However, this is not the only mechanism of action
available. PDK1 is also capable of activating a variety of other AGC kinase family members through
PIF pocket interaction. Most AGC kinases possess a highly hydrophobic motif in the C-terminus of
their catalytic domains. It has been shown that interaction of enzymes such as S6K, SGK and RSK
with PDK1 and their subsequent activation is greatly increased if this hydrophobic motif is
phosphorylated*!. PDK1 has been found to also possess a hydrophobic pocket, which has been
shown to interact with phosphorylated hydrophobic motifs of the other AGC kinases'*2. This
pocket, now known as the PIF pocket, is a mechanism of non-PI3K dependent activation of AGC
kinases downstream of PDK1*, In this regard, Akt can be considered unique, as it is the only AGC

kinase that also requires PIP5 to be activated by PDK1 phosphorylation.

Within CD8 T cells, PDK1 has been shown to be a major metabolic regulator, as it mediates both
glucose and amino acid uptake required to meet the metabolic demands of an activated CD8 T
cell*®, This metabolic control is imperative in CD8 T cell differentiation, as increased glucose
uptake and glycolysis is considered a metabolic switch that favours the generation of SLECs and
terminally differentiated cells¥**%, It has also been demonstrated that within CD8 T cells there is
an alternate non-canonical pathway for mTORC1 activation, which is dependent on PDK1 but not
Akt or PI3K. This pathway was shown by Finlay et al through a use of Akt and PI3K& inhibitors, as
well as PDK1 conditional knockout studies in CD8 T cells®. This PI3K and Akt independent
regulation of mTORCL1 is not typically observed in other cells types, as canonically Akt is the

immediate upstream regulator of mTORC1 activity.
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133 Akt

Protein kinase B (PKB), more commonly referred to as Akt, is a serine/threonine kinase and a
member of the AGC family of kinases. Originally identified as the first transducer of PI3K activity
following stimulation with insulin, Akt is now recognised as one of the primary mediators of the
PI3K signalling pathway'¥"1*8, As such, across multiple cell types it is typically linked to crucial
cellular functions such as regulation of cell size, cell cycle progression, cellular survival,
metabolism, transcription and protein synthesis. Akt has three isoforms, known as Akt1, Akt2 and
Akt3 respectively. Aktl is ubiquitously expressed in virtually all tissues, where it is implicated in
cell growth and survival*®. Akt2 is still broadly expressed, but has been associated particularly
with insulin signalling and glucose homeostasis in muscle and adipocytes®. Akt3 shows more
specific tissue restriction, in particular the brain and testes'®. The base structure of Akt is similar
to that of protein kinase A and C, it contains a PH domain at the N-terminus, to facilitate binding
of PIPs; a kinase domain, similar to that of other AGC family kinases; and a hydrophobic regulatory
domain at the C-terminus, which acts to prevent Akt activity when in a dephosphorylated state.
Phosphorylation of two key residues are required for complete Akt activation, threonine at
position 308 and serine at position 473, phosphorylation of these sites are mediated by PDK1 and
MTORC2 respectively. The threonine residue lies within the T-loop, of the catalytic kinase domain
of Akt, whereas the serine residue lies within the regulatory domain. Whilst the phosphorylation
at Thr308 is responsible for activation of Akt kinase activity, the Ser473 phosphorylation is
required for Akt to reach its maximal activity®>2. Negative regulation of these two phosphorylation
sites is mediated by protein phosphatase 2 (PP2) and PH domain leucine-rich repeat phosphatase

(PHLPP), targeting Thr308 and Ser473 respectively!>3154,

Akt is responsible for the induction of a transcriptional profile that drives the cytotoxic and
effector functions of CD8 T cells*. As such, loss of Akt signalling in vitro causes a decrease in the
expression of IFNy, perforin and granzyme B and upregulation of markers preferentially found in
the memory pool, such as CD27%>156, Akt exists as three different isoforms, all of which are widely

expressed in virtually all tissues including T cells®®’

. Whilst they have similar structure, their
variation in tissue expression and target specificities lead to differential and non-redundant
effects. Akt is critical for early T cell development and survival, particularly the Akt1/2 isoforms,
which when knocked out cause substantial reduction in the total number of lymphocytes®>®. Akt
influences CD8 T cells primarily through the transcription factor family forkhead box O, or FOXO.
FOXO01 and FOX03a are critical in CD8 T cells and both are constitutively active in the nucleus of

naive CD8 T cells. Akt phosphorylation of FOXOs causes their exclusion from the nucleus and loss
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of transcriptional activity. FOXO1 induces the expression of CD127, Bcl-2, CD62L and CCR7*°,
These factors enable naive CD8 T cells to persist in the absence of antigen and to enter lymph
nodes. Whilst FOXO1-deficient mice are embryonically lethal, mice in which FOXO1 is specifically
knocked out in CD8 T cells show a decrease in the number of naive CD8 T cells, primarily due to
the loss of CD127 and CD62L*, Signalling through Akt, therefore, decreases expression of CD62L
and CCR7; this impacts the trafficking of CD8 T cells, directing them away from secondary

lymphoid organs and towards peripheral sites of inflammation®®.,

Another key function of FOXO1 mediated signalling is the repression of T-bet expression'®2. Pro-
inflammatory cytokines such as IL-12 activate Akt, and, through phosphorylation and inactivation
of FOXO1, induce T-bet expression. IL-12 also causes a loss in total FOXO1 protein, acting to
further re-enforce T-bet expression. This directly links Akt to the effector differentiation of CD8 T
cells. Hence, cells that display minimal Akt activity express less T-bet and skew towards MPEC
formation, whilst cells with high levels of Akt activity have increased levels of T-bet and are
skewed towards terminal differentiation®. This correlates with studies using constitutively active
forms of Akt in CD8 T cells, which show reduction in expression of CD127, CD122 and Bcl-2 and
subsequent loss of the MPEC phenotype®®. Less is known about FOX03a, however, it has been
shown to regulate the initial expansion phase of the primary CD8 T cell response whilst being

uninvolved with the development of memory®.

1.4 Cancer Immunology

As stated above (section 1.2.3.2), one of the functions of CD8 T cells is to eliminate cancerous cells
through constant immunosurveillance. It has been known for some time that introduction of
carcinogens into immunodeficient hosts is linked to a higher incidence of cancer!®®1%8, Conversely,
patients that present with high frequencies of tumour infiltrating lymphocytes (TILs) are more
likely to have a positive outcome®®, It is clear, therefore, that intratumoral CD8 T cells are critical

to the successful elimination of tumours.

Upon the emergence of cancerous cells, there is a process of immune cell interaction with these
cells known as immunoediting. The immunoediting process can have profound effects on
tumours, as it has been shown that tumours grown in immunodeficient mice are more
immunogenic than those that develop within immunocompetent mice!®®. There are three stages
of immunoediting; elimination, equilibrium and escape. Elimination is the first stage. When
cancerous cells develop they can, through integration of the innate responses of NK cells and the

adaptive responses of CD8 T cells, be targeted for destruction. However, this elimination phase

27



Chapter 1

does not always occur, certain cancers have been known to proceed immediately to the
equilibrium phase®®, Based on the studies in immunodeficient mice, it would seem that the
elimination phase is capable of minimizing the rate of occurrence of many types of cancerous
cells'’®, However, cancerous cells that manage to survive the initial immune reaction can progress
into the second stage; equilibrium. The equilibrium phase is defined by a balance between the
immune system and the tumour. The balance of tumour cell expansion and destruction of the
tumour by the immune system keeps the tumour in a suspended state where there is no growth
in the tumour overall. However, individual cells undergo mutation and selection. This selective
pressure on cancer cells favours those that are more resistant to the effects of this immune
system and those that mutate to resist cytotoxic T cells®®. This stage can last for many years and
in the case of solid tumours as many as 20 years between initial cancer cell emergence and

detection of a tumour'”*

. After this prolonged state of genetic instability, some tumour cells
become able to subvert the immune system. This is the third phase, escape, and can be achieved
through multiple mechanisms e.g. down regulation of MHC molecules'’?, loss of NK activating

ligands'’3

, resistance to the effects of IFNy, increased secretion of the immunosuppressive
cytokines IL-10 and TGF-B and cultivation of a supportive, immunosuppressive microenvironment.
After entering the escape phase, tumours can become capable of expanding at an accelerated

rate as they are no longer constrained by the immune system.

It should be noted that there is only a small amount of direct evidence for in vivo eradication of
premalignant lesions’®. Knock-out of specific genes such as Rag2, Ifng, Prf, Stat1 and Gmcsf have
been shown to cause spontaneous tumour development in mice!’. This, at minimum, implies that
the impairment of the immune system that follows these specific knock-outs, aids in the
development of tumours that would normally be controlled and most likely eliminated upon their
emergence. Additionally, patients that receive immunosuppression therapy as part of organ
transplantation have also been shown to have a significantly increased incidence of cancers of
both viral and non-viral origin'’4. In a similar manner to the specific gene knock-outs in mice, it
can be inferred from the data from transplant recipients that the immune system aids in
eliminating cells that would potential become malignant. The majority of this data is provided by
the phenomenon of spontaneous tumour regression that occurs in concert with clonal T cell
expansion, which suggests a tumour specific immune response!’>76, Whilst spontaneous tumour
regression can occur without a known cause, historically it has been shown that it can occur as a

result of bacterial infection?”’

. Most notably was the treatment regimen developed by Dr William
Coley during the late 19'" and early 20™" century. After observing a patient develop a

Streptococcus pyogenes infection at the site of a partial tumour excision, it was noted that as the
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infection continued to recur over the next few weeks, the tumour shrank’®, Following this
observation, Coley went on to develop a vaccine containing two dead bacterial species (Coley’s
Toxins) which, when injected into the tumour site repeatedly over a time course of a month,
successfully treated inoperable cases of sarcoma'’®. However, due to the advent of post-operative
antibiotics, and the emergence of chemotherapy and radiotherapy as primary cancer treatments,
the use of Coley’s Toxins fell into decline. In addition, more recent studies have also

demonstrated the effect of using bacteria to induce T cell immune responses to tumours’®,

Evidence for the equilibrium phase has been shown in cases of monoclonal gammaopathy of
undetermined significance (MGUS). MGUS is a premalignant plasma cell proliferative disorder,
eventually progressing to the cancerous condition of multiple myeloma®®°. Patients develop
vigorous effector T cell responses specific for the premalignant plasma cells responsible for
MGUS* ! although this immune response is not observed in subsequent multiple myeloma,
suggesting that the cells responsible for MGUS were in a state of equilibrium with the immune
system®®!, Melanoma has provided excellent evidence of the escape mechanism, with large
numbers of patients showing tumour-specific immune responses that are unable to provide
beneficial anti-tumour effects!®2, In summary, whilst elimination is difficult to observe directly, the

overall evidence for immunosurveillance as a hypothesis is robust®,

Malignant tumour cells are not the only cell types involved in the progression of cancerous
tumours. The progression is also directly related to a complex network of non-malignant cells that
cultivate and support the tumour, termed the tumour microenvironment (TME)**, The TME
consists of tumour cells, a variety of immune cells and can also contain cancer associated
fibroblasts (CAFs), endothelial cells supporting new vasculature and an extracellular matrix. This
basic structure of TMEs is not universal; certain cancers such as leukaemias, which do not typically
form tumours, possess entirely different forms of microenvironment within the bone marrow?®,

As such, the TME can be just as unique as each specific cancer.

Fibroblasts are cellular components of the tissue stroma, critical for the wound healing process
through the production and secretion of an extracellular matrix scaffold for tissue regeneration®®,
Fibroblasts can be activated through multiple mechanisms, growth factors such as TGF-,
adhesion molecules and reactive oxygen species (ROS)'®”. The conversion of typical fibroblasts in
CAFs occurs due to a perpetually activated state, induced by factors released by tumour cells. This

phenotype prevents apoptosis and in a reciprocal manner supports the development of the

29



Chapter 1

tumour microenvironment. CAFs support tumour progression by increased production of growth
factors and cytokines, as well as the production of matrix metalloproteinases (MMPs)*#, MMPs
are capable of altering the extracellular matrix, loosening the structure and promoting epithelial
to mesenchymal transition (EMT)°. The EMT enhances the ability of tumour cells to invade
surrounding tissues and at later stages, promotes metastatic spread. CAFs also aid in localised
immunosuppression through expression of PD-L1 and PD-L2, which act to inhibit effector cells

expressing PD-1%,

Tumours, like any tissue, require nutrients from the blood, however due to their rapid expansion
they must also cultivate an expanded vasculature to meet their metabolic demands. This demand
is met primarily through the hypoxia inducible factor (HIF) signalling pathways®*. Typically, HIF1a
is activated in response to nutrient deprivation, hypoxic and stress conditions. However, in
tumours, the regulatory components that control HIF1a often become uncoupled, allowing
constitutive activation®, This induces a cascade of angiogenic factors such as vascular endothelial
growth factors (VEGF) and platelet derived growth factor (PDGF), which promote the formation of
new vessels and expansions of new ones!®. HIF1a also enhances the primary metabolic process
of tumour cells, glycolysis!®. Beyond the immediate benefit of improved supply of glucose and
sustained metabolism, this also acts as an immunosuppressive mechanism through nutrient
deprivation. It has been shown that tumours actively drain glucose from their immediate
microenvironment, which can directly impair the activity of CD8* effector T cells, which are
similarly dependent on glycolysis'. This new vasculature production, as well as the general tissue
alteration, can cause increased interstitial fluid pressure. This increased pressure can compress
and impair lymphatic system drainage, further preventing interaction with potentially beneficial

effector cells, thus aiding in the production of an immunosuppressive environment®®,

Overall, tumour cells mutating under the selective pressure of the immune system can lead to
their learning to evade the immune system. In addition to the direct effects on the tumour cells,
tumours can also drastically alter their immediate microenvironment. Through manipulation of
localised endothelial cells and fibroblasts, tumours can produce an immunosuppressive
environment, as well as support their own expansion through metabolic alteration and increased

angiogenesis.
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1.5 Immunotherapies

The fact that the elimination phase is capable of preventing the progression of cancerous cells
through immunosurveillance demonstrates the effectiveness of the immune system?®®. Thus, in
recent years research has been directed at harnessing the ability of the immune system to clear
cancers, termed immunotherapy. There are different forms of immunotherapy including both
passive and active antibody therapy, vaccination and adoptive cell transfer. However, the
mechanism of tumour escape can influence their relative effectiveness. Escape can occur through
a variety of mechanisms, e.g. increased expression of checkpoint molecules such as PD-L1,
downregulation of MHC class | molecules and by promotion of local immunosuppression by Tregs
and/or myeloid derived suppressor cells (MDSCs). Each mechanism alters the approach that
would be most effective. For example, a lack of MHC class | molecules impairs the response of
cytotoxic CD8 T cells'®”. However, NK cells act independently of MHC molecules and as such,

therapies boosting their capabilities might be more effective in this setting’®.

1.5.1 Monoclonal Antibodies

Monoclonal antibodies (mAb) have shown great promise since the approval of the first anti-
cancer therapy with rituximab in 1997. Whilst the mechanism of action can vary between each
mAb, they are generally split into two categories; passive and active. Passive mAb therapies
generally target the tumour, and do not directly activate the hosts’ immune system, whereas,
active mAb therapies instead target the host immune system using either increased stimulation or

relieved inhibition to achieve their effects.

15.1.1 Passive Monoclonal Antibodies

The prime example of a passive mAb is rituximab, a chimeric mouse/human anti-CD20 antibody.
As CD20 is expressed primarily on B cells, excluding early pro-B cells in bone marrow and
activated plasma cells, it is an ideal target for many malignancies derived from B cells'®. It can be
utilised as a single agent treatment or in combination with chemotherapy?®. It was initially used
for the treatment of non-Hodgkin’s lymphoma. However, since its approval in 1997, it is now used
for other conditions such as chronic lymphocytic leukaemia and rheumatoid arthritis. Rituximab
has also been utilised off-label for other B cell-implicated conditions such as multiple sclerosis,

system lupus erythematosus and non-malignant lymphoproliferative disorders?°-2%3, Rituximab
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can induce B cell death through multiple different mechanisms including antibody-dependent
cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), induction of apoptosis
and through sensitization to chemotherapy?®*. Despite the efficacy of rituximab, it still possess
some harmful side effects such as severe infusion reaction and cytokine release syndrome?®.
These side effects are a consequence of the chimeric mouse/human structure, which can induce
adverse immune reactions. As such, second generation anti-CD20 antibodies have now been
generated to minimize the negative effects. mAbs such as ofatumumab, ocrelizumab and
veltuzumab have been either humanized or are fully human antibodies targeting CD20 and as

such are less likely to induce known side effects'*,

Other examples of passive mAbs include trastuzumab, cetuximab and bevacizumab. These mAb
target the HER2/neu receptor, epidermal growth factor receptor (EGFR) and vascular endothelial
growth factor alpha (VEGF-A) respectively. These targets are less cancer specific, instead they
target processes considered hallmarks of cancer development and progression, namely sustained

signalling through growth factor and angiogenic pathways®®*.

HER2/neu is a member of the human EGFR family, which can signal through the mitogen-
activated protein kinase (MAPK), PI3K/Akt, protein kinase C and STAT pathways, all of which are
associated with cellular survival and proliferation. Up to 30% of breast cancers present with
overexpression of the HER2/neu receptor, hence making it a good target for antibody therapy?.
The humanized antibody trastuzumab, in combination with chemotherapy, improves survival in
HER2/neu receptor positive breast cancer compared to chemotherapy alone?®. By binding and
preventing dimerization of the HER2/neu receptor with other members of the receptor family,
trastuzumab is able to inhibit the signalling effects of the receptor?®. The subsequent lack of pro-
survival signals sensitises cancer cells to chemotherapy, hence why the combination is effective.

In addition to the increase in chemotherapy sensitivity, trastuzumab can also induce ADCC?%,

Cetuximab, a chimeric human/mouse antibody against the EGFR, is utilised against metastatic
colorectal cancer (mCRC) and squamous cell carcinoma of the head and neck (SCCHN)?%®, As it
targets a receptor in the same family as the HER2/neu receptor, the mechanism of action is
similar to that of trastuzumab. It inhibits pro-survival, proliferation signalling pathways, causing

ADCC as well as sensitisation to radiation and chemotherapy?®. It should be noted that targeting
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EGFR for anti-cancer effect has been shown to be effective only if KRAS is not mutated

downstream of the receptor?®.

Tumours need to develop their own vasculature in order to continue receiving oxygen and
nutrients to support their accelerated proliferation. This is achieved through excessive induction
of angiogenic pathways!®*. One of the more notable factors to contribute to this is VEGF-A. This
deregulated angiogenesis is known to occur early in the development of cancerous tumours, as it
has been shown to be one of the first factors visible in pre-malignant growths?°. The
overexpression of VEGF-A induces aberrant production of blood vessels within tumour masses.
The vessels are typically characterised by unnecessary branching, increased size with minor
haemorrhaging and leakiness?'!. As such, targeting the excessively activated angiogenic pathways
in tumours in order to deprive them of basic metabolic requirements is a valid strategy for
therapy. Bevacizumab is a humanized mAb derived from mouse, that targets VEGF-A, and was the
first anti-angiogenic based therapy for cancer?!?. Bevacizumab was initially authorised in the
treatment of mCRC in combination with 5-fluorouracil-based chemotherapy in 2004%3, However,
since then it has also been approved for use in non-small cell lung cancer (NSCLC), metastatic
renal cell carcinoma (mRCC) as well as glioblastoma multiforme?!2, Whilst bevacizumab inhibits
the pro-angiogenic pathways more directly it should be noted that inhibition of EGFR by

cetuximab and trastuzumab, can also decrease VEGF-A expression?14215,

1.5.1.2 Active Monoclonal Antibodies

Active mAbs aim to activate the immune system directly but there are inhibitory systems that
prevent the full effect of stimulatory antibodies. Some of these proteins that inhibit immune
response are now targets of active mAbs. Currently only antibodies against three target molecules
have been approved for clinical use. These molecules are CTLA-4, PD-1 and PD-L1%%, CTLA-4 is an
inhibitory molecule, which is expressed on CD8 T cells following activation and constitutively
expressed by Tregs?!’. The function of CTLA-4 derives from its higher binding affinity and avidity for
CD80 and CD86 compared to CD28. This makes CTLA-4 a competitive antagonist for binding of
CD80 and CD86, thus depriving CD8 T cells of co-stimulation. CTLA-4 has also been shown to signal

through phosphatases to further dampen TCR responses®.

The receptor PD-1 and one of its cognate ligands PD-L1 represent the other two current targets of
immune checkpoint therapy. PD-1 is expressed transiently on activated CD8 T cells, but under

chronic antigenic stimulation this expression is increased and persists for longer. Generation of
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the first Pdcd1”- mouse in 1998 led to the discovery that the absence of PD-1 causes excessive
proliferation of B cells and splenomegaly in response to stimulation?!®. Subsequent identification
of its cognate ligand, PD-L1, demonstrated that engagement of PD-1 inhibited T cell proliferation
and cytokine production upon stimulation with an anti-CD3 antibody?*°. Structural analysis of PD-
1 revealed a type | transmembrane glycoprotein possessing an IgV-like extracellular domain
showing limited homology to the CD28 and CTLA-4 family of co-stimulatory/co-inhibitory
receptors??. The cytoplasmic tails of PD-1 were shown to contain both an immunoreceptor
tyrosine-based inhibition motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM).
These motifs act as docking points for the phosphatases SHP-1 and SHP-2, which de-
phosphorylate the tyrosine residues of proteins within the signalling pathways downstream of the
TCR signalling complex, such as the Z-chain of CD3, in order to inhibit stimulatory signals?*. In
terms of exhaustion, PD-1 signalling in activated CD8 T cells induces a highly dysfunctional
effector phenotype. This is characterised primarily by an inability to effectively produce cytokines,
such as IFN-y or IL-2, or to degranulate for effective cytotoxicity, as well as impaired proliferation

and survival?®.

Whilst the ligands for CTLA-4 are largely restricted to professional APCs, the ligands of PD-1 are
more widely expressed?'’. PD-L1 can be found on many non-lymphoid tissues and is found to be
present in many cancerous tumours, the higher expression of which is correlated to a poorer
prognosis®®. Both CTLA-4 and PD-1 function to attenuate CD8 T cell responses as part of the

mechanisms of peripheral tolerance, which can be through the induction of exhaution?’.

Clinically, ipilimumab has been used to target CTLA-4 and nivolumab to target PD-1, although
other CTLA-4 and PD-1/L1 blockers are used in patients. Ipilimumab is a fully human mAb, and
was the first checkpoint inhibitor to be approved in 2011 for use in metastatic melanoma?%. The
mechanism of this antibody is not just to block the interaction of CTLA-4 with CD80/86 but also to
deplete T that express CTLA-4 at constitutively higher levels??*. The resulting change in Treg/Teft
balance aids in anti-tumour effect. Nivolumab is a fully human mAb, initially used as a
monotherapy for melanoma, but now also approved for squamous cell lung cancer and renal cell
cancers. Like ipilimumab, nivolumab acts in part by blocking its target receptor and relieving
inhibitory signalling in CD8 T cells. This allows the reactivation of exhausted antigen specific TILs
to occur, now free from these inhibitory pathways??. Combination of ipilimumab and nivolumab

226

showed notable success in the treatment of metastatic melanoma“*® and resulted in progression
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free survival (PFS) of 11.5 months, compared to just 2.9 and 6.9 months for ipilimumab and

226

nivolumab monotherapy respectively**°, suggesting synergistic effects of combination therapy.

While the successes of active mAbs have been impressive??, only a subset of patients respond to
anti-PD1/PD-L1 therapy. Meta-analysis estimates that approximately 20% of patients show
complete or partial responses to anti-PD-1/PD-L1 therapy??’, but in individual studies the
response rate to nivolumab can be as high as 40%%%°. This incomplete response is due in part to a
lack of a repertoire of T cells specific for the tumour, absence of cells capable of infiltrating the
tumour and reduced immunogenicity of target tumour cells??®, Adoptive cell transfer can allow

infusion of ex vivo expanded and genetically modified cells, which can overcome these limitations.

1.5.2 Adoptive Cell Transfer

Adoptive cell transfer (ACT) of autologous TlLs was shown to be an effective treatment for
metastatic melanoma as early as 1988%%°. This process involves the transfer of substantial
numbers of ex vivo expanded antitumor lymphocytes (up to 10!!) back into patients, with IL-2

being administered concurrently.

Since this time, advances have been made in ACT therapy. A key development was the discovery
that non-myeloablative chemotherapy prior to ACT led to a more profound regression of
metastatic melanoma tumours and persistent repopulation of T cells?*°, The standard
methodology for ACT of autologous TILs involves excision and fragmentation of tumours and
culturing in high dose IL-2. Over two weeks, lymphocytes expand and destroy the tumour
fragments, and, through co-culture assays it is then possible to identify tumour specific cells,
which can be subsequently expanded with feeder cells, anti-CD3 stimulation and IL-2. Following
lymphodepletion, patients then receive an infusion of these expanded cells. It was initially
thought that lymphodepletion enhanced the effectiveness of ACT therapy by the elimination of
immunosuppressive Tregs. However, it has been shown that lymphodepletion, through

21 of NK or other immune cells that

chemotherapy or radiotherapy, eliminates cellular sinks
reduce the availability of homeostatic cytokines such as IL-7 and IL-15%%1. Lymphodepletion,
therefore allows greater availability of these cytokines to augment the effectiveness of ACT

therapy®.
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This process of lymphodepletion followed by ACT has shown great effect in metastatic melanoma.
In one study of 93 patients with metastatic melanoma who had received some form of pre-
treatment, this process was able to induce objective response rates in 50-70% of patients, with
20% displaying complete tumour regression?*?. The patients showing complete responses went on
to have three and five year survival rates of 100% and 93% respectively?*2. Given that the five year
survival rate for patients in this stage of metastatic melanoma with conventional treatments is
approximately 5%, this is a clear demonstration that ACT therapy can be highly effective?32233, This
study also showed that factors that were most associated with objective responses were the
percentage of CD8* CD27* cells infused, telomere length and persistence of cells past one month
post infusion. All of these factors are markers of a memory-like phenotype, indicating that the

differentiation state of infused cells is key.

ACT is not without drawbacks, such as the requirement for lymphodepletion either by
chemotherapy or radiotherapy, the subsequent patient exhaustion, the financial cost, and the fact
that generating T cells with prolonged longevity has proved challenging®*. All of these factors
must be considered in designing more effective ACT protocols. Ideally, one would want to
improve the effectiveness of ACT so that it not only increases the response and regression rate,
but can also be applied to more forms of cancer. One way to achieve this is to genetically alter the
CD8 T cells during ex vivo expansion to enhance their abilities. This can be done by introducing
chimeric antigen receptors (CARs) and/or by overexpressing or inhibiting key molecular signalling
pathways. Hence, an understanding of the pathways that control CD8 T cell activation and
differentiation are critical for the development of more effective ACT protocols. This thesis is
focussed on understanding the PI3K-PDK-Akt signalling pathway, which is important for the
regulation of CD8 T cell metabolism, cytotoxicity, differentiation, proliferation and survival.
However, it is unclear whether this pathway can be manipulated to improve T cell cytotoxicity and
survival without compromising other key aspects such as metabolism or differentiation. It is
hoped that with an increased understanding of the roles of their downstream enzymes and
transcription factors one might be able to find the best combination of factors to elicit maximal

therapeutic benefit.
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1.5.3 Cancer Vaccines

Despite the success of vaccines in immunizing and in some cases eradicating disease, translating
the potential of cancer vaccines into efficacious therapies has been difficult?®®. Currently, the two
most beneficial vaccines to treat cancer are prophylactic in nature and target viruses that can
cause cancer to develop. These vaccines target the liver cancer causing hepatitis B virus and the

human papillomavirus, which accounts for up to 70% of cervical cancers?®,

Regardless of the lack of success shown by therapeutic cancer vaccines in clinical trials, many
remain in development. Combining cancer vaccines with immunotherapies have shown promising
effects. For example, GVAX is a cancer vaccine created by conferring autologous tumour cells the
ability to secrete granulocyte-macrophage colony-stimulating factor (GM-CSF), followed by
irradiation to prevent proliferation?3. In combination with anti-CTLA-4 antibody GVAX
demonstrated effective elimination of B16 melanoma cell line in mice?’. This effect was mediated
through increased infiltration of both CD4 and CD8 T cells, as well as an increase in the CD4
effector/regulatory ratio®*’. Other studies have also demonstrated the effectiveness of GVAX as
well as another autologous tumour cell vaccine FVAX?3%, Generation of FVAX follows the same
method but involves transduction with genes encoding FTL-3 ligand in place of GM-CSF. In this
study by Curran et a/**8, FVAX in combination with anti-CTLA-4, anti-PD-1 and anti-PD-L1 showed

remarkable synergistic effects against B16 melanoma tumours in mice.

Other cancer vaccine models continue to be tested. These include dendritic cell vaccines, tumour
associated antigen vaccines, as well as DNA and RNA vaccines?*®. Neo-antigen vaccinations have
been shown in a clinical setting to have some benefit. The combination of injecting multiple long
peptides with an adjuvant of poly-ICLC (a TLR3 stimulator), was capable of eliciting strong T cell
responses?®. These long peptides were derived from excised tumour cells and identified through
whole exome sequencing (WES) compared to healthy tissue. This vaccination system was
designed with the intent of overcoming two limitations of cancer therapy: tumour heterogeneity
and selectively targeting tumour cells relative to normal cells?®®, Whilst this trial demonstrates the
ability of neo-antigen vaccines to generate new T cell responses to a vast array of cancer antigens,

it is still very limited in its ability to effectively eliminate tumours as a monotherapies.
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Many vaccination methods are capable of inducing responses but one of the prime obstacles to
their success is the inability to overcome the immunosuppressive effects of the tumour
microenvironment?3. This might explain why combinations of vaccines such as GVAX and FVAX,
with checkpoint inhibition, show some synergistic effects. However, as it stands, cancer vaccines

as monotherapies remain unlikely.
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1.6 Aims and Hypotheses

The overall aim of this PhD was to better understand the role that the Akt signalling pathway
plays in CD8 T cells, including in regulating effector function, differentiation, metabolism and ACT
therapy. This was investigated primarily using the PDK**6>t mutant mouse model described above,

as well as by pharmacological inhibition of Akt.

We aimed to address discrepancies found in the literature between reported effects of the
PDK*4%E mutation on T cells in vitro and in vivo. Specifically, Akt inhibition or PDK*4%°t mutant cells
demonstrate reduced granzyme B and IFN-y expression in vitro suggesting that restricting Akt
activity has a negative effect on CD8 T cell cytotoxicity yet this is not observed with in vivo
tumour and infection models which are controlled effectively by both WT and PDK*4%°€ CD8 T

cells?40

. We therefore sought to clarify the effect of Akt on effector functions of CD8 T cells,
primarily through analysis of cytokine production and assessment of direct cytotoxic capacity of

PDKX46%E CD8 T cells in vitro. These results are shown in Chapter 3.

Akt acts as a nexus for converging signals that influence the differentiation pathway of CD8 T cells.
However, the temporal effects of Akt activity on CD8 T cell differentiation are not well defined.
Thus we aimed to investigate when differential Akt activity begins to influence CD8 T cell
differentiation and what effects the PDK*4®t mutation has on this process. To this end we utilised
both PDK**¢>t mutant mice and a single cell RNA sequencing technique known as Drop-Seq. This

was the focus of Chapter 4.

Whilst Akt has previously been reported to increase expression of proteins that promote

glycolysis?#!

its role in oxidative phosphorylation of CD8 T cells has not yet been established.
However, both glycolysis and oxidative phosphorylation are key to activation and differentiation
processes of CD8 T cells. Glycolysis generates metabolic intermediates that are utilised to support
the rapid clonal expansion and macromolecule production that are required by effector cells,
whereas, oxidative phosphorylation plays a critical role in the metabolic state of memory cells,

aiding in their long term persistence’. Data shown in Chapter 5 sought to determine the role of
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Akt in modifying oxidative phosphorylation using a constitutively active form of Akt, in addition to

PDK"4®t mutant mice and pharmacological inhibition.

Given the homology of the kinase domains of SGK and Akt?*?, we decided to investigate if SGK
functions similarly to Akt within CD8 T cells. SGK currently is poorly characterised in CD8 T cells.
However, its function in CD4 cells suggests it may have similar effects as Akt?*3. As such, we felt it
warranted further investigation to see what role, if any, it plays in CD8 T cells. Chapter 6 displays

results from these experiments.

The specific aims of my thesis were:

1 -To determine the influence of sub-optimal Akt signalling on CD8 T cells, through testing

cytotoxic capacity and cytokine production.

2 — To characterise the effect of Akt signalling on CD8 T cell differentiation, utilising Drop-Seq to

gain greater insight.

3 —To identify the effect of graded Akt activity on mitochondrial oxidative phosphorylation and

whether this can be utilised for improved ACT therapy against tumours.

4 — To investigate the role that SGK, a homologous kinase to Akt, plays in CD8 T cells.
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Chapter2 Methods

2.1 Mice

Polyclonal wild-type C57BL/6 and OT-1 TCR transgenic mice were purchased from Charles
River. PDK1 (K465E) mutant mice on a C57BL/6 background were initially generated by
Alessi et al 2** and gifted by Professor Doreen Cantrell (University of Dundee). PDK1
mutant mice were subsequently cross-bred with C57BL/6 mice, in house, to generate
mice with a polyclonal T cell repertoire, and were also bred with OT-1 mice to generate a
strain of mice with T cell specificity for ovalbumin harbouring this PDK1 mutation. All
animal experiments were carried out according to UK Home Office Licence guidelines and

were approved by the University of Southampton’s ethical committee.

2.2 Reagents

RPMI 1640 Medium (Cat# 21875091) was purchased from Invitrogen. PE-labelled Tetramers were
produced in house. Ovalbumin (OVA) protein was purchased from Sigma. OVA-derived peptides
SIINFEKL and SIIQFEKL were purchased from Proimmune (Oxford, UK) or Peptide Protein Research
(Peptide Synthetics, Hampshire, UK). All cytokines utilised in cell culture were purchased from
Peprotech unless otherwise stated. Akt Inhibitor VIII (Akti-1/2) is produced by Calbiochem, and
was purchased through Merck. SGK inhibitor, GSK650394, was acquired from Selleckchem
(Stratech Scientific, Cambridgeshire, UK). Carboxyfluorescein succinimidyl ester (CFSE) and PKH26

cell dyes were purchased from Sigma-Aldrich (now Merck, Dorset, UK)

23 Cell Lines

Cell lines used in this study were the epithelial cell line stably expressing chicken OVA and B7
(MecSig OVA-B7), the T cell hybridoma cell line B3Z, the T cell lymphoma derived EL4, EG7-OVA an
EL4 derivative that expresses OVA and Phoenix-ECO, a HEK 293T/17 derived cell line transformed
to express ecotropic envelope proteins from retrovirus genes. The MecSig OVA-B7 cell line

originates from the European Collection of Cell Cultures (ECACC) and was cultured in DMEM
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media supplemented with 10% FCS, 2% glutamine and sodium pyruvate, 1%
penicillin/streptomycin, 150ug/ml of geneticin (G418) and Hygromycin B. Phoenix-ECO cells were
also grown in DMEM media as above, but without penicillin, streptomycin, geneticin or
Hygromycin-B. EG7-OVA cells were cultured in RPMI 1640 media with 10% FCS, 2% glutamine and
sodium pyruvate and 1% penicillin/streptomycin (hereafter referred to as complete RPMI media)
supplemented with 400ug/ml of geneticin (G418). Both the B3Z and EL4 cell lines were cultured in
complete RPMI media alone. Attenuated OVA-expressing Listeria Monocytogenes (AActA-LM-
OVA, hereafter referred to as LM-OVA, from H. Shen, University of Pennsylvania Perelman School
of Medicine, Philadelphia) was grown in brain heart infusion (BHI) media. Spectrophotometer was

used to quantify colony forming units (CFU) of LM-OVA cultures for in vivo infection challenges.

24 gPCR

For isolation of CD8* T cells, spleens were taken from mice, homogenized to release splenocytes
and treated with 2-3ml red cell lysis buffer solution (155mM NH4Cl, 10mM KHCOs in 1L of
deionized water) for 5 minutes. Splenocytes were then washed in PBS and resuspended in
complete RPMI media, supplemented with 50uM 2-mercaptoethanol (2-ME). Isolation of CD8* T
cells from the splenocyte pool was achieved by negative selection, using the mouse CD8a* T Cell
Isolation Kit (Miltenyi biotech, Surrey, UK). Purity of CD8* samples was assessed by flow cytometry
following staining with anti-CD8-APC Cy7 (eBioscience, now ThermoFisher). From this pure CD8" T
cell sample, RNA extraction was performed using RNeasy Mini Kits and QlAshredder Kits (Qiagen);
the concentration and purity of the mRNA was then analysed using a Nanodrop 2000
Spectrophotometer. Absorbance at the 260nm wavelength on the spectrophotometer was used
to determine mRNA concentration, with the ratio of absorbance between 260/280nm
wavelengths determining the presence of protein contaminants from the RNA extraction process.
The mRNA was either used immediately or stored at -80°C in order to prevent degradation and
was converted to cDNA through the use of the SuperScript Il First-Strand Synthesis System
(Invitrogen, now ThermoFisher) using 200ng of RNA in the initial reaction, with random hexamers
provided in the kit as the primer, according to the manufacturer’s instructions. All primers and
probes for subsequent qPCR were purchased from Integrated DNA Technologies (IDT, Belgium),
primers were selected to cross exon-exon boundaries to improve target specificity. For gPCR, all
samples were plated in triplicate in a 96-well plate (Bio-Rad); each well contained a final volume
of 20ul, consisting of 10ul PCR SuperMix-UDG (Invitrogen, now ThermoFisher), 1ul of a 20x stock
of the primer/probe mixture (yielding a final concentration of 500nM primer and 250nM probe),

0.5ul of cDNA and 8.5l of water (sterilised by UV radiation). The qPCR was performed using a
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C1000 Thermal Cycler with CFX96 Real Time system (Bio-Rad, Hertfordshire, UK) with the
following protocol: 4 minutes at 95°C to initiate the process, followed by cycles of 15 seconds at
95°C and 45 seconds at 60°C, with the plate being read at the end of each of these cycles. The
process terminated following 40 cycles unless otherwise stated. Cycle threshold (C) from qPCR
reaction was determined by plotting the logarithmic intensity of fluorescent probe against the
gPCR cycle number and setting the threshold at the linear point of this amplification plot. From
this AC; was calculated based on the difference between the C; of the target gene and the
reference gene, B2M. From this, AAC; can be calculated based on the difference between the AC;

of two different biological samples. From this, fold change can be established with the formula —

2((WT ACt)-(PDK ACt))

2.5 ELISA

96-well MaxiSorp plates (eBioscience, now ThermoFisher) were coated with purified rat
anti-IFNy antibody (BD Pharmingen, Oxford, UK) diluted in a 50mM bicarbonate buffer
(1.59g Na,CO0s3, 2.93g NaHCOs3 in 1L dH20) to 4ug/ml. 100yl of this solution was applied to
each well and allowed to incubate overnight at room temperature. Plates were then
blocked with PBS/1%BSA for 1 hour, followed by 3 washes with PBS/0.05%Tween-20.
Mouse IFNy standards and samples were then applied to the plate; IFNy standards were
used in two-fold dilutions starting at 4ng/ml with the lowest point being 62.5pg/ml.
Samples were then incubated in plates for 1.5 hours followed by 3 washes with
PBS/0.05%Tween-20. Detecting biotinylated rat anti-mouse IFNy antibody (eBiosciences,
now ThermoFisher) was then added at a concentration of 1.25ug/ml, and incubated for 1
hour. Plates were then washed 3 times and streptavidin-HRP (Invitrogen, now
ThermoFisher) was applied at a dilution of 1:2500 (1ug/ml), followed by a 30 minute
incubation at room temperature. Finally, plates were washed 3 times and OPD substrate
mixture was applied (consisting of 1 OPD tablet (Sigma-Aldrich, Dorset, UK) in 25ml
citrate buffer (19.2 citric acid/L of water), 25ml phosphate buffer (28.4g Na;HPO4/L of
water), 50ml of water and 20pl of H,0,. Once the wells containing the standards had
changed colour the reaction was halted using 40ul 2.5M H,S0O4. Plates were read on an

ELISA plate reader measuring detection at the 425nm wavelength.
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2.6 CFSE Proliferation Assay

To measure CD8+ T cell proliferation, purified CD8* T cells were resuspended at 50x10%/ml in
PBS/0.1%BSA containing 10uM CFSE from a stock solution of 10mM and incubated for 5 minutes
at 37°C. Cells were then washed with complete RPMI media three times before being plated at
2x10° cells per well in a 96-well plate, under various stimulatory conditions. Stimuli included anti-
CD3 (clone 2C11), anti-CD28 (clone 37.51) and EG7 cells as indicated. In some assays the SGK
inhibitor GSK650394 (Selleckchem, Stratech Scientific, Cambridgeshire, UK) was also used. CFSE
proliferation assays were performed in triplicate. The degree of CFSE dilution was assessed using
a BD FACSCanto Il or equivalent, after counter staining as indicated; CFSE fluorescence is visible

on the FITC channel.

2.7 Thymidine Proliferation Assay

Purified CD8* T cells were plated at a concentration of 2x10%/ml in 96-well plates in a total volume
of 200ul/well. Stimulatory conditions in the plate varied but included plate-bound anti-CD3 with
soluble anti-CD28 or the EG7 cell line. At 56 hours after initial stimulation, 1uCi of tritiated
thymidine was added to each well in a volume of <20pl. Subsequently, at 72 hours after
stimulation, cells were ruptured using distilled water and cell fragments and DNA collected on a
filter plate. Scintillation fluid (40ul) was added to each well of the filter plate and radiation
measured in a B-emission counter. Increased B-emission correlates with increased tritiated

thymidine incorporation and hence increased proliferation.

2.8 Microscopy

Coverslips were coated with poly-L-Lysine (PLL) by 5 minute incubation of PLL on glass coverslips,
followed by a 5 minute wash with water. PLL coverslips were then incubated with 1x10%/ml cell
suspension for 40 minutes in a 12-well plate. Media was then removed and 1ml of cold 4%
Paraformaldehyde (PFA) was added into the well coating the coverslip. Plates were left on ice for
15 minutes in order to fix cells. Once fixed, the PFA was removed and wells washed 3 times gently
with PBS. To permeabilise cells, 1ml of a solution of 0.25% Triton X-100 was applied to each
coverslip for 10 minutes, followed by 3 further washes with PBS. PBS/2.5%BSA/0.05%Tween-20

was then used to block the coverslip for 1 hour. Antibody stocks of goat anti-baiap3 (Santa Cruz
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Biotechnology, SC-163726, now discontinued, 2ug/ml) and a control goat 1gG isotype (Santa Cruz
Biotechnology, SC-3887, now discontinued, 2ug/ml) were then applied to the bottom of a 6 well
plate in a volume of 100pl. The non-coated sides of the coverslips were then dried with filter
paper and coverslips, with the cells facing down, were placed on top of the droplet of primary
antibody and incubated at room temperature for 1 hour, protected from light. After primary
incubation coverslips were placed back into the wells, facing upwards again. Coverslips were
washed with PBS 3 times and the staining process repeated using the secondary antibodies
(donkey anti-goat Alexa488; ThermoFisher Scientific, 2ug/ml), incubating for only 30 minutes.
After antibody staining and washing, DAPI counterstain was applied for 5 minutes, before
mounting coverslips on glass microscopy slides. Coverslips were mounted in Vectashield and cells

were viewed under an Olympus CKX41 inverted microscope at 20x magnification.

2.9 Flow Cytometry

For flow cytometry staining, all cell samples were washed with 3ml PBS/0.1% BSA, and
centrifuged at 400g for 5 minutes. For surface staining, cells were first blocked with 10ug/ml
2.4G2 anti-FcyR mAbs for 10 minutes, prior to addition of antibodies, as indicated, for a minimum
of 30 minutes at 4°C. For intracellular staining, the Foxp3/Transcription Factor Staining Buffer Set
from eBioscience was used for fixation and permeabilisation using the manufacturer’s protocol.
For intracellular cytokine measurement, 1x10° CTLs were resuspended in 100ul of media and
cultured in 96-well plates. 100l of media containing peptide for restimulation and GolgiPlug (BD
Bioscience 555029, Berkshire, UK) was then added to these cells for 4 hours. GolgiPlug was added
at a final dilution of 1/1000 per well. Following this restimulation, cells were washed with PBS
before being fixed and permeabilised using the buffer set described above. All antibodies used for

flow cytometry are listed in Figure 2-1 below.

Figure 2-1 - Antibody Source Table

Target Fluorophore Clone Source

CD8a APC-Cy7 53-6.7 eBioscience

eFluord50 MEL-14 eBioscience
PerCP-Cy5.5 MEL-14 eBioscience
PE JES6-5H4 eBioscience
APC XMG1.2 eBioscience
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eFluor450 A20 eBioscience
PE-Cy7 PC61.5 eBioscience

APC 2F1 eBioscience

APC GB11 Molecular Probes
Unconjugated E-14 Santa Cruz Biotechnology
FITC sc-2024 Santa Cruz Biotechnology
Unconjugated sc-3887 Santa Cruz Biotechnology
eFluor450 eBR2a eBioscience

APC P3.6.2.8.1 eBioscience

PE eB149/10H5 eBioscience

APC eBRG1 eBioscience

APC 2F1 eBioscience
PE-CY7 eBRG1 eBioscience
eFluord50 eBM2a eBioscience
PerCP-Cy5.5 eBR2a eBioscience
Alexa488 Polyclonal ThermoFisher Scientific

2.10 Cytotoxicity Assay
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2.11 Plasmid Cloning

All genetic constructs were designed in and provided by GeneArt Synthesis from ThermoFisher
Scientific. The original pMP71 vector was generously gifted by Professor Hans Stauss (University
College London). All restriction enzymes and associated buffers were purchased from Promega.
All restriction digestions were carried out in 20ul reactions, with 0.5U of restriction enzyme, 2l
appropriate 10x buffer and water. Reactions were allowed to proceed for 2-3 hours at 37°C
before analysis on a 1% agarose gel. Products were resolved by gel electrophoresis and relevant
DNA bands extracted using the QlAquick Gel Extraction Kit from Qiagen, using the manufacturers’
protocols. Fragments for ligation were mixed at a molar ratio of 3:1 insert to vector, with T4
Ligase enzyme (Promega), 10x Ligase buffer (Promega) and water, up to a final volume of 15ul.
Ligation reactions were left at room temperature for 3 hours and 2l of final ligation reaction
used to transform One Shot STBL3 bacteria by heat shock (ThermoFisher Scientific). Subsequently,
transformed bacteria were expanded in LB broth with 100pg/ml ampicillin before plasmid

extraction using Qiagen Plasmid Maxi Kit, following manufacturers’ recommended protocols.

2.12 Metabolism Assays

To study metabolic changes in CD8* T cells, a Seahorse XF Analyser (Agilent, Cheshire, UK) was
used. For these assays Cell-Tak plates were prepared by diluting Cell-Tak to 25ug/ml in filter
sterilised 0.1M sodium bicarbonate buffer. Once diluted, 25ul of solution was dispensed per well
immediately. Cell-Tak solution was incubated in 96-well plates from Seahorse Biosciences at RT
for 30 minutes. Solutions were flicked or aspirated off and plates washed twice with 200ul of
sterile water before allowing to air-dry and storing at 4°C. Once stored, Cell-Tak coated plates
were used within 1 week. One day before performing the assay, the sensor cartridge was
hydrated by adding 200yl of calibrant fluid to each of the wells and incubating in a non-CO;
incubator at 37°C. DMEM media lacking glucose, glutamine, phenol red, pyruvate and sodium
bicarbonate, was utilised as the base XF media for the assay. Using one vial of powdered media
(DMEM, Sigma-Aldrich, Dorset, UK), 1L was reconstituted with distilled water; glucose (to 25mM),
glutamine (to 2mM) and sodium pyruvate (to 1mM) was then added to 200ml of this media and
warmed to 37°C. At this temperature, the pH of the solution was adjusted using HCl and NaOH to
between 7.35 and 7.4, the media was filter sterilised, used in all future steps and referred to as XF

media.
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On the day of the assay, the Cell-Tak plate was removed and allow to reach room temperature.
Target cells were washed twice in XF media, resuspended at 4x10%/ml and plated at 400,000 cells
per well with six replicate wells per condition tested; 100ul of the XF media was added to the
control wells, which comprise the first and last column of the plate. Following plating of the cells
the plate was centrifuged (200xg with the brake set to zero for 10 seconds) to bind cells to the
Cell-Tak adhesive. The plates were then incubated in a non-CO; incubator at 37°C for 30 minutes
before starting the assay. Inhibitors were diluted in XF media to 8x, 9x and 10x concentrated
stocks for oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and rotenone
with antimycin-A (AA) respectively and 25ul of each of these were then added to the associate
ports in the sensor cartridge. The plate and cartridge were then introduced to the XF analyser to
begin calibration. During calibration, 75ul of the XF media was added to the control and sample
wells to a final volume of 175ul before the assay. The protocol for the assay was then entered into
the XFe96 analyser. This protocol comprised a cycle of two minutes of mixing, followed by three
minutes of measurement, followed by injection of the relevant inhibitor port after every third
measurement in the order: Oligomycin — FCCP — Rotenone/AA. Oligomycin acts to inhibit ATP
synthase by blocking its proton channel, which causes a decrease in oxygen consumption rate
(OCR). FCCP is an uncoupling agent, which causes proton permeability in the mitochondrial
membranes and effectively uncouples ATP from the electron transport chain. The overall effect of
FCCP is to cause maximal consumption of oxygen through proton export. Rotenone and antimycin
A inhibit complexes 1 and 3 in the electron transport chain respectively, terminating the reaction

and causing complete abrogation of oxygen consumption.

Corning Cell-Tak adhesive was purchased from ThermoFisher Scientific (Cat# - 10317081).
FluxPaks including the 96-well plate sensor cartridges and cell culture microplates as well as
Seahorse XF Calibrant solution were purchased from Seahorse Biosciences, through Agilent
(102601-100). Oligomycin, FCCP, Rotenone and Antimycin A reagents were purchased as part of
the Seahorse XF Cell Mito Stress Test Kit (103015-100), again from Seahorse Bioscience, Agilent.
Final concentration of reagents was as follows: Oligomycin 1uM, FCCP 1.5uM, Rotenone 100nM
and Antimycin A 1uM. DMEM media, in powder form, was purchased from Sigma-Aldrich (D5030-

10X1L). All metabolism assays were performed using Seahorse XFe96 Analysers.

2.13 Western Blots

For western blots, 1x10° cells were lysed in protein solubilisation buffer (160mmol/L, 6.4 mol/L

urea, 1.6% SDS, 0.08% bromophenol blue, pH8). Lysates were sonicated briefly before being
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resolved on NUPAGE Novex 10% Bis-Tris Gels (ThermoFisher Scientific). Proteins were
subsequently transferred to Immobilon-P membranes (Millipore) using a transfer buffer (12.5mM
Tris, 96mM Glycine, 10% ethanol, solution in H,0), then incubated with antibodies against
phospho-NDRG1 (Thr346, Clone D98G11, Rabbit mAb), NDRG1 (Clone D6C2, Rabbit mAb), both
from Cell Signalling Technologies and actin (Clone C-11, Goat polyclonal Ab, Santa Cruz
Biotechnology). Membranes are blocked in 1xTBS buffer (10mM Tris, 150mM NacCl, 0.1% Tween-
20, solution in H,0) with 5% milk. Between blocking the membrane, incubating with primary and
secondary antibodies, the membrane was washed three times with 1xTBS buffer for 5 minutes.
Blots were visualised using HRP-conjugated anti-rabbit (GE Healthcare) or anti-goat (Santa Cruz
Biotechnology) secondary antibodies with Supersignal West Pico Chemiluminescent Substrate
(ThermoFisher Scientific). An acidic glycine buffer (25mM glycine, 1% SDS, solution in H0, 2pH)
was used to strip the membrane of bound antibodies in order to allow re-probing of transferred

proteins with new antibodies.

2.14 Transfection

To transfect cells to generate retroviral particles for subsequent transduction, three days before
transfection, Phoenix-ECO cells were cultured to achieve a confluency of between 50-70% in 3ml
of DMEM media in a small flask (containing 10% FCS, 2% Glutamine/Pyruvate, antibiotic free). On
the day of transfection, the media was gently replaced so as not to displace cells and 4ug of the
vector to be transfected and 4ug of pCL-Eco (Addgene, Cambridge MA, USA) was mixed with
135ul DMEM media and 15ul of FUGENE HD Transfection Reagent (Promega). The mixture was
then incubated at RT for 10 minutes. Subsequently, 150ul of the vector mixture was added to the
final 3ml Phoenix-ECO cell culture. Cells were cultured for a further 48 hours at 37°C, before the
supernatant was used for transduction. The supernatant from each transfection reaction was
used to transduce 10x10° splenocytes. All experiments contained a positive control of pMP71

control vector transduced cells.

2.15 Transduction

Unless otherwise stated, wild-type (WT) OT-1 splenocytes were utilised in all transductions.
Retronectin (Takara Bio Inc., Clontech in Europe, Cat# T100A/B) coated plates were prepared

beforehand according to manufacturers’ instructions.
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Splenocytes were harvested 24 hours before transduction and 10x10° splenocytes cultured in 5ml
of complete RPMI media, supplemented with 2pg/ml ConA (ThermoFisher), 1ng/ml IL-7
(PeproTech, London, UK) and 5ng/ml IL-12 (PeproTech, London, UK) in six-well plates, for 18-24
hours. Retronectin solution was removed from plates and stored for repeat use. Retronectin
coated plates were blocked with 2ml of sterile PBS/BSA (2%) per well for 30 minutes. Viral
supernatants from transfection reactions were collected by centrifuging Phoenix-ECO cell cultures
at 490g for 10 minutes to remove any cells. Splenocytes to be transduced were centrifuged at
400g for 10 minutes and the supernatant discarded. The splenocytes were then resuspended in
the collected viral supernatant and an additional 10ng/ml of IL-2 (PeproTech, London, UK) was
added. The PBS/BSA solution was removed from the Retronectin coated plates and replaced with
splenocytes in viral supernatant. The plates were wrapped in parafilm and spinfected at 700g for
90 minutes at 32°C with the brake off. Post spin transduction, cells were incubated at 37°C for a

further 24 hours, before the transduced cells were purified from the total population as follows.

2.16 Cell Sorting

Following transduction, cells were sorted using a FACSAria to retrieve only GFP* transduced cells.
Cells were washed to remove the cytokine-containing media, resuspended in filter sterilised
PBS/BSA (1% BSA) and stained with anti-CD8a-APC-Cy7 antibody in order to gate on only
transduced CD8 T cells. In the case of cells going forward for in vivo experiments CD45.1* WT OT-1
T cells were utilised, in which case cells were also stained with eFluor450 conjugated anti-CD45.1
antibody. Fluorophores were selected to prevent issues with compensation. Following antibody
staining, cells were washed and resuspended at a concentration of approximately 12-14x10%/ml.
Prior to sorting, this suspension was passed through a 20um mesh to filter out clumped cells or
debris that could impair the Aria. Once cells were sorted and purified, samples were cross-

checked by flow cytometry to confirm purity levels.

2.17 Tumour Challenges

To determine whether adoptive cell therapy of transduced cells protect mice from tumour
growth, groups of age and sex matched C57BL/6 mice were injected subcutaneously with 0.5x10°

EG7-OVA cells. EG7-OVA cells grown in culture for at least one week but less than 3 months were
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washed the day before use in order to remove G418 and then re-seeded in complete medium.
The day of challenge cells were washed three times in PBS, a single cell suspension obtained and
cell counts and viability confirmed by visualising trypan blue exclusion and counting using a
haemacytometer. Tumours were allowed to grow for 1 week in the mice before treatments
began. Transduced cells were given at i.v. 7 days post tumour injection at a concentration of 1x10°
cells in 200ul. The threshold for culling mice was limited to an average tumour measurement of
15mmx15mm or average area of 225mm?, whichever was reached first. Tumours were measured

every other day.

2.18 Drop-Seq

The protocol for Drop-Seq was developed by Evan Macosko and Melissa Goldman from Steve
McCarroll’s lab, out of Harvard Medical School and is freely available from the McCarrol Lab

(http://mccarrolllab.com/dropseq/); this is regularly updated with the latest refinements to the

methodology. The protocol was followed at all times unless otherwise stated. All primers and
custom DNA segments were acquired from Integrated DNA Technologies (IDT, Belgium). All other
reagents are listed in the digital protocol (linked above, direct download -

http://mccarrolllab.org/download/905/. Initial testing of the PCR library indicated a requirement

for increased cycle number to compensate for low transcriptional activity of CD8 T cells (data not
shown). As such a total of 16 PCR cycles was utilised to improve yield, with the second round of
PCR cycles in the digital protocol being increased to 12. | would like to acknowledge the assistance

of Dr Mattew Rose-Zerilli and Dr Rachel Parker, who taught and supervised the Drop-Seq process.

2.19 Statistical and Computational Analysis

Unless otherwise stated, all statistical analysis was performed in GraphPad Prism. Two-tailed
student’s t-test was primarily used to calculate statistical significance. p-values stated in each

figure.

For Drop-Seq analysis, R-studio and associate packages were employed. The scater package

(https://bioconductor.org/packages/release/bioc/html/scater.html) was used to perform quality

control on single cell data recovered, to identify features with the highest expression, to highlight
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the most influential principle components and was also used to detect features that may distort
the analysis, such as differential library sizes. Normalisation of data through deconvolution was

undertaken using Scran (https://bioconductor.org/packages/release/bioc/html/scran.html),

which allows differential library size to be taken into account. Zinbwave

(https://bioconductor.org/packages/release/bioc/html/zinbwave.html) was used to perform

dimensional reduction, which reduces the number of variables being analysed and aids in
removing redundant or unnecessary information. Hierarchical clustering was performed using the
hclust and the Ward.D2 algorithm, which assigned cells into their initial clusters. Cutreedynamic
was used to define the clusters by adjusting branches of the dendorgrams produced by the
hierarchical clustering. RandomForest (1000 trees) allowed reassignment of sub-optimally
clustered cells through repeated comparison. This comparison of groups of randomly chosen cells
over multiple iterations allows for optimisation of their clustering. Random forest proximity was
used as a distance measure for subsequent t-distributed stochastic neighbour embedding (t-SNE)
plots. Finally, elements of edgeR

(https://bioconductor.org/packages/release/bioc/html/edgeR.html) of Seurat

(https://satijalab.org/seurat/install.html) were used for generation of differential gene expression

lists and production of t-SNE plots, violin plots and heatmaps. | would like to acknowledge Dr
Steve Thirdborough who performed the conversion of the data from the next generation

sequencer output into a t-SNE plot, utilising the packages described above.

52


https://bioconductor.org/packages/release/bioc/html/scran.html
https://bioconductor.org/packages/release/bioc/html/zinbwave.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://satijalab.org/seurat/install.html

Chapter 3

Chapter 3  Effect of Akt Signalling on Effector Functions
of CD8 T Cells in vitro

3.1 Introduction

Given the importance of Akt and its associated signalling pathways during CD8T cell
differentiation in both memory and effector subtypes, multiple studies have been conducted to
better characterise the effects of Akt in the differentiation process. This group has conducted
experiments previously in this field using a mouse model first described by Bayascas et al?**. This
mouse contains a mutated knock-in version of the PDK1 enzyme, specifically a lysine conversion
to glutamate at position 465, known as PDK**®°E, This prevents the PDK1 PH domain binding
phosphoinositides, resulting in decreased phosphorylation at Thr308, and hence decreased
activation of Akt. Whilst Akt activity is substantially decreased in this model, the functions of
other PDK1 targets are unimpaired?**. Akt does still retain its basal activity; it merely cannot be
induced through stimuli such as TCR activation. This causes a multitude of effects on mice bearing

the knock-in mutation, including significantly reduced size and insulin resistance*.

Previous studies utilising either combined PI3K&/y or PDK1 knockouts show a severe block in T cell
development before expression of CD4 and CD8%*2%, As such, these knockout mice demonstrate
a substantially diminished thymus gland, containing a population comprised of immature DN T
cells, in addition to a near complete lack of peripheral T cells. These effects can be primarily linked
to the lack of Akt signalling that would be present in these knockout models, due to the critical
role of that signalling pathway in B selection during T cell development?*. Waugh et a/**®
examined the effect of the PDK 4¢>t mutation, and hence significantly reduced Akt activity, on the
development of T cells. The primary contrast between the PDK*4*t mutant and a PDK1 knockout

K465 mutants

mouse, is that the relative frequencies of each T cell subset within the thymus of PD
are equivalent to their WT counterparts; demonstrating that the basal activity of Akt present in
the PDK**6>E mutant model is sufficient for the transition of immature DN T cells through to
mature peripheral CD4 and CD8 T cells. Akt knockout mice display disrupted transitions at the
DN3-DN4 stage, which in turn impairs the population of DP and SP T cells in the thymus?*-2°°, As
the PDK**%>E mutation does not impact the development of CD8 T cells?*, the PDK*4%>t mouse

model offers an effective mechanism for analysing the impact of Akt signalling in mature

peripheral CD8 T cells. Another advantage of the PDK**®t mutant compared to a conditional
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knockout is the normal physiological expression of both PDK and Akt. For other proteins that
interact with these kinases, such as mTORC2 with Akt, there is no shift in the quantity of their
interactions. Therefore, mTORC2 is unlikely to have a relative increase in activity against its other
targets. Whereas in a conditional knockout system, the absence of Akt may increase the

availability of mTORC2 to interact and phosphorylate its other target proteins.

Further experimentation with the PDK*4®°t mutant revealed that T cells show no impairment in
proliferation following in vitro culture with peptide?®, Lastly, this study also presented that
PDK"®%E T cells displayed increased expression of CD62L and CCR7; two molecules that are
involved with lymphocyte migration between lymphoid and non-lymphoid tissues. The expression
of CD62L and CCR7 in T cells is dictated by the transcription factors KLF2 and FOXOs, which are
regulated by Akt activity, hence the increased expression of these molecules is due to the reduced
activity of Akt found in the PDK**¢>t model. Follow-up experiments with the PDK*4%>t model by
Macintyre et al**® have demonstrated that the upregulation of CD62L and CCR7 expression in
PDK*46%E CD8 T cells does induce retention of these cells within lymph nodes*. Using ELISA it was
also demonstrated that there was an impairment of IFNy release from PDK*46>€ CD8 T cells, at

least in a P14 transgenic mouse setting®.

This group has previously conducted experiments aimed at investigating the effects of this
PDK*4>E mutation on CD8 T cell activation and differentiation in an in vivo setting. As such, two
experimental systems were used with this mouse model. The first involved a challenge of mice
with a recombinant form of Listeria monocytogenes whilst the second was based on a vaccination
model. For each setting, both WT and PDK**%°€ mutant mice were cross-bred onto an OT-1
background. OT-1 mice are genetically modified to contain a skewed T cell repertoire in which all
CD8 T cells possess an identical TCR that responds to OVA, or OVA-derived peptides. In the
infection model, WT or PDK**6>E OT-1 CD8 T cells were adoptively transferred into WT hosts that
were subsequently challenged with an OVA-expressing strain of Listeria Monocytogenes. Both the
WT and PDK"*°E mutant recipients displayed equal effectiveness in eliminating the pathogen, but
during the contraction phase the CD8 Tem subtypes were absent in the PDK*>E mutant recipients.
No excessive apoptosis was observed in the infection model, indicating that the lack of the Tem

subtype was most likely due to a skewed differentiation process that favoured the Tcu subtype.
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The vaccination model similarly involved challenging WT mice previously adoptively transferred
with WT or PDK mutant T cells, with an agonist anti-CD40 antibody, LPS and OVA. In this model,
whilst again the initial immune responses in both the WT and PDK mutant recipients were
comparable, there was no development of memory CD8T cells in mice receiving PDK mutant cells.
Whilst the protein Bim was increased in the PDK**%€CD8 T cells compared to WT CD8 T cells, a
comprehensive explanation for this lack of memory in the vaccination model is yet to be
established. It is, however, possible that the vaccination simply cannot provide sufficient
stimulatory factors necessary to generate a memory response in the same way that a live

pathogen can, such as Listeria Monocytogenes.

These data prompted the instigation of the experiments in this chapter. As has been shown in the
Immunity paper by Macintyre et al**, the transcriptional profile of Akt inhibited CTLs generated in
vitro display deficits in effector molecules such as IFNy, granzymes and perforin. However, in vivo
studies from this group?*® have demonstrated that the PDK*>E T cells were as effective as WT
cells in the elimination of tumour cells. In addition, intracellular IFNy production was unaffected in
in vivo models, which is in contrast to published data from in vitro stimulated T cells*3, It is
possible that previously reported data using in vitro stimulated cells may have been confounded
by the non-specific effects of a chemical inhibitor of Akt. As such, the aim of the experiments
shown here was to utilise the PDK***t mutant model to better understand the role of Akt

signalling in controlling effector functions in CD8 T cells.
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Effect of Akt Signalling on CD8 T Cell Cytokine Expression
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To begin to investigate the role of Akt in regulating the effector activity of CD8 T cells, the

production of cytokine was compared between WT and PDK1%*%°t CD8 T cells. To increase cytokine

production by CD8 T cells, WT and PDK**%>E OT-1 splenocytes were stimulated with SIINFEKL

peptide for 2 days, followed by 10ng/ml IL-2 for 3 days. After culture the percentage of CD8* cells

was above 98% in all experiments. Subsequently, 1x10° CTLs were restimulated with a range of

SIINFEKL concentrations for 4 hours, supernatants were then harvested and IFNy concentrations

assessed by ELISA. Figure 3-1 shows that PDK*¢>E CD8 T cell supernatants contain approximately

50% of the concentration of IFNy contained in cultures from WT CD8 T cells.
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Figure 3-1 - Effect of
PDKK45E mutation on IFNy
secretion by CD8* T cells.
WT and PDK1 mutant
splenocytes were
stimulated with either
10pM, 25pM or 50pM
SIINFEKL for 2 days (A, B
and C respectively)
followed by 3 days
stimulation with IL-2 at
10ng/ml. 1x10° cells were
subsequently treated with
a range of concentrations
of SIINFEKL (restimulation
concentration shown on x-
axis) for 4 hours before
harvesting the
supernatants for IFNy
analysis by ELISA. Mean
and SEM of two duplicate
wells from a single

experiment shown.
Student’s two-tailed t-test
applied to each

restimulation
concentration. p-value of
*<0.05, **<0.005,
***<0.0005
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This difference appears to be independent of the initial stimulatory concentration of SIINFEKL. It
would seem that as long as the initial stimulating concentration is enough to cause activation of
the CD8 T cells, increasing the concentration does not substantially increase the amount of IFNy in

the supernatant.

To investigate the role of peptide affinity on the ability of WT and PDK1*4¢t CD8 T cells to secrete
IFNy, the experiment was repeated, but cells were restimulated with either the parental SIINFEKL
peptide or with SIIQFEKL. SIIQFEKL is a variant of the OVA peptide SIINFEKL, however it possesses
an approximate 20-fold reduced affinity for the OT-1 TCR when compared to SIINFEKL, but a
similar affinity for MHC class | molecules®®'. Figure 3-2 shows that when cells are restimulated
with SIINFEKL (Figure 3-2A) or SIIQFEKL (Figure 3-2B) peptide, WT cell supernatants contain more

IFNy than their PDK*4%5E counterparts at each concentration tested.

On average, when restimulated with SIINFEKL peptide, the PDK*4%°E mutant cells produced
approximately 50% as much IFNy as their WT counterparts. Interestingly, this difference was more
pronounced when SIIQFEKL was used to restimulate the cells instead of SIINFEKL, with the
PDK1*46%E cells only secreting 38% as much IFNy on average compared to the WT cells. Also, when
restimulating with SIIQFEKL instead of SIINFEKL, the overall amount of IFNy secreted by each cell

KK465E

type decreased by approximately 30% in the WT and 50% in the PD

Figure 3-2 showed differences in the amounts of IFNy secreted by T cells when cells were
restimulated with SIIQFEKL instead of SIINFEKL. As peptide-TCR affinity is known to influence CD8
T cell activation, the next line of investigation was to study whether the amount of IFNy in the
supernatants of WT and PDK**®5t mutant cells was altered when SIIQFEKL was used as the initial

stimulation.

Figure 3-3 shows that when CD8 T cells were primed with SIIQFEKL, the amount of IFNy present in
the supernatant upon restimulation was dramatically reduced when compared to SIINFEKL

primed cells in Figure 3-2. The y-axes of the graphs in Figures 3-2 and 3-3 are locked to the same

58



Chapter 3

scale to demonstrate the differences in IFNy secretion. On a background of SIIQFEKL priming, the
amount of IFNy present was independent of whether SIIQFEKL or SIINFEKL peptide was used to
restimulate the cells. This could be an indication that SIIQFEKL is not a strong enough stimulus to
fully differentiate naive OT-1 CD8 T cells, or an indication that the difference is only observable

when the cells are primed with a high affinity antigen.
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Figure 3-2— Effect of restimulating with peptides of different affinities on WT and PDK**6>t CD8* T cells.
WT and PDK*#%E QOT-| splenocytes were stimulated with 50pM SIINFEKL for 2 days, followed by 3 days
stimulation with IL-2 10ng/ml to generate CTLs. 1x10° CTLs were subsequently restimulated with a range of
either SIINFEKL (A) or SIHIQFEKL (B) peptide for 4 hours. Supernatants were then harvested and IFNy measured
by ELISA. Data points combined from independent experiments in A, mean and SEM displayed where
possible, n=3. Otherwise data is from a single experiment. *<0.05, **<0.005, by Students two-tailed t-test.
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Figure 3-3 — Effect of initial SIIQFEKL stimulation on IFNy secretion by WT and PDK**65¢ CD8* T cells.

WT and PDK 4%5E OT-1 splenocytes were initially stimulated with 5nM SIIQFEKL for 2 days followed by IL-2 at
10ng/ml for 3 days, before subsequent restimulation of 1x10° cells with A - SIINFEKL (Q-N) or B - SIIQFEKL
(Q-Q) for 4 hours. Supernatants were retained and ELISA was performed. Data displayed three replicates
across two experiments, mean and SEM displaved.

As initial peptide stimulation by the high affinity peptide SIINFEKL highlighted less IFNy in the
supernatants of PDK**¢>t compared with WT T cell cultures, it was interesting to determine
whether the PDK*¢>t mutation affects the amount of IFNy produced, or only its secretion. To that
end, intracellular production of cytokines was investigated by analysing the levels of IFNy and IL-2
using flow cytometry. Splenocytes were taken from WT and PDK**¢>t OT-1 mice and stimulated for
2 days with either 10pM, 25pM or 50pM SIINFEKL peptide, followed by 10ng/ml IL-2 for 3 days to
generate CTLs before being washed to remove excess IL-2. Equal numbers of CTLs were then

restimulated in fresh media containing 100pM, 1nM or 100nM concentrations of SIINFEKL.
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Following 4 hours of restimulation, the CTLs were then fixed and permeabilized, before
intracellular staining for IFNy and IL-2. The gating strategy for subsequent experiments is shown in

Figure 3-4.

SSC-A

FSC-A

v

CD8

TFNy*

IFNy . IL-2 .

Figure 3-4 — Gating strategy for intracellular cytokine staining

Live cells gated on forward scatter, side scatter plots (top left panel). Subsequently live cells were gated on
expression of CD8 (top right panel). Lastly, these CD8 positive cells were gated on their expressions of IFNy
and IL-2 (bottom panels, left and right). Grey — Isotype control, Red — Representative example of cytokine
staining.

The data collected from this experiment are shown in Figures 3-5 and 3-6. Figure 3-5A shows that

high cells was similar between WT and PDK**¢*t cells. Figure 3-5B displays the

the percentage of IFNy
mean fluorescence intensity of IFNy gated on IFNy"" cells taken from the WT and PDK**6°€ mice.
At the highest peptide concentrations used for restimulation, 1nM and 100nM SIINFEKL, there
was a statistically significant decrease in the amount of IFNy found in PDK*%€CD8 T cells
compared to WT CD8 T cells. These data indicate that the decreased IFNy in PDK mutant cultures

is likely due, not to a function of a smaller number of cells producing IFNy, but rather a function of

each individual cell producing less IFNy.

Unfortunately, without an accurate or reliable method to convert MFl into an actual

concentration of IFNy, it is difficult to gauge whether the decreased accumulation of IFNy in
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stimulated PDK mutant cells is responsible for the reduced concentrations in culture

supernatants.
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Figure 3-5 - |Intracellular
production of IFNy in WT and
PDK"465E CD8* T cells.

The splenocytes of a single WT
and PDK mutant OT-1 mouse
were stimulated with 10pM,
25pM or 50pM  SIINFEKL
peptide for 2 days followed by
3 days in IL-2 10ng/ml to
generate CTLs. 1x10° CTLs
were then restimulated with a
range of SIINFEKL peptide
concentrations. The
intracellular levels of IFNy
expression were analysed by
flow cytometry. A — Shows the
percentage of cells considered
IFNy"e" across each condition,
based on gating in Figure 3-5.
B - Displays the mean
fluorescence intensity (MFI) of
IFNy following 4 hours of
restimulation with SIINFEKL,
gated on cells designated
IFNy"e", Student’s two-tailed
t-test performed on collective
WT and PDK at each
restimulation concentration,
total of 3 samples. p-value
*<0.05. Data from single
experiment displayed

In this experiment, the levels of IL-2 contained within WT and PDK*%%>€ cells were also

investigated. Interestingly, the frequency of cells that are IL-2"&" were diminished by

approximately 50% in PDK 465

compared with WT cells, as shown in Figure 3-6A. In Figure 3-6B it

is evident that in all restimulatory conditions the amount of IL-2 in IL-2 producing PDK mutant

cells was significantly decreased compared to WT cells.

In summary, whilst there was no change in the percentage of WT and PDK**®*t mutant T cells

producing IFNy, each cell is secreting less IFNy. In the case of IL-2, the frequency of cells producing

IL-2 was reduced by approximately 50% and the amount of IL-2 secreted per cell was also

diminished. However, without an accurate way to determine intracellular protein concentration,
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it would be erroneous to assume that the decrease in IFNy production is the cause of the

decreased concentration of this cytokine seen in the ELISA of Figures 3-1 and 3-2.

Figure 3-6 - Intracellular
A ) 70 production of IL-2 in WT and
8 PDK*465E CD8* T cells.
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3.2.2 Effects of Akt Signalling on CD8 T Cell Cytotoxicity

To more directly investigate the influence of the PDK*4®t knock-in mutation on the development
of cytotoxic function in CD8 T cells we modified a published protocol by Reeves et a/**?, which is
not reliant on the traditional radioactive chromium release method. Instead, this protocol is
reliant on separating target cells into two groups, in which one population is pulsed with a
relevant target peptide and stained with the dye CFSE, and the second population is left unpulsed
with peptide and stained with another dye, PKH26. Figure 3-7A displays the optimisation steps of
the CFSE and PKH26 staining on the EL4 cell line that served as target cells for cytotoxicity assays.
A range of CFSE and PKH26 concentrations were used in order to determine the ideal
concentration for detection by flow cytometry. This pilot experiment also examined which
concentrations allowed adequate compensation, as the wavelengths at which CFSE and PKH26

emit overlap. The result of this optimisation demonstrated that 5uM of both CFSE and PKH26
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gave significant staining above background by flow cytometry. There was also no excessive

compensation between these two groups when mixed at a 1:1 ratio.
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Figure 3-7 — Optimisation of PKH26 and CFSE
staining protocol and cytotoxicity assay proof of
concept.

A - Unpulsed EL4 target cells were stained with
either 500nM, 1uM or 5uM of CFSE for 5 minutes
(middle row). A separate population of unpulsed
EL4 target cells were also stained with PKH26 at
concentrations of 2uM, 5uM or 10uM for 4
minutes (bottom row). These EL4 cells were then
analysed by flow cytometry to assess the
homogeneity and magnitude of cell membrane
staining. 1:1 cultures of each CFSE and PKH26
concentration were also analysed (top row, right

. hand panel) to determine the ideal mixture to be

used in future cytotoxicity assays. . B+C - CTLs
generated by incubating OT-1 splenocytes with
10pM of SIINFEKL peptide for 2 days followed by
3 days stimulation with 10ng/ml IL-2. 10x10° EL4
cells were stained with 5uM CFSE for 5 minutes
or 5uM PKH26 for
subsequent wash CFSE stained cells alone were
then pulsed with 1uM SIINFEKL peptide.
Homogeneity of the CFSE and PKH26 stains were

4 minutes, following

determined by flow cytometry, the 1:1 ratio of
CFSE:PKH26 cells was also confirmed at this time
(B; lower right panel). Subsequently 2x10°cells of
the 1:1 ratio cell mixture were incubated at 37°C
for 6 hours with CTLs at a ratio of 50:1, 10:1 and
1:1 as well as a target mixture alone as a negative
control. Cultures were subsequently analysed by
flow cytometry. B — Dot plots displaying gating
strategy for this cytotoxicity assay. Cells were
initially gated on live cells (B, top left panel),
followed by singlets (B, top right panel), then
gated on the CD8 negative population which
represents the remaining live EL4 target cells (B,
bottom left panel). Subsequently EL4 cells were
gated based on CFSE and PKH26 (B, bottom right
panel). C - Percentage specific lysis of EL4 target
cells as determined by the equation described in
the main text below. All samples were in
triplicate from a single biological sample and
individual values are represented by the
symbols, groups mean and SEM displayed, all p

values < 0.015 with Students two-tailed t-test.
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A preliminary cytotoxicity assay was then conducted, as shown in Figure 3-7B+C, in order to
determine whether this protocol would provide an accurate assessment of the cytotoxic
capabilities of CD8 T cells. OT-1 splenocytes were stimulated with 10pM SIINFEKL for two days,
before being cultured in 10ng/ml IL-2 for a further 3 days to generate CTLs. These CTLs were then
mixed at a range of ratios relative to the target cell mixture, which itself was comprised of a 1:1
ratio of 1uM SIINFEKL-peptide pulsed (CFSE) to non-peptide pulsed (PKH26) EL4 cells. To assess
the level of cytotoxicity, live singlet EL4 cells were identified based on their FSC/SSC profile, FSC-
W/FSC-A (to identify singlets) and the absence of CDS; the ratio of CFSE to PKH26 in the
experimental samples versus the control samples was then compared. Figure 3-7B displays the
gating strategy employed to examine the EL4 target cells; Figure 3-7C shows the extent of
peptide-specific EL4 cell lysis across the different CTL:target ratios tested. The equation for

calculating the specific cell lysis was:

Target Cell Specific Lysis = ((1-((Experimental CFSE cells/Experimental PKH26 cells)/(Control CFSE
cells/Control PKH26 cells)))x100)

In the above equation, ‘experimental CFSE cells’ and ‘experimental PKH26 cells’ refer to the
number of cells within the CFSE* and PKH26* gates of the EL4 cells in the CTL and target EL4 co-
cultures samples, whereas, ‘control CFSE cells’ and ‘control PKH26 cells’ are the number of cells
within the CFSE* and PKH26" gates of the EL4 cells in the EL4 alone cultures. This allowed for
correction of any baseline differential cell death occurring in the CFSE- and PKH26-labelled EL4
cells during the 6 hour incubation period. From Figure 3-7C a ratio of 10:1 CTLs to EL4 target cells

induced approximately 80% killing of peptide pulsed CFSE-labelled EL4 target cells.

At the 1:1 ratio of CTLs to EL4s, 50% of target cells were observed undergoing apoptosis. This was
increased significantly at the 10:1 ratio, to approximately 75% target cell lysis. Whilst increasing
the ratio of effector to target cells in the 50:1 group did increase target cell lysis significantly, it
was not a substantial increase over the 10:1 group. This assay also displayed reliability between

technical replicates, with less than 5% difference between individual samples.

Stimulation of OT-1 cells with either high or low affinity peptide induced similar expression of
activation markers such as CD44 and granzyme B!, However, stimulation with low affinity
peptide led to reduced cellular proliferation and decreased expression of the IL-2 receptor,

CD25%1, To address the question of how affinity may impact cytotoxicity, the cytotoxicity of CTLs
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targeting cell targets pulsed with SIIQFEKL or SIINFEKL peptides was compared using the new

assay established above.

Thus, CFSE stained EL4 cells were pulsed with a range of concentrations of either SIINFEKL or
SIIQFEKL peptide, before then combining them with PKH26 stained control EL4 cells at a 1:1 ratio.
This EL4 cell mixture was then combined with CTLs at a ratio of 10:1 (CTL:EL4). The results of this
assay are displayed in Figure 3-8. At a peptide concentration of 1uM the levels of cytotoxicity
observed towards SIINFEKL or SIIQFEKL pulsed target cells were significantly but not substantially
different. As the concentration of SIIQFEKL decreased to 100nM, 10nM and 1nM there was a
significant and noticeable reduction in the extent of EL4 cell lysis. Conversely, 100nM and 10nM
SIINFEKL-pulsed EL4 cells were killed to a similar extent as the 1uM SIINFEKL pulsed EL4 target

cells.

As mentioned in the introduction to this chapter, the effect of Akt signalling on cytotoxicity has
not been extensively studied in vitro, and its effects have mostly been inferred from granzyme B
expression or tumour regression studies. To investigate the effect of Akt on CD8 T cell cytotoxicity
and markers of effector function, the PDK*%%*t mutant model was utilised, as well as small
molecule Akt Inhibitor VIl from Calbiochem (also known as Akt-1/2, hereafter referred to as Akti).

This is a cell-permeable and reversible inhibitor that significantly inhibits the two primary isoforms
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Figure 3-8 — Effects of Peptide Affinity on Cytotoxicity
Cytotoxicity assay performed as previously described using the dual staining method of PKH26 and CFSE. In
this assay, a serial dilution of both SIINFEKL and SIIQFEKL peptide was used to pulse the CFSE stained target
cells. All samples consist of 10:1 CTL:EL4 target cells. n=3 samples in triplicate from a single biological sample,
mean values and SEM are displayed. Student’s two-tailed t-test performed for each peptide concentration.
p-value ****<0.0001, ***<0.0005, **<0.005.
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of Akt at nanomolar concentrations®>3. Whereas the PDK 4%t mutation inhibits physiological Akt
activation, there remains low level activity?**. To assess the role of Akt in T cell cytotoxicity, WT
OT-1 splenocytes were cultured with SIINFEKL peptide at 10pM in the presence or absence of
1uM Akti for 2 days, followed by 3 days stimulation with 10ng/ml IL-2 +/- 1uM Akti. The
concentration for the Akti was based on previous experiments within our lab as well as in
reported literature!®. CTLs were subsequently analysed by flow cytometry one day prior to their
use in cytotoxicity assays, to examine the expression of CD62L. CD62L, also known as L-selectin, is
an adhesion molecule whose expression is associated with naive and memory CD8 T cells. The
expression of CD62L is kept at high levels by the FOXO transcription factors, but upon T cell
stimulation or IL-2 treatment, Akt inhibits FOXOs causing decreased expression of CD62L. As such,
in the Akt inhibited group CD62L expression should remain high throughout exposure to IL-2,
making it an ideal marker for assessing the effectiveness of the inhibitor®®®. During the cytotoxicity
assay however, no Akti was added to the media, and hence any difference observed will be due to
the altered effects that reduced Akt signalling had on the CD8 T cells during their activation. It
should be noted that during the culture, the Akti had no effect on either the proliferation or

survival of the CD8 T cells (data not shown).

Figure 3-9A demonstrates that, as expected, CD62L did as predicted and compared to isotype
controls, the Akti maintained a higher expression of CD62L on CD8 T cells. At the same time as
assessing CD62L, granzyme B expression was examined. Figure 3-9B reveals that the expression of

granzyme B was reduced by approximately 10-fold in the presence of the Akti.

To assess the effects of this Akti on the cytotoxic capabilities of CTLs as before, both SIINFEKL and
SIIQFEKL peptide were used to pulse the target cells. However, this time, the concentration of
peptide was restricted to 100nM as this concentration still showed a high level of killing in the
previous assay (Figure 3-8). As before, a range of CTL to target cell ratios were included within this
experiment. Figure 3-9C shows that in the Akti untreated groups there was no substantial
difference in the ability of SIINFEKL and SIIQFEKL to induce cytotoxicity, which correlates with the

previous results at this peptide concentration and E:T ratio (Figure 3-8).

However, treating CD8 T cells with the Akti induced a highly significant and extensive reduction in
the extent of target cell lysis observed in both peptides. The reduction in cytotoxic activity from

approximately 95% to below 20% demonstrates the critical role Akt plays in CD8 T cell signalling
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Figure 3-9 — Effects of Akt Inhibition on Cytotoxicity

OT-1 splenocytes cultured as previously described in the absence or presence of 1uM of the Akt inhibitor
(Akt inhibitor VIII from Calbiochem). Cytotoxicity assay performed as previously described using the dual
staining method of PKH26 and CFSE, with 100nM SIINFEKL pulsed target cells. n=3 samples in triplicate, mean
values and SEM are displayed, p=0.0003. A - CD62L expression on CD8 T cells was measured by flow
cytometry on day 4 post activation. B - granzyme B was assessed in CTL samples following cytotoxicity assay.
Black line — Isotype Control, red line — Akti untreated group and blue line — Akti treated group. C — Result of
cytotoxicity assay described above. Student’s two-tailed t-test performed at each CTL:Target ratio. p-value
**%%<0.0001, n=3, triplicates from a single biological sample.

and the acquisition of effector functions. The significantly decreased expression of granzyme B

correlates with the reduced cytotoxic capacity of Akti treated CTLs.

Given these data, next compared were PDK**%°€ and WT CD8 T cells in these cytotoxicity assays. As
stated previously, the PDK**®°E has a non-functional pleckstrin homology (PH) domain. This
prevents PDK from co-localizing with Akt and other downstream targets at the plasma membrane,
and hence prevents the activation induced activity of Akt2**, PDK*45E T cells still possess basal Akt
activity and it was therefore hypothesised that the cytotoxic activity of these PDK*4%°€ CD8 T cells

would be somewhere between that of WT cells and Akti-treated cells.
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However, work done by peers within the same lab, has shown that adoptively transferred PDK"465¢
CD8 T cells are capable of controlling and eliminating tumours?*. This result raises three further
questions of the PDK*4%5E CD8 T cells. Do they retain full effector function in vivo despite a reduced
cytotoxic capacity? Do the large number of CTLs utilised in these experiments obscure the effects
of Akt inhibition on CTL function? Is basal Akt activity all that is required for maximal CD8 T cell

effector functions in vivo?

To begin to address these points, OT-1 splenocytes from both WT and PDK**%°t mice were
differentiated into CTLs in the presence or absence of 1uM Akti and their cytotoxicity tested. The
results of this assay are shown in Figure 3-10A. As in the previous experiment (Figure 3-9), WT
CD8 T cells expanded in the absence of the inhibitor were capable of eliminating over 90% of the
SIINFEKL-pulsed target cells, but as before, this was reduced to less than 20% when cells were
cultured with the Akti. At the highest effector to target ratio, PDK*%°€CTLs eliminated
approximately 60% of targets; a reduction of 30% compared to WT CD8 T cells at the same E:T
ratio. As with the prior assays, decreasing the effector to target ratio caused modest reductions in
cytotoxic capability, following a similar trend to the WT cells. Interestingly, treatment of the
PDK"4®5E CTLs with the Akti entirely abrogated the cytotoxic effect of the cells. In this assay, the
expression of granzyme B was also studied. Figure 3-10B displays a representative overlay of
granzyme B expression from multiple experimental samples, whereas Figure 3-10C shows

granzyme B expression in treated CTLs across multiple experiments.

There was a significant reduction in the expression of granzyme B in WT CTLs treated with the Akti
compared to their untreated counterparts. When treated with the Akti, PDK*4%>€ CTLs showed a
similar substantial decrease in the expression of granzyme B. When comparing untreated WT and
PDKX46%E CTLs, PDK"4%E CTLs showed substantially reduced expression of granzyme B. Similarly,
Akti-treated PDK*¢%E CTLs expressed less granzyme B than Akti-treated WT CTLs' However, Akti-
treated PDK"4%5E cells expressed less granzyme B than WT cells, which may indicate that the
inhibitor has a more pronounced effect on the PDK**®*€ cells due to lower basal Akt activity. Figure
3-10C also shows an interesting observation, that the expression of granzyme B parallels the
results of the cytotoxicity assay in Figure 3-10A. This would indicate that granzyme B expression

and cytotoxic capacity may be directly related to the level of Akt activity.
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Figure 3-10 - Effect of the PDK Mutation on CD8 T cell Cytotoxicity.

A — WT and PDK*46>E OT-1 splenocytes were activated with 20pM SIINFEKL for 2 days followed by
10ng/ml IL-2 for 3 days in the presence and absence of 1uM Akti, to generate CTLs. These CTLs were
then subjected to the aforementioned cytotoxicity assay protocol, n=3 triplicates from a single
biological sample. Mean and SEM displayed. B — Representative granzyme B expression plot from
WT and PDKX46>E CTLs both with and without exposure to the Akti. These plots are representative of
multiple experimental samples under the same stimulatory conditions and isotypes were equivalent
across all samples. C - MFI of granzyme B expression across independent experiments, five with the
WT and three with the PDK, all using the same stimulatory conditions, isotype controls equivalent
across samples. p-value **** = <0.0001, *** = <0.002, * = 0.05.
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3.23 Potential Role of Akt in the Regulation of Secretion in CD8 T Cells

Akt could potentially influence the cytotoxicity and effector functions of CD8 T cells through
regulation of secretory pathways. To this end, previous experiments performed in this lab
compared the transcriptomes of adoptively transferred OT-1 WT and PDK1%*¢°t CD8 T cells on day
6 after challenge with OVA and anti-CD40 antibody. The results from this microarray experiment
(data not shown) highlighted over 100 genes with altered levels of expression between the two
groups. The gene Baiap3 showed a greater than 20-fold reduction in mMRNA expression in the
PDK1*45E cells compared with WT cells. A recently discovered paralogue to Munc13-4, Baiap3 is
the fifth member of this Munc13 family of proteins. The Munc13 proteins have been shown to

254 'Munc13-4 has also been shown to be

regulate vesicle-priming in neuronal and endocrine cells
required for polarised exocytosis of lytic granules in CTLs and NK cells?*®. Baiap3 is a relatively
understudied protein, however, it possesses homologous sequences and structures to Munc13-4
and synaptotagmin; two proteins involved in vesicle priming and secretion?®. As such, it seemed
appropriate to investigate whether the pattern of Baiap3 expression could explain some of the

differences observed between WT and PDK**¢>t CD8 T cells in cytotoxicity and cytokine secretion.

Initially, the expression of Baiap3 was examined by gPCR in the samples used for the microarray
(WT and PDK vaccination samples in Figure 3-11) to confirm that Baiap3 was in fact decreased in
the PDK1*%E T cells. The data in Figure 3-11 showed a significant 5.345 C; difference between the
Baiap3 mRNA in the PDK*> samples compared to the WT. Following calculation of the AAC; this

translated to a near 60-fold decrease in the PDKX46>¢

sample, thereby confirming the microarray
data. The expression of Baiap3 was also examined in naive CD8 T cells extracted from
independent WT and PDK"*>t mice. The aim was to determine whether the difference was due to
differential activation or reflected a pre-existing difference between naive WT and PDK1%4¢>E cells.
Naive CD8 T cells also showed a 15-fold difference on average between WT and PDK*4°, again
with the PDK ¢>E cells expressing significantly less Baiap3-encoding mRNA. In vitro generated CTLs
were also examined for their expression of Baiap3 by gPCR. For this, OT-1 WT and PDK1*465¢
splenocytes were stimulated with either 50pM SIINFEKL or 5nM SIIQFEKL for 2 days, followed by
treatment with IL-2 at 10ng/ml for 3 days. After this time, >96% of cells were antigen-specific CD8
T cells. The data in Figure 3-12 showed that regardless of whether a high or low affinity peptide
was used, the PDK*%E cells still displayed over 50-fold less Baiap3 mRNA compared to WT cells.
From these data, it can be concluded that irrespective of the stimulatory conditions, the PDK*6>¢

mutation caused a significant decrease in the production of Baiap3 mRNA when compared to WT

CD8 T cells. This decrease was more pronounced once T cells had been activated. Overall, the data
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Figure 3-11 — Difference in Baiap3 expression in WT and PDKX*55€ mutant CD8* T cells

Naive CD8 cell samples were negatively purified using MACS selection kits. Vaccination samples were
generated from WT and PDK mutant OT-1 cells that were adoptively transferred into recipient mice before
being challenged with OVA, aCD40 antibody and LPS. CTL samples were obtained from splenocytes from WT
or PDK mutant OT-1 mice stimulated with either 50pM SIINFEKL or 5nM SIIQFEKL for 2 days followed by CTL
generation with 10ng/ml IL-2 for 3 days. CD8 purity was >85% across all samples. RNA was isolated and 200ng
of RNA was used to generate all cDNA samples. gPCR was then performed using probes specific for Baiap3
and a housekeeping gene, B2M. A — Representative qPCR replication curves, highlighted areas indicated cycle
thresholds, green — WT and PDK B2M, red — WT Baiap3 and blue — PDK Baiap3. B — Graph showing cycle
threshold of B2M and Baiap3 across multiple samples. Cycle threshold represents the number of qPCR cycles
required to reach the threshold of detection, set as the linear section of the logarithmic amplification plot
described in the methods section. Mean and SEM are displayed. Student’s two-tailed t-test performed, p-
value **** <0.005. Replicates vary between conditions, naive samples n=18, four biological samples;
vaccination samples n=6, two biological samples; CTL samples n=3, single biological sample.
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caused a significant reduction in the expression of Baiap3 mRNA.

To confirm that the near 60-fold reduction in Baiap3 mRNA between WT and PDK**¢>E vaccination
samples translates into a difference at the protein level, Baiap3 protein expression was assessed

in CTLs from both WT and PDK"4%>€ mice by fluorescence microscopy using a commercially

available Baiap3 antibody and a fluorescently-labelled secondary antibody.
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Figure 3-12 — Immunofluorescent assessment of Baiap3 protein expression by fluorescence microscopy
and flow cytometry

WT and PDK mutant splenocytes activated for 2 days with 50pM SIINFEKL peptide, followed by 3 days IL-2
10ng/ml to generate CTLs. A — Representative images taken from WT CTLs fixed, permeabilised and stained
with a goat anti-Baiap3 primary antibody, followed by donkey anti-goat Alexa488 secondary antibody. B —
Representative images from PDK**®5€ mutant CTLs treated as in (A). C — Intracellular staining of Baiap3 as
assessed by flow cytometry in CTLs generated as described above, black — goat IgG control antibody, red —
WT CTLs Baiap3 expression, blue — PDK ¢ mutant CTLs Baiap3 expression, data from a single biological
sample.
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Based on comparison of microscopy images in Figures 3-12A and B, although there was a clear
difference in Baiap3 mRNA production between WT and PDK**®*€CD8 T cells (Figure 3-11), this
difference was not clear at the protein level. These microscopy images also indicate that Baiap3 is
likely expressed on the intracellular side of the plasma membrane. To obtain more quantitative
data regarding the expression of Baiap3, protein expression was analysed by flow cytometry. As
shown in Figure 3-12C the levels of Baiap3 in both WT and PDK**¢>t mutant CTLs were virtually
identical, indicating that Baiap3 protein is expressed equally across both cell types. An attempt
was made to perform Western blotting to confirm that this commercial antibody recognised only
one protein product of the correct size. Unfortunately, there was too much background intensity
for the blot to be reliable. This indicates that the antibody might be binding other, non-specific
targets, within the T cells. Given the relatively understudied nature of Baiap3 at the time, only one

Baiap3 antibody was available.

Together the data in this chapter have revealed that the reduced Akt activity caused by the

PDK"46°E mutation causes substantive reductions in CD8 T cell effector functions in vitro.
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3.3 Summation and Discussion

It has been known for some time that the PI3K/Akt signalling pathway has regulatory control over
elements of CD8 T cell differentiation. PDK1 has been shown to be responsible for increased
proliferation and glucose uptake, whilst Akt is required for sustained expression of effector
molecules such as granzyme B and IFNy in multiple in vitro systems!#*14 Reducing Akt activity in
CD8 T cells should therefore cause reduced expression of granzyme B and hence may decrease
their cytotoxic capability. However, work done by colleagues in this lab has showed that PDKX4%°¢
CD8 T cells are capable of combating and eliminating tumours2*. These cells do show some
defects in secondary re-challenge, but this may be due to altered differentiation of the memory
population. Given the discrepancy between the reported in vitro data and in-house in vivo
observations, the question remains: what are the effects of Akt activity on CD8 T cell effector

functions?

In this chapter, an attempt has been made to address this question, by examining CD8 T cell

K485 mutant CD8 T cells. OT-1 transgenic mice

cytokine production and cytotoxicity in WT and PD
were utilised, in which T cells are specific for a peptide derived from OVA, SIINFEKL and which also
respond to the lower affinity peptide SIIQFEKL?2. First to be examined was cytokine production.
Initial priming and restimulation with SIINFEKL demonstrated that PDK**%5E T cells display an
approximate 50% reduction in the amount of IFNy secreted. Further, when SIIQFEKL was used to
restimulate cells, the overall amount of IFNy was reduced. Furthermore, it was found that if
SIIQFEKL was used as the priming peptide, the resultant IFNy would be greatly reduced; regardless
of the restimulatory peptide. Subsequently, intracellular IFNy and IL-2 were examined, to
determine if the reduction in secreted cytokines observed was due to impaired production or
expression. From these data, it was seen that WT and PDK**%>t CD8 T cells had an equivalent
percentage of cells registering as IFNy"&". However, the MFI and inferred expression was reduced
at higher restimulatory conditions, implying that this could be the cause of the difference.
Although it cannot be considered to be the only circumstance affecting the secretion, as the
overall reduction of intracellular expression in the PDK**>E cells, whilst significant, was
substantially smaller than the observed difference in secretion. Also examined was IL-2, to
investigate if cytokines were being equally affected. This data shows a similar reduction of IL-2
MFI expression. However, unlike IFNy, there is a near 50% reduction in the number of cells that
register as IL-2"¢", As both IL-2 and IFNy are a sign of T cell activation and drive towards the

KK465E

effector response, it is possible that the reduced Akt activity of the PD mutants contributes
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to the decrease observed in the secretion of these cytokines. Although this does not explain why

there were less IL-2"&" cells present in the PDK 4>t mutant.

However, perturbations in cytokine production have been reported previously in CD4 T cells with
impaired or ablated PDK enzymes?*’. Specifically, it has been shown that PDK1 is capable of
activating the IL-4 promoter, independently of Akt in CD4 T cells, primarily through PKA and
NFAT?%8, Ablation of PDK1 was also shown to cause defects in IL-2 production whilst leaving IFNy
production intact in CD4 T cells?>’. Perhaps this is also true in CD8 T cells, as this shows similarities
to the data presented here. Given that these reductions in IFNy expression are not observed in

the previously reported in vivo data from this group?*°

, it is possible that the presence of
inflammatory cytokines and co-stimulation in vivo can overcome the inherent defect caused by
the PDK"4%5E mutation. Likewise, IL-2 is not decreased in in vivo experiments as it is in vitro®®,
Overall, this suggests the cytokine production under optimal priming conditions of an in vivo

immune reaction is not dependent on Akt activity.

A published cytotoxicity assay was adapted. This was shown to be a good replacement for the
current cytotoxicity assay that is dependent on radioactive isotopes. Initially, the effects of
peptide affinity on T cell cytotoxicity were studied. The data from these experiments revealed
that SIINFEKL-pulsed target cells were maximally killed when pulsed at a peptide concentration of
10nM. Lowering the concentration of SIINFEKL to less than 10nM caused a drop in the level of
cytotoxicity, consistent with previous work?*®, Target cells pulsed with the lower affinity peptide,
SIIQFEKL, showed equal susceptibility to killing as SIINFEKL-pulsed targets at 1uM, but became
less susceptible once the peptide concentration was lowered. This shows that maximal
cytotoxicity directed against lower affinity peptides requires a higher peptide concentration than
that of higher affinity peptides, at least in an OT-1 setting. This could tie into the threshold model
of T cell activation, where interactions between the MHC complex and TCR are required to
spatially occlude inhibitory phosphatases such as CD45. Peptides with weaker affinities may not
be able to form as many interactions to induce this occlusion of phosphatases when compared to

their higher affinity counterparts. In turn, this could lead to reduced cytotoxic activity!*2.

Next, the role of Akt in T cell cytotoxicity was examined using an Akt inhibitor. The concentration
of this Akt inhibitor was chosen based on a previous study examining both the inhibitor and

PDK*>E mutant mouse model**3. Both SIINFEKL and SIIQFEKL peptides were used as targets in
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order to assess whether Akt plays any role in regulating the cytotoxic response to peptides of
different affinities. This experiment showed that inhibition of Akt during CTL differentiation
causes a significant and substantial decrease in the level of cytotoxicity, although the inhibition
did not differentially affect the cytotoxicity induced by the two different affinity peptides. It is
possible that phosphatases play a more integral part in distinguishing the responses to antigens of
different affinities than Akt?%%26! This same experiment also showed a near 10-fold reduction in
expression of granzyme B when CD8 T cells were cultured in the presence of the Akti. This could
be the primary explanation for the reduced cytotoxicity observed. However, it has been reported
that granzyme B expression is substantially higher than the threshold required for cytotoxicity®3.

Therefore, a 10-fold reduction may not have significantly impacted its killing ability.

Given that Akt drives maximal granzyme B and killing activity, the PDK**®°t mutant CD8 T cells
were used to establish whether reduced Akt activity would have a similar effect. This group has
previously demonstrated that in vivo generated effector PDK**¢°t CD8 T cells are capable of
controlling tumours, so it is interesting to see that these cells do show a reduced cytotoxic
capability in vitro in Figure 3-10. The reduction is statistically significant and substantial, ranging
from a reduction of 30-60% depending on effector to target ratios. The untreated PDK*4®t CD8 T
cells also display a reduced expression of granzyme B, but not to the same extent as Akti-treated
WT cells. This is consistent with the only partial Akt inhibition in PDK**¢>E cells but more complete
knock-down in Akti treated cells. Considering the PDK"4¢°t CD8 T cells show reduced cytotoxic
capacity and a reduced granzyme B expression, it is curious that they are still capable of
controlling tumours. It is possible that the basal Akt activity that is present in the PDK*4®t CD8 T
cells, whilst not enough to induce maximal killing, is sufficient when targeting an in vivo tumour
model. Additionally, within an in vivo system there may be a facet of granzyme B expression that
is independent of Akt activity, thus explaining why PDK*45€ CD8 T cells are competent in our
group’s tumour challenge experiments. One factor not considered is cell number; in an in vivo
tumour model the high number of cells involved could possibly compensate for individual
cytotoxic impairment. The inflammatory conditions of the in vivo listeria infection used in these
experiments may also determine whether these PDK**¢>t CD8 T cells control primary tumours. As
shown earlier in the chapter, PDK**¢>E cells do show a decreased production of cytokines such as
IFNy and IL-2 in an in vitro setting, perhaps this is also compensated for under the more
inflammatory conditions of an in vivo listeria infection. It should also be noted that despite the
Akti being classified as a reversible allosteric inhibitor of Akt 1 and 2, there is no reference to its

half-life in cell culture. As such, it cannot be ruled out that the inhibitor was still present within

77



Chapter 3

cells during these cytotoxicity experiments. Therefore, it is a possibility that the result observed is

a direct effect of Akt being inhibited rather than the alteration in differentiation during culture.

Brain-specific angiogenesis inhibitor (BAI1) associated protein 3 (Baiap3) was first identified by
Shiratsuchi et al in 1998 as one of three binding proteins to BAI1%%2, Baiap3 contains two Munc-
like C2 domains, thought to be involved in a form of phospholipid binding. Baiap3 also contains
homologous sequences to that of Munc13-4 and synaptotagmin?®?. Synaptotagmin is a pre-
synaptic protein that is key in neurotransmitter vesicle release in neurones?®3, Synaptotagmin
binds with SNARE proteins holding vesicles in a primed position at the membrane, and acts as a
critical regulator that will only allow fusion and exocytosis of the vesicle once it has bound calcium
jons through its C2 domains®%3. Munc13-4 is a protein also involved in the regulated exocytosis of
vesicles via interaction with SNARE proteins?®*. Mutations in Munc13-4 have also been associated
with familial haemophagocytic lymphohistiocytosis (FHL) subtype 3, an immune disorder
associated with dysregulated cytotoxic granule and cytokine release. In desmoplastic small round
cell tumours (DSRCTs), a cancer characterised by the chimeric fusion of the Ewing’s Sarcoma and
Wilms’ tumour genes creating the novel transcription factor EWS-WT1, Baiap3 is overexpressed.
This overexpression of Baiap3 was shown to accelerate the regulated exocytosis pathway that
resulted in the increased secretion of growth factors, which are one of the primary oncogenic
factors of DSRCTs?®. It has also been shown that overexpression of Baiap3 in human melanoma

cell lines causes’ enhanced proliferation at limiting serum concentrations®®®,

Due to its suspected role in regulated exocytosis and the pronounced change in gene expression
between PDK*%t and WT cells in the microarray, it seemed worthy of investigation. The
experiments in this chapter demonstrate that expression of Baiap3 appears fundamentally
altered in PDK*E T cells. In vitro activated samples and naive cell samples, both show a minimum
of a 30-fold reduction in Baiap3 expression in PDK**5E T cells compared with WT T cells. Whilst
the difference between WT and PDK*¢>t expression of Baiap3 does increase between the naive
cells and either of the in vitro or in vivo activated samples, it is clear that Baiap3 is radically
downregulated in PDK**>t CD8 T cells. However, subsequent experiments have shown that this
transcriptomic difference does not translate to a difference at the protein level. This maybe,
however, due to the lack of an effective commercial antibody at the time of performing these
experiments; particularly when noting the inability to retrieve a successful western blot using this

antibody.
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More recently, Baiap3 was shown to be a calcium sensitive protein, that regulates the retrograde
trafficking of secretory vesicles back to the trans-Golgi network?®’. Critically, it was shown that the
absence of Baiap3 impaired secretory vesicle formation and caused their degradation?®. This
more detailed information would seem to indicate that if Baiap3 were to be altered in the CD8 T
cells of PDK*%E it could impair cytokine and cytotoxic granule production, possibly explaining the

data shown in this chapter.

If this work concerning the role of Baiap3 was to be continued in future experiments, it is my
opinion that overexpression and knockdown models should be the primary methodology utilised.
These methods are not without their own advantages and disadvantages. As it stands, our current
system for overexpression using retroviral transduction is likely to prove difficult, due to the large
size of the Baiap3 transcript, at 3451 nucleotides in length. Typically, retroviral transduction
systems are limited to a maximum size of approximately 8kb in length before reducing in
transduction efficiency?®. Introduction of Baiap3 into our pMP71 vector would put the size of the
complete vector at nearly 10kb, thus rendering it unlikely to be capable of stable cellular
transduction. As such, methods that focus on suppressing the expression of Baiap3 are more likely
to be successful. sShRNA mediated knockdown is a possible method of examining the effect of
reducing Baiap3 expression in CD8 T cells. However, shRNA methods do have the disadvantage of
not providing complete silencing of the gene product. Given its more recent accessibility, utilising
the CRISPR/Cas9 system would present a more effective way to completely silence the Baiap3
gene, as the non-homologous end joining mechanism could cause knockout of the target gene. If
Baiap3 were to be knocked out in WT CD8 T cells through gene editing by CRISPR/Cas9, it could be

possible to observe a similar reduction in cytotoxic capacity, as seen in the PDK*4¢t mutant cells.
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Chapter 4  Effects of Akt Signalling on CD8 Effector T Cell
Differentiation Determined by Single Cell RNA

Sequencing

4.1 Introduction

As discussed in the introduction to this thesis, many mechanisms of differentiation have been
proposed. Mathematical and computational models focussing on these mechanisms such as
asymmetric cell division, or the decreasing potential models have been unable to clarify a clear
process for CD8 T cell differentiation®’°. This not only recognises the complexity of the issue of

CD8 T cell differentiation, but also points to a solution that combines these models.

The role of Akt in the differentiation has been partially defined. Currently, it is known that Akt,
through the inhibition of the FOXO family of transcription factors and upregulation of
transcription factors such as Bach2 and T-bet, induces a more cytotoxic phenotype at the cost of
cellular longevity?’:. Those cells that display the highest levels of Akt activity are destined to
become terminally differentiated SLECs and eventually be deleted as part of the contraction
phase of the immune response’®. However, the effect of Akt on the differentiation of memory

cells is more in dispute.

Crompton et al**® demonstrated that Akti inhibition causes upregulation of CD62L, promotes
homing to lymphoid tissues, enhances oxidative phosphorylation and increased survival post
adoptive transfer. These are all factors strongly associated with a more memory like phenotype.
Whilst these experiments were conducted using isolated human tumour infiltrating lymphocytes
cultured ex vivo (TILs), it is still indicative that greatly reducing Akt activity induces a memory

phenotype.

Work by Rogel et al?*’ in this lab also examined the effects of Akt activity on CD8 T cells in an in

vivo setting. As discussed previously, this lab group utilises a knock-in PDK*4%° model that
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prevents maximal Akt activity by preventing PDK1 association with PIP5 at the plasma membrane.
This prevents the co-localisation of PDK1 with Akt and its subsequent activation. These data
demonstrate that the limiting Akt activity in PDK**¢>t CD8 T cells does not impair the generation of
primary effector cells or clearance of tumours. Interestingly, in response either OVA-expressing
Listeria Monocytogenes (LM-OVA) or vaccination with OVA, anti-CD40 mAb and LPS, PDK"4¢%t cells
demonstrate an alteration in the transition from effector to memory cells. The Tem subset,
denoted by the lack of CXCR3 and CD43 expression, is reduced in PDK**E cells. Additionally, the
vaccination model described above, caused an accelerated cell death phase during contraction of
the effector responses. This led to a reduction in the total memory population formed by the
PDK"48E cells. Co-transfer experiments in this vaccination model also demonstrated that an equal
transfer of WT and PDK"4°€ CD8 T cells showed an inability of WT cells to rescue the PDK*4%%E cells.
Indicating that the lack of survival and/or transition into memory is due to cell intrinsic factors.
This indicates that reduced Akt activity can affect the differentiation process, which can go on to

impair long term memory.

In this chapter, the aim is to use single cell RNA sequencing techniques to gain a more thorough
understanding of the differentiation process that leads to the generation of effector and memory

subsets; and to define, in greater detail, how Akt signalling impacts on this complex process.
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4.2 Results

To examine the temporal effects of Akt activity on CD8 T cell differentiation an infection model
was used in which congenically marked OT-1 cells were transferred into congenic recipients,
before infection with LM-OVA 24 hours later. Phenotypic differences were examined in CD8 T
cells at two distinct time points either 45 hours or six days; 45 hours provided an opportunity to
capture the initial division step to see if differential Akt activity caused by the PDK*4®t mutation
affected early markers of functional differentiation. Six days post stimulation represents the peak
of the CD8 T cell response in this infection model, as has been determined by previous work
published by our lab?*, and thus allowed study Akt-induced changes at a later stage when the key
fate decision in CD8 T cells are becoming more stable. It has also been clarified that at this time
point there is clear heterogeneity in the effector population. Based on expression of KLRG1 and

CD127, MPECs and SLECS can be demarcated.

To examine T cells at the 45 hour time point, splenocytes were harvested from WT and PDK"465E

OT-1%, CD45.1* congenic mice. The splenocytes were then stained with 5uM CFSE to track cellular
division. These splenocytes were then injected into recipient C57BL/6 mice, so that each mouse
received the equivalent of 3x10° naive CD8 T cells. 24 hours after receiving the transferred cells,
the recipient mice were infected with 2x10° CFUs of LM-OVA. Spleens from recipient mice, 45
hours post infection, were harvested and processed for analysis by flow cytometry. Figure 4-1
displays the data from this experiment. From the CFSE staining shown in Figure 4-1A there was no
clear difference in the level of cellular proliferation between WT and PDK*4¢>t CD8 T cells at this
early time point. There was also no significant difference in the expression of the MPEC markers
CD62L, TCF7 and IL-7R at this time point (Figure 4-1B). Markers of increased effector functions
such as Granzyme B, T-bet and CD25 were similar between WT and PDK*>E T cells (Figure 4-1B).
Representative histogram plots of these effector and MPEC phenotypic markers are shown in

Figure 4-1C.
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Figure 4-1 — Analysis of phenotypic markers in CD8 T cells 45 hours post in vivo stimulation with listeria-OVA.

WT and PDKX%6%€ CD45.1* OT-1 splenocytes were labelled with 5uM CFSE before being introduced intravenously to
recipient C57BL/6 mice, 4 mice for each group. After 24 hours, recipient mice were infected intravenously with 2x10°
CFUs of attenuated OVA-expressing Listeria Monocytogenes. 45 hours post infection with Listeria-OVA, recipient
splenocytes were harvested and phenotypic markers analysed by flow cytometry. A — Representative histograms
showing CFSE dilution of CD8 T cells 45 hours post Listeria-OVA infection from four individual mice, red — WT at 45hrs,
black — PDK*4%5E at 45hrs, green — WT post CFSE staining, blue — PDKX45E post CFSE staining. B — MFI of phenotypic
markers related to differentiation state of CD8 T cells at 45 hour post stimulation with listeria-OVA, n=4, MFI taken
from total CD8" CD45.1* population, isotypes for all samples were equivalent. C — Representative histograms of
phenotypic markers from B.
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4.2.1 Drop-Seq Analysis of the Effects of the PDK**6>t Mutation on CD8 T cell

Differentiation

The next step was to investigate the effects that PDK**¢>t mutation had on differentiation at the
later time point of six days post stimulation. Previous work in this group by Rogel et al?*’ showed
expression of some of these markers at day six post infection. PDK*4%°€ CD8 T cells displayed
approximately three-fold greater frequency of CD62L" cells compared with WT CD8 T cells at this
point. In addition, the frequency of CD127" cells (IL-7Ra) in PDK**¢*t CD8 T cell populations was
two-fold higher than that of WT CD8 T cells. PDK**¢>t CD8 T cells, did however, display
approximately 20% fewer granzyme B positive cells following the response to this LM-OVA
infection. In this setting expression of T-bet was also unchanged between WT and PDK*¢>t CD8 T

cells. Expression of CD25 and TCF7 was not examined.

Flow cytometric processes can yield valuable insights into intracellular and surface protein
expression. However, as they are based on targeting a limited number of already known proteins,
they are restricted in their scope; preventing the study of more comprehensive profiles and
discovery of novel factors. In recent years the advent of transcriptomic methodologies has
allowed for a much broader analysis of gene expression. In particular single cell RNA sequencing
(scRNA-Seq) has been shown to allow effective analysis of transcriptomes across multiple cells
whilst maintaining both accuracy and sensitivity?’2. The availability of high throughput techniques
allows profiling of thousands of cells in parallel, which affords an unbiased assessment of
heterogeneity of single cells within a population?”. As such, scRNA-Seq, specifically Drop-Seq, will
be utilised in order to gain further insights into any changes in differentiation that have occurred
as a results of Akt signalling in PDK**%°E CD8 T cells. Drop-Seq, due to being newel available to this
lab group, was decided as a methodology of examining the changes in differentiation that had
occurred at six days post stimulation. The process would allow us to see a greater number of
variables in the population that at this stage would not be clearly defined by flow cytometry. The
established subsets at this time point will serve as a standard for the Drop-Seq analysis to
hopefully build upon. At this time point the transferred cells have expanded to peak numbers,
which aids in their subsequent isolation and purification for this process. This Drop-Seq process is
still a relatively new development and as such the knowledge of the mechanics are not
commonplace. Thus, Figure 4-2 displays a schematic of the key processes that define Drop-Seq.

The process involves passing three separate reagents across a flow cell to generate droplets that
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ideally contain 1 mRNA capture bead with a single cell of interest; in this instance flow sorted

OVA-specific OT-1 CD8 T cells, recovered six days post stimulation.

Figure 4-2A displays the inner workings of the flow cell during the Drop-Seq protocol. mRNA
capture beads, suspended in a cellular lysis buffer, are injected into a flow cell. At two points in
the flow cell, the target cells resuspended in a PBS/0.01% BSA solution, meet the capture beads.
The flow rate has been optimised to maximise the number of single cells captured and also to
reduce the rate of doublets (two cells per bead). Immediately after the cells are injected, the
combined solution encounters an oil flow. The design of the flow cell at this point encourages the
formation of a droplet, which due to the flow rate has been optimised to contain one bead and

one cell.

As shown in Figure 4-2B, the capture arms of the beads are made up of four distinct domains;
oligo-dT repeats, unique molecular identifiers (UMIs), cell barcode and a PCR handle. Once
captured within the droplet, the lysis buffer causes the target cell to rupture releasing the mRNA
within. The oligo-dT segment of the capture bead binds to any poly-adenylated mRNA present in
the lysate. Unique molecular identifier (UMI) is a unique string of nucleotides that identifies each
capture arm on the bead and allows sequencing to distinguish between two different mRNA
molecules encoding the same gene on the same bead. Cellular barcode is another marker, but this
only differs between beads. When single cells are captured, the mRNA from that cell in further
processing steps will include this cell barcode, allowing mRNA to be assigned to its cell of origin at
the sequencing step. Lastly, the PCR handle is a nucleotide sequence that allows for all the
previous segments of the capture arms to be included in downstream processes to prepare for

genetic sequencing.

An overall flowchart of the molecular biology processes from single cell droplet to NGS is shown in
Figure 4-3. Post droplet generation, the mRNA capture beads are processed for genetic
sequencing. This process first involves a reverse transcription step. This method converts the
captured mRNA into more stable cDNA by utilising a template switch oligomer. This then allows
for the template switch, whereby the reverse transcriptase switches strands and proceeds with
secondary strand synthesis, overwriting the captured mRNA. At this point, the cDNA conjugated

beads can be stored safely at -20°C.
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Figure 4-2 — Schematic of Drop-Seq mechanism for single cell RNA capture.

A —Internal flow cell process, demonstrates the single cell capture and droplet formation process that occurs as part of the Drop-Seq protocol. B— mRNA
capture bead structure and process of mRNA capture post droplet formation
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Figure 4-3 — Schematic of molecular biology processes between single cell capture and next generation sequencing post Drop-Seq.

Reverse transcription extends bead capture arm producing complementary DNA (cDNA) to the captured mRNA. Reverse transcriptase enzyme is engineered
to terminate sequence with multiple cytosine residues. These residues act as docking point for the template switch oligomer (TSO). This TSO acts as another
primer site allowing extension of the cDNA on the opposing strand, effectively overwriting the captured mRNA. Once this process is finished the beads are
now only bound to cDNA and as such are more stable, allowing for long term storage at -20°C. Subsequently the beads are treated with an exonuclease
enzyme. This exonuclease cleaves unbound mRNA capture arms present on the beads. cDNA bound to beads is amplified through PCR. Following this the
cDNA undergoes tagmentation, an enzymatic reaction that fragments the cDNA, and binds adaptors to both ends of the cDNA fragments. Indexes are added
to these adaptors. Indexes are short identifying sequences of DNA that cap the fragments that allow for multiplex sequencing.
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Following the reverse transcriptase step, an exonuclease enzyme is employed to cleave the
remaining bead capture arms that did not bind to any poly-adenylated mRNA. This prevents the
carryover of these blank sequences, which upon PCR amplification, would contaminate the final
genetic library. Following several rounds of PCR to amplify the captured material, the cDNA library
is purified. After the cDNA library has been purified, its concentration and overall quality is
assessed on a BioAnalyzer. A good understanding of the typical range expected for cDNA length is
based on previous Drop-Seq experiments. The concentration is a more variable factor and is very
much dependent on the cell type that is being analysed. Once a cDNA library has been purified, it
undergoes tagmentation in order to fragment and cap the cDNA with adaptor sequences and
indices that allow recognition by next generation sequencing (NGS) instruments. Subsequent
output of this NGS is run through an in-house customised development pipeline utilising our
institutions supercomputing network, before being analysed in R Studio using the Seurat package;

developed by the inventors of this Drop-Seq technique.

For analysis at this later time point, 10*CD45.1* OT-1 cells from either WT or PDK**¢>t mice were
intravenously injected into recipient mice, before being challenged with LM-OVA 24 hours later.
Six days post stimulation with this listeria strain, the spleens of the recipient mice were harvested
and OVA-specific CD8* CD45.1" T cells were purified by cell sorting, prior to the Drop-Seq

procedure described above.

Following reverse transcription and exonuclease treatment of captured beads the process of PCR
began. For the initial PCR reaction, 8 tubes each containing 4000 beads from both the WT and
PDK"4®°E T cells underwent 16 cycles of PCR. After purification, the PCR product was quantified

utilising a BioAnalyzer. These data can be seen in Figure 4-4A.

Average size for cDNA libraries typically ranges between 1300-2000 base pairs (bp). This is seen in
both the WT and PDK"4®°E pooled PCR reactions, at 1550bp and 1728bp respectively. A sample
(500pg) of pooled PCR product was utilised for a tagmentation reaction. The result of this
tagmentation reaction is shown in Figure 4-4B. Post tagmentation, the average library size
typically decreases to between 500-700bp, although libraries can sit outside this average and still
be successfully sequenced. There is also a corresponding increase in concentration of the library,

which is seen in the WT product.
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Figure 4-4 — Quality control assessment of PCR and Tagmentation products
A - BioAnalyzer traces of combined PCR pool of WT and PDK cells. B — BioAnalyzer traces of initial tagmentation reaction. C — BioAnalyzer traces

of PDK PCR product after re-purification. D — BioAnalyzer traces of product from secondary PDK tagmentation reaction using re-purified PDK PCR
product.
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However, the PDK**%5E sample did not generate a product post-tagmentation. Typically, lack of a
tagmentation product, is due to contamination from carry-over reagents during purification. As
such, the old PCR product was re-purified in an attempt to remove any contaminating reagents,
then analysed once again. The new plots are shown in Figure 4-4C. As previously, the average size
of the library was consistent with prior PCR product at approximately 1650bp, and was slightly
more concentrated than before. Proceeding with tagmentation using this new PCR product
yielded a successful final library. The average size of the PDK 4>t pool post tagmentation was
slightly larger than that of the WT, 720bp compared to 580bp respectively, as shown in Figure 4-
4D. However, in the cases of both the WT and PDK**%>t, the final tagmented libraries were
sufficient in both quality and concentration to proceed to next generation sequencing. In both WT
and PDKX*6°t samples, between 500-1200 genes were recovered per cell, with an average of
approximately 850 genes and a total of 3146 unique genes being sequenced. A minimum of
200,000 reads per cell was achieved. A total of 1997 single cells were sequenced; 1118 WT and
879 PDK"®%E, Figure 4-5 shows two t-distributed stochastic neighbourhood embedding (t-SNE)
plots displaying the clustering of these sequenced cells. Figure 4-5A represents clustering based
on the differential gene expression in both WT and PDK**®>E cells using the Random Forest

algorithm.

This analysis package identified 7 defined populations, as well as an eighth (cluster 5) which
represents cells that were unable to be associated with a particular cluster due to threshold
constraints that were set as part of this analysis. This sub-threshold clustering is most likely
representative of the multiple transitive cellular populations between the more defined
differentiation states. As such, cluster 5 will not be included when discussing the differential gene
expression patterns of each cluster later in the chapter. Figure 4-5B shows the same cell
clustering, but the t-SNE plot has been re-assigned to show the origin of the cell type, WT or
PDK*4%E, By integrating the data from these two plots it is possible to assess the relative
populations of the WT and PDK**>E cells in these clusters. Confirmation of CD8 expression is

shown in appendix Figure 8-1.

In most cases, each of the clusters defined in Figure 4-5A heavily favour a particular cellular origin.
Clusters 3, 6 and 8 were almost exclusively comprised of WT cells; conversely clusters 2, 4 and 7
were primarily cells of PDK*4% origin. Clusters 1 and 5 were the exceptions as they contained
significant numbers of both WT and PDK"4%E cells. The overall breakdown of the clusters in terms

of their relative numbers can be seen in Figure 4-6.
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Figure 4-5 — Drop-Seq analysis of WT and PDK OT-1 CD8 T cells 6 days post in vivo stimulation with listeria-
OVA

WT and PDK"4%5E OT-1 splenocytes were harvested and transferred into recipient C57BL/6 mice, which were
subsequently challenged with 10% CFUs of AActA-LM-OVA 1 day later. 6 days after listeria infection spleens
were harvested, purified by Macs CD8 negative selection kits before sorting using flow cytometry to purify
the OVA-specific CD8 T cells. These OVA-reactive CD8 T cells were then subjected to the Drop-Seq protocol
as described in more detail in chapter 2. Following Drop-Seq and genetic sequencing, data was processed in
R studio using the Seurat package. A — t-SNE plot showing clustering of both WT and PDK CD8 T cells based
on differential genetic expression, clusters 1-8 generated by Random Forest software. PDK45€ — mt, WT —
wt. B —t-SNE plot showing clustering based on cellular origin type. | acknowledge Steve Thirdborough for his
aid in creation of these t-SNE plots.
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Assigned Cluster WT PDK

Figure 4-6 — Population distribution of t-SNE plot clusters in Drop-Seq analysis
Table displaying the numbers of cells present in each of the clusters of the t-SNE plot, as well as

their origin phenotype.

Preliminary factors that are commonly used to determine the phenotype of CD8 T cells during an
immune response were examined utilising the edgeR and Seurat packages within R studio. The
focus was on the expression of transcripts encoding TCF7, IL-7R (CD127), Granzyme B, MKi-67,
EZH2 and KLRG1. TCF7 and IL-7R are more commonly expressed by cells that are developing
towards an MPEC phenotype compared with a SLEC phenotype. Granzyme B and KLRG1 are highly
expressed on cells that display increased effector function, hence transcripts encoding these
proteins are more likely to be represented in clusters favouring the SLEC phenotype. Whilst EZH2
has been associated with both effector and memory phenotypes, when combined with MKi-67, it

is indicative of cells that are still actively proliferating.

This preliminary marker data is presented in Figure 4-7. Short of Mki-67, cluster 5 shows
expression of all of these factors. As this cluster represents a loosely grouped cohort of cells, this
is to be expected as they are present across the t-SNE plot and would hence likely have a broad
expression of markers. Clusters 4, 7 and 8 are enriched for transcripts encoding TCF7 and IL-7R.

KK465E

Interestingly, this classifies three MPEC-like populations with two being of PD origin and one

of WT origin.
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Figure 4-7 — Phenotypic violin plots of cells analysed from Drop-Seq experiment

Factor array used to categorise identified clusters in the t-SNE plot from Figure 4-3 into existing known
differentiation states. TCF7 and IL-7R expression is frequently associated with the MPEC phenotype. Whereas
granzyme B and KLRG1 are commonly more highly expressed in SLEC phenotype compared to MPECs. Finally
MKi67 and EZH2 are used to differentiate the cell cycle phase of effector cells. X-axes display cluster identity
from t-SNE plots, y-axes display relative expression of these factors. Each dot represents a cell, width of violin
plot is relative to the number of cells expressing the factor at that level.

Cluster 1, which is comprised of significant numbers of cells from both samples, is enriched for
transcripts encoding granzyme B, EZH2 and Mki-67. This indicates not only an effector/SLEC like
phenotype but that these cells are still very much in active cell cycle progression. As these cells

were taken near the peak of an immune response, it is unsurprising that we find a proportion of
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cells that have yet to enter the contraction phase of the response. Lastly, clusters 2, 3 and 6 show
a similar enhanced expression of Granzyme B but without the corresponding expression of EZH2
and Mki-67. These three clusters also show an increase in the expression of KLRG1, a marker
correlated with a more terminally differentiated effector phenotype. As such, clusters 2, 3 and 6
are more likely to form the contingent of SLECs in this immune cell pool. It is noteworthy that two
of the three clusters in this SLEC like phenotype belong to predominantly WT cells, which inverts

the pattern seen in the more MPEC inclined cells.

Based on these preliminary markers of differentiation, the cells in each group were classified to
known existing differentiation states. These data are displayed in Figure 4-8, which shows that
there is an overall increase in the percentage of cells favouring a more SLEC like phenotype in the

K*465E cells in any in

WT cells. Despite there being no difference in proliferation of WT versus PD
vitro or in vivo experiments performed, the number of cells displaying signs of proliferation (i.e.
EZH2 and MKi-67) are decreased in the PDK*>E cells. The most substantial difference between
the two groups is in regard to the percentage of cells favouring the MPEC phenotype. The PDK 465

mutant CD8 T cells display a more than 100% increase in the number of cells preferentially

WT PDK

Bl Non-Cycling SLECs
Bl Cycling SLECs

mm MPECs

Bl Unclassified

Cellular Origin

Non-Cycling SLECs 39.2% 26.7%
Cycling SLECs 11.4% 6.4%
MPECs 16.2% 38.1%
Unclassified 33.2% 28.8%

Figure 4-8 — Classification of Drop-Seq clusters based on existing phenotypic markers

Based on the differentiation markers utilised in Figure 4-5 the cells are assigned to each of the
classifications shown above. Non-cycling SLECs — Clusters 2, 3 + 6, Cycling SLECs — Cluster 1, MPECs
— Clusters 4, 7 + 8, Unclassified — Cluster 5
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expressing more factors associated with an MPEC phenotype. Overall, this suggests that the

PDK*4%>E mutation alters the differentiation process to favour MPECs over SLECs.

4.2.2 Gene Set Enrichment Analysis

To compare individual clusters in more detail and using the tools available in R studio, differential
gene expression was performed using the edgeR and Seurat software packages. The comparative
gene lists generated through this process were then converted and sorted into a format
compatible for Gene Set Enrichment Analysis (GSEA). GSEA is a computational algorithm designed
to detect statistically differences between two phenotypes based on a list of input genes. This
GSEA was primarily targeted at the Hallmark, Kegg and Immunological datasets from the
Molecular Signatures Database (MSigDB). The Hallmark dataset is formed from aggregation of
multiple sets to best represent well defined biological systems. The Kegg (Kyoto encyclopaedia of
genes and genomes) dataset links genomes to specific biological pathways. Lastly the
immunological dataset is derived from microarray data from studies of immune cells specifically.
The combination of these databases should provide greater insight into the precise molecular
process that are affected by the mutation and hopefully provide comparisons to existing analyses

of CD8 T cells.

From this analysis, an intriguing trend emerged. Any comparison looking at WT vs PDKX465¢
clusters displayed an enrichment of genes encoding ribosomal proteins. Representative GSEA
plots of this enrichment are shown in Figure 4-9A. Figure 4-9B displays a heat map of the genes
encoding ribosomal proteins identified by the GSEA, ranked in order of the clusters identified in
the t-SNE plots. For this and subsequent analyses cluster 5 was excluded because this cluster
consists of both WT and PDK"4®%E cells that have failed to meet the base threshold set by the
RandomForest and cutreeDynamic software, which defines the primary clusters. As such, the
expression pattern of this cluster is atypical, as it contains cells that are similar to every other

cluster within the TSNE plot.
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Figure 4-9 — Genes Encoding Ribosomal protein Gene Set Enrichment Analysis (GSEA) of Drop-Seq data set.
A — Representative GSEA plots of ribosomal proteins found in the KEGG database. Dataset comparisons are

Expression g 0

displayed with cluster comparison, normalized enrichment score (NES), and false discovery rate (FDR g-
value). B — Heat map of ribosomal proteins displayed as enriched from GSEA. Cluster 5 from TSNE plot of
Drop-Seq data removed due to being an unassigned cluster. X-axis shows cluster identity from t-SNE plots.
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4221 Comparison of WT SLEC Subsets

As is clear from the heat map, clusters 2, 4 and 7 that are primarily PDK**%>t dominated, display
the highest expression of genes encoding ribosomal proteins. Interestingly, cluster 4 shows the
greatest enrichment of these genes, which is of particular interest as this cluster is also the most
MPEC like, based on expression of transcripts encoding the transcription factors TCF7 and CD62L.
Cluster 6, a non-cycling SLEC like collection of cells, shows the least expression of genes encoding
ribosomal proteins. This cluster appears to be more terminally differentiated, based on its lack of
Mki67 and increased expression of KLRG1. Whilst the enrichment of the genes encoding
ribosomal proteins is at its most definitive between WT and PDK"4%, it also occurs between the

more effector-like and memory-like subsets within each group.

This enrichment of genes encoding ribosomal proteins is also seen when comparing the two non-
cycling SLEC-like populations present in the WT cells. Figure 4-10A demonstrates representative
GSEA plots comparing the ranked differential gene expression list between clusters 6 and 3,

identified in the Drop-Seq experiment.

From this GSEA three data sets in the immunological signatures database provide insight into the
differences between these two SLEC like clusters. These data sets were; a comparison of naive vs
day 8 effector cells; untreated vs IL-2 treated CD8 T cells; IL-7R" vs IL-7R" CD8 T cells (GSE9650,
GSE39110, GSE8678 datasets respectively). From these data sets, we observe significant
similarities between the gene expression of cluster 6 and that of the day 8 effectors, IL-2 treated
CD8 T cells and IL-7R"™ CD8 T cells respectively. The relative upregulation of genes common in
cluster 6 and the cell types described above included: Gzma, Gzmb, S1pr5, Cx3crl, l12rg, Klrgl and
Stat4, some of which are displayed in Figure 4-10B. These are factors commonly associated with
an effector phenotype. One hallmark GSEA figure also associated genes enriched in cluster 6 as
being involved with allograft rejection. Further examination of this hallmark dataset of allograft
rejection demonstrates an array of genes that are typically associated with increased effector
function in CD8 T cells, such as Gzma, Gzmb, Statl and Hifla. This indicates that despite both
expressing markers of a SLEC lineage, cluster 6 possesses a stronger effector phenotype than that
of cluster 3. Enrichment of transcripts encoding ribosomal proteins is also evident from the GSEA
in this cluster comparison. Specifically, cluster 3 displays enrichment of genes encoding ribosomal
proteins compared to cluster 6. This suggests that there is an inverse relationship between

effector phenotype and expression of genes encoding ribosomal proteins. This is supported by the
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heat map shown in Figure 4-9. This could indicate that the enrichment of genes encoding
ribosomal proteins is not only a marker of the PDK*45€ mutation, but also a new indicator of

memory phenotypes in CD8 T cells.
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4.2.2.2 Effects of PDK**¢5 Mutation on Metabolic Processes

The GSEA also revealed another effect of the PDK**®>t mutation on the differentiation of CD8 T
cells. By comparing WT and PDK**®%t cells within similarly differentiated clusters, it is possible to
observe an enrichment of genes related to oxidative phosphorylation in the PDK*% cells, as
shown in Figure 4-11. Whilst this seems to correlate with the ribosomal enrichment described
earlier, there is a key difference. This alteration to metabolic genes seems only to be present
when comparing WT to PDK**E cells. When clusters 6 and 3 are compared, despite cluster 3
displaying a weaker effector phenotype, this mitochondrial gene enrichment is absent. Whilst

274

increased oxidative phosphorylation is a known feature of CD8 memory cells*’?, it is interesting to

note that when effector clusters were compared to memory clusters within WT or PDK**¢>t groups
there was no significant enrichment of these mitochondrial genes. This indicates that the PDK"465E
mutation and subsequent reduced Akt activity is a key driving force behind the increased
expression of genes related to oxidative phosphorylation at this time point.
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Figure 4-11 — Gene Set Enrichment Analysis (GSEA) of Oxidative Phosphorylation.
Representative GSEA plots. Cluster comparisons, Normalised enrichment score (NES) and False
Discovery Rate (FDR) displayed. FDR g-value is set under 25%, the score recommended by GSEA.

42,23 Effect of the PDKX*>E Mutation on SLECs

The clusters 6, 3 and 2 were then further analysed using GSEA to determine if there were any
effects of the PDK**%>t mutation within the SLEC-like contingent of cells. When either the WT

clusters 6 or 3 was compared to the PDK*4% cluster 2, the datasets considered enriched in both
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clusters 6 and 3 were almost identical. Figure 4-12 displays GSEA plots only from the cluster 6
versus 2 comparison, as these graphs display the best representative images of the difference in
SLEC like cells between WT and PDK**¢>t CD8 T cells. Initially, when looking at the GSEA for the
two WT clusters (6 and 3) compared with the PDK**°E cells (cluster 2), it is evident that the two
primary comparisons are KLRG1" vs KLRG1"° effectors (GSE41978) and primary vs quaternary
memory CD8 T cells (GSE21360). In these data sets the WT cells were found to share gene
expression with the KLRG1" and quaternary memory CD8 T cells respectively. Increased
expression of KLRG1 is a known marker of increased effector function, so it is unsurprising that
the WT cells are found to have transcriptomic similarity to this dataset. Repeated stimulation of
memory cells gradually decreases their proliferative potential and increases cytotoxic capacity?”.
Based on this, it is again predictable that both cluster 6 and 3 would have more in common with
quaternary memory compared to primary memory cells. As such, these data sets confirm that
despite all clusters displaying a SLEC-like phenotype compared to the total population, both the
WT clusters 6 and 3 are more enriched for these effector genes, compared to the PDK 4%t cluster

2.

This comparison becomes more interesting when looking at genes that are highly expressed in
cluster 2. When comparing datasets of naive and memory CD8 T cells (GSE10239), cluster 2 is
defined as having a more similar transcriptomic profile to that of memory cells CD8 T cells. When
individually identified genes are examined more closely, markers of certain effector function are
evident?’®, such as IFNy, CRIP1 and CASP1, indicating that it is the activated nature of memory
cells that is similar to cluster 2 cells. Interestingly, when studying the other GSEA plots in Figure 4-
12, the listed genes are primarily encoding ribosomal proteins. This indicates that ribosomal
enrichment is a common feature identified in other data sets. The group of Gattinoni et a?’” have
previously compared the transcriptomes of CD8 T cells from WT and ID3”" pmel-1 mice, 5 days
post infection with recombinant vaccinia virus expressing human gp100 peptide. Comparing the
genes differentially expressed between the ID37- and WT against the genes expressed in cluster 2
shows cluster 2 to be more similar to ID37 CD8 T cells. This is relevant because ID3 becomes more
highly expressed as cells become late effectors and transition into memory CD8 T cells. Again,
whilst ribosomal factors are upregulated in the WT subset of this WT vs ID37" comparison,
markers of memory are also observed, which indicates that the PDK 4¢>t SLEC-like compartment is

more memory-like than its WT counterparts.
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Figure 4-12 — Gene Set Enrichment Analysis (GSEA) comparing cluster 6 with cluster 2.
Representative GSEA plots from C7 Immunological signatures data sets. Normalised enrichment
score (NES) and False Discovery Rate (FDR) displayed. FDR g-value is set under 25%, the score
recommended by GSEA.

4.2.2.4 Comparison of MPEC Subsets

To gain greater insight into the effects of the PDK*4®*t mutation on the MPEC subset, the GSEA of
cells from clusters 4, 7 and 8 was examined. The comparison of the two PDK*>E clusters (4 and 7)
with the WT cluster 8, showed near identical GSEA plots. As such, only the plots comparing
clusters 8 and 4 are shown in Figure 4-13, as they are the best representations of the differences
in these MPEC populations. Despite clusters 4, 7 and 8 containing more MPEC-like cells compared

with the total population (Figure 4-6), the analysis returned very similar results to that of the
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comparison between the more SLEC like clusters 2, 3 and 6; in as much as the WT cells (cluster 8)
were relatively enriched for genes containing effector like molecules compared to the PDK"4%°¢
cells (cluster 4 and 7). Two of the GSEA data sets, Goldrath effector vs memory CD8 T cells?’® and
Kaech day 8 effector vs memory CD8 T cells?” provided insight into the gene expression of the
MPEC clusters. Reviewing the individual genes from the GSEA of the Goldrath and Kaech datasets
shows that cluster 4 displays significant similarity in gene expression with the memory CD8 T cells
in both of these data set comparisons. Enrichment of memory phenotype genes such as, CD62L,
TCF7, KLF6, FOS and IL-7R was primarily responsible for this similarity. By comparison, the WT
cells of cluster 8 resemble effector cells, based on relatively increased expression of GZMB, GZMA,
Mki67 and KLRG1 which parallels the gene expression observed in the Goldrath effector cells
(Figure 4-13). However, cluster 8 (predominantly WT) by comparison to the WT total cell
population has the highest expression of TCF7 and IL-7R, markers associated with the MPEC
phenotype. From this it can be inferred that the PDK**>t mutation enhances the MPEC like
phenotype of cells that differentiate along the path towards becoming memory cells. The

differences observed between clusters 8 and 4 are also present in the comparison of clusters 8
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Figure 4-13 — Gene Set Enrichment Analysis (GSEA) comparing clusters 4, 7 and 8

Representative GSEA plots from C2 Kegg and C7 Immunological signatures data sets. Cluster
comparison, normalised enrichment score (NES) and False Discovery Rate (FDR) displayed. FDR g-
value is set under 25%, the score recommended by GSEA.
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and 7. However, the differences are less pronounced, indicating that much in the same way that
there is a stronger SLEC phenotype out of the two WT clusters 6 and 3, there is also a stronger
MPEC phenotype in cluster 4 compared to cluster 7. Whilst it can be inferred from the earlier data
in Figure 4-9 it should also be noted that there is also ribosomal enrichment in cluster 4 when
compared to cluster 7, further strengthening the idea that expression of ribosomal proteins is
connected to increased MPEC phenotype. The GSEA plot for this ribosomal data from the Kegg

database is included in Figure 4-13.

If there was more time available, this work could have been continued to confirm the pattern of
expression observed using qPCR. Assessing whether the alterations in expression of both
ribosomal and mitochondrial proteins are detectable by gPCR would greatly aid in future testing
of our hypotheses regarding the role of ribosomes and metabolism in CD8 T cells. Beyond the
most substantial changes, it could also be possible to recognise the signature expression patterns
of the clusters at the peak of the response. This would enable us to determine whether the more

complex differentiation states we observe in the Drop-Seq are present in different models.
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4.3 Summation and Discussion

From the data shown in this chapter it is possible to come to some conclusions regarding the

effects of Akt in the early differentiation of CD8 T cells.

At an earlier time point of 45 hours post infection with an attenuated OVA-expressing Listeria
Monocytogenes, one can be confident that the overall effect of the PDK*4%° mutation is minimal
at best. CFSE staining revealed no clear difference in the proliferative ability of the cells. Surface
and intracellular staining through flow cytometry revealed no change in the expression of IL-7R, T-
bet, CD62L, Granzyme B, TCF7 and CD25. This suggests that at this early time point reduced Akt

activity as a consequence of PDKX*®*t mutation does not affect the differentiation of CD8 T cells.

Previously, using this infection model, many changes were shown in markers of differentiation at
the day 6 time point??°, CD62L and CD127 were increased in PDK**%°€ CD8 T cells, whereas
granzyme B showed a reduction in expression?®, As a result, in this thesis the infection model
experiment was repeated but this time the CD8 T cells were subjected to single cell RNA
sequencing. The transcriptomes of these cells were then captured through the Drop-Seq process,
then analysed though next generation sequencing and bioinformatics techniques. A relatively
recent study published in Nature Immunology by Kakaradov et a/*° examined CD8 T cells using
similar methods and managed to acquire a dataset of nearly 250 single cells spread across
multiple time points. In comparison, in this thesis the process led to approximately 2000
individual Ag-specific CD8" T cells being sequenced, which makes this one of the largest single cell
analyses, specifically looking at CD8 T cells at a single time point. As such, there is greater
confidence in the clusters observed due to the prevalence of this much larger dataset. From these
data, it is possible to observe many alterations in gene expression between the WT and PDKX46>¢
cells. Based on current phenotypic markers used to assign cells at the peak of the response to

KK465E cells

either a SLEC or MPEC phenotype, a substantial increase in the number of PD
expressing MPEC markers are observed. Beyond just a phenotypic change, also evident is an
enrichment of mitochondrial genes primarily related to the process of oxidative phosphorylation.
This metabolic shift is both a feature and cause of memory cell differentiation?8%82, Again, this
strengthens the argument that this PDK*4%° mutation promotes an overall shift towards memory

differentiation. Lastly, and most unexpectedly, is the increase in the expression of genes encoding

ribosomal proteins. This enrichment appears in the comparison of WT and PDK**>€ cells, within
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any phenotypic group and typically comprises the most significantly differentially expressed
genes. Of particular interest is the fact that this increased expression of genes encoding ribosomal
proteins is also observed in the WT cells; both in the comparison of SLEC-like vs MPEC-like cells,
but also between strong SLECs and weaker SLECs. As the highest expression of genes encoding
ribosomal proteins is observed in the most MPEC-like PDK*4¢%E cells, and their lowest expression is
in the strongest SLEC-like cells of the WT, it is hypothesized that this PDK**¢>t mutation limits the
progression of effector cells towards terminal differentiation and also re-enforces the
differentiation in favour of MPECs. Subsequently, it can be inferred that the enrichment of these

genes encoding ribosomal proteins is a new indicator of an MPEC phenotype.

However, what is the reasoning behind these changes? The overall change in subset populations
would most certainly support an alteration in the differentiation of these cells. But are the
changes to metabolic and genes encoding ribosomal protein expression the cause of this shift, or

are they simply consequences of this mutation enforcing the stronger phenotype?

On the front of cellular metabolism there are two primary pathways to consider, glycolysis and
oxidative phosphorylation. Currently, it is known that at various stages of activation and
differentiation, CD8 T cells utilise different metabolic processes in order to fuel their functions.
Naive CD8 T cells are metabolically flexible and primarily catabolic in nature, exploiting glucose,
amino acids and lipids to fuel the TCA cycle for ATP generation?®3284, Upon TCR activation and
presence of co-stimulation, CD8 T cells become more energetically demanding, so as to sustain
enhanced proliferation and effector functions that they develop. This is marked by a substantial
increase in levels of aerobic glycolysis; whilst less technically efficient than oxidative
phosphorylation, it provides a more immediate source of ATP and metabolic intermediates
necessary to allow rapid proliferation?>. Recently, data has come to light, demonstrating that the
most immediate metabolic changes post CD8 T cell activation are in order to induce early onset of
primary effector functions. Menk et al demonstrated that the immediate metabolic alteration
following TCR stimulation is generation of lactate through activation of pyruvate dehydrogenase
(PDHK1) and engagement of lactate dehydrogenase (LDH) 2. They also showed that LDH, much
like GADPH, is capable of binding to AU-rich elements in specific cytokine transcripts of IL-2, IFNy
and TNFa, which prevents their translation?®®2%, As such, this would indicate that this immediate
activation of PDHK1 acts to relieve the inhibition of these effector function related cytokines. As
CD8T cells enter the contraction phase of the immune response and develop into a memory

phenotype, there is a switch towards oxidative phosphorylation once more. This time, however,
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the process is more reliant on the upregulation of factors associated with fatty acid oxidation as a

primary source of energy?4.

The shift to a more glycolytic metabolic profile has been shown to be somewhat reliant on Akt
signalling, primarily by preventing the internalisation and recycling of the GLUT1 from the cell
surface?®®, Akt has also been shown to phosphorylate and augment that activity of the enzyme
hexokinase Il, as a rate limiting step in glycolysis this causes an increase in glycolytic capacity’2%.
Typically, Akt would also enhance glycolytic processes in other cell types through its regulatory
control of mTORC1 signalling. However, in the context of CD8 T cells, mTORC1 has been shown to
be independent of Akt?*°. The effect of Akt on oxidative phosphorylation in CD8 T cells has not
been well documented and will be examined later in this thesis. As such, it is interesting to
observe that the PDK**¢°t mutation would appear to lead to increased expression of genes related
to this process. It has been shown by multiple studies that overall increase in the level of oxidative
phosphorylation relative to glycolysis within CD8 T cells can promote a shift in differentiation
which favours memory cell development!#>291292 Based on the shift of PDK*4%>E cells to favour a
memory phenotype, it is not surprising that a corresponding increase in oxidative phosphorylation

is observed.

The most defining alteration in expression in this Drop-Seq dataset was the enrichment of mRNA
encoding ribosomal proteins in PDK*4°E cells. During CD8 T cell activation there is rapid increase in
the expression of ribosomal proteins and ribosome biogenesis, in order to support the energetic
and metabolic demands of an activating cell?*. Analysis by mass spectroscopy has shown that
approximately 250 proteins contribute to the vast majority of the proteome of activated CD8 T
cells, with ribosomal proteins contributing significantly to this population?**. However, the role of
ribosomal proteins at later time points in CD8 T cell function and differentiation has not been
extensively documented. Recently, Araki et al**® investigated the change in translation that occurs
in CD8 T cells during the course of activation. By performing microarray analyses on mRNA bound
to polysomes and also the total cellular mRNA of CD8 T cells at a variety of time points, they were
able to identify four separate groups of mRNAs, based on their level of expression and
recruitment efficiency to the polysomes. Of particular note, the authors found that mRNAs
encoding ribosomal proteins shared the same group, which was defined as having high expression
but poor recruitment to polysomes. Interestingly, this group of mMRNAs also contained encoded
proteins relating to oxidative phosphorylation. Overall, the results of this analysis demonstrated

that translation of ribosomal and oxidative phosphorylation mRNAs was upregulated following
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TCR activation, but steadily decreased past the peak of the response and into the memory phase.
Subsequent experiments in the same paper examined CD8 effector cells at day 8 following
infection with LCMV; day 8 being considered the peak of the response in this model. Cells were
separated into IL-7R" and IL-7R" effectors, and the proportion of ribosomal proteins mRNAs
bound to each of the ribosomal fractions was examined. From this experiment, it was determined
that whilst there was an overall decrease in the expression of mRNAs encoding ribosomal
proteins, there was an increase in the proportion of mRNAs bound by the monosome fraction in
IL-7R" effector cells. This would suggest that through a currently unknown mechanism, the shift
to monosome based translation of ribosomal protein mRNAs, as observed in the MPEC-like IL-7R"

day 8 effector cells, aids in their differentiation into memory cells.

Additionally, it has been reported that transcriptional downregulation of genes encoding
ribosomal proteins is observed in exhausted CD8 T cells as a result of chronic viral infection?®,
Similarly, memory CD8 T cells that have undergone multiple rounds of repeat stimulation display a
reduction in expression of mRNA encoding ribosomal proteins®¥’. A key feature that is shared by
chronically exhausted CD8 T cells and memory cells following repeated rounds of stimulation is
impaired proliferative capacity. As enhanced protein synthesis is a critical function for
proliferating CD8 T cells, perhaps the transcriptional downregulation of ribosomal proteins is in
some way responsible for the restricted proliferation capacity of both exhausted and repeatedly
stimulated memory cells. If this is correct, then the enhanced expression of genes encoding
ribosomal proteins observed in the PDK**%> CD8 T cells could be a reflection of their skewed
differentiation profile that favours a more memory-like phenotype; particularly as memory cells

are known to possess a greater proliferative potential than effector and naive cells?®®,

As to how the PDK*%>t mutation is coupled to the regulation of ribosomal proteins, this is

I#> also demonstrated, through the use of rapamycin, that

currently unknown. Araki et a
polysomes associated translation of ribosomal proteins was in some small part dependent on the
activity of mTORC1. However, as has been shown previously, Akt does not regulate mTORC1 in
CD8 T cells, nor does the PDK"*®5t mutation affect its activity#®24°. As such, this would suggest that
the regulation of these ribosomal proteins is tightly controlled, with multiple points of regulation,
from both mTORC1, Akt and possibly PDK as well. Ribosomal proteins have been shown to be
substrates for Akt in neuronal cells®*. Specifically, RPS3 has been shown to induce apoptosis upon

binding E2F1, however this interaction could be inhibited through phosphorylation of RPS3 by

Akt?°, RPS3 has also been shown to interact with elements of NF-kB complex, to directly enhance
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its downstream gene targets3?. Whilst this does suggest evidence that Akt signalling and
ribosomal proteins do have interactions, the mechanism that leads alteration in expression of

their genes has not been elucidated.

Whilst the mechanism behind the enrichment of these ribosomal proteins is unknown, there may
be purpose to increasing the expression of specific proteins. As already mentioned, RPS3 has been
shown to have extra-ribosomal function, not purely shackled to the translation process?®.
Interestingly, in recent years, it has been shown that whilst the majority of ribosomal proteins are
stably expressed in most actively translating ribosomes, there is a subset of ribosomal proteins
that are not equally expressed or utilised®. This indicates that ribosomes, even within the same
cell, are more heterogeneous than previously thought. When heterogeneous ribosomes and their
bound mRNAs were analysed, it was demonstrated that there was variance in the mRNA
transcripts that were being translated®’?. This indicates that ribosomes containing specific

ribosomal proteins can target different subsets of mRNA transcripts, much in the same way that

RPS3 can preferentially target NF-kB related genes®®.

The idea of specialised ribosomes is relatively new and at present, the number of studies
regarding the effects of altered ribosomal protein proportions is minimal. One such study
investigated the effects of differentially expressed paralogs of ribosomal proteins, within yeast
cells®%2, Segev and Gerst demonstrated that despite having extremely high sequence homology,
ribosomal protein paralogs displayed differential affinity for mRNA encoding proteins related to
mitochondria and oxidative phosphorylation®2. Whilst these experiments were conducted in
yeast cells, it still shows enrichment of oxidative phosphorylation genes can be related to
alterations in ribosomal protein composition; which parallels the Drop-Seq data presented in this
chapter. Another study by Ito et a’°® examined the effect of specialised ribosomes more directly.
Trypsin was used to stimulate the endocytosis process in human dermal fibroblasts (HDFs), which
caused uptake of exogenous ribosomes. Upon uptake of these exogenous ribosomes, HDFs
demonstrated a new capacity to transdifferentiate into a variety of new cell types, displaying new
pluripotency. This displays a novel capability of specialised ribosomes, when introduced, to cause

substantive changes in the ability of cells to differentiate.

From these studies, it has been demonstrated that during the course of an immune reaction,

ribosomal proteins are upregulated in CD8 T cells to support the requirements of an activated
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phenotype?®3, As cells move from the peak of the response towards memory cells, they gradually
decrease expression of ribosomal proteins; as it represents an energetic investment that memory
cells cannot afford®®. However, some mRNAs encoding ribosomal proteins have been shown to
shift a monosome based translation in cells predisposed to form long term memory cells?®.
Alteration in relative abundance of specific ribosomal proteins can lead to the development of

specialised ribosomes, which in turn, can display preferential selection for specific groups of

m RNAS302,303

Based on the data presented in this chapter it is hypothesised that the enrichment of ribosomal
proteins, in MPEC relative to SLEC, represents a new marker of the MPEC phenotype. Expanding

K45 mutation, through a currently

upon this theory, it would then be suggested that the PD
unknown mechanism, enhances this ribosomal enrichment further. This increased expression of
ribosomal proteins alters the composition of cellular ribosomes, which in turn leads to the
preferential translation of mMRNAs encoding genes relating to the MPEC phenotype. This enforced
stronger MPEC phenotype present in the PDK**>E cells precludes the maintenance of an effector-
memory subset of CD8 T cells following the infection model. Alternatively, the enrichment of
mMRNA encoding ribosomal proteins could be a reflection of their increased proliferative potential
as they shift into the memory phenotypes. This is based on the transcriptional downregulation of

ribosomal proteins observed in chronically exhausted CD8 T cells as well as repeatedly stimulated

memory cells; which demonstrate impaired proliferation.
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Chapter 5 Effect of Akt Signalling on CD8 T Cell

Metabolism and Adoptive Cell Therapy of Cancer

5.1 Introduction

Metabolism has been touched on already in previous chapters. However, its role in CD8 T cells

and the role of Akt in the multiple different metabolic pathways has not been discussed.

Within CD8 T cells there is a balance of metabolic pathways that contributes towards proper
functionality of the cell. Naive CD8 T cells are metabolically versatile, able to employ glucose,
amino acids and lipids, to generate ATP through primarily catabolic processes that fuel oxidative
phosphorylation3%4, Oxidative phosphorylation is the most effective form of energy production in
mitochondria and generates ATP from oxidising electron donors, such as NADH and FADH,,
produced through glycolysis, the tricarboxylic acid (TCA) cycle or fatty acid oxidation (FAO)3%. This
adaptability of resting naive cells stems largely from the fact that their metabolic demands are
very minor, only requiring enough to maintain homeostatic proliferation and migration3%, The
tonic signals from IL-7 and the TCR mediate the basal uptake of necessary glucose required to
maintain cell survival®*®’. An overview of the metabolic pathways present in CD8 T cells is shown in

Figure 5-1.

Upon antigen encounter, TCR stimulation and co-stimulation, the metabolic profile of CD8 T cells
radically shifts. As mentioned in the previous chapter, the initial metabolic change in CD8 T cells
has recently been shown to be TCR mediated diversion of PDHK1 activity, to generate lactate
through lactate dehydrogenase (LDH)?%. This engagement of LDH relieves its binding to the ARE
elements of IFNy, TNFa and IL-2 mRNA, thus allowing their translation. Therefore, the initial
metabolic change serves to primarily increase the effector functions of emerging activated CD8 T

cells.

CD8 T cells, at this early stage, also undergo rapid proliferation whilst increasing their cellular
biomass. To support this sudden alteration in cellular function, CD8 T cells expeditiously

accelerate the glycolytic pathway in order to meet the necessary energetic demands of the cell.
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This is achieved primarily through the increased expression of the Glutl receptor at the plasma
membrane, ensuring an increased uptake of glucose3®. This is mediated in part by Akt signalling,
which prevents the internalisation and degradation of Glut1%*!. However, primary upregulation of
the Glutl glucose transporter is dependent on co-stimulatory signals from CD28%. The rate of
glycolysis is also augmented by the phosphorylation of hexokinase enzymes by Akt3%, These
enzymes are responsible for converting glucose to glucose-6-phosphate (G6P) and are considered
a rate-limiting step in the process. Where the principal by-product pyruvate is converted to
lactate, this form of glycolysis is known as aerobic glycolysis and is the primary metabolic pathway
utilised by recently activated effector CD8 T cells. This pathway generates metabolic
intermediaries, such as G6P and 3-Phosphoglyceric acid (3PG). These two molecules can be
utilised in the pentose phosphate and serine biosynthesis pathways respectively3°. This
contributes to the generation of precursors to nucleotides and amino acids, which support the

increased proliferation and increase in biomass3°

. Whilst there is a relatively substantial increase
in the levels of aerobic glycolysis in activated CD8 T cells, they do not solely rely on it for energy as
there is also an increase in oxidative phosphorylation. Oxidative phosphorylation not only
contributes to overall ATP level, but also leads to the generation of reactive oxygen species (ROS),
which in turn is important for the activation of the transcription factor NFAT and IL-2

311

production®*'. Whilst not entirely reliant on aerobic glycolysis, it is indispensable for competent

effector functions of CD8 T cells3'2.

MTORC1 also plays a critical role in the establishment of an activated CD8 T cell metabolic profile.
This occurs primarily through two key transcription factors; hypoxia-inducible factor 1-alpha
(HIF1a) and c-Myc®53. HIF1a is not required for initial CD8 T cell activation, however, it is needed
for maximal glycolytic activity by upregulation of multiple glycolytic enzymes such as pyruvate
dehydrogenase kinase 1 and lactate dehydrogenase3'4. The effects of HIF1a in CD8 T cells have
been demonstrated through deletion of its immediate upstream negative regulator von Hippel-
Lindau tumour suppressor (VHL). Loss of VHL causes an increase in glycolytic rate as measured by
extracellular acidification rate (ECAR), as well as a corresponding increase in certain effector

functions3**

Loss of VHL has also been shown to not impact memory formation, nor secondary effector
responses, but did however, skew differentiation in favour of the effector memory subset of CD8

315

T cells®>*. c-Myc promotes the expression of Glutl, Glut3, hexokinase 2, glutaminase 2 and

CD983%8, All of these proteins contribute to increasing glycolysis, as well as the pentose phosphate
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and glutaminolysis pathways, which aid in generating necessary macromolecules that support
increases in cellular biomass3®. Whilst c-Myc and mTORC1 are important factors for glycolysis,
they also upregulate sterol regulatory element binding proteins (SREBPs). SREBPs are key
transcription factors that promote genes involved with aspects of mitochondrial function;

primarily those involved with lipid metabolism3'’.

Following the peak of the response, cells enter the contraction phase, being removed by AICD, or
transitioning into memory. The transition into memory is accompanied by another metabolic
shift, which reflects the differential requirements of long-lived memory cells compared to their
short-lived effector counterparts. As resting memory cells do not require metabolic intermediates
for macromolecule production, nor do they need nucleotide precursors to support proliferation,
their need for aerobic glycolysis is greatly diminished3'>. The process of aerobic glycolysis is
considerably more energetically costly and inefficient compared to mitochondrial oxidative
phosphorylation supported by fatty acid oxidation (FAQ), only generating 2 molecules of ATP per
molecule of glucose; compared to a physiological maximum of 36 from full oxidative
phosphorylation. The increased availability of ATP in memory cells is part of what allows their
more immediate recall ability in response to antigen re-exposure®?. The principal difference
between the oxidative phosphorylation utilised in naive CD8 T cells versus memory CD8 T cells, is
the primary energy source. Naive cells are capable of using glucose, amino acids and lipids to
generate energy, whereas memory cells utilise FAO to as a primary source of energy. FAO and
spare respiratory capacity (SRC), a measure of the ability of mitochondria to improve oxidative

phosphorylation under stress, are both key markers of memory CD8 T cells.

Accelerated FAO was primarily thought to be achieved in memory cells through increased
expression of carnitine palmitoyl transferase 1 a (CPT1a), an enzyme which represents one of the
rate limiting steps in FAO3!, The increased FAO and subsequent improved spare respiratory
capacity is important although not critical to the development of competent memory cells, as
CPT1la silencing has been shown to impair but not prevent long term persistence following
infection3!8. However, a more recent study have called into question the importance of CPT1a in
FAO for memory T cells3'°. AMP activated protein kinase (AMPK), has been shown to be important
for memory generation as it acts in opposition to mTORC132°, As cells transition into memory, the
factors that promote glycolysis and glucose uptake begin to decline. AMPK is capable of detecting
this decline and responds by promoting the catabolic process of autophagy, which has been

shown to enhance the shift towards memory32322,
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Figure 5-1 - Metabolic
Pathways in CD8 T cells.

This figure provides an
overview of the major
metabolic pathways in CD8 T
cells. Glycolysis, the pentose
phosphate pathway, serine

biosynthesis pathway,
tricarboxylic acid (TCA) cycle,
glutaminolysis, oxidative

phosphorylation (OXPHOS)
and fatty acid oxidation (FAO)
all work in concert to support
and influence the
differentiation of CD8 T cells.
Akt is known to promote
expression of GLUT receptors,
thus inducing increased
glucose uptake. Akt also
enhances hexokinases that
catalyse the first step in
glycolysis.  However, the
effects of Akt on memory
related metabolic processes
such as FAO and OXPHOS are
not well established. 3-PG — 3-
Phosphoglyceric Acid, CPT1a —
Carnitine palmitoyltransferase
I. Adapted from Buck et al*
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This is also reinforced by studies showing the deletion of autophagy proteins Atg5 and Atg7,

which compromised the formation of competent memory CD8 T cells?2,

Structural morphology of CD8 T cell mitochondria vastly influences not only their metabolic
profile but also their differentiation state?®2. Pearce et a/?®?, using confocal microscopy,
demonstrated that effector CD8 T cells cultured with IL-2, display more rounded mitochondria,
whereas memory CD8 T cells cultured in IL-15 show a diffuse and dense network of fused
mitochondria?®2. Utilising chemical compounds M1, a mitochondrial fusion promoter and Mdivi-1,
a mitochondrial division inhibitor can induce a more fused mitochondrial morphology in CD8 T
cells cultured in IL-2%2, This structural change in the mitochondria not only improves their OCR
and SRC, but also induces a phenotypic change that represents a shift towards memory;
characterised by increased CD62L expression and survival post transfer in mice3%. Following this
work, CD8 T cells cultured in IL-2, M1 and Mdivi-1 were utilised in ACT for the treatment of
lymphoma cell line. The CD8 T cells treated with the compounds to enhance mitochondrial fusion,
demonstrated significant delay in the growth of tumours when transferred at day 5 post tumour
challenge?®?. However, when a greater number of CD8 T cells were transferred at day 12 post
tumour challenge, the CD8 T cells treated with M1 and Mdivi-1 induced tumour regression, unlike
their untreated counterparts??, Typically, the alteration of CD8 T cell phenotype induces a
metabolic shift in order to meet the demands of the cell. However, it is also possible for changes
in metabolism to induce a phenotypic alteration. This demonstrates that in CD8 T cells, both

differentiation and metabolism are heavily integrated in order to coordinate their functions.

However, these intrinsic factors are not the only influence upon the metabolic state of CD8 T cells.
Within tumour microenvironments (TME) the nutrient profile can be radically altered, primarily
due to tumour cells own metabolic perturbations. The TME is typically deprived of glucose, due to
the high glycolytic rate of tumour cells'®*. In addition, TMEs are frequently hypoxic, have low pH,
high levels of reactive oxygen species (ROS) and can be depleted of a variety amino acids??. As
previously stated, adequate glucose uptake is required to attain and sustain effector functions in
CD8 T cells. As such, the glucose deprived nature of the TME can substantially impact their
acquisition of effector functions3?*. Another effect of glucose deprivation is the relocation of
GAPDH, which during times of glucose deprivation binds to three prime untranslated regions (3’'-
UTR) of IFNy mRNA, preventing its translation?®. Lactic acid is one of the primary metabolic by-

products of highly glycolytic tumours and has been shown to substantially reduce the effector
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function of CD8 T cells3?>. Uptake of glutamine and tryptophan is also reportedly higher in
cancerous cells. These amino acids are also key for T cell effector function3?%3?’, hence the TME
limiting their availability is another mechanism of suppression. Previously mentioned in the
introduction to this thesis, tumours display inefficient and poorly structured vasculature due to
the dysregulation of pro-angiogenic factors. This, in addition to increased oxygen consumption by
tumour cells, results in the generation of a hypoxic environment. CTLs reactivated in hypoxic
environments have been shown to secrete more immunosuppressive IL-10, but also to possess a
higher cytotoxic capacity3?®32°, This indicates that the effects of hypoxia on CD8 T cells in the TME

still require fuller elucidation.

Overall, metabolism plays a critical component in CD8 T cell activation and function. Initially, the
changes in metabolism over the course of immune response were thought to only be to support
the differential requirements of CD8 T cells at the various time points during activation. However,
it is now clear that not only does the metabolic state support T cell activation, it can also influence
it. In addition to intrinsic pathways, extrinsic pathways that alter cellular metabolism, such as
those in TME can also significantly influence CD8 T cells. Akt has been shown to be involved in the
initial alterations of glycolytic profile upon T cell activation. However, its role in oxidative
phosphorylation, if any, is unclear. Given the enrichment of oxidative phosphorylation genes in
PDKX4®%E cells compared to WT cells as shown Figure 4-11, the aim of experiments in the current
chapter was to gain a better understanding of the involvement of Akt in mitochondrial metabolic

functions.
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5.2 Results

Initially, the aim was to examine the role that Akt plays in metabolic pathways in CD8 T cells, and
in particular its effects on oxidative phosphorylation, henceforth referred to as OXPHOS.
Splenocytes from OT-1 transgenic mice were cultured in 20pM SIINFEKL peptide for two days,
followed by three days of culture in either IL-2, IL-15 or IL-2 and Akti. IL-2 was used to induce a
SLEC like differentiation, whereas IL-15 induced a more MPEC like state3*. Cells were then
subjected to measurement of their metabolic processes by a Seahorse XF analyser. Before
metabolic analysis, CD62L expression was assessed in all experiments to confirm the activity of
Akti, which is predicted to increase as shown in chapter 3 (Figure 3-9). As high Akt activity is
associated with high glycolysis and a more SLEC like state, it was hypothesised that the Akti would
increase the OXPHOS capacity of CD8 T cells treated with IL-2.

In these assays, cells were analysed to gain a baseline measure of OCR, followed by treatment
with oligomycin, an ATP synthase inhibitor, this reduces OCR of affected cells to the absolute
minimum; not accounting for proton leaking. Followed by treatment with FCCP, an uncoupling
agent, this induces the maximal OCR that is possible. Lastly the cells are treated with rotenone
and antimycin A, these inhibit complex | and Ill in the electron transport chain respectively,
effectively shutting down respiration. CD8 T cells were stimulated as previously described using
20pM SIINFEKL for two days followed by cytokine culture for a further three days in the presence
or absence of Akti, before their OCR was measured. Figure 5-2 displays the results of this
measurement. Figure 5-2A shows the recorded oxygen consumption rate (OCR) of these cells,
with repeat measurements being taken every 5 minutes. Oligomycin, FCCP, rotenone and
antimycin A were added after the 3™, 6™ and 9™ measurement respectively. It was evident that IL-
15 treated CD8 T cells had the highest maximal OCR (their baseline OCR is lower though), which is
in line with having increased oxidative phosphorylation. IL-2 treated cells have a reduced capacity
for oxidative phosphorylation compared with IL-15 treated cells, they are typically larger in size

however, and hence display increased basal OCR.

However, maximal OCR is not the best measure of the capacity of oxidative phosphorylation
because OCR can vary between experiments based on several variables, from quality of the
media, pH, to the health of the cells being analysed and temperature changes. Instead, spare
respiratory capacity (SRC) must be utilised. As SRC is normalised within each experiment, it is a
more accurate measure of the quality of oxidative phosphorylation within cells. SRC is a measure

of the cells ability to increase oxidative phosphorylation in the case of a sudden increase in energy
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Figure 5-2 — Effect of Akt activity on
oxidative phosphorylation on CD8* T
cells.

OT-1 Splenocytes were harvested and
stimulated with 20pM of SIINFEKL
peptide for 2 days. After 2 days, the
cells were washed and resuspended in
media containing either 10ng/ml IL-2,
15ng/ml IL-15 or IL-2 in the presence
of 1uM of the Akti for an additional 3
days. Oxidative phosphorylation
measured using Seahorse XF analyser,
using their recommended protocols
and reagents, full protocol described
in the methods section of chapter 2.
4x10° OT-1 T cells were adhered to 96
well plate using CellTak adhesive, six
replicate wells per condition. A -
Graph displaying oxygen consumption
rate (OCR) over the 1 hour protocol.
Oxygen levels measured every 5
minutes. After every three rounds of
oxygen measurement the indicated
compound was injected. Graph is
representative of two independent
experiments with 6 replicates wells
per experiment, from one biological
sample. B = Graph displaying the
spare respiratory capacity (SRC) of
cells measured in A, for a total of 12
replicates, mean and SEM displayed in
both A and B, ns — not significant =+« -
p-value <0.0001, by Student’s two
tailed t-test

demand. SRC represents the maximal OCR as a percentage increase over basal OCR ((maximal

ORC — basal OCR)/basal OCR)). Therefore SRC takes into consideration differences in basal OCR.

SRC is displayed in Figure 5-2B. As expected due to the low basal OCR and high maximal OCR, IL-

15 treated cells had the largest SRC which was significantly and substantially higher than the SRC

for either the IL-2 or IL-2 +Akti treated cells.

Interestingly, while there was no significant difference between the Akti treated and untreated

cells there was a minor trend towards increased SRC in the Akti treated cells. Overall, this

indicates that inhibiting Akt in IL-2 treated CD8 T cells has little effect on oxidative

phosphorylation.
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As a result of these data, it was decided to repeat this experiment using both WT and PDK"465¢
CD8 T cells to determine if the PDK**%t mutation impacts the metabolic ability of the cells. Also, in
previous data, it is evident that the Akti is more effective in the PDK**%°E cells, most probably due

to the reduced basal activity of Akt in this cell type.

OT-1 WT and PDKX*6%E cells were cultured as described above, with IL-2, IL-15 or IL-2 with the Akti.
Figure 5-3A shows the OCR of these T cells measured after 5 days in culture. In this experiment

WT IL-2 treated cells displayed higher maximal OCR upon exposure to the FCCP compound than

A 400-

—o— WTIL2
T 3004 -8 WTIL-15
E
;m; —h—  WT IL-2 + Akti
g 200+ —0— PDKIL-2
2
14 O PDKIL-15
8 100-
O —A—  PDK IL-2 +Akti
0 : .
0 20 40 60

400+

SRC (% of baseline)

Conditions

Figure 5-3 — Effect of PDKX4¢5€ mutation on oxidative phosphorylation in CD8* T cells.

OT-1 splenocytes from either WT or PDKX*5¢ mice were harvested and stimulated with 20pM of SIINFEKL peptide
for 2 days. After 2 days the cells were washed and resuspended in media containing either 10ng/ml IL-2, 15ng/ml
IL-15 or IL-2 in the presence of 1uM of the Akti for an additional 3 days. Oxidative phosphorylation measured as
previously described. A — Representative graph of two independent experiments displaying oxygen consumption
rate (OCR) over the 1 hour protocol. Oxygen levels measured every 5 minutes. After every three rounds of oxygen
measurement the indicated compound was injected. 6 replicates per condition B — Graph displaying the spare
respiratory capacity (SRC) of cells measured under the same conditions as the representative graph in A. Minimum
12 replicates from two independent experiments, mean and SEM displayed for both graphs. p-value, «++<0.0005,
+<0.005, «<0.05 by Student’s two tailed t-test
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IL-15 treated cells in contrast to the results in Figure 5-2A. Despite this, the corresponding
increase in background OCR caused no overall change in SRC compared to the data displayed in
Figure 5-2B; demonstrating why SRC is a more useful measure of changes in of OXPHOS. Once
again IL-15 treated WT OT-1 T cells showed significantly increased SRC compared to the IL-2 and
IL-2+Akti treated cells, as seen in Figure 5-3B. Again, there was no significant effect of the Akti on
the SRC of IL-2 treated WT cells, but there remained a minor increase of 15% in SRC in the Akti
and IL-2 treated WT cells compared to the IL-2 treated control cells. These data reinforce the idea
that Akti may have a very slight effect on OXPHOS under IL-2 treated conditions. However,
studying SRC in the PDK"4%°E cells we observe something different. It was evident that IL-15

KK465E cells;

treated PDK"4%°E cells have significantly more SRC compared to IL-2 treated PD
paralleling the observation in WT cells. However, there was a slight decrease but no significant

difference in SRC between IL-15 treated PDK**®*t cells and the Akti and IL-2 treated PDK**°F cells.
This indicates that when Akt activity was reduced to a far enough extent, it begins to improve the

SRC of CD8 T cells despite being cultured in IL-2.

Since a reduction in Akt signalling has detrimental effects on effector function, including
cytotoxicity (Chapter 3, Figure 3-9/10), it was predicted that this effect would dominate over the
modest improvement in oxidative phosphorylation that could be beneficial for adoptive cell
therapy in cancer. Conversely, augmenting the activity of Akt could improve the effector function
to an extent that could translate into more efficient clearance of tumour cells, due to
improvements in effector function and glycolysis. In this regard, a plasmid was utilised that

expresses a myristoylated form of Akt that is constitutively active.

Myristoylation involves adding a myristoyl group, derived from myristic acid, to an N-terminal
glycine residue, immediately following the initiating methionine residue. This modification is
catalysed by the N-myristoyltransferase enzyme and targets a specific amino acid sequence of
GSSKSKPK. The sequence was identified from the transforming effect of the retrovirus AKT8 found
in rodent T cell ymphoma®3L. The virus could induce the formation of a constitutively active Akt
through fusion of Akt with Gag polypeptide, which contained the myristoylation sequence33!, The
introduction of this myristoyl group to most cytosolic proteins causes immediate and irreversible
association with the plasma membrane, due to the extreme hydrophobicity of the myristoyl
group. In the case of Akt, it has been shown that addition of a myristoylation sequence causes the

enzyme to become constitutively active332,
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Figure 5-4 — Schematic of Myristoylated Akt and pMP71 Sequence.
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A - Plasmid is designed with the Notl and Sall restriction enzyme sites at the beginning and end of the sequence
respectively. These sites allow the Myristoylated Akt (Myr-Akt) sequence to be easily introduced to our control
plasmid pMP71. Kozak sequence is present immediately before ATG start codon, to facilitate effective
translation. Myristoylation sequence, GSSKSKPK, is added to the N-terminus immediately following the ATG start
codon. B — pMP71 vector map, this vector contains a GFP reporter gene, ampicillin resistance gene and Notl +

Sall sites. Sequence designed in DNASTAR, figure generated within SnapGene.
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The map displayed in Figure 5-4A shows the overall structure of the myristoylated Akt (Myr-Akt)
plasmid. As the intention was to utilise the retroviral vector pMP71, restriction sites Notl and Sall
were added to the beginning and end of the sequence respectively, in order to allow cloning. A
Kozak sequence is contained immediately upstream of the initiating ATG, to ensure translation of
the construct. Lastly, the sequence that is recognised by the N-myristoyltransferase, is inserted at
the N-terminal end of the Akt sequence between the initiating start codon and the rest of the
protein sequence. When inserted into the pMP71 control vector (Figure 5-4B), subsequently
transduced cells will express this Myr-Akt construct as well as GFP, which is expressed from an

internal ribosomal entry sequence (IRES) in pMP71.

Viral particles containing Myr-Akt plasmid were produced through transfection of Phoenix-ECO
cells with the Myr-Akt construct as well as pCL-Eco, to enhance the production efficiency of viral
particles. Two days post transfection, media from Phoenix cells was used to transduce WT OT-1
splenocytes. 10x10% WT OT-1 splenocytes were stimulated with 2ug/ml ConA, 1ng/ml IL-7 and
5ng/ml IL-12 for 18-24 hours before transduction. For the transduction, the OT-1 cells were
resuspended in the virally infected media from the transfected Phoenix-ECO cells and 10ng/ml IL-
2 was added to promote proliferation and thereby enhance the transduction efficiency. The
culture of OT-1s, cytokines and virus media was incubated in retronectin coated wells and spin
transduced in a centrifuge at 700g, for 90 minutes at 37°C. Following this process, the cells are left
at 37°C for 24 hours, at which point the cells are washed and resuspended in either 10ng/ml IL-2

or 15ng/ml IL-15.

The aim of the next series of experiments was to test the effects of maximal Akt activity in an
MPEC inducing culture through IL-15. This was to confirm that the increased activity of Akt
induced by IL-2 was responsible for the impairment of CD8 T cell OXPHOS. Despite signalling
through near identical signalling pathways, the more restricted expression of IL-15Ra limits Akt

signalling in a way that IL-2 does not, which in turns induces a more MPEC phenotype3%,

Figure 5-5A-D displays GFP and CD62L expression, respectively. GFP expression was used to
confirm presence of vector in transduced T cells and CD62L to confirm the activity of Myr-Akt. IL-
15 treated cells transduced with control vector, had the highest expression of CD62L; although
this was somewhat reduced compared to typical in vitro culture conditions with IL-15 (inferred
from Figure 3-9A). This was likely, due to the conditions required for transduction of the Myr-Akt

and control vector, which require prior treatment with IL-12 and IL-2. The IL-2 treated control
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cells showed significantly reduced CD62L expression compared to the IL-15 treated control cells.
However, despite culture in IL-15 the Myr-Akt transduced cells showed significantly reduced
CD62L expression over both the IL-2 and IL-15 treated control samples. As these samples were
gated on GFP positive cells, this confirmed that the Myr-Akt vector had been transduced. In
addition, the lack of CD62L expression indicated that the myristoylation induced constitutive Akt
activity. This was further reinforced by examination of CD62L expression on the GFP negative
cells. Figure 5-5B demonstrates that the non-transduced cells within the Myr-Akt treated group
possessed stronger expression of CD62L compared to the IL-2 control cells. Figure 5-5D displays
the CD62L expression from three independent experiments, and demonstrated that the effect of
Myr-Akt transduction on CD8 T cells was reproducibly induced. CD62L expression being
substantially CD62L expression is only being utilised as a measure of Myr-Akt activity under IL-15
culture, no further downstream Akt targets were examined, as CD62L is directly tied to Akt

activity.
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Figure 5-5 — Representative Expression of CD62L and GFP Post Transduction with Myr-Akt.

Following transduction protocol and two days in cytokine culture, either 10ng/ml IL-2 or 15ng/ml IL-15
expression of GFP and CD62L is measured on WT OT-1 cells. A — GFP expression of CD8 T cell population. B
— CD62L expression of GFP- CD8* T cells. C — CD62L expression of GFP* CD8* T cells. Grey — Non-transduced
control for A, representative isotype for CD62L (isotypes equivalent across all samples) in B, Red — IL-2
cultured pMP71 transduced control, Blue — IL-15 cultured pMP71 transduced control and Green — IL-15
cultured Myr-Akt transduced cells. D — CD62L expression gated on GFP* CD8 T cells, *< 0.05, **<0.005. A-C
are representative graphs, D is combined from three independent experiments.
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Post confirmation of this Myr-Akt plasmid, its effects were tested on the metabolic profile of CD8
T cells. OT-1 WT cells were transduced as above and sorted on a FACSAria, to purify CD8* GFP*
cells transduced with either the pMP71 or Myr-Akt vector. Subsequent to the sorting the pMP71,
transduced cells were cultured in either 10ng/ml IL-2 or 15ng/ml IL-15, whereas the Myr-Akt cells
were only cultured in 15ng/ml IL-15. After four days further culture, the cells were subjected to
metabolic analysis. As shown in Figure 5-6, both OCR and SRC were recorded. As before, there
was significant difference between IL-2 and IL-15 treated cells, IL-15-treated cells showing
substantially increased SRC. The Myr-Akt transduced cells treated with IL-15 show significantly
improved SRC over the IL-2 treated cells. Conversely, there is also a significant reduction in the
level of SRC in Myr-Akt transduced cells compared to the IL-15 treated control cells. This would
indicate that whilst constitutive Akt activity does reduce the SRC of CD8 T cells, it does not impair

it through the same mechanism as IL-2.

It is evident, therefore, that Myr-Akt transduced IL-15 treated OT-1 cells have an improved SRC
compared to the IL-2 treated control cells. However, another aim was to confirm that the
constitutive activity of the Myr-Akt construct did induce a more cytotoxic phenotype that would
be more beneficial in an ACT setting. To this end, the cytotoxicity assays that were performed in a
previous chapter (Chapter 3, Figure 3-9/10) were repeated. Once again, OT-1 cells were
transduced with either pMP71 or Myr-Akt vectors, sorted on GFP* cells and subjected to the
cytotoxicity assay described in chapter 3. One key difference for these experiments was that the
ConA stimulus at the beginning of the transduction process was replaced with 100pM SIINFEKL.
This concentration of SIINFEKL is five times the typical amount given in order to mimic the
stronger stimulus of ConA. Preliminary experiments (not shown) indicated that if the cells were

not primed with SIINFEKL they do not respond effectively in this cytotoxicity assay.

The results of this cytotoxicity assay are shown in Figure 5-7. With the transduction protocol,

there is a slight reduction in effective cytotoxicity compared to previous experiments (Figure 3-9).
As before, the reduced Akt activity between IL-15 and IL-2 was reflected in the cytotoxic assay, as
the IL-15 treated cells showed a complete inability to kill the target cells. At the lowest effector to
target ratio, IL-2 treated control cells showed an ability to kill 30% of target cells. This increased at
the 1:1 ratio to between 50-60% and was maintained at higher effector to target ratios. The Myr-
Akt transduced cells cultured in IL-15 showed an almost identical ability to IL-2 control cells in

terms of cytotoxic capacity. As part of this experiment, the expression of Granzyme B was also
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Figure 5-6 — Effect of transduced myristoylated Akt on oxidative phosphorylation in CD8* T cells

Phoenix-ECO cell line was cultured to 50-70% confluency. Subsequently transfected with pCL-Eco and either
Myr-Akt construct or an empty pMP71 vector as a control, cell culture maintained for 2 days. WT spleens
were harvested and splenocytes cultured at a density of 2M/ml in 5ml of media containing 2ul ConA, 1ng/ml
IL-7 and 5ng/ml IL-12. 18-24 hours post stimulation with ConA and cytokines, splenocytes are washed and
resuspended in the supernatant from the Phoenix-ECO culture. New cell suspension cultured in RetroNectin
(TaKaRa) coated plates, with addition of 10ng/ml IL-2. Cells undergo spin transduction, 700g for 90 minutes
at 37°C. After 24 hours in IL-2, cells are resuspended in fresh media with the cytokines displayed above,
10ng/ml IL-2 or 15ng/ml IL-15 for a further 48 hours before being sorted through flow cytometry and
undergoing measurement of oxidative phosphorylation, as previously described. A — Graph displaying
oxygen consumption rate (OCR) over the 1 hour protocol. Oxygen levels measured every 5 minutes. After
every three rounds of oxygen measurement the indicated compound was injected. B — Graph displaying the
spare respiratory capacity (SRC) of cells measured in A. Both A and B display a combination of two
independent experiments, 6 technical replicates from a single biological sample per experiment, mean and
SEM displayed across both graphs. p-value =+ <0.0001, *++ <0.0005, =+ <0.005 by Student’s two tailed t-test

analysed to determine if Myr-Akt improved its expression. From Figure 5-7B it is evident that as
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Figure 5-7 — Effect of transduced myristoylated Akt on CD8 T cell cytotoxicity

OT-1 transduced cells produced as previously described. Purified transduced cells were subjected to the
cytotoxicity assay previously described. A — Displaying cytotoxic ability of transduced OT-1 cells, 1x10° target
cells pulsed with 1uM SIINFEKL, mixed with transduced cells at ratios displayed. Cytotoxicity measured 5
hours later in triplicate from a single sample. p-value =+ <0.0005, =+ <0.005 by Student’s two tailed t-test. B
— Expression of Granzyme B from transduced OT-1 cells before cytotoxicity assay performed in A. Grey —
representative isotype, Red — IL-2 treated pMP71 transduced control, Blue — IL-15 treated pMP71
transduced control and Green — IL-15 treated Myr Akt transduced

expected, IL-15 control cells barely expressed granzyme B, whilst its expression was high in the IL-

2 treated control cells.

Again, it is interesting to note that the Myr-Akt transduced cells do have substantially more
Granzyme B than the IL-15 control cells. However, the expression sits between the IL-2 and IL-15

control cells. Clearly, the expression seen in the Myr-Akt transduced cells is enough to see the
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maximal cytotoxic effect as part of this assay. Indicating that granzyme B may be excessively

expressed in IL-2 cells compared to the Myr-Akt transduced cells.

The two previous experiments, showed that by transducing cells with a myristoylated Akt
construct and culturing them in IL-15, cells can be generated that possess equal cytotoxic
competency to IL-2 treated cells, but without fully impairing oxidative phosphorylation. To
address if expression of constitutively active Akt confers an advantage in an ACT setting, a tumour

challenge experiment was performed.

C57BL/6 mice were injected subcutaneously with 0.5x10% EG7-OVA tumour cells and left to

propagate for one week. During this time, WT OT-1 splenocytes were harvested and transduced
as previously described with either pMP71 or Myr-Akt, sorted and purified for GFP* CD8 T cells,
and cultured further in IL-2 or IL-15. Following this procedure, 1x10° of these transduced CD8 T

cells were introduced intravenously into the tumour bearing mice.

Figure 5-8 shows the combined results of two repeats of these experiments. Figure 5-8A shows no
difference in tumour growth in mice treated with IL-15 expanded T cells compared to mice that
did not receive ACT. Initially, there was a significant delay in tumour growth on days 14, 16 and
18, in those mice that received the IL-2 treated cells or IL-15 treated Myr-Akt transduced cells
compared to no ACT or IL-15 control groups. However, this delay was not maintained at later time
points. When examining overall survival, shown in Figure 5-8B, the early growth delay did not lead
to increased average survival time. However, in the case either of the repeated experiments, the
IL-2 treated and Myr-Akt transduced IL-15 treated cells always resulted in one mouse out of the
group of five showing complete regression of the tumour out to 100 days. Whilst this by no means
demonstrated a clear and effective therapy, it did show that by using myristoylated Akt the

cultured cells were as effective as IL-2 stimulated CTLs, despite being cultured in IL-15.

During these experiments, whilst detectable in blood samples, the Myr-Akt transduced cells were
observed at a considerably lower frequency than their control counterparts. Given this, it was
decided to investigate whether the Myr-Akt transduced cells were impaired in their ability to

survive and/or proliferate in vivo.
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To analyse whether the Myr-Akt transduced cells do possess a defect in in vivo survival and/or
proliferation, an in vivo restimulation assay was performed. CD45.1* WT OT-1 cells were
transduced with pMP71 or Myr-Akt constructs, purified by sorting and cultured in IL-2 or IL-15, as
previously described. 1x10° cells were injected intravenously into recipient C57BL/6 mice and

tracked over the course of 2 weeks. 24 hours post injection of the cells the mice received 30
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Figure 5-8 — Adoptive cell transfer utilising Myr-Akt transduction for tumour therapy
pMP71 and Myr-Akt transduced OT-1 cells produced as previously described. Five C57BI/6 mice per group
received 0.5x10° EG7-OVA subcutaneously. One week later 1x10° transduced and purified OT-1 cells were
injected intravenously into three groups of mice; one additional group received PBS alone as a control. A -
Developing EG7-OVA tumours were measured and area recorded and displayed in the graph above. Points
represent group means and SEM. Mice were culled once tumours reached 15x15mm in average size (dashed
horizontal line), or at day 100, whichever comes first. p-value *+ <0.005 by Student’s two tailed t-test,
comparing P71 transduced IL-2 and Myr transduced IL-15 with P71 transduced IL-15 and no cell control. B -
Kaplan-Meier survival curve of mice represented displayed in A. No significant changes in survival by log-rank
analysis. Data is combined from two repeat experiments
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nanomoles of intravenous SIINFEKL in order to restimulate the cells. The mice were subsequently

bled on days 4, 6, 8 and 11 in order to track the cells and assess their basic phenotype.

The tracking of the cells in blood is shown in Figure 5-9. Figure 5-9A shows percentage of
lymphocytes that were both CD8* and CD45.1%, indicating transferred cells. Figure 5-9B shows the
frequency of CD8" CD45.1* GFP* cells out of lymphocytes in which is the transferred cells

expressing either the control vector pMP71 or Myr-Akt.

In Figure 5-9A it is evident that despite the lowest level of activity in cytotoxicity experiments and
tumour challenges (Figures 5-7 and 5-8), the IL-15 treated cells actually show the greatest recall
ability upon restimulation, reaching a total of 30% of the lymphocyte population by day six. By
comparison, the IL-2 treated cells only reached 10% of the population at the same time point. The
Myr-Akt cells showed a slight reduction in recall ability below the IL-2 treated controls, to
approximately 7%. However, when the GFP* gating is included, this percentage drops to an almost
non-recordable level; as shown in Figure 5-9B. This would indicate that even though the Myr-Akt
transduced cells were sorted and purified to above 98%, and further cultured in IL-15, the small
remaining non-transduced population were able to survive and proliferate in vivo far more than
the Myr-Akt transduced cells. Taken together, it is clear that IL-15 treated Myr-Akt transduced
CD8 T cells do not survive or proliferate in vivo following re-challenge in contrast to IL-15 treated

cells which undergo significant expansion.

In addition to tracking cell populations in blood, markers of effector and memory cell
differentiation were also examined. Figure 5-10 displays the relative populations of cells
expressing the phenotypic markers KLRG1 and CD127 (IL-7R). Blood was taken before the mice
were given SIINFEKL peptide to restimulate the transferred cells, in order to examine the resting
phenotype. Despite the expectation of transferred cells being present at low frequencies, the
Myr-Akt transduced cells were substantially fewer in number than expected. This extremely low
frequency of Myr-Akt transduced cells precluded examination of the expression of differentiation
markers prior to restimulation. Regardless, at day 0 before restimulation there were clear
differences between the cells treated with either IL-2 or IL-15. The IL-15 treated pMP71
transduced cells displayed an increased percentage of CD127* cells compared with IL-2 treated

pMP71 transduced cells, which was expected. In contrast IL-2 treated pMP71 transduced cells, -
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Figure 5-9 — Tracking survival of Myr-Akt transduced cells.

pMP71 and Myr-Akt transduced CD45.1* OT-1 cells produced as previously described. 1x10° of the purified
transduced cells were transferred intravenously into recipient C57BIl/6 mice. 24 hours after transfer mice
received 30 nanomoles of SIINFEKL peptide to restimulate transferred cells. Transferred cells were tracked
in blood. A — Transferred cells displayed as percentage of CD8* CD45.1" out of the lymphocyte population
over time. B—Same as A, however gate includes GFP* marker to isolate specifically transduced transferred

cells. Mean and SEM of 4 replicate biological samples displayed

showed a more substantial population of double negative KLRG1  CD127 cells compared with IL-

15 treated pMP71 transduced cells.

At day 4 post re-stimulation, the majority of cells across each of the samples were double
negative. The remainder of the cells were primarily single positive for CD127*, with IL-15 treated
cells and Myr-Akt transduced IL-15 treated cells displaying an increased expression of CD127* cells

compared to their IL-2 treated counterparts. At day 6, the populations were more varied across
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the different treatment groups. IL-2 treated cells showed an equivalent frequency of CD127*
single positive and CD127 KLRG1 double negative cells at approximately 40% each. The
remainder of the population is primarily single positive KLRG1*. In the IL-15 treated pMP71
transduced control, at day 6 the levels of single positive KLRG1", and double positive KLRG1*
CD127* are equivalent to that of the IL-2 treated controls. However, the proportion of single
positive CD127* cells increased up to 55%, at the expense of the double negative population.
Interestingly, in the Myr-Akt transduced cells the opposite was observed; an increase in the
double negative cell population at the expense of the CD127" single positive group. At day 8, the
populations in IL-2 and IL-15 treated controls become more or less identical, approximately 65%
KLRG1 CD127%, 15% KLRG1* CD127* and 10% each for both KLRG1* CD127 and double negative

populations. The Myr-Akt transduced cells shows a different phenotype pattern at day 8. The
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Figure 5-10 — Phenotype of tracked Myr-Akt transduced cells.

pMP71 (P71) and Myr-Akt transduced CD45.1* OT-1 cells produced as previously described. 1x10° of the
purified transduced cells were transferred intravenously into recipient C57BL/6 mice. 24 hours after transfer
mice received 30 nanomoles of SIINFEKL peptide to restimulate transferred cells. Transferred cells were
tracked in blood. Phenotypic markers KLRG1 and CD127 were analysed on the transduced cells. Myr-Akt
transduced cells could not be measured on day 0 due to limited cell numbers. Data displayed is the average
of 4 biological samples.
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single positive CD127* population was reduced to approximately 30%. This reduction corresponds
with an increase in the KLRG1* single positive and the double negative groups to 35% and 30%
respectively. There was also a minor reduction in the double positive population. The difference in
the IL-2 and IL-15 treated pMP71 transduced cells at day 11 compared to day 8 is minor; a 5%
increase in the double positive and CD127* single positive population at the expense of the two
other groups. At day 11, the Myr-Akt transduced group again shows substantial differences. The
total population of cells expressing CD127, either from the single or double positive phenotypes
barely exceeds 25% of the total population of cells. In contrast, the remaining cells are evenly split
between single positive KLRG1* and double negative phenotypes. Overall, this demonstrates that
transduction with Myr-Akt induces a reduced expression of CD127 and a substantial increase in
the double negative and KLRG1* CD127" populations. This is in line with evidence that constitutive
Akt activation enforces an enhanced effector function. The lack of CD127 expression could also
explain the impaired persistence and proliferation in vivo. As signalling through CD127 is an
important factor in determining persistence of CD8 T cells during the transition into memory post

antigen clearance33,
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53 Summation and Discussion

This chapter investigated the effects of Akt on metabolic processes, with a specific focus on
oxidative phosphorylation. It further explored whether the effect of Akt on metabolism can be
exploited for improved effect in anti-tumour therapy. Initially, the effect of Akt activity was
examined through the use of an Akt inhibitor. These data confirmed that IL-2 inhibits SRC when
compared to IL-15 culture of cells. In addition, inhibiting Akt provided a small yet insignificant
benefit to the spare respiratory capacity of cells whilst they were cultured in IL-2. This effect was
more pronounced against a backdrop of PDK*¢>t mutation. This indicates that reducing Akt

activity has some positive impact on OXPHQOS, at least under these conditions.

Based on the data from the Drop-Seq experiment presented in chapter 4, CD8 T cells exhibiting
the PDK"4%>E mutation clearly show enrichment of oxidative phosphorylation genes compared with
similarly treated WT cells. Whilst the transcriptomic changes would at least imply a relative
improvement in SRC of CD8 T cells bearing the mutation, it is not a certainty. It was evident that
WT and PDK"*°E CD8 T cells possess similar SRC when cultured in IL-2. When treated with IL-15,
there was an increase in SRC in both the WT and PDK**¢>E T cells compared to their respective IL-2
treated cells. However, the increase in SRC observed in PDK*®%E cells was significantly higher than
the WT cells in IL-15 culture, in line with an observed increase in oxidative phosphorylation genes.
When the Akti was introduced with IL-2 culture, there was a significant increase in the SRC of the
PDKX4®%E cells compared to IL-2 culture alone. WT cells displayed a minor increase in SRC with Akti
treatment under IL-2 culture, but this increase was non-significant. Previous experiments showed
that the Akti inhibitor is more effective at reducing Akt activity in PDK**®t mutant T cells than in
WT T cells (Figure 3-10). This in combination with the observed improvement in SRC of PDKX46¢
cells following Akti treatment, indicates that if Akt activity is reduced to a certain extent it can
lead to an improvement in oxidative phosphorylation. However, given the data from chapter 3
confirming impaired cytotoxicity induced by the Akti, the resulting improvement of SRC driven by
the Akti is unlikely to aid in anti-tumour activity. As such, it was decided to investigate whether
instead of boosting the metabolic ability of cells cultured in IL-2, it was possible to enhance the

cytotoxic capacity of cells cultured in IL-15.

To this end, a myristoylated constitutively active Akt construct was utilised and confirmation of its

activity was assessed by CD62L expression. As expected, despite being cultured in IL-15, CD8 T
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cells transduced with Myr-Akt demonstrated significantly reduced expression of CD62L; lower
even than that of IL-2 treated cells. When IL-15 treated Myr-Akt transduced CD8 T cell SRC was
examined, it was significantly higher than that of IL-2 treated cells, but was still reduced
compared to IL-15 treated control-transduced cells. This suggests that at least some of the
mechanisms by which IL-15 enhances oxidative phosphorylation are sensitive to inhibition by Akt.
Akt activity is known to amplify cytotoxic effector functions in CD8 T cells, and as such Myr-Akt
was expected to improve this ability even when cells were cultured in IL-15. A cytotoxicity assay
was performed to confirm this. The cytotoxic capacity of Myr-Akt transduced cells cultured in IL-
15 was shown to be equivalent to that of IL-2 treated control cells; and significantly improved
over IL-15 control cells. Thus, demonstrating that Myr-Akt is enough to restore full effector

function, despite the expression of granzyme B being reduced compared to the IL-2 controls.

Use of Myr-Akt in cells cultured with IL-15 has helped to elucidate the effects of IL-2 that can be
attributed to Akt activity. Downregulation of CD62L was severe in the Myr-Akt transduced cells,
beyond even the effects of IL-2. Granzyme B was upregulated, although it remained at a lower
level of expression than IL-2 treated cells. Despite this, the cytotoxic capacity of the Myr-Akt
transduced IL-15 treated cells, as assessed by in vitro cytotoxicity assays, was equivalent between
these cells and their IL-2 treated controls. In addition, the Myr-Akt transduced cells had a more
favourable metabolic profile when cultured in IL-15 compared to control cells grown in IL-2. This
combination of increased OXPHOS, granzyme B expression and cytotoxic activity suggests that
Myr-Akt transduction induces a more effective phenotype for ACT for cancer therapy when cells
are cultured in IL-15. In a tumour challenge setting, the Myr-Akt transduced cells were as effective
as IL-2 control cells, and both were significantly better than IL-15-treated cells. However, this
improvement only delayed the growth temporarily, and did not benefit overall survival. During
the assay, it was noted that the Myr-Akt transduced cells were only detectable at low levels in
blood, which suggests a lack of proliferation and/or survival. To assess whether any alterations to
proliferation or survival occurred in Myr-Akt transduced cells a restimulation assay was
performed. This demonstrated that Myr-Akt cells had significant impairments in survival and or
proliferation in vivo. In addition, there was a substantial decrease in the percentage of cells that
became CD127 positive within the Myr-Akt transduced cells compared with cells transduced with

a control vector, which could account for the decreased survival observed.

Enhancement of OXPHOS in CD8 T cells can occur through multiple mechanisms. Increased

expression of genes encoding enzymes involved in the metabolic processes, such as those at rate-
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limiting steps of FAQ, can aid in improving OXPHOS. CPT1a was previously reported to enhance
OXPHOS rate in CD8 memory T cells®®4, but recent a recent publication has called this into
question®'®, However, oxidative phosphorylation enhancement can also occur due to structural
and morphological adaptations of mitochondria. Mitochondria found in IL-2 treated effectors are
often small, round and punctate?®?. By comparison, mitochondria found in IL-15 treated cells are
often more elongated and possess more dense cristae resulting from fusion of multiple
mitochondria, which in turn enhances their metabolic functions®2. The fusion process is mediated

by multiple proteins including mitofusion 1 and 2 (MFN1, MFN2) and optic atrophy 1 (Opa1)3%®.

Data in this chapter show that Akt inhibition in IL-2 treated WT cells causes a marginal

K*465E cells under the same conditions

improvement in their SRC. However, Akt inhibition in PD
shows a significant and substantial improvement. This suggests that when Akt activity is reduced
it is possible to improve mitochondrial oxidative phosphorylation. However, the mechanism
behind this remains unclear. Recently, it has been shown that MFN2 is capable of negatively
impacting Akt activity through mTORC233%¢, This is achieved by occupation of an overlapping
binding site, by which MFN2 will associate with mTORC2 and hence occlude Akt from being
phosphorylated and activated by mTORC233¢, Whilst this establishes a link between the regulators
of mitochondrial fusion, and by extension oxidative phosphorylation enhancement and Akt, it
does not explain how severely reduced Akt activity would lead to an increased effectiveness of
MFN2. This link was discovered in cancerous cells, so it may not be entirely representative of all
cell types. However, if MFN2 does truly regulate Akt, the presence of a negative feedback loop

might explain how a strong inhibition could in theory promote mitochondrial fusion through

MFN2.

A study has also suggested a link between Opal and the Akt signalling pathway in
cardiomyocytes. In response to a stimulator of the Akt pathway, in this case insulin, it was
demonstrated that there was a substantial change in effectiveness and morphology of the
mitochondria consistent with increased fusion®*’. This increased mitochondrial fusion was
mediated by Opal but sensitive to Akt, mMTORC1 and NF-kB inhibition®*’. This suggests that
increased Akt activity increases mitochondrial oxidative phosphorylation; a finding perhaps in
conflict with data presented in this study. However, given that in CD8 T cells, Akt is not linked
directly to mTORC1 signalling, as it is in other cell types, it would be difficult to assert what impact
this would have on the regulation of Opal. A more recent paper has a more defined link between

Akt and Opa133, Opal exists in two primary isoforms; a short form and long form. It is the balance
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between these isoforms that determines the activity of Opa133°3%°, The long form of Opal
promotes the fusion process, and cleaving of the long form inhibits this process. Omaliis a
proteolytic enzyme that targets the Opal protein and is responsible for converting it to the short
isoform3%*, Yang et aP’*® demonstrated that Oma1l can be targeted for ubiquitination and
degradation by glycogen synthase kinase 3 (GSK3). As Omal levels decrease the expression of the
long form of Opal increases, thus promoting mitochondrial fusion. As GSK3 can be
phosphorylated and inhibited by Akt, this provides a possible mechanism by which Akt and its

inhibition could lead to increased mitochondrial capacity3*!.

When approaching the question of Akt effects on mitochondrial oxidative phosphorylation from
the opposite direction, using the Myr-Akt construct, a different effect is observed. Cells
transduced with Myr-Akt and cultivated in IL-15 demonstrated significantly better SRC than that
of the IL-2 treated cells. However, they also showed reduced SRC compared to IL-15 treated
controls. This indicates that whilst Myr-Akt impairs mitochondrial oxidative phosphorylation,
there are mechanisms by which IL-15 signalling promotes SRC that are not impacted by
constitutive Akt activity. Conversely, it has been shown that the negative effects of IL-2 on
oxidative phosphorylation cannot be overcome in WT cells with only Akt inhibition. This suggests
that the effects of IL-2 and IL-15 on oxidative phosphorylation metabolism are distinct and only
partially linked to Akt, despite IL-2 and IL-15 sharing common receptor chains, as well as
downstream signalling pathways***342, Perhaps the restricted expression of IL-15Ra, differential
affinities for the receptors and temporal differences between the two cytokines could explain the

effects observed333.

The effects of Myr-Akt on effector function are not that surprising. Increasing Akt activity has long
been known to induce a more effector phenotype in CD8 T cells, so a constitutively active form
should only act to exacerbate this phenotype. When examining the cytotoxicity assay, it is
observed that despite culture in IL-15 the Myr-Akt transduced cells possess equal cytotoxic
capacity as that of IL-2 treated control cells, whereas, the control transduced and IL-15 treated
cells possessed little to no capacity to eliminate target cells. Interestingly, granzyme B expression
in the Myr-Akt transduced cells, whilst increased compared to the IL-15 control, is still
substantially lower than the IL-2 treated controls. Whilst Akt does stimulate granzyme B
expression, it is not the only factor to do so. IL-2 more strongly induces this compared to IL-15,
which aids in explaining the observed difference®.. However, despite the differential granzyme

expression, the cytotoxic abilities of the cells remain identical. Based on the expression of
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granzyme B, IL-2 clearly induces an excessive expression of the cytotoxic marker, as the increased

expression over IL-15 treated Myr-Akt cells has not noticeably improved killing ability.

Based on its equivalent cytotoxic capacity and improved metabolic profile, the IL-15 treated Myr-
Akt cells seemed to possess a beneficial phenotype for anti-tumour therapy. When this potential
was examined in an in vivo tumour challenge, however the IL-15 treated and Myr-Akt transduced
cells conferred only a slight improvement compared to IL-15 treated control cells and were no
more effective than IL-2 treated control cells. This would seem to reflect the enhanced cytotoxic
abilities of both the Myr-Akt-transduced and IL-2 treated cells. However, whilst long term survival
was seen in two mice of each group, there was no significant delay or survival improvement.
Phenotypic assessment of these cells during a restimulation assay potentially reveals why no
significant survival was conferred by the transfer of Myr-Akt-transduced T cells, despite their
more beneficial metabolic profile. Throughout the response, a decrease in the number of cells
expressing CD127 was observed. At the latest time point, this was substantially reduced
compared to both the IL-2 and IL-15 treated controls. Interestingly, despite being purified through
FACs sorting, the frequency of GFP* cells immediately showed signs of impaired survival or
proliferation. This lack of CD127 would explain the inability of these cells to persist long term in
vivo, as the cells would be unable to respond to IL-7 for homeostatic proliferation in memory®®,
This could also account for the almost immediate lack of transduced cells following their transfer,
as before the restimulation occurs they would have no way of maintaining factors such as Bcl-23%3,
Despite the severe reduction in frequency following in vivo transfer, the Myr-Akt cells still showed
equal effectiveness in the tumour challenge to that of IL-2 controls. It is possible that the reduced
presence of the Myr-Akt cells in the blood is due to their infiltration into the tissues. Akt activity
has been linked to expression of factors including CD69 and CD103 that are more commonly
associated with a resident memory phenotype3**. As such, constitutive Akt activation as found in
the Myr-Akt cells could induce a higher expression of these factors, thus leading to greater tissue
infiltration. Overall, whilst it is possible to have strong effector functions without entirely
compromising the beneficial metabolic phenotype of high SRC, the enforced Akt activity

compromises survival, most likely through reduced expression of CD127.
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Chapter 6 The Role of SGK in CD8 T Cells

6.1 Introduction

PDK is at the centre of an intricate signalling pathway and is sensitive to an array of factors
ranging from antigen and cytokines, to glucose levels and other nutrients. As such, developing an
understanding of the downstream targets of PDK is important in order to further understand the
development, activation and differentiation of T cells. One such target is the serum and

glucocorticoid-regulated kinase, or SGK.

6.1.1 SGK

SGK is a family of kinase enzymes consisting of three highly homologous but distinct isoforms,
SGK1, SGK2 and SGK33%, Both structurally and functionally, SGK and Akt are similar, their catalytic
domains in particular show 55% sequence homology. Their consensus target sequences are also
similar, and include FOXO1. All the SGK isoforms have 3 domains, the N-terminal domain, the
kinase domain and the C-terminal domain. The C-terminal domain, also known as the
hydrophobic motif, is highly conserved between the different isoforms. This hydrophobic motif
contains a critical serine residue at position 422 in SGK1 (the predominant isoform) and
phosphorylation of this serine residue is essential for the activation and function of SGK13%¢, There
was initially some debate as to the kinase that was responsible for the phosphorylation of the

347,348 \whilst others

hydrophobic motif of SGK; some papers showed mTORC1 was responsible
implicated mTORC23%3%, |t is now accepted that mTORC2 regulates the Ser422 phosphorylation
site in SGK13°°. The phosphorylation of Ser422 does not activate SGK1, it is merely a permissive
phosphorylation that allows full activation once the kinase domain has been phosphorylated. The
kinase domains across the SGK isoforms show greater than 75% homology, and they all require
phosphorylation of a threonine residue at position 256 in SGK1. This Thr256 phosphorylation is
caused by PDK1. However, unlike Akt, which is dependent on PI3K activation and the presence of
PIP; for its activation, SGK is phosphorylated by PDK1 in a PIF-pocket dependent manner3?, This
type of activation is entirely dependent on phosphorylation of the hydrophobic motif, hence the
phosphorylation of Serd422 is permissive; it does not activate SGK directly but instead converts it
to a substrate for the PIF-pocket interaction with PDK132, Finally, the N-terminus of SGK isoforms

can direct cellular localisation. Unlike Akt, SGK lacks any pleckstrin homology domains that cause

it to bind PIP; and localise to the plasma membrane, thus SGK is considered a cytosolic protein.
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SGK3 is distinct, in that it contains a Phox homology domain (PX) that causes localisation towards

the endosomal membrane3*?

. Whilst ubiquitously expressed SGK1 is tightly regulated, in part due
to a high rate of protein turn over by the proteasome?®3, As its name suggests, both serum and
glucocorticoids cause increased transcription of SGK1 in multiple cell types®#3°>, Other factors
such as p38/MAPK, TGF-B, IL-6, platelet-derived growth factor (PDGF), NF-kB, NFAT5 and an
assortment of pro-inflammatory cytokines also cause increased expression of SGK13%, Cellular
stresses such as hypoxia, hyperglycaemia and excessive cell shrinkage also contribute to an

increased SGK1 transcription rate3*’.

The primary function of SGK1 is the regulation of the epithelial sodium channel (ENaC), as a
mechanism of controlling cellular volume3®8, As such, it plays a critical role in the proper function

353 Aside from sodium channels, SGK1 also controls a

of the kidneys in reclaiming lost sodium ions
myriad of other ion channels including voltage gated potassium channels, ubiquitous chloride
channels and the epithelial calcium channel TRPV53*¢. This confirms the role of SGK1 as a
regulator of cell size and volume, enacted through the manipulation of the flow of ions. SGK1 also
controls the expression of some transporter proteins including the sodium-glucose cotransporter
(SGLT1), sodium-potassium ATPase, creatine transporter (CreaT) as well as a variety of amino acid
transporters®*®. SGK1 also possesses regulatory control over transcription factors, such as the
cAMP responsive element binding protein or CREB*%, SGK1 can also enhance activity of other
factors such as NF-kB3¢1. Whilst not the primary regulator of the forkhead transcription factors
FOXO01 and FOX03a, SGK1 is capable of phosphorylating them in a similar manner to Akt3¢?,
Although SGK1 and Akt share a similar pool of target proteins, SGK1 does have 2 unique targets:
N-myc down-regulated gene 1 (NDRG1), a member of the hydrolase enzyme family; and neural
precursor cell expressed developmentally downregulated gene 4-like (Nedd4-2), an E3 ubiquitin
ligase3®3. NDRG1 has been linked to enabling SGK1 to control stress responses, cell growth and

differentiation, whereas Nedd4-2 is more closely linked to SGK1’s regulation of ion channels,

primarily ENaC3%®, A diagram of the SGK1 pathway is shown in Figure 6-1 below.

In immune cells the role of SGK is only beginning to be investigated. Recently, a number of
published studies describe the role that SGK1 plays in the differentiation process of CD4 T cells. A
study co-authored by Hafler et a/*®* showed that when cultured under increased NaCl
concentrations, CD4 T cells preferentially differentiated into a pathogenic Th17 subtype. Culture
with equivalent amounts of sodium gluconate, MgCl, or mannitol, demonstrated that it was the

sodium ion (Na*), not the chloride ion (CI") or the osmotic pressure of the NaCl, that was
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A

Cell Growth, Differentiation, -

Stress and Hormone Response

KLF2, IL-7R, Bim, CDB2L

Figure 6-1 — The SGK Signalling Pathway.

SGK1 is activated through two independent phosphorylation events. Phosphorylation at serine 422
by mTORC2 allows binding of PDK1 by PIF-pocket interactions to SGK1. This interaction allows PDK1
to activate SGK1 by phosphorylating threonine 265. Due to homology of the kinase domains
between Akt and SGK1 they share certain targets, specifically the FOXO family of transcription
factors as well as GSK-3B. Nedd4-2, an E3 ubiquitin ligase and NDRG-1, a hydrolase enzyme are
unique downstream targets of SGK1. The most well characterised function of Nedd4-2 is the
regulation of the epithelial sodium channel (ENaC).

responsible for this altered differentiation. CD4 T cells cultured in high NaCl displayed higher
expression of pro-inflammatory cytokines IL-2 and TNF-q, as well as RORC, IL-17F and IL-23R; all

classical hallmarks of the Th17 subtype3®. Hafler et a*®* also demonstrated that the effects of
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increased NaCl are transduced through both p38/MAPK and NFATS5 and converge on SGK1. The
signalling pathway linking SGK1 to the aggressive Th17 phenotype in CD4 T cells was not

commented upon in this study.

A paper co-authored by Kuchroo et alP?, coinciding with the publication by Hafler et al*®*, posits
an explanation to how SGK1 drives Ty17 phenotypes in high NaCl conditions. Kuchroo et alP%®
demonstrated, through the use of gene knock outs and genome wide messenger RNA expression
profiles, that SGK1 is critical in the IL-23 pathway. IL-23 is an essential cytokine for the
stabilisation of the Th17 subtype3®’. This study also confirmed that increased salt caused skewing
of CD4 T cells to a Th17 subtype, which is primarily mediated by SGK1. Under these conditions,
SGK1 increases the expression of IL-23R, which in turn increases the expression of SGK1.

Increased IL-23R reinforces the Th17 subtype, which leads to the increased pathogenic phenotype

presented in Hafler et a/*%.

In a more recent paper, Hafler and Kuchroo collaborated to demonstrate that high salt conditions
also decreased the ability of FOXP3* T cells (Tregs) to suppress autoimmune T cells*®. As well as
dysregulating Tregs Suppressive abilities, the increased salt concentration was shown to induce the
Th1l subtype as the dominant phenotype amongst CD4 T cells, characterised by increased T-bet

expression and IFNy secretion, and that this process was regulated by SGK13¢8,

The role of SGK1 is still somewhat contentious however, as Heikamp et a/?** claim that SGK1 in
fact suppresses the Thl phenotype and promotes the Ty2 phenotype?®. These authors
demonstrate that through the phosphorylation of Nedd4-2, and subsequent stabilisation of JunB,
SGK1 promotes a Th2 phenotype and concurrently increases expression of the long form of the

transcription factor TCF-1, which in turn inhibits the production of IFNy.

Whilst the role of SGK1 is well established in kidney and epithelial cells, its role in T cells is poorly
characterised. The majority of the research has focussed on CD4 T cells, not CD8 T cells.
Considering the similarity between SGK and Akt, it was deemed important to develop

experimental approaches to probe the function of SGK in CD8 T cells.
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6.2 Results

Investigating the role of SGK in CD8 T cells began by utilising a small molecule inhibitor of SGK,
namely GSK650394 (Tocris), hereafter referred to as SGKi. This compound has been shown to be
an effective inhibitor of both the SGK1 and SGK2 isoforms3®°. The initial approach was to examine
the effects of the SGKi on the phosphorylation of NDRG1, a known target of SGK, by western blot.
In this case, the activation of SGK with anti-CD3 and anti-CD28 stimulation could not be

demonstrated through NDRG1 phosphorylation. However, the SGKi caused an approximate 50%

Combination Combination Combination
SGKi 1uM SGKi 5pM SGKi 10puM

A  Unstimulated  aCD3  aCD3+aCD28

p-NDRG1

Total NDRG1

Actin

Normalised Phosphorylation Level

Sample Conditions
Figure 6-2 — Effects of SGKi on NDRG1 phosphorylation in CD8* T cells.

OT-1 splenocytes were harvested and CD8* T cells purified via MACS negative selection. 2x10° cells

stimulated with 2ug/ml of platebound anti-CD3, and 5ug/ml of soluble anti-CD28 for 3 hours in presence or
absence of the SGK inhibitor GSK650394 (SGKi). A—Western blot displaying levels of phosphorylated NDRG1,
Total NDRG1 and Actin. B — Level of p-NDRG1 compared to total NDRG1 normalized to actin expression
through densitometry calculations in Imagel. Data from one biological sample
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decrease in the normalised level of NDRG1 phosphorylation compared to the total expression of

the protein. This finding is shown in Figure 6-2.

Subsequently, a thymidine incorporation assay was conducted, to measure the proliferation of
CD8 T cells and to assess the effect of SGK inhibition on these cells. Naive CD8 T cells were
purified from OT-1 splenocytes before being stimulated with 1pg/ml plate-bound anti-CD3 or
2ug/ml plate-bound anti-CD3 and 5ug/ml soluble anti-CD28, in the presence or absence of SGKi.
Data represented in Figure 6-3 show that anti-CD3 increased the incorporation of [*H]-Thymidine

and hence proliferation, when compared to the unstimulated control. This was an effect that was

20000 - I |

15000

10000

[*H}-Thymidine / cpm

5000 +

Conditions
Figure 6-3 — Effects of SGKi on Tritiated Thymidine Incorporation by CD8* T cells.

OT-1 splenocytes were harvested and CD8* T cells purified via MACS negative selection. 200,000 CD8*
cells were then left unstimulated or stimulated with 2ug/ml platebound anti-CD3 alone or with 5ug/ml
soluble anti-CD28 in the presence or absence of 5uM or 10uM of the SGKi (GSK650394, Torcis). On day
3 the cells were treated with tritiated thymidine and left for an additional day. Subsequently the level
of radiation, and hence thymidine incorporation, was examined by a radiometric counter. Data in
triplicate from on biological sample mean and SEM displayed. p values are <0.05, 0.005 and 0.0005 for
* **and *** respectively
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greatly enhanced by the addition of anti-CD28. Two concentrations of SGKi were used, 5uM and
10uM, where concentrations between 1uM and 10uM had been used in previous literature37%372,
The amount of tritiated thymidine that was incorporated, substantially and significantly decreased
in the presence of both concentrations of SGKi; 5uM of SGKi essentially ablated the effects of the
addition of anti-CD28, reducing the level of proliferation by over 70% back to the same level as
anti-CD3 alone. The addition of 10uM SGKi, reduced the level of proliferation even further, until it

was indistinguishable from the unstimulated control.

These data suggest that SGK positively regulates CD8 T cell proliferation. However, thymidine
incorporation cannot distinguish between proliferation and survival, meaning it may be a result of
a combination of these two factors. There also remains the possibility that the SGKi was toxic,
although these concentrations have been used in previous studies. To address these two
concerns, another proliferation assay was performed, this time based on dilution of the dye CFSE.

This allowed for a more accurate assessment of the proliferation of only live cells.

Naive CD8 T cells were purified out of a pool of OT-1 splenocytes. Subsequently, 2x10° CD8 T cells
were stained with 10uM CFSE. These cells were then stimulated with either 2x10* MecSig-OVA B7
cells, or 2ug/ml plate-bound anti-CD3 and 5ug/ml anti-CD28, in the presence or absence of SGKi.
As the MecSig-OVA B7 cell line is a potent stimulus, the naive CD8 T cells were only co-cultured
with this cell line for 24 hours; previous experiments have shown that prolonged culture with
MecSig-OVA causes excessive T cell death (data not shown). The level of CFSE dilution was then

assessed by flow cytometry every 24 hours.

Based on the data shown in the thymidine incorporation assay, the concentration of SGKi was
limited to SUM. Figure 6-4A shows the result of this experiment. Dilution of CFSE was observed in
both stimulatory conditions and under both stimulatory conditions 5uM SGKi caused substantial

inhibition of CD8 T cell proliferation.
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Figure 6-4 — SGKi prevents cellular proliferation and reduces survival in naive cells.
2x10° naive OT-1 CD8 T cells stained with membrane dye 10uM CFSE, then cultured with 2x10* MecSig-
OVA B7 cells or 2ug/ml platebound anti-CD3 and 5ug/ml soluble anti-CD28 for 3 days in the presence or
absence of 5uM SGKi and measured by flow cytometry every 24 hours. A — Black — 0 hour control, Red — 24
hour sample, Blue — 48 hour sample, Purple — 72 hour sample. B — Percentage of live cells in each condition

as measured by flow cytometry based on the live cell gate in the proliferation assay. Data from one
biological sample
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As SGK1 is known to influence factors controlling cellular survival, the percentage of apoptotic
cells was also assessed by flow cytometry. These data are shown in Figure 6-4B confirm that the
SGKi has no detectable immediate effect on the survival of naive CD8 T cells. However, after 72
hours there was a considerable decrease in the frequency of live CD8 T cells after treatment with
anti-CD3 and anti-CD28 in the presence of 5uM SGKi, compared to cells similarly stimulated in the
absence of the inhibitor. This cell death was not observed in cells treated with the MecSig-OVA B7
cell line. Together, these data indicate that pharmacological inhibition of SGK can hamper both

the proliferation and survival of CD8 T cells.

The experiments described so far, demonstrating a potential role for SGK in T cell proliferation,
relied upon a small molecule inhibitor of SGK. In order to confirm these findings, alternative
approaches were adopted. Using increased NaCl conditions provides another avenue to assess the
effects of SGK in CD8 T cells, as other studies have shown that 40 mM NaCl supplemented media

upregulates SGK1 expression in CD4 T cells3®8,

OT-1 splenocytes were initially stimulated with 20pM SIINFEKL for two days, before re-suspending
5x10* cells in conventional media, media supplemented with 40mM NaCl in order to stimulate
SGK, or media supplemented with 80mM mannitol to act as an osmotic control®’2. In addition,
cells were incubated in the presence or absence of 10ng/ml IL-2, 1ng/ml IL-2 or 15ng/ml IL-15.
Whilst 10ng/ml of IL-2 is considered typical for generating CTLs, 1ng/ml is sub-optimal and is
exhausted more quickly, leaving the cells in a cytokine deprived state®’3. CD8 T cells treated with
IL-15 do not proliferate as quickly as those treated with IL-2, hence increasing the NaCl
concentration within the media of the IL-15 treated group will test whether the SGK1 enhances
proliferation. Figure 6-5A demonstrates the frequency of dead cells in cultures, as assessed by
trypan blue counts. In conventional media, the 10ng/ml IL-2 (IL-2 high) and 15ng/ml IL-15 groups
show substantially and significantly reduced cell death when compared to the 1ng/ml IL-2 (IL-2
low) group, likely due to limiting concentrations of IL-2. When stimulated with IL-15 the frequency
of dead cells remained similarly low independent of whether cells were cultured in the presence
of additional NaCl, mannitol or in conventional media. In the IL-2 high treated cells, the NaCl
treated cells showed significantly reduced levels of cell death when compared to cells cultured in
standard media or mannitol supplemented media. However, in the IL-2 low treated cells there
was a significant and substantial decrease in cell death in the NaCl treated CD8 T cells of
approximately 50% compared to culture in standard media, or mannitol supplemented media.

Figure 6-5A shows that conditions favouring low cell death also drive an increase in the live cell
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count, with NaCl treated cells in the IL-2 high and low groups showing an increased number of live
cells compared with standard or mannitol supplemented media. To more accurately assess cell
death and to consolidate some of these data, a repeat experiment was performed in which only
the IL-2 low conditions were included, and in which 7AAD was used to stain dead cells. In Figure 6-
5B, this experiment shows that there are approximately half as many apoptotic cells in the NaCl

treated group compared to the mannitol and standard media controls, consistent with data from

A 100- 404
£ 80 _ s .
= # 4 E3D—
T =
] —
= 60 _:‘:
- g 20
s 40 O
£ o]
g 2 2 1 -
= . 5
o
0- 0-
. &@‘1’\@6“&}@‘?’@(}\@
Lol R P A L Y &
£+ - ‘!@ \:l' ) ‘}‘b ..,E’J ,@é\
N ¥ NP W
2 S IOMIN ¥
o b q, ¥ q W
B R
Conditions Conditions

MFI

1w
7-AAD

Figure 6-5 — NaCl protects CD8 T cells under cytokine deprived conditions.

OT-1 splenocytes stimulated with 20pM SIINFEKL for two days. Subsequently 5x10* are placed in 96-well
plates under multiple cytokine and media conditions. Three cytokine conditions are used, 10ng/ul IL-2 (IL-2
high), 1ng/ml IL-2 (IL-2 low) and 15ng/ml IL-15. 3 media conditions are used, standard media, 40mM NaCl
supplemented media and 80mM Mannitol supplemented media. A — (left) Percentage of dead cells as
assessed by trypan blue cell counts and (right) live cell number as assessed by trypan blue, measured three
days after cytokine culture. All cell counts in triplicate from a single biological sample, mean and SEM
displayed. P values <0.05, 0.005 and 0.0005 for *, ** and **** respectively. B — Apoptosis detecting dye
7AAD staining as assessed by flow cytometry in the IL-2 low group. Red — IL-2 low standard media, Green —
IL-2 low mannitol supplemented media, Blue — IL-2 low NaCl supplemented media.
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trypan blue staining in Figure 6-5A. Together, these results show that increasing NaCl
concentration in culture media exerts pro-survival effects in both high and low IL-2

concentrations.

To examine the role of SGK in more detail, two mutated versions of SGK were introduced into T
cells. Multiple mutants of SGK have been previously described, and these primarily incorporate
mutations at the mTORC2 phosphorylation site at S422. To gain insight into the role of mTORC2
downstream of SGK, the constitutively active S422D and dominant negative S422A forms of SGK
that have been reported previously, were used37437¢, The mutation of serine to aspartic acid
(5422D) simulates the phosphorylation of mMTORC2, whilst mutation to an alanine residue (S422A)
renders SGK resistant to effects of mTORC2. These mutant constructs were synthesised
commercially and supplied in the pMA vector that is not suitable for downstream applications. A

vector map of the supplied dominant negative form of SGK in this vector is shown in Figure 6-6A.

Both the SGK dominant negative and constitutively active constructs (hereafter referred to as DN
and CA respectively) are 1351bp in length and are flanked by Notl and Sall restrictions sites 5’ and
3’ respectively. The Sall site, whilst not listed in the vector map, is located at position 1739. The
SGK DN and CA constructs also contain an HA tag at their N-terminus. To introduce these
sequences into CD8 T cells, the SGK sequences were sub-cloned into a retroviral vector. The
pMP71 vector was elected for use, in house, due to prior experience and for which the sequence

is known (see Figure 6-6B for a vector map).

Through a previous project this group was already in possession of a Notl/Sall digested pMP71.
Therefore, the SGK DN and CA vectors were digested using Notl/Sall restriction enzymes before
analysing both the cut SGK constructs and the pre-cut pMP71 vector on an agarose gel, as shown

in Figure 6-7.

The 1350bp bands of the SGK constructs and the 6800bp band of the pMP71 vector were purified
from the agarose gel. Subsequently, the SGK inserts were ligated into the now empty pMP71
vector to generate expression vectors containing the SGK inserts upstream of a GFP reporter gene
and an ampicillin resistance gene. These final constructs, and some parental and uncut pMP71

vector control, were then analysed again by Sall/Notl restriction digest to confirm the final

149



Chapter 6

(1638) End Start (0)

(1635) HincIl Eael - Eagl - NotI (3)
(1634) Accl BsiEI (5)
\

A (1633) Sall _ .

(1604) NmeAIII -
(1520) AvrIl - _

(1545) PAIFT-Tth111T
(1502) BspQI - Earl - SapI )

|. - [Kozak Sequence)

—XmnI (73)
__—~BIpI (33)

(1472) Apal te BseYT (172)
(1468] PSpOMI_ " sal 15! (176)
3 (187)
Neol (157)
ApalLl (202)

BsiHKAI (206)

[ H
Not 1 i, 70

ger Site
(1409) Pacl 6\10?&2

(1334) Pstl \
(1330) Sfcl - =B E
(1323) EcoO109I —
(1299) Apol —
SGK1 B?:fa (b:;mstruct Xeml (388)

~—— BspHI (416)

(1178) BanI ~

NsiI (480)
Sphl (482)

" BIII - BstYI (s512)
" Bpul0I (533)

(980) BFUAI - BspMI

(969) Tsol _—
(953) BstXI T
| A
Mmel (7439)

BsrBI (774)

ngoMV

sacll
\naet Sf
i aqil Heal Noti Psha,
B N | | Clgy

| /

A
©
o3
3
o
o8
2o
pMP71-inv Cre-IRES-GFP E
7864 bp : =23
: BE
3
o8
> Q@

8, >

Sao/

\\
| 8
Bmbi fe\

nhel N

Figure 6-6 — SGK and pMP71 Vector Maps.

A — SGK1 base vector map, designed in DNASTAR, figure created in SnapGene, vector produced by GeneArt
synthesis (ThermoFisher Scientific), contains ampicillin resistance marker. B— pMP71 vector map, this vector
contains a GFP reporter gene and an ampicillin resistance gene.

product of the ligation, as shown in Figure 6-8. The original pMP71 construct contains an insert

region of approximately 1100bp in length, which is also displayed in Figure 6-8. These constructs
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were grown in bacteria and stocks of plasmid were stored for future testing in T cells. Initial
transfections into Phoenix-ECO cells confirmed that these constructs lead to expression of GFP
(data not shown). Subsequently, transduction of these constructs in CD8 T cells was carried out,

as described previously in an earlier chapter (Figure 5-5).

Figure 6-9A shows GFP expression in CD8 T cells 24 hours post transduction. This indicates that
both of the SGK vectors were expressed in approximately 40% of cells. After a further 96 hours of
culture in IL-2 or IL-15, expression of GFP was maintained (data not shown) and expression of
CD62L, CD127 and CD25 were examined. Figures 6-9B-E show that as expected there is an
increase in the expression of CD62L and CD127 following IL-15 treatment compared to IL-2
treated cells. Figures 6-9F+G, as expected, showed an increase in expression of CD25 in the IL-2

treated cells, compared to the IL-15 treated group.
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Figure 6-7 — Restriction digest of SGK DN and SGK CA

Run on a 1% agarose gel. DNA bands illuminated by presence of ethidium bromide and UV light. Segments
cut and removed from gel before exposure to UV so as to protect the DNA samples that go forward to
subsequent gel purification. Bands pictured here are used as guide markers, to allow more accurate
extraction of DNA for gel purification samples
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Figure 6-8 — Restriction digest of SGK DN, pMP71 and SGK CA samples

Run on a 1% agarose gel. Each sample has undergone a restriction digest with Notl/Sall, which is shown in
the first lane for each vector. The second lane for each vector shows the undigested vector, where
supercoiling has caused it to run at a substantially higher molecular weight. Bands at 1350bp indicate
presence of SGK insert, bands at 1100bp are indicative of original pMP71 insert, bands between 6000-
8000bp are evidence of backbone pMP71 vector.

Unfortunately, there were no observed differences in expression of any of these markers, under
either cytokine condition between the pMP71 transduced control, DN-SGK or CA-SGK constructs.
In an attempt to confirm expression of the SGK constructs, multiple western blots against the HA-
tag incorporated into the SGK sequence were performed. However, none returned with a clear

blot indicating either contamination or antibody defects.

Time permitting, it would be advantageous to continue testing these constructs in order to
examine what effects, if any, were caused by the SGK mutants. Further, the use of western blots

could proffer confirmation as to whether the mutants have any effect or are even expressed.
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Figure 6-9 — Effect of dominant negative and constitutively active SGK transduction on CD8 T cells
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CD8 T cells underwent transduction protocol as previously described with either the pMP71 vector as a control or the DN or CA form of SGK. Following transduction
protocol cells were kept in 10ng/ml IL-2 for 24 hours at which point, cells were split and either continued their culture in 10ng/ml IL-2 or switched to 15ng/ml IL-15. A —
GFP expression measured 24 hours post transduction to confirm uptake of the SGK vectors. B+C— CD62L expression on GFP* CD8* T cells 96 hours post culture with either
IL-2 or IL-15 respectively. D+E — CD127 expression on GFP* CD8* T cells 96 hours post culture with either IL-2 or IL-15 respectively. F+G — CD25 expression on GFP* CD8* T

cells 96 hours post culture with either IL-2 or IL-15 respectively.
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6.3 Summation and Discussion

This chapter describes the initial approach to dissecting the role of SGK in CD8 T cells. Data in this
chapter confirmed that the inhibitor GSK650394 caused a reduction in the level of
phosphorylation of an immediate and unique SGK target, NDRG-1. Data presented here also
demonstrate that inhibition of SGK causes a marked decrease in the proliferation of naive CD8 T
cells. Inhibition of SGK was also shown to affect the viability of CD8 T cells. To test whether these
effects were due to SGK and not off target effects or toxicity, NaCl supplemented media was used
as an alternative approach to study the role of SGK. In these experiments, CD8 T cells cultured
under high NaCl conditions demonstrated significantly better survival and proliferation compared
to untreated and osmotic controls. The SGKi studies, combined with the use of NaCl, support the
pro-survival effects of SGK that have been demonstrated in other cell types®”’. The precise
mechanism by which lymphocytes detect osmotic stress has yet to be elucidated. However, it has
been demonstrated that A-kinase anchor protein 13, also known as Brx, is capable of signalling
through the established p38 MAPK signalling pathway to both NFAT5 and SGK in response to
altered osmolarity®’®. This response is thought to be the mechanism by which increased NaCl
concentrations affect CD4 T cells as shown by both the Hafler and Kuchroo studies3¢#3¢6:368 Both
NFATS5 and SGK are known mediators of cellular volume and osmolarity control. As such, this
pathway seems likely to mediate the osmotic stress response, despite the process by which Brx

detects the initial alteration in NaCl remaining unknown.

The increased apoptosis seen in SGKi treated cells 72 hours post activation could be due to the
lack of pro-survival activity that SGK induces. However, it is also possible that there are other
mechanisms behind this enhanced cell death rate. The disruption of survival could be due to a
lack of GLUT1, a glucose transporter protein. SGK1 has been shown to regulate the translocation
of GLUT1 to the plasma membrane3”®, therefore, inhibition of SGK1 could lead to decreased
expression of GLUT1 at the plasma membrane and subsequent lack of glucose uptake. Increased
glucose uptake and increased expression of glucose transporters are essential metabolic traits of
activated T cells, but not naive cells. It is possible that it is this decreased expression of GLUT1 that
contributes to the increased apoptotic effects observed. As SGK is the primary regulator of both
cell volume and size, and both of these factors are noticeably increased when CD8 T cells are
treated with the SGKi (data not shown), it is conceivable that inhibition of SGK disrupts the
expression of ion channels that regulate this process. Given this, due to their increased size during

activation, the cells may not be able to respond to sudden shifts in osmolarity, which could cause
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the cells to rupture. Overall, SGK inhibition in CD8 T cells caused a marked reduction in
proliferation over 48 hours, without impacting cell viability. Going forward, this work could be
expanded upon in order to obtain further insight into the effects of SGK activity on components
involved in T cell activation. Given its similarity to other AGC kinases, its connections to ERK,
NFAT, NF-kB and mTORC1, as well as its effects on proliferation, SGK seems worthy of future

study.

Two SGK mutated constructs were also generated; a dominant negative and constitutively active
form, termed SGK DN and SGK CA respectively. These constructs were cloned into a GFP-
expressing retroviral vector pMP71. Transduction of these SGK constructs was attempted, and
GFP expression was demonstrated. However, subsequent examination demonstrated no change
in expression of CD62L, CD127 or CD25, which are common markers of CD8 T cell phenotype.
Under IL-15 culture, minimal Akt activity would be expected, as such, SGK CA should be capable of
phosphorylating FOXOs and reducing their activity. Consequently, it would be expected that
factors associated with reduction of FOX0O1/3a activity (e.g. CD62L, CD127) would be reduced.
Conversely if SGK and Akt coordinate to phosphorylate the FOXO transcription factors, it would be
expected the SGK DN would somewhat improve expression of CD62L or CD127 whilst reducing
CD25 expression. Follow-up tests to confirm expression of the construct through western blots
against the HA-tag were unsuccessful. This could be for a number different reasons. It is possible
that despite the expression of GFP, the SGK constructs themselves are not expressed. An
alternative explanation is that the SGK constructs are expressed but the mutations are either non-
functional or have compromised function. However, this is unlikely as similar constructs have
been shown to be functionally expressed®38., |t could also be reasoned that SGK simply has no
effect on expression of these markers that are typically linked to Akt activity, or that SGK only acts
redundantly to compensate for lack of Akt activity. If this is the case, however, it should be

possible to observe effects of SGK CA in IL-15 treated cells in which Akt activity is low.

As an alternative approach to study the role of SGK in CD8 T cells a shRNA knockdown of SGK
could be performed. ShRNA mediated knockdown of SGK has already been reported in CD4*

368

regulatory T cells>*® confirming the applicability of this approach. In Tregs ShRNA of SGK efficiently

blocked the effects of high NaCl culture, causing a reduction in IFNy and T-bet expression3&,
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In summary the data in this chapter have shown that pharmacological inhibition of SGK restricts
the proliferation of CD8 T cells. Under certain conditions this inhibition can negatively impact
survival. Use of NaCl supplemented media, a known stimulator of SGK, promotes survival of CD8 T
cells under IL-2 culture. The ability of salt to promote survival through SGK is more pronounced

when IL-2 is at a sub-optimal concentrations.
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Chapter 7 Discussion

Signalling pathways have greatly contributed to our understanding of the mechanisms behind CD8
T cell activation, differentiation, exhaustion and metabolism. Insight into these mechanisms has

enhanced our ability to exploit CD8 T cells for their anti-tumour capabilities.

7.1 Models of CD8 T Cell Differentiation

The process of differentiation involves complex integration of signalling pathways in CD8 T cells.
This is reflected in the lack of a comprehensive model of CD8 T cell differentiation. As described
previously in chapter 1, there are at minimum three models of differentiation; the signal strength
model, decreasing potential model and asymmetric cell division. These models are summarised in
Figure 7-1A. The signal strength model is based on the intensity of the initial stimulatory signal.
This model states that stronger initial signals induce SLEC differentiation, whereas MPECs arise
from cells that receive less stimulation. The decreasing potential model is similar to the signal
strength model, in that cells receiving multiple rounds of antigenic stimulation develop a greater
cytotoxic capacity at the expense of memory features, such as proliferative ability and longevity.
Conversely, cells that receive fewer stimulatory events retain their ability to persist long term and
as a consequence they form memory cells. This model of decreasing potential suggests that naive
cells first form memory cells, and can then differentiate into effector cells. This is supported by
analysis showing higher telomerase activity as well as longer telomeres in memory cells compared
with effector cells®®2. As such, with reduced telomere length and telomerase activity, it is unlikely
that effector cells can differentiate into memory?”°. Lastly is the more recently proposed
asymmetric cell division model. The asymmetric cell division model is based on studies showing
that certain proteins and cellular components are not equally divided during cellular division,
following initial stimulation and activation. This process has been shown to occur in vitro and in
vivo for CD8 T cells, with CD8, mTORC1, Myc and T-bet accumulating preferentially in the
daughter cell that is proximal to stimulatory APC!Y. By extrapolation, proximal cells inheriting
more factors such as mTORC1, Myc and T-bet are likely to give rise to SLECs, whereas the distal
cells go on to form MPECs. All of these models have supporting evidence, which indicates that the
true mechanism behind CD8 T cell differentiation is likely to be an integration of these three

models.
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Figure 7-1 — Models of Differentiation.

A - Diagrams of the three primary models of CD8 T cell differentiation. With restricted Akt activity PDKX46¢
cells show reduced effector capacity and a preference for the MPEC phenotype during differentiation.
However, this does not impair the ability of PDK*4¢5€ CD8 T cells to control infection and tumour. B—The
effect of the PDK*45E mutation on Akt activity

The PDK*®5E mutation restricts activation induced Akt activity but does not ablate it, as shown in
Figure 7-1B. This restriction limits the overall ability of CD8 cells to express factors associated with
effector function, as demonstrated in chapters 3 and 4. In vitro this causes a deficit in cytotoxic
capacity, which is overcome under in vivo infection and tumour models. The data presented in
chapter 4 of this thesis displays the single cell transcriptomic profile of WT and PDK*4%5t CD8 T
cells at the peak of the immune response to an in vivo LM-OVA infection model. Seven distinct
clusters of CD8 T cells were identified based on the pattern of gene expression. Utilising
expression of the following markers: TCF7, IL-7R, granzyme B, MKi-67, EZH2 and KLRG1, these
clusters could be defined into several phenotypic states. Cluster 1 was defined as cycling SLEC-like
due to expression of granzyme B, MKi-67 and EZH2. Clusters 2, 3 and 6 were classified as non-
cycling SLEC-like, differentiating them from cluster 1 based on the loss of MKi-67 and EZH2
expression and an increase in KLRG1 expression. Clusters 4, 7 and 8 were defined as MPEC-like,
primarily due to high expression of TCF7 and IL-7R and the lack of effector molecule expression.

KK465E

The frequency of PD and WT CD8T cells in these clusters was not equivalent. This is reflected

in the cluster definitions, as two out of the three MPEC-like clusters (4 and 7) are primarily
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composed of CD8 T cells of PDK % origin. This is at the expense of the non-cycling SLEC-like cells,
in which the inverse was observed, with two out of three (3 and 6) being of WT origin. Typically at
the peak of an immune response CD8 T cells are categorised as either SLECs or MPECs based on
the expression of surface markers such as KLRG1 and CD127. However, from the gene expression
based clusters generated from the Drop-Seq data there are four separate populations of WT CD8
T cells at the peak of this response. Within the two non-cycling SLEC clusters there was a
significant difference in the expression of effector molecules, such as granzyme A, KLRG1, T-bet,
S1PR5 and CX3CR1, as well as ribosomal proteins. This indicates that the process of differentiation
is more complex than currently understood and the existing surface markers used to identify
differential groups of cells are not able to reflect the heterogeneity at the transcriptomic level at
this time point. When the effect of the PDK*¢>t mutation on this process is examined, an overall
shift in differentiation is observed; with all PDK**¢t CD8 T cells displaying increased expression of
MPEC associated factors compared to their WT counterparts. At the transcriptomic level the
effect of this mutation is substantial enough to shift the classification of clusters, adding a new
MPEC cluster at the expense of one of the non-cycling SLEC clusters compared to the WT. ACT has
been shown to be more effective when the transferred cells are able to generate a competent
memory population3384 As such, understanding how Akt signalling integrates into

differentiation may provide insight into improving immunotherapies.

K*4%5E and WT CD8 T cell gene expressions demonstrated a clear enrichment of

Comparison of PD
transcripts encoding ribosomal proteins in the PDK*4% cells. This enrichment was also associated
with the more MPEC-like cells in both cell types. The effects of altered ribosomal protein
expression on CD8 T cell differentiation and function have yet to be elucidated. However, in other
cell type enrichment of certain ribosomal proteins has been correlated with extra-ribosomal
functions such as cellular proliferation and apoptosis®®*>38, The question remains whether the
enrichment of genes encoding ribosomal proteins is a direct consequence of the PDK46>
mutation. It could be that increased expression of genes encoding ribosomal proteins is a new
marker of memory in CD8 T cells, hence the relative enrichment in PDK**¢°t CD8 T cells merely
reflects their skewed differentiation in favour of MPECs. Alternatively, heterogeneity in the
composition of ribosomes has been attributed to preferential mRNA selection?®®, It could be
possible that the altered expression of genes encoding the ribosomal proteins influences the
mRNA molecules targeted for translation, in favour of those encoding proteins associated with
the MPEC phenotype. Therefore meaning that increased expression of ribosomal protein could in
fact cause a shift towards a memory phenotype. Exhausted CD8 T cells have demonstrated a

reduction in ribosomal protein expression, as have repeatedly stimulated CD8 memory cells2%62%7,
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These two cell types display impaired proliferative ability in addition to reduced expression of
ribosomal proteins?®%2%7, As such, it could be that the enrichment of genes encoding ribosomal
proteins in the PDK"4%°E cells define their potential proliferative capacity, as MPEC cells are known
to possess more robust proliferative abilities than effector cells. Further assessment of the effects
of direct overexpression of ribosomal proteins is required to delineate whether any of these

possibilities show promise.

Many cell based immunotherapies are more effective when memory cells are utilised. Being able
to control and direct the differentiation process of CD8 T cells is key in order to ensure the

development of memory cells.

7.2 The Role of Akt in CD8 T Cell Differentiation

Akt plays a central role in the generation of effector functionality and the differentiation of CD8 T
cells. Its signalling pathway is activated by a myriad of external signals, including the TCR, co-
stimulatory molecules, as well as y-chain cytokine receptors. Akt, as a serine/threonine kinase,
elicits its effects through phosphorylation of multiple downstream components. This can include
other kinases, transcription factors and enzymes involved in epigenetic modification, described

below as well as in Figures 7.1 and 7.2.

7.2.1 Epigenetic Modification by Akt in T Cells

Epigenetic modification refers to alterations to structures such as chromatin and histone proteins
through mechanisms including, but not limited to, acetylation, methylation and phosphorylation.
Epigenetics is still very much an emerging field of research. As such, its role in CD8 T cell function
and differentiation is yet to be fully elucidated. However, Akt has been shown to phosphorylate
enzymes involved with epigenetic modification, namely DNA-methyltransferase 1 (DNMT1) and

enhancer of zeste homologue 2 (EZH2).

In the case of DNMT1, serine phosphorylation at position 143 by Akt enhances its activity through
reduced degradation and stabilisation3®738, Despite its function not being fully established,
DNMT1 has been shown to impact two factors in CD8 T cells, specifically, IFN-y production and

rapid clonal expansion following antigen stimulation3°3%, Conditional DNMT1 knockout in CD8 T
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cells has been shown to significantly reduce activation induced expansion of antigen-specific cells
following LCMV infection3®. In addition, these DNMT17- CD8 T cells also display significant
impairment of IFN-y production®. As increased Akt activity is associated with increased DNMT1
function, through epigenetic modifications Akt can enhance cellular proliferation and IFN-y
production. Given that in PDK*45€ CD8 T cells a reduction in the secretion of IFN-y is observed in
vitro, it is possible that reduced Akt activity is mediated through epigenetic modifiers such as

DNMT1 to impair IFN-y production.

Phosphorylation of EZH2 at serine 21 by Akt, however, has been shown to inhibit its function of
methylating lysine at position 27 in histone protein 3 (H3K27)3°%. This phosphorylation was shown
not to inhibit the inherent activity of EZH2, nor its association with the greater methylating
complex of polycomb-repressive complex 2 (PRC2), but rather cause a reduction in affinity for its
specific substrate®®*, Tri-methylation at H3K27 causes repression of genes present at these loci
and has been correlated with proliferation, differentiation and survival factors3®2. Whilst active,
EZH2 represses the transcription factors ID2, EOMES and PRDM1 (BLIMP-1), whilst enhancing ID3
expression3®, Upon T cell activation, Akt-mediated phosphorylation of EZH2 could cause
increased expression of ID2, EOMES and BLIMP-1, which in turn promotes a more terminally

differentiated phenotype in CD8 T cells.

One study utilised Cre-recombinase linked to the granzyme B promoter (GzmB-Cre), along with a
floxed form of the EZH2 gene, to generate activation induced loss of EZH2 in T cells®**. This study
demonstrated that loss of EZH2 causes a reduction in the number of antigen specific CD8 T cells at
day 8 post-acute LCMV infection3%*, In addition, viral titers were also significantly increased in
EZH27 mice, indicating an impairment of viral clearance3®. Despite this knockout, there was little
effect on cytokine production or proliferation3¥. A separate study using a CD4 linked Cre-
recombinase, to generate a pan-T cell knockout of EZH2, demonstrated impaired tumour
control*®3, In these experiments, it was determined that the reduced control of tumours was due
to an overall reduction in survival of antigen specific CD8 T cells by day 73%. In addition, this loss
of EZH2 also compromised maintenance of MPECs. These studies suggests that a lack of EZH2 at
this early stage impairs survival of effector cells, which in turn prevents virus or tumour clearance.
In summary, increasing Akt activity reduces the ability of EZH2 to maintain H3K27 methylation,
which in turn could enhance the expression of transcription factors associated with terminal

differentiation.
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Figure 7-2 — Akt signalling pathway

Activation of PI3K through TCR receptor stimulation, CD28 co-stimulation and cytokine engagement induces PDK1/Akt activity. Akt negatively regulates GSK3,
permitting B-catenin signalling. FOXO1 and FOXO3a are direct transcription factor targets of Akt. Their phosphorylation by Akt causes exclusion from the nucleus. Akt
can also interact with the epigenome through two methyltransferase enzymes, EZH2 and DNMT1. Activity of these two enzymes can alter expression of genes based on
alteration of chromatin structure through methylation of histone proteins. Expanded version of Figure 3-1, reflecting factors that stimulate Akt and affect CD8 T cell
differentiation in order to summarise possible downstream mechanisms of the PDKX4%>E mutation. Includes phosphorylation sites of the PI3K/Akt signalling pathway.
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However, complete loss of EZH2 impairs the survival of both effector cells and MPECs, potentially

compromising the control of cancerous cells, infections as well as memory generation.

Interestingly, upon Akt activation you would expect the reduction in activity of EHZ2 to increase
the expression of EOMES in WT cells. However, in comparisons of WT and PDK**¢>t CD8 T cells in
experiments reported in chapter 4, increased expression of EOMES is observed in the PDK 465
cells within the comparisons of both SLEC-like and MPEC-like clusters. This suggests that increased
EOMES expression is the result of a different pathway outside of epigenetic modifications by
EZH2. ID2 expression between the WT SLEC-like cells (clusters 6 and 3) and the PDK*4%5E SLEC-like
cells (cluster 2) was not significantly different between any of the comparisons of these three

clusters. Transcripts encoding BLIMP-1 were not detectable in this Drop-Seq experiment.

7.2.2 Regulation of Transcription Factor Activity by Akt in T Cells

Akt has regulatory control over a series of transcription factors, which in turn influence effector
function, metabolism and effector and memory differentiation. Two transcription factors that are
direct targets of Akt are FOXO1 and FOXO3a. Akt phosphorylates FOXO1 on a threonine and two
serine residues at positions 24, 256 and 319 respectively3®®. This phosphorylation of FOXO1 causes
its binding to 14-3-3 proteins, its exclusion from the nucleus, ubiquitination and subsequent
degradation3%®, The target genes of the FOXO family of transcription factors include Bach2, Kif2,
IL7R (CD127), Eomes, Tbx21 (T-bet), Sell (CD62L), Bcl-2, in addition to multiple cell cycle kinases,

cytokine and chemokine receptors3®,

Silencing of FOXO1 activity has been shown to increase T-bet expression, and to reduce
expression of MPEC associated factors, thus leading to a shift in CD8 T cell differentiation
favouring terminal differentiation3¥. In addition, KLRG1'° CD8 T cells, from FOXO17 mice, which
are normally considered to be more MPEC-like, retain granzyme B and CD69 expression, without
upregulation of TCF7 and EOMES>%. This renders these memory cells unable to expand upon
secondary stimulation. As such, FOXO1 is critical to the development of a competent CD8 T cell
memory population capable of immune reactivation3®. FOXO1 has also been implicated in the
persistent expression of PD-1 during chronic LCMV infection®. Thus, in addition to promoting

memory differentiation, under certain conditions FOXO1 also contributes to the exhaustion
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processes3®. Given the reduced Akt activity of the PDK 4>t mutation, increased FOXO1 activity
would contribute to shift in differentiation displayed in the transcriptomic data of chapter 4.
Expression of transcripts encoding FOXO1 targets, including TCF7, CD62L and IL-7R, are increased
within the MPEC-like PDK"4®%¢ cells (clusters 4 and 7) compared to the WT MPEC-like cells (cluster
8).

FOXO03a has three similar phosphorylation sites as FOXO1; a single threonine and two serine

residues at positions 32, 253 and 315 respectively*®

. Whilst these sites are primarily
phosphorylated by Akt, SGK has also been shown to phosphorylate these sites, indicating parallel
or possible redundancy mechanisms®”’. FOXO3a can restrain the expansion of effector CDS8 T

cells?!

and thus FOX03a deficient effector CD8 T cells accumulate in greater numbers, resulting in
an increased MPEC population®®, This increased memory population does not induce a stronger
recall response however, suggesting a role for FOX03a in regulating secondary responses®®?, The
PDK"46> mutation should result in greater functional activity of FOXO3a, due to the lack of
activation induced Akt activity. In experiments previously reported by this group, it has been
demonstrated that PDK*4%°E cells show accelerated contraction following vaccination with OVA,

anti-CD40 and LPS?*°, This implies that the increased FOXO3a activity is in part responsible for the

increased contraction displayed.

Despite coming from the same inhibitor of DNA binding (ID) family of transcription factors, ID2
and ID3 act in direct opposition to each other. ID2 can be induced through cytokine signalling
pathways mediated by STATSs, as well as through Akt mediated downregulation of EZH23%, Loss of
ID2 in CD8 T cells is associated with an increase in ID3 expression, as well as a loss of the KLRG1*
population of cells post LM-OVA infection*®. In addition, ID2 deficient CD8 T cells have impaired
T-bet expression, which overall prevents the generation of competent SLECs*®*, In experiments
involving transfer of ID3'° and ID3" CD8 T cells, it has been demonstrated that ID3" cells are
preferentially skewed towards increased CD127 expression and cytokine production?®,
Furthermore, these ID3" CD8 T cells showed enrichment of genes correlated with MPECs. In
accordance with these data, loss of ID3 is associated with defects in long term memory CD8 T
cells; with ID3”" mice displaying far fewer memory cells at day 60 post vesicular stomatitis virus-
OVA (VSV-OVA) infection?®, This is despite no outward alteration in the frequency of KLRG1 and
CD127 expression. ID2, however, was not significantly differentially expressed between the

observed clusters in the Drop-Seq data sets. ID3 was not detected in this analysis.
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Tbx21, along with its protein product T-bet, is a key transcription factor associated with an
effector CD8 T cell phenotype. T-bet induction is correlated to increased expression of multiple
effector molecules including granzyme B, IFN-y, KLRG1 and IL-2RB**>4%, Generation of KLRG1"
SLECs is entirely dependent on the degree of T-bet expression, as studies on copy-number of
Tbx21 have demonstrated®. In certain conditions, EOMES also functions somewhat in concert
with T-bet to maintain CD122 expression?®. As CD8 T cells differentiate from effector into
memory cells, T-bet expression gradually decreases, conversely EOMES expression increases®°®.
Utilising EOMES knockout mice, it has been demonstrated that following LCMV infection, CD8 T
cells display a reduced number of memory CD8 T cells, as well as a reduced frequency of CD62L*
cells*”’, The balance of T-bet and EOMES has been implicated in the overall differentiation state of
CDS8 T cells*®®, BLIMP-1 (Prdm1) is also induced by inflammatory cytokines in a similar manner to
T-bet and further acts to enhance the expression of a similar manner of effector function related
genes*®. BLIMP-17 CD8 T cells demonstrate increased survival of effector cells, as well as
increased MPEC formation*!. Interestingly, despite increased Akt activity, which through FOXO1
regulates T-bet expression, there is no significant increase in the amount of transcripts encoding
T-bet in the WT cells compared to PDK*4%E cells from the transcriptomic data in chapter 4.
However, within the two WT non-cycling SLEC-like clusters (6 and 3), cluster 6 does show

increased expression of transcripts encoding T-bet compared to cluster 3.

TCF7 is downstream of the canonical Wnt signalling pathway and a target of B-catenin. Akt can
influence this pathway greatly through the phosphorylation of GSK3-. GSK3-f typically
phosphorylates and degrades B-catenin. However, following phosphorylation by Akt, the activity
of GSK3-B is inhibited, increasing B-catenin expression and consequently TCF734. Lack of TCF7
expression in CD8 T cells has been demonstrated to impair both the capacity for secondary
expansion as well as the ability to differentiate to acquire the central memory phenotype®!*.
Whilst central memory phenotype is decreased in TCF77- CD8 T cells, they still possess an effector
memory phenotype. However, these knockout mice display a progressive loss of these effector
memory CD8 T cells, which has been attributed to reduced responsiveness to IL-15%, Loss of
TCF7 is also associated with reduced EOMES expression, which in turn could contribute to the
compromised central memory phenotype®'!. Given that PDK"4®°E cells are restricted in Akt activity
you would expect TCF7 expression to also be restricted through increased GSK3-p activity.
However, from the transcriptomic data in chapter 4, TCF7 is more highly expressed in PDK46>¢

cells, as well as the MPEC-like WT cells. Given this, it is likely that some alternative method
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besides the canonical Wnt signalling pathway through GSK3-p results in this increased expression.
FOXO1 is known to target TCF7*'2 and as such could explain the observed increase in PDK 45t
cells. TCF7 is a direct target of EOMES, as this is also increased in MPECs and PDK"4%°E cells, this is

another possible cause.

7.23 Influence of Akt Signalling on CD8 T Cell Metabolism

The role of Akt in glycolysis has been previously established in multiple cell types. However, the
function of Akt in metabolism of CD8 T cells specifically, is unique in comparison to other cell
types as activation of mMTORC1 is not reliant on Akt activity. Typically, mTORCL1 is one of the critical
activators of the glycolytic pathway through activation of HIF1a and c-Myc3'3. These two proteins
promote the expression of pyruvate dehydrogenase kinase 1, lactate dehydrogenase, Glutl,
Glut3, and hexokinase 2, all of which contribute to an increased glycolytic rate3!. As such, Akt
itself affects glycolysis through two main processes. The first process prevents the internalisation
and degradation of Glutl, and the second promotes the function of hexokinase enzymes that act

as a rate-limiting step in glycolysis?*13%,

As the focus of the effects of Akt has been on examining glycolysis, its role in oxidative
phosphorylation in CD8 T cells is poorly defined. The transcriptomic analysis from chapter 4
demonstrated a significant enrichment of transcripts encoding genes related to oxidative
phosphorylation, which implies improved capacity in this metabolic process. Data from chapter 5
examined the effects of pharmacological inhibition of Akt on oxidative phosphorylation in CD8 T
cells. Inhibition of Akt in CD8 T cells in IL-2 culture demonstrated a minor improvement in SRC
which was not statistically significant. However, when PDK**5€ CD8 T cells were cultured under
similar conditions they displayed significantly improved SRC over the IL-2 treated control cells.
Based on this it would seem that if Akt activity can be reduced to severe enough extent, an
improvement in oxidative phosphorylation can be seen. Interestingly, there was also an
improvement in SRC when PDK*6>E CD8 T cells were cultured in IL-15 compared to WT cells under
the same conditions. There was no observed difference in SRC between the WT and PDK**6>€ CD8
T cells whilst cultured under IL-2 alone. This indicates that the Akt signalling pathway is capable of
affecting oxidative phosphorylation, but the mechanism by which this occurs still requires
delineation. Studies in other cell types have indicated possible mechanisms through proteins such
as MFN2, Opal and Omal, but the links between these proteins and Akt have not been

established in CD8 T cells336:338,
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When the effects of constitutively active Akt in CD8 T cells in IL-15 culture were examined, a
significant reduction was observed compared to cells with physiological Akt. This reduction
however, was still a significant improvement over IL-2 treated CD8 T cells. This indicates that
whilst non-physiologically high levels of Akt activity can impair oxidative phosphorylation, it
cannot emulate the effects of IL-2, whilst in IL-15 culture. This would suggest that Akt activity
alone is not the primary determinant in the capacity of CD8 T cells to perform oxidative

phosphorylation.

In addition to improved SRC, Myr-Akt transduced IL-15 treated CD8 T cells demonstrated equal
killing ability to IL-2 treated control cells. However, the granzyme B expression was reduced in the
Myr-Akt transduced cells compared to the IL-2 treated control cells, indicating that to achieve full
granzyme B expression it requires more than constitutive Akt activity. These IL-15 treated Myr-Akt
transduced cells also demonstrate beneficial effect in tumour challenges in vivo against IL-15
treated control cells. However, these Myr-Akt transduced cells also displayed impaired survival in
vivo. Whilst improved SRC is a known feature of memory CD8 T cells, it is not the primary
determinant in CD8 T cells persistence. Soon after injection into mice Myr-Akt transduced cells
are reduced in frequency in blood. This could be due to the reduced expression of CD127 as a
result of constitutive Akt activity. However, the lack of presence in blood is not a certain indicator
of lack of survival. Increased Akt activity has also been associated with increased expression of
CD69 and CD1033*, These factors are more commonly associated with the resident memory
phenotype, as lectins and integrin proteins are required for long term persistence in non-
lymphoid tissues®'®. As such, it is possible that these Myr-Akt transduced cells infiltrate tissue
instead of circulating in blood. This might also explain how they are able to remain as effective as
IL-2 treated control cells in an in vivo tumour challenge, despite showing a reduced frequency in

blood.
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7.3 Summation

In summary, this thesis has focussed on expanding the current understanding of Akt signalling in
the context of CD8 T cells. Specifically, it has primarily addressed the role Akt plays in the
generation of effector functions, and the processes of differentiation and metabolism. The
impairment of effector functions that PDK*%%>E CD8 T cells possess is clear when stimulated in
vitro, but is not reflected in vivo. This suggests that the reduced Akt activity can be compensated
for, with other factors stimulated in an in vivo system, indicating that full Akt activation is not
required for competent effector functions. scRNA-Seq, using Drop-Seq, has demonstrated that at
the peak of the immune response, CD8 T cells can be defined into four transcriptionally distinct
clusters. This is currently un-reflected in the identifiable groups using the traditional surface
markers. Thus indicating that the CD8 T cell differentiation process, at this time point, is more
nuanced than first thought. The PDK**®5t mutation promotes differentiation of CD8 T cells into an
MPEC-like phenotype in response to an in vivo infection model. This phenotype is characterised
by an enrichment of genes encoding both ribosomal proteins and oxidative phosphorylation. Akt
activity is inversely correlated with mitochondrial oxidative phosphorylation. However, IL-15 can
still enhance oxidative phosphorylation under constitutive Akt activity. Constitutive Akt activity in
CD8 T cells under IL-15 culture can provide benefits to anti-tumour activity, but at the cost of
persistence in blood. Lastly, it was demonstrated that SGK can promote both survival and

proliferation in CD8 T cells.

There remains the question of the application of the data within this thesis and what it adds to
the literature surrounding the concept of Akt manipulation in immunotherapy. The use of Akt
inhibition or modulation of the Akt pathway for the purposes of immunotherapy has been
demonstrated by multiple groups***41¢. Restifo et a/*’* demonstrated that using Akt inhibition
during culture of anti-CD19 chimeric antigen receptor modified CD8 T cells, when used in adoptive
cell transfer, led to improved survival in mice bearing a model of acute lymphoblastic leukaemia.
In a similar vein, Dolstra et a/**® also showed the benefits of Akt inhibition for ACT in a multiple
myeloma model. These studies demonstrate that culture with Akt inhibition throughout the
generation of the CTLs for ACT improves the clearance of tumour and survival rates. Beyond this,
they express that the improvement in anti-cancer ACT is a direct result of the Akt inhibition
inducing a more central memory like phenotype. Based on my data, | would agree that inhibition
of Akt activity induces a phenotype similar with that of central memory T cells (Tcm). The data

from the Drop-Seq confirms the overall effect of the PDK*4®*t mutation is an alteration in cellular
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differentiation, increasing expression of transcripts encoding oxidative phosphorylation proteins,
TCF7, IL-7R, CD62L and CCR7, all of which are associated with a memory phenotype. This would
support the use of Akt inhibition in the development of improved ACT competent CTLs. However,
these models were primarily performed using either leukemic or lymphoma derived cell lines. The
tumours from these cell lines can preferentially target the secondary lymph nodes, as seen in the
work of Restifo et a/**%. This would mean CD8 T cells cultured in the presence of Akt inhibitors
would be more likely to migrate to these sites due to upregulation of factors such as CD62L and
CCR7. Therefore, whilst Akt inhibition might be an effective strategy when targeting cancer of a
haematopoietic origin, it may not be as effective when dealing with cancers such as melanoma or

those of epithelial origin.

It is my opinion that understanding specifically what causes the differentiation of effective CD8 T
cell response and the subsequent production of memory is critical to the development of new
therapies. As part of the transcriptomic data set presented in this thesis, the state of CD8 T cell
differentiation during an immune response has been shown to be more complex than the current
system of classification. In addition, it has been demonstrated that a consequence of reduced Akt
activity in the PDK**¢>t mutant model is the upregulation of transcripts encoding ribosomal and
oxidative phosphorylation proteins. We have somewhat of an understanding of the role that
metabolism plays in relation to CD8 T cell differentiation. The induction of a memory like
phenotype in CD8 T cells increases mitochondrial oxidative phosphorylation. Conversely, inducing
more mitochondrial oxidative phosphorylation in CD8 T cells also produces a more memory like
phenotype??*7. However, the relationship between ribosomal protein and CD8 T cell
differentiation is an unknown quantity. Since the writing of this thesis, experiments from within
our lab have demonstrated that when testing the secondary response of both WT and PDKX4¢5¢
CD8 T cells, it was discovered that the PDK*¢>t cells displayed a substantial increase in
proliferation upon restimulation compared to their WT counterparts. During primary responses,
much of the resources expended by cells is directed to the biosynthesis of ribosomes to support
accelerated protein production®®, As such, it is not unreasonable to suggest that the increased
expansion seen in PDK*>t mutants during a secondary immune response is due to the increased
expression of transcripts encoding ribosomal proteins observed in the Drop-Seq data set. A
hallmark of an effective memory response is rapid expansion following re-exposure to the
triggering antigen*8. Therefore, if increased expression of ribosomal proteins does dictate the
secondary response rate in memory cells, methods of increasing the number of ribosomes would

be a valid strategy in the development of effective memory CD8 T cells.
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In addition, data from chapter 6 indicates that signalling through SGK promotes survival of CD8 T
cells during times of cytokine deprivation. However, stimulation of SGK in current in vitro systems
has relied on increasing the concentration of NaCl within the culture media. NaCl, whilst an
effective stimulator of SGK activity, does have negative effects in human health, such as
hypertension and numerous forms of cardiovascular disease*®. Hafler and Kuchroo have already
demonstrated the effect of NaCl on CD4 T cells, where it depresses the effectiveness of regulatory
T cells and promotes the development of the highly inflammatory Tu17 subset®%¢3%8, As the
tumour microenvironment is often considered an area of both cytokine disruption and nutrient

420 it stands to reason the SGK stimulation of CD8 T cells within tumour

deprivation
microenvironments could be beneficial to their survival in such an inhospitable atmosphere.
Continuing to study SGK and its associated signalling pathway is therefore critical in order to
discover a mechanism of stimulating SGK outside of NaCl, as well as how SGK transduces this

increased survival response.

Developing our knowledge of signalling pathways in CD8 T cells allows us to better control and
exploit them for therapeutic benefit. As such, this thesis has aimed to expand upon what is

currently known about Akt and the effects of its signalling pathway in CD8 T cells.
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Chapter 8 Data Appendix

Cd8a

Identity

Figure 8-1 — Expression of CD8a in t-SNE clusters.
Violin plot demonstrating the expression of CD8a across the clusters from the t-SNE plot in Figure 4-3.
x-axis display cluster identity from t-SNE plot, y-axis displays relative expression of target gene.

Figure 8-1 demonstrates that all clusters across the generated t-SNE plot of Figure 4-3 showed
expression of CD8a. The frequency of cells expressing CD8a was equitable across all clusters

which indicates broad expression across the cell types regardless of WT or PDK*4®°E origin.
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